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Preface

Electrostatics, a cornerstone of classical physics, has long fascinated scientists and engineers
with its elegant principles and profound implications. From the early experiments of Coulomb
to the sophisticated applications in modern technology, the study of electric charges at rest has
continually evolved, revealing new insights and enabling groundbreaking innovations. This
book, Electrostatics — Fundamentals and Modern Applications, seeks to bridge the gap between
the foundational theories of electrostatics and their cutting-edge applications in today’s world.

As an editor and a professor deeply immersed in the field, I have witnessed the transfor-
mative impact of electrostatics across diverse disciplines. This book is designed to serve as
a comprehensive resource for students, researchers, and professionals who seek to deepen
their understanding of electrostatics and explore its relevance in contemporary science
and engineering. The chapters are carefully curated to provide a balanced blend of theo-
retical rigor and practical relevance, ensuring that readers gain both a solid conceptual
foundation and an appreciation for the real-world applications of electrostatics.

This project would not have been possible without the contributions of a talented group
of authors, each of whom brings a unique perspective and expertise to the subject. I am
deeply grateful for their dedication and intellectual rigor, which have been instrumental
in bringing this book to fruition. I would also like to extend my gratitude to IntechOpen
for their support and commitment to advancing scientific knowledge through open-access
publishing. Their vision aligns perfectly with the goal of this book: to make the fascinating
world of electrostatics accessible to a global audience.

Finally, I hope this book will inspire readers to appreciate the beauty of electrostatics
and its profound impact on our understanding of the physical world. Whether you are a
student embarking on your first course in electromagnetism, a researcher exploring new
frontiers, or a professional seeking to apply electrostatic principles in your work, I trust
that this book will serve as a valuable guide and a source of inspiration.

Welcome to the world of electrostatics—a world where fundamental principles meet
modern innovation and where the mysteries of electric charges continue to spark curiosity
and discovery.

Dengming Xiao

Department of Electrical Engineering,
Shanghai Jiao Tong University,
Shanghai, China

Su Zhao
Shanghai Jiao Tong University,
Shanghai, China






Chapter1

Application of the Low Frequency
and Low-Intensity Electrostatic
Field in Rehabilitation Programs
for Patients with Musculoskeletal
Disorders

Galina Mratskova

Abstract

A low-frequency and low-intensity pulsed electrostatic field is applied as a
treatment method in Rehabilitation Medicine. The technique is known as Deep
Oscillation® therapy. At present, it has been established that the therapeutic effects
of the electrostatic field on the tissues depend on the field frequency (5-250 Hz).
The advantage of the method is the operation with a low amperage of 5-7 pA and a
bipolar form of the wave. Deep Oscillation® was originally created to improve tissue
lymphatic drainage. Subsequently, it was found that it reduces acute and chronic
pain, improves blood and lymph circulation in the region of application, and reduces
edema and fibrosis. In addition to this, tissue elasticity, joint mobility, and the
condition of muscle and nerve tissue are improved. The aim of this research project
is to investigate the therapeutic impact of a low-frequency and low-intensity pulsed
electrostatic field in patients with symptomatic knee osteoarthritis.

Keywords: low-frequency and low-intensity pulsed electrostatic field,
Deep Oscillation® therapy, symptomatic knee osteoarthritis, rehabilitation, pain,
edema, range of motion, functional activity

1. Introduction

The therapeutic impact of the Deep Oscillation® modality has been applied in
Physical and Rehabilitation Medicine recently. This method uses Low-frequency
and Low-intensity electrostatic field, which causes a gently acting vibration (oscil-
lation) deep in the tissues. This electrostatic phenomenon is explained through the
Johnson-Rahbeck effect. In this phenomenon, there is a dependence between the
applied voltage and the force of attraction and relaxation between the contact materi-
als (metal surface and semiconductor material) when an electric potential is applied
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Electrostatics — Fundamentals and Modern Applications

at the boundary between them [1]. For the needs of physical therapy, an electrostatic
field is created that impacts the tissues (skin, muscles, blood and lymphatic vessels,
nervous structures, and connective tissue) that are located below the source creating
oscillation [2-4].

The first medical device using a Low-frequency and Low-intensity electrostatic
field was developed by H. Seidel 1 W. Waldner at the end of the twentieth century
[4]. Deep Oscillation® therapy is a patent-enhanced practical therapy method that
works on the basis of the pulsed electrostatic field of low intensity (U = 100-400 V;
I =150 pA) [2] and low frequency (5-250 Hz). As a result of its application on the
surface of the skin in the depth of the application area, a vibration (oscillation) is
formed in the underlying biological tissues [2, 3, 5-7].

1.1Deep Oscillation® therapy - Characteristic of low frequency and low intensity
electrostatic field treatment

The following therapeutic effects have been reported from clinical studies con-
ducted up to date:

* Reduction of pain (acute or chronic) in various clinically manifested diseases
[2: 5; 61 8_17];

* Anti-inflammatory effect [18, 19];
¢ Affects lymphedema with primary or secondary genesis [2, 5, 20-23];
* Reduces and modulates the process of tissue fibrosis [24, 25];

¢ Leads to reduction of increased muscle tone and relaxation, mobilizes fascial
tissue, and increases reduced range of motion in joints [2, 8, 9, 26-28];

* Improves and accelerates the tissue recovery process in wound defects [12, 29];

* Itimproves the process of recovery after a training cycle, decongestion, and leads
to improvement of the function of the respiratory system in obstructive lung
diseases [12, 30-32].

The therapeutic effect of Deep Oscillation® is based on the pulsating electro-
static field of very low frequency and low intensity, an electromagnetic field in
which no thermal effect is observed [7, 10, 33]. The mechanism of physiological
action is carried out in the formation of tissue vibration to a depth of 8 cm (skin,
subcutaneous tissue, connective tissue, neuromuscular apparatus, blood, and lymph
vessels), which are located in the area under the applicator during its movement in
the sagittal plane [7].

The frequency of the electrostatic field is low and varies from 5 to 250 Hz. The
established physiological effects are directly dependent and determined by the
applied frequency. At a frequency in the range of 80-250 Hz, an analgesic, spasm-
reducing, and anti-edematous effect is observed; the frequency in the range between
25 and 80 Hz leads to the improvement of the metabolism and recovery processes in
the tissues, the venous and lymphatic circulation is optimized; frequency in the range
of 5-25 Hz can improve local hemodynamics, the functional status of muscle tissue,
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and tissue trophicity. For the needs of practice, a small current amperage (5-7 pA)
is used. The pulses have a biphasic form, and the usual electrotherapy effects of
electrolysis are not observed. The electrostatic field is discharged during each pause,
which protects the patient’s body from the accumulation of static electricity [7, 10].

There are two main methods of practical application of Deep Oscillation®
therapy. One method uses a handheld applicator (oscillating head) with a differ-
ent size in diameter depending on the area of the field being treated. In the other
application method, the therapist’s hands are connected to the oscillation device
and simultaneously placed in vinyl gloves. The therapist performs the basic mas-
sage techniques, which allows to combine the effect of the electrostatic field with
massage. In this second method, the electrostatic field affects both the therapist
and the patient at the same time, which implies that the rules of contraindica-
tions must be strictly observed for both at the same time. The therapeutic course
includes between 5 and 15 procedures, which can be carried out every day or every
other day. Deep Oscillation® can be conducted in combination with therapeutic
exercises, cryo or heat therapy, as well as other physical modalities (electrother-
apy). To achieve a better effect, it is recommended to sequentially apply combina-
tions of different modalities with different durations depending on the phase of
the disease in one procedure.

Deep Oscillation® therapy can be a suitable therapeutic alternative for various
diseases including:

* Traumatic, degenerative, and inflammatory diseases of the musculoskeletal
system [10, 34-39];

* In the recovery period: after bone fracture, after surgical interventions on differ-
ent occasions, and after osteotomy, metal osteosynthesis, joint replacement, to
prevent the appearance of decubitus wounds and the formation of rough cicatri-
cial tissue [15, 19, 40-42];

* In some diseases of the nervous system of peripheral origin (dorsopathies, etc.) [33];
* After pathological damage of central nervous origin (damage to the brain and
spinal cord as a result of vascular or post-traumatic damage to the brain and

spinal cord, Parkinson’s disease, multiple sclerosis, and migraine [7, 43—-45];

* In cardiovascular diseases (hypertension, chronic diseases occurring with insuf-
ficiency of the venous and lymphatic systems, lymphedema, etc.) [2, 7, 21];

* Inpathology of the respiratory system, which includes inflammatory diseases
(chronic bronchitis, pneumonia), bronchial asthma, COPD, and cystic fibrosis [32];

* In some diseases of the digestive tract (chronic gastritis or gastro duodenitis),
diseases with disturbed motility of the bile ducts; in inflammatory diseases of

the upper respiratory tract—chronic sinusitis, laryngitis [7];

o After extracorporeal lithotripsy in renal calculus, chronic nonbacte-
rial prostatitis [7];

* For the treatment of wounds of various origins and burns [7, 29].
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Deep Oscillation® therapy provides a number of advantages, which makes it
a preferred physiotherapeutic method for acute and chronic diseases, both of the
musculoskeletal system that cause pain, and for diseases of the central and peripheral
nervous system, after acute, chronic, and sports injuries, for the prevention of throm-
botic phenomena. The inclusion of the intervention with Deep Oscillation® shortens
the time of hospital treatment, reduces the period required for recovery, improves
lymphatic and venous circulation, and has a lymphatic drainage effect, which is a
consequence of the gentle impact on the target tissues. The therapy leads to relaxation
of the muscles that have increased tone. Treatment with the Deep Oscillation® device
is pleasant for the patient and comfortable and easy for therapists to use. Despite the
many benefits and few side effects, with Deep Oscillation® therapy, it is necessary
to monitor for manifestations of a sense of sharp pain in the area of application,
increased sensitivity during urination, symptoms of fatigue and/or exhaustion,
increased local temperature, and signs of hypotension [10].

1.2 Characteristics of knee osteoarthritis

Osteoarthritis (OA) is a disease of the musculoskeletal system with a widespread
occurrence worldwide. It can affect any of the upper/lower limb and axial skeleton
joints, but degenerative changes are most common in the weight-bearing joints of the
lower limbs with the knee joint (KJ) being most affected [46]. The disease is linked
to a negative impact and increased economic burden, both on the part of patients
suffering from OA and on the part of society, due to increased treatment costs and
reduced work capacity [47]. Knee OA has the highest proportion (over 80%) in the
distribution of disease burden. According to US research data, approximately 19% of
the population over 45 years of age exhibit clinical symptoms of OA [48-51].

Osteoarthritis is typically more prevalent after the sixth decade, in individu-
als 65 years of age and older [50, 52, 53]. The disease impairs the joint structurally,
including destruction and reduction of cartilage tissue, which is demonstrated by
limitations in functional activity [54]. Routine radiological images show a narrowed
interarticular gap and subchondral bone changes, with gradual appearance of osteo-
phytes. In practice, however, joint pain sensations are often poorly correlated with the
changes seen in joint structure [55]. Knee pain is not reported by a significant propor-
tion of patients whose imaging studies demonstrate the presence of OA [56, 57].

Symptomatic OA is thought to be preceded by a prolonged preclinical phase
characterized by the appearance and development of structural changes in the joint
without the presence of clinical symptoms and subjective complaints. Not only
changes in the subchondral bone and articular cartilage but also changes in the
muscles around the joint are essential. Muscle weakness is one of the earliest and
most common symptoms in patients with knee osteoarthritis and is considered a
better predictor of joint narrowing and pain [55, 58]. Decreased functional activity
and disability have a significant impact on the psychosocial status of both patients
and their families [59, 60]. In recent years, the severity of musculoskeletal diseases
has increased Wallace et al. [51] believe that the prevalence of knee OA is 2.1 times
higher in postindustrial society than in the early industrialization era [51]. There is a
global trend of increasing life expectancy, which suggests that the need for health care
for these patients will increase. Until recently, population aging and high body mass
index were considered to be major factors in the prevalence of OA [51], but the role of
other factors is likely to need to be assessed.
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According to some investigators, symptomatic osteoarthritis of the knee with
clinical symptoms is present in only about 15% of those affected with radiological
evidence of OA [53, 61]. This is probably due to the slow evolution of the disease,
which is preceded by a prolonged asymptomatic phase during which, in the absence
of clinical symptoms and history complaints, degenerative changes slowly progress.
The changes affect not only the subchondral part of the bone and the cartilage plate
but also the joint motor muscles. One of the first signs commonly seen in knee OA
is weakness of the surrounding joint musculature, and it is even considered to be a
better prognostic sign than a decrease in joint space dimensions and pain sensation
[55, 58]. The pathological changes occurring in the OA joint lead to increased psycho-
emotional strain in patients and their families due to decreased functional activity
and associated negative effects [59, 60]. In relation to the increase in degenerative
musculoskeletal diseases and their burden in modern society, Wallace et al. [51]
assumed that the prevalence of knee osteoarthritis is twice as high today compared to
the early industrialization period [51]. According to objective data, life expectancy is
increasing in countries around the world, which in turn will lead to increased demand
for healthcare services. On the other hand, a reassessment of the major risk factors
and their role in the prevalence of OA will probably have to be made, although today,
the increase in the elderly population and the high body mass index are considered to
be the main ones [51].

Recurrent inflammatory responses derived from excessive mechanical loading of
the joints [62, 63], abnormal weight gain, gender, hormone levels, age, and possible
past trauma have a direct impact on the onset and development of OA and are consid-
ered to be factors of high significance. Concurrent with these, gradual changes in the
surrounding musculature, including that of the knee, are also likely to be important
in the onset and progression of the disease. Decreases in muscle strength is likely
to be a uniting factor in the interaction between significant risk factors [55, 64, 65].
Gradually, chronicifying pain and progressive functional impairment lead to an
increased need for medical care and rehabilitation, which in turn increases healthcare
costs. Therefore, it is important that the patients form an active and responsible
attitude regarding their own health in accordance with the current recommendations
for the treatment of musculoskeletal degenerative diseases. Self-monitoring, personal
healthcare, and active collaboration with health professionals are important elements
of the OA self-management process. Good awareness of the positive effects of lifestyle
changes, physical activity, and possible therapeutic approaches in the treatment of
OA are also likely to improve health outcomes [66]. Despite the availability of various
treatment programs for OA, there is an ongoing search for resources to develop long-
term programs that will be effective in the treatment and rehabilitation of musculo-
skeletal disorders directly related to the joint degeneration process [67, 68].

2. Therapeutic use of Deep Oscillation® therapy in the rehabilitation
program of patients with knee osteoarthritis

The aim of the research project is to investigate the therapeutic effects of the
low-frequency and low-intensity pulsed electrostatic field application, using the Deep
Oscillation®-therapy in patients with knee osteoarthritis and to compare the thera-
peutic effects of the application of Deep Oscillation® and placebo-Deep Oscillation®
and kinesitherapy.
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2.1 Materials and methods

The study included 90 patients with knee OA, with symptomatic osteoarthritis of
the knee joint in a subacute and chronic phase without clinical evidence stage of active
inflammation, randomized into two groups: Therapeutic (n = 57) and Control group
(n =33).

Treatment is carried out in accordance with the Helsinki Declaration (1964), after
informed consent. The rehabilitation program included a ten-day therapeutic course:
Deep Oscillation® and placebo-DO and Kinesitherapy (KT) complex.

Patients were assessed at four time points before, after treatment, after 1 month,
and 3 months after therapy, using a visual analog scale (VAS) to measure pain at rest,
at move, climbing and descending stairs, Manual Muscle Test, Measurement of the
knee joint circumference, Test Range of Motion and WOMAC Osteoarthritis Index
(Western Ontario and McMaster University Osteoarthritis Index).

2.2 Criteria for inclusion and exclusion
2.2.1 Criteria for inclusion

The research included eligible patients who satisfied the following criteria: age
more than 38 years; X-ray data for knee OA of Kellgren—Laurence grades II and III;
pain in knee joint in most days of recent months; crepitations during active movement
of the knee joint; morning stiffness lasting 30 minutes or less.

2.2.2 Criteria for exclusion

Age less than 38 years; X-ray data for knee OA of Kellgren—Laurence grade I and
IV; data on OA accompanied by a history of acute knee injury, reflected pain from
the lumbar spine or hip joint; active synovitis; treatment with nonsteroidal anti-
inflammatory drugs NSAIDs and / or analgesics, intraarticular manipulations with
hyaluronic acid, or corticosteroids up to 6 months after application; contraindications
to electrotherapy, including pacemaker.

2.3 Characteristics of the therapeutic course by groups

The therapy is administered in 10 sessions. All Therapeutic group patients under-
went a therapeutic course with low-frequency and low-intensity electrostatic field
and complex of therapeutic exercises and Placebo-Deep Oscillation and complex
of therapeutic exercises for Control group. All patients included in the study gave
informed consent to participate in the treatment course and could give up at any time
from the treatment course.

2.3.1 Therapeutic group (TG)

In the Therapeutic group (TG), the low frequency, and low-intensity electrostatic
field was applied by the Deep Oscillation® method using a 9.5 cm hand applicator (Deep
Oscillation Evident® CLINICS, Physiomed Elektromedizin AG). The procedure involves
treatment of KJ, surrounding tissues, and the m. Quadriceps femoris area. Therapeutic
Modality: Variable Frequency 100-144 Hz 5 min. Permanent frequency 85 Hz 5 min.
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Variable frequency 14-20 Hz 4 min. Modulation mode 1:1 (light vibrations). The com-
plex of therapeutic exercises was carried out immediately after the electrical procedure.

2.3.2 Control group (CG)

Control group (CG) Patients underwent a ten-day placebo course using the Deep
Oscillation® method. The application methodology was similar to the Therapeutic
group, with minimal intensity (device turned on, contact indicator activated) but
no deep tissue vibration in the treated area. The placebo procedure is followed by the
therapeutic exercise complex.

The therapeutic exercise program included aerobic exercise, analytical exercise for
femur muscles, focusing on Vastus medialis et lateralis m Quadriceps femoris, relax-
ation techniques for shortened muscles, resistance exercises, and exercises to increase
the range of motion in the knee joint.

The possible therapeutic goals of the rehabilitation of patients with symptomatic
gonarthritis with low-frequency and low-intensity electrostatic field and complex
therapeutic exercises were reduction of pain and stiffness, reduction of edema of the
around joint tissues and muscular weakness, increasing range of motion in affected
joint and locomotive function, and increase of the daily functional activity.

2.4 Tools for evaluating the studied indicators
2.4.1 Functional methods for kinesiological assessment of the knee joint
2.4.1.1 Manual muscle testing (MMT)

Manual Muscle Testing (MMT) is a method used to determine the degree of muscle
weakness. Skeletal muscles can have weakness as a result of disease, trauma, or reduced
or lack of movement. Testing on the MMT scale provides information that allows
the creation of an exact program of therapeutic exercises or other physical methods
for disorders in the musculoskeletal system. The scale enables muscle weakness to
be assessed in six grades (0-5 grade). 5, 4, and 3 according to MMT are accepted as
functional grades. There are cases where these grades do not accurately reflect muscle
weakness. In these circumstances, a,, + “or,, — “sign is added to the corresponding test
item, corresponding to 5 to 10% strength. 3 (+) corresponds to a movement that can be
performed and repeated several times against gravity or once against light resistance;

3 () corresponds to movement that can overcome gravity but has an incomplete range
of 50-90% of the range of normal movement; score 2 (+) — corresponds to initiated
antigravity movement (50% or less of normal range of motion); A score of 2 ()
receives movement performed with gravity eliminated and at incomplete range [11].

In order to objectively present the results of the performed MMT testing, when
the signs “+” or “-” are used to the corresponding degree, numerical equivalents for
determining muscle weakness are used, which are presented in Table 1.

MMT 2 2+ 3- 3 3+ 4- 4 4+ 5- 5

2 2.25 2.75 3 3.25 375 4 4.25 4.75 5

Table 1.
Degrees of muscle weakness according to the Manual muscle test (MMT).
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2.4.1.2 Range of motion

In this kinesiological measurement, joint plane range of motion (SFTR) is deter-
mined using a goniometer. It is one of the main parameters characterizing motor
function. For functional assessment of the knee joint, the measurement is in the sagit-
tal plane, in which the range of extension and flexion in the tested joint is considered:
S-0°-0°-130°.

2.4.1.3 Measurement of circumferences

Centimetry is a kinesiological method for measuring anthropometric indicators.
With a plastic centimeter, the condition of the musculature is determined and the
presence of pathological conditions, such as muscle hypotrophy or atrophy, joint
circumference—in different conditions, norm or pathology (edema) [11].

2.4.2 Pain and functional activity self-veport questionnaives for knee joint assessment
2.4.2.1 Visual analogue scale (VAS)

In practice, this scale is routinely used to assess the degree of pain in different
age groups and in patients with different diseases. VAS is a one-dimensional scale,
representing a straight line from 0 to 10 cm (0 mm to 100 mm). At the beginning, a
baseline value of 0, which corresponds to a no-pain condition, is noted. At the end,
the maximum value corresponding to the worst possible pain is noted. Between these
two values, there are intermediate values that can describe the nuances in subjec-
tive pain (2—corresponds to mild pain, 4- indicates moderate pain, 6- corresponds
to severe pain, 8- is indicative of very severe pain). It is necessary for patients to
independently determine the level of their pain by marking on the line how strong a
feeling of pain they have.

Knee joint pain was assessed using a Visual Analogue Scale (VAS), assessing pain
at rest, walking, descending, and climbing stairs.

2.4.2.2 Western Ontario and McMaster universities osteoarthritis index (WOMAC
index)

A self-administered WOMAC Osteoarthritis questionnaire was used to assess
subjective complaints and degree of functional impairment. It was developed for
adult patients with damage to the knee and hip joints. Osteoarthritis Index LK 3.1
modification was used in the study.

The WOMAC Index is a disease-specific for knee and hip OA, a self-admin-
istered questionnaire used for subjective self-assessment of health and physical
function.

It consists of 24 elements, divided into three subscales: Pain (5 questions),
Stiffness (2 questions), and Physical function (17 questions).

The severity of symptoms is assessed on the verbal Likert scale in 5 points:
0—None, 1—Mild, 2—Moderate, 3—Severe, 4—Extreme.

Higher scores on the WOMAC Index indicate worse pain, stiffness, and functional
limitations. The results are generated by summing the coded responses. Psychometric
studies show high validity and reliability of the WOMAC questionnaire.
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2.5 Evaluation of the obtained results

Results were tracked at the beginning, immediately after therapy, on the 1st
month after rehabilitation and after the 3rd month of the end of the treatment
course by: Visual Analogue Scale (VAS) pain test at rest, at move, climbing and
descending stairs, Manual Muscle Test, Measurement of the knee joint circumfer-
ence, Test Range of Motion, and WOMAC Osteoarthritis Index (Western Ontario
and McMaster University Osteoarthritis Index), developed for adult patients with
osteoarthritis. Modification Osteoarthritis Index LK 3.1 has been used. Statistical
analysis: Quantitative data is represented as Mean and Standard Deviation (SD)
if the distribution is either normal or Median (Me) and Range if different than
normal. The normality was tested by the Shapiro-Wilk test. Comparisons of
quantitative data before and after therapy were performed by the One sample
Student t-test or the Wilcoxon Signed Ranks test. The category data was presented
in percentages and analyzed by Fisher’s Exact Test. The measured WOMAC Index
in patients is presented as Mean + SD (Range) standard deviation (range). The
difference between a pair of groups was assessed using the nonparametric Mann-
Whitney U test. Changes in the various WOMAC scales over the four time periods

Indicators Therapeutic group Control group
(n = 57) (= 33)
Age 656 +11.3 676+95
(Mean * (SD)Range) (42-85) (44-87)
Gender identity 42 women 22 women

(Mean # (SD)Range) 659 + 11.7(42-85) 65.9 + 11.7(42-85)

15 men 15 men
64.9 + 10.4(45-81) 65.9 + 8.4(48-76)

Duration of the disease 10(1-15) years 7(2-15)

(Me(Range)) years

Duration of the current exacerbation period 6.37 +1.74 6.27 +1.88

(Me(Range)) weeks (4-12) (3-10)

X-ray degree of Kellgren-Lawrence scale:

II degree n (%) 30 (52.6) 20 (60.6%)

III degree n (%) 27 (474) 13 (39.4)

Body weight in kg. 78.0 (50-155) 82.0 (60.0-91.0)

BMI kg/cm’ 291+54 28629
(20.0-58.3) (23.3-35.1)

Reason for visiting a doctor (the number (%) is greater than the total (100%) for the group because some
patients donated more than one answer)

Pain 57 (100.0) 33 (100.0)

Difficulties while walking 47 (82.5) 28 (84.8)

Stiffness 22 (38.6) 11 (33.3)

Limited daily activity 16 (28.1) 10 (30.3)
Table 2.

Characteristics of the patients in therapeutic and control group.
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were analyzed using the Friedman test. The doubles comparison in the presence
of interdependence across the periods was made with a Dunn post hoc test. Data
were analyzed with SPSS for Windows v.24. Significance level p < 0.05 was used to
determine the statistical differences.

2.6 Characteristics of the patients in therapeutic and control group

90 patients with clinical symptoms, diagnosed with II and III stage of gonarthritis
according to Kellgren-Lawrence, aged between 42 and 85 years, were included in the
study. Patients were randomized into two groups: Therapeutic group (n = 57) and
Control group (n = 33). Characteristics of the patients in Therapeutic and Control
groups are shown in Table 2.

3. Therapeutic results of Deep Oscillation therapy in the rehabilitation
program of patients with knee osteoarthritis

3.1 Comparative analysis of data in MMT m. Quadriceps femoris by groups

After the therapeutic course in the Therapeutic group, there was a statistical
difference in MMT values between the four follow-up periods (p < 0.001). Muscle
weakness decreased significantly immediately after completion of Rehabilitation, 1st
month (p < 0.001), and 3rd month (p < 0.001) compared to the beginning of therapy.
The treatment effect was maintained between months 1 and 3 (p = 0.822) (Table 3).

In the Control group, there was a decrease in muscle weakness compared to
baseline at two time points (after completion of the treatment course (p < 0.001) and
1 month of therapy (p < 0.001). At month 3 of treatment, no statistical difference
was found (p = 0.192) and MMT values returned to pre-therapy values. The effect of
therapy persisted up to 1 month, compared to after treatment (p = 1.000). At month
3, there was an increase in muscle weakness compared to posttreatment as well as
compared to month 1 (p < 0.001) (Table 3).

3.2 Comparative analysis for measured knee joint flexion range by group

The mean value of flexion range (Mean + SD (Me (range)) before the start of the
rehabilitation course in the Therapeutic group was 106.4 + 8.3(110° (90.0-120.0)°
and for the control group was 108.6 + 8.4 (110°(90.0-125.0)°. For Therapeutic group,
there was statistically significant difference in flexion range before therapy versus
after therapy (p < 0.001), at 1st month (p < 0.001), and at 3rd month (p < 0.001).
There was no statistical difference between flexion measured after the 1st and 3rd

Periods Therapeutic group Control group

Before therapy 3.00 (2.25-4.0) 3.00 (2.72-4.0)

After therapy 3.75 (3.00-4.75) 3.75 (3.00-4.75)

After 1st month 4.00 (3.25-5.00) 4.00 (2.75-5.00)

After 3rd month 4.00 (3.25-5.00) 3.25(3.00-4.25)
Table 3.

Dynamics in MMT testing—m. Quadriceps femoris (Me (range)) for the four time points by group.
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months (p = 1.000). A prolonged therapeutic effect was achieved up to 3 months after
rehabilitation (Table 4).

3.3 Comparative analysis of knee joint measurement of circumferences by groups

The measured knee joint circumferences in the groups were followed at the
beginning of the therapeutic course, immediately after therapy at 1 and 3 months.
Mean + SD (Me (range)) Knee joint centimetry before the start of the rehabilitation
course in the Therapeutic group was 40.9 + 4.0 (40.0(32.0-52.0) cm, control group
was 41.3 + 2.3(42.0(36.0-44.5) )cm (Table 5).

For the Therapeutic group (n = 57), there was a statistically significant differ-
ence in the measurement of circumferences values before therapy compared to after
therapy (p < 0.001), at 1st (p < 0.001), and at 3rd months (p < 0.001). There was no
statistical difference in measurement of circumferences values after therapy and at 1st
month (p = 1.000), and after therapy and at 3rd month (p = 1.000) and between 1st
month and 3rd month (p = 0.162). A sustained therapeutic effect was achieved up to
12 weeks after rehabilitation (Table 5).

For the Control group (n = 33), there was a statistical difference in measurement
of circumferences at month 3 compared to baseline (p = 0.022), after therapy and at
month 3 (p = 0.003), and between month 1 and month 3 (p = 0.034). There was no
difference in measurement of circumferences before and after therapy (p = 1.000)
and at 1st month (p = 1.000), and after therapy and month 1 (p = 1.000).

3.4 Comparative analysis of knee joint pain (VAS) by groups

Pain in the affected knee joint was assessed by VAS before therapy, after therapy
at months 1 and 3 for each treatment group in terms of pain at rest, while walking on
flat surfaces, descending, and ascending stairs for the four time points. No statistically
significant differences regarding gender and age distribution between groups were
found in the statistical analyses performed.

Periods Therapeutic group Control group

Before therapy 106.4 + 8.3(90.0-120.0) 108.6 + 8.4(90.0-125.0)

After therapy 116.8 + 6.3(100.0-125.0) 1174 + 7.3(100.0-130.0)

After 1st month 119.7 + 4.7(110.0-125.0) 1174 + 6.3(105.0-125.0)

After 3rd month 120.3 + 3.9(110.0-125.0) 113.3 + 5.6(100.0-120.0)
Table 4.

Dynamics in knee joint flexion range KJ by group at the four time points (Mean + SD (Me (range) ).

Periods Therapeutic group Control group

Before therapy 409 + 4.0 (32.0-52.0) 413 + 2.3 (36.0-44.5)

After therapy 39.3 + 3.7 (30.5-50.0) 41.2 + 2.2 (36.0-44.0)

After 1st month 391 £ 3.7 (30.0-49.0) 414 2.2 (36.0-44.0)

After 3rd month 39.4 + 3.7 (30.0-49.0) 41.7 £ 2.2 (36.0-45.0)
Table 5.

Knee joint measurement of civcumferences (Mean + SD (Me (vange)) for the four time points by group.
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3.4.1 Pain at rest

Prior to therapy, there was no statistically significant difference in baseline VAS
(Mean * SD) rest pain scores between the Therapeutic group 2.72 + 0.90 and the
Control group 2.52 + 0.71.

For the Therapeutic group, there was a statistically significant reduction in pain
at rest according to VAS at the end of therapy (p < 0.001), 1st month (p < 0.001) and
3rd month (p < 0.001) compared to baseline values. It was also observed retention
of pain level at rest at 1st month (p = 0.082) and 3rd month (p = 0.490) compared to
post-therapy was observed (Table 6).

In the Control group, after completing the course of treatment, VAS pain
decreased at 1st and 3rd months compared to baseline. Pain at rest increased after the
1st month, with the effect persisting until the end of the 1st month (p = 0.002) and
such increasing at 3rd month compared to the 1st month post treatment (p < 0.001).
With a more long-lasting effect in terms of pain at rest, treatment in TG showed no
significant difference in pain level after treatment at 1st and 3rd months, and between
1st and 3rd months; that is, the effect of treatment persisted even 12 weeks after
therapy. In CG, a significant reduction in pain was achieved by the end of the first
month with a subsequent increase in pain at month 3rd compared to month 1st, but
the pain level was lower compared to baseline values.

3.4.2 Pain while walking (Mean + SD)

Pain while walking (Mean + SD) before therapy for the Therapeutic group was
4.19 + 1.01 and for the Control group - 3.85 + 0.76. There was no statistically signifi-
cant difference in baseline values between the groups.

The results of the Deep Oscillation therapy conducted in TG showed sustained
reduction in pain while walking by the end of month 3rd compared to baseline values
(p < 0.001) and retention of therapeutic effect and pain level to values achieved
post therapy. No statistical difference was observed between months 1st and 3rd
(p =0.386).

In CG, pain while walking decreased after the end of therapy. The effect persisted
until the end of the first month; then, there was a statistical difference between the
end of therapy and month 3rd, and between month 1st and 3rd and an increase in
pain while walking after month 1st (p < 0.001) (Table 7).

Longer-lasting effect in terms of pain while walking was the therapy carried out
in TG, in which no statistical difference was observed after the end of the treat-
ment compared to months 1st and 3rd; a significant reduction in pain syndrome was
observed at months 1 as well as 3. In CG, the effect persisted up to 1st month, after
which there was a statistical difference between posttreatment pain and 3rd month, as

Periods Therapeutic group Control group

Before therapy 272+ 0.90 252+0.71

After therapy 0.67 +0.83 0.82+0.81

After 1st month 0.12+0.33 0.45+0.62

After 3rd month 0.23+0.50 1.76 + 0.75
Table 6.

Pain dynamics at vest (Mean + SD (Me(range))).
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Periods Therapeutic group Control group

Before therapy 419 +1.01 3.85+0.76

After therapy 2.09 £ 0.74 215+ 0.57

After 1st month 1.21+0.62 1.73+0.72

After 3rd month 1.51+0.69 3.06 £ 0.66
Table7.

Pain at walking dynamics (Mean + SD (Me (range))).

well as between 1st and 3rd months, and an increase in the degree of pain on walking
at 3rd versus 1st month (Table 7).

3.4.3 Pain when descending stairs (Mean + SD)

There was no statistically significant difference between Therapeutic group and
Control group with respect to baseline values. For Therapeutic group, there was a
statistically significant improvement in pain when descending stairs at all four time
points (p < 0.001), at the end of therapy, at 1st and 3rd months, compared to baseline
values (p < 0.001), at 1st month (p < 0.001) and 3rd months (p < 0.001). Retention
of pain level when descending stairs at month 3rd (p = 1.000), versus after the end of
therapy (Table 8).

For Control group, there was a reduction in pain when descending stairs over the
posttreatment period, at 1st and 3rd months (p < 0.001); an increase in the degree
of pain when descending stairs after 1st month, with the effect persisting until the
end of 1st month; and an increase in pain at month 3 (p = 0.016), compared to post
therapy, and at month 3 compared to month 1 (p < 0.001) (Table 8).

After analyzing the results for pain when descending stairs, it was found that the
treatment conducted in the Therapeutic group had a more long-lasting effect, with
no statistical difference observed after therapy compared to months 1 and 3, and
between months 1 and 3; that is, the effect of the treatment persisted at month 3 after
therapy.

3.4.4 Pain when ascending stairs

The pain score (Mean + SD) on VAS before therapy for TG was 5.68 + 1.07 and CG
5.36 + 1.06. There was no statistically significant difference in baseline values of this
parameter between groups. The treatment performed in TG was effective in terms of
pain reduction (p < 0.001). No statistical difference was observed for the posttreatment
period and month 3 (p = 0.001); the posttreatment effect was maintained at month 3,
but an increase in pain was found between the end of months1and 3 (p = 0.031).

Periods Therapeutic group Control group

Before therapy 7.05+1.04 6.76 + 0.90

After therapy 3.89£0.94 4.27+0.84

After 1st month 3.26 + 0.64 3.94+0.83

After 3rd month 361+ 0.62 5.24 + 0.97
Table 8.

Dynamics of pain when descending stairs (Mean + SD).
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Periods Therapeutic group Control group

Before therapy 5.68 £1.07 536 +1.06

After therapy 296 +0.82 3.09£0.88

After 1st month 240 £ 0.70 273091

After 3rd month 2.88+0.63 415+ 097
Tableg.

Dynamics of pain during stair climbing (Mean + SD).

In the CG after completion of the treatment course, pain during ascending stairs
decreased (p < 0.001). The therapeutic effect persisted until the end of the first
month, after which there was an increase in pain and a statistical difference between
completion of therapy and month 3, and between months 1 and 3 (p < 0.001).

After analyzing the results obtained, it was found that the complex rehabilitation
carried out in the Therapeutic group had a longer lasting effect, with retention of the
pain level at month 3 at the level immediately after therapy (Table 9).

3.5 Comparative analysis Western Ontario and McMaster universities
osteoarthritis index (WOMAC index)

The total WOMAC Index (Mean + SD (range)) at baseline for Therapeutic Group
are (61.5 £ 8.2 (40-78)), for Control Group (59.0 + 7.2(46-77)). No statistical dif-
ference was observed before therapy for the total WOMAC Index between groups

(p = 0.125) (Table 10).

In the 3rd month after therapy, there was a statistically significant improve-
ment in total WOMAC Index for TG patients (46 + 4.5(36.0-54.0)) compared to CG

WOMAC index (Me(Range)) Therapeutic group Control group Statistical difference

WOMAC Index 62(40-78) 59(46-77) p=0.125

WOMAC Pain 13(7.0-16) 13(7.0-15.0) p=0.684

WOMAC Stiffness 5(2.0-7.0) 5(3.0-7.0) p=0.098

WOMAC Function 45(36.0-56.0) 43(34.0-56.0) p=0.015
Table 10.

Total WOMAC index and subscales pain, stiffness, and function (Me(Range)) before the therapy, divided into

groups, at baseline.

WOMAC index (Me(Range)) Therapeutic group Control group Statistical difference
WOMAC Index 47(36-54) 56(46-73) p<0.001
WOMAC Pain 8(5-10) 11(8-14) p <0.001
WOMAC Stiffness 3(1-4) 4(3-6) p<0.001
WOMAC Function 35(28-42) 42(34-56) p <0.001

Table 11.

Total WOMAC index and subscales pain, stiffness, and function (Me (vange)) 3 months after therapy, and
dynamics compared to the beginning of thevapy, divided into groups.
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patients (56.2 + 7.0(46.0-73.0)) and a statistically significant difference between the
groups (p < 0.001) in favor of the group with complex rehabilitation with DO and KT
(Table11).

4. Discussion and findings

The conducted research project aimed to investigate the therapeutic effects of
the low-frequency and low intensity pulsed electrostatic field application using the
DO-therapy in patients with knee osteoarthritis and to compare the therapeutic
effects of the application of Deep Oscillation® and placebo-DO and kinesitherapy
(KT). The relevant value of the reformed physical factor on the basis of the KT was
evaluated.

A statistically significant decrease in edema, increased range of motion (flexion)
in knee joint, and m. Quadriceps femoris muscle weakness for three-time periods
(TTP) versus baseline was observed in the Therapeutic Group, as well as a tendency to
a better influence of the levels of muscle weakness and range of motion in the KJ for
the Therapeutic group in which patients received complex physiotherapeutic treat-
ment: electro-procedure and KT.

A statistically significant reduction in pain after treatment in Therapeutic Group
and 1st and 3rd months at rest, motion, descent, and ascending were reported
compared to baseline values and retention of posttreatment outcomes and at the 3rd
month.

The Control Group showed a reduction in pain at rest for the three time periods
(TTP), compared to baseline values, increase in the 3rd month compared to post-
treatment, pain-motion reduction after treatment, and increase in the 3rd month
compared to post-treatment, pain when descending stairs reduction for TTP, com-
pared to baseline, increase in 3rd month versus post-therapy, pain-upstairs decrease
in TTP, and retention of the effect achieved up to the 1st month after treatment.

The total WOMAC Index for Therapeutic Group shows a statistically significant
reduction in the TTP score as well as retention of the effect on the 3rd month post-
therapy versus post treatment was observed. In Control Group, a significant reduction
after treatment on 1st month was observed and no statistically significant difference
on 3rd month compared to baseline was found.

The frequency used in Deep Oscillation® determines the therapeutic effects
achieved by the application of a low-frequency and low-intensity electrostatic field.
The reduction of pain is an effect that appears relatively quickly and has a long-lasting
effect [5, 6], which is probably due to the inclusion of the mechanism for Gate control
of pain nociception [29], and a psychological effect of the conducted therapeutic
intervention [69]. Oxidation processes in lipid substances are suppressed and also
probably the formation of oxygen-containing reactive species, which is probably the
basis for the manifestation of the anti-inflammatory effect [70, 71].

Microcirculation in the affected region was improved by reducing inefficient
shunt blood flow and dilating capillary blood vessels [72, 73]. The observed long-
term vasodilatation is a consequence of the biologically active substances (histamine,
protease, serotonin, and heparin) released by the mast cells [73]. A reduction in
the swelling of the tissues is found as a result of improved lymphatic drainage [2,

70]. The tissues increase their elasticity and the possibility of developing fibrosis is
reduced, and the range of motion in the joints is also improved. In the area of applica-
tion of low-frequency and low-intensity electrostatic field, muscle spasm is reduced,
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probably through a mechanism of impact on the nerve endings and the nerve con-
ductors. The application of Deep Oscillation® leads to improvement of trophic and
restorative processes in the tissues, by activating local blood flow, improving local
microhemodynamics, optimizing blood transport functions, and improving the
exchange that takes place through the capillaries [4, 7].

The therapeutic results achieved in placebo treatment have been associated by a
number of authors with various etiological factors, such as gender, age, diagnosis,
study design, trust in the therapist, and sociocultural characteristics of the ethnicity
[74, 75]. One mechanism of the placebo effect has been associated with an expectancy
of an outcome from the therapy conducted [76]. Expectancy associated with the
treatment effect represents the likelihood that the procedure or drug substance will
have an effect in relieving pain [77]. If the patient has an expectation of pain reduc-
tion after administration of a placebo treatment, this fact alone may lead to pain
relief [78, 79]. Scientific evidence suggests an association with the endogenous opioid
system for the expression of the placebo effect in the setting of an expectation of pain
reduction [80, 81]. For this reason, an effective treatment should be considered to be
one in which the analgesic effect is greater than that of placebo therapy [82].

A number of authors have reported that patients with KJ osteoarthritis suffer from
Quadriceps muscle weakness, proprioception deficits, loss of balance, and conse-
quently are at risk of frequent falls. Muscle weakness is often associated with the level
of pain and functional limitations. It is assumed that these disorders are caused by a
decrease in voluntary contractions with arthrogenic genesis and reflex inhibition as a
result of pain and edema [83, 84]. These symptoms of osteoarthritis, especially of the
knee, can be reduced or prevented by therapeutic exercises, for which there is signifi-
cant evidence. Age-related changes in the neuromuscular system affect motor func-
tion in adults over 60 and especially over 80 years. Reduced muscle strength, slower
contractile speed, increased fatigue, and reduced joint stability, which can vary in
different individuals, are observed [85]. The extent to which muscle weakness and
atrophy are caused by KJ degeneration or muscle weakness precedes it is discussed
[55]. Quadriceps femoris muscle weakness is currently thought to be a predictor of
OA more often in women [86], and the role of afferent sensory dysfunction is impor-
tant for the progression of KOA. Muscle function is more related to joint pain than
narrowing of the joint space and is easier to change, making it a realistic therapeutic
goal [55, 87, 88]. Physical activity can change the properties and function of the motor
unit in adults, although the effects on the variability of motor characteristics are
largely unknown [85].

There is considerable evidence for the effectiveness of therapeutic exercises in
knee joint osteoarthritis. A summary of a large number of systematic studies evalu-
ates the effect of exercise and identifies improvements in pain, function, and overall
assessment [89]. Therapeutic exercises are likely to prevent degenerative changes
in cartilage, to reduce inflammatory activity and changes in the subchondral and
metaphyseal areas of bone. There is growing evidence that therapeutic exercises can
affect pain, stiffness, muscle weakness, and joint dysfunction in KOA. Therapeutic
options include exercises to increase muscle strength, aerobic exercises, neuromuscu-
lar exercises, balance exercises, proprioception, water exercises, and some traditional
exercises [90].

Induced endogenous analgesia as a result of therapeutic exercise is thought to
be due to the release of endogenous opioids and growth factors [91], as well as the
activation of cerebrospinal nociceptive inhibitory mechanisms controlled by the
brain [92]. The improvement can also be explained with the biomechanical changes
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in the joint and increased stability [93]. The application of exercises to increase
muscle strength (with/without other types of therapeutic exercises), depending on
their characteristics (type of resistance, type of muscle contraction, intensity, and
duration) can significantly reduce pain and improve physical function and quality
of life in knee osteoarthritis. Combining them with other therapeutic agents, such as
patellar taping or manual therapy, is subject to further study. It is necessary to develop
a combination therapy including behavioral strategy and exercises to increase muscle
strength, which has a longer-lasting effect [94]. Positive results from the combined
application of Deep Oscillation and therapeutic exercises have also been reported by
other research groups in recent years [95-98].

The conducted study confirms the results obtained in the complex rehabilita-
tion of patients with knee arthritis involving the application of Deep Oscillation®
therapy. Some authors report reported reduction in pain and improved movement
in patients with osteoarthritis in a complex with targeted kinesitherapy [35, 38, 95].
Pain-related decline in physical function further exacerbates permanent disability in
patients with knee osteoarthritis. Most patients require oral NSAIDs for pain relief,
which increases the risk of adverse effects: gastrointestinal, cardiovascular, or renal.
Non-pharmacological treatment modalities are recommended: topical NSAIDs, phys-
iotherapy, therapeutic exercise, weight reduction, orthoses, intraarticular administra-
tion of corticosteroids, hyaluronic acid, and platelet-rich plasma PRP therapy [54].

The long-lasting effect we found in reducing pain at rest and during physical activ-
ity, improving range of motion and reducing knee joint swelling for the Therapeutic
Group, is probably due to the complex use of low-frequency and low-intensity pulsed
electrostatic field (Deep Oscillation®) and the applied therapeutic exercise program.
The effect achieved in the Control group is less pronounced and is probably based
on the effect of the applied kinesitherapy and the psychological effect shown by the
application of the placebo-Deep Oscillation®.

5. Conclusion

Deep Oscillation® effectively reduces edema, stiffness, pain in rest position, and
physical activity in knee osteoarthritis. The complex application of low-frequency
and low-intensive electrostatic field with therapeutic exercise permanently affects
the muscle imbalance and the range of motion in the affected joint. The established
therapeutic effects of Deep Oscillation® have a long-term effect (at least 3 months)
versus placebo-DO. The use of Deep Oscillation® in rehabilitation programs leads to
improvement of the psycho-emotional state, functional activity, and quality of life
(WOMAC Index).

There was no established discomfort in the patients treated with Deep Oscillation.
Compliance with safety rules reduces the risk of side effects. The proven methodology
for therapy has an easy practical application. For better objectifying of the effects of
the low-frequency and low-intensity electrostatic field, the studies should continue.
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Experimental Characterization
and Data Analysis of Electrostatic
Discharge (ESD) with
Microenvironment Dominated by
Electrode Approaching Velocity
Based on Wavelet Neural Network

Yang Meng, Fangming Ruan, Yan Lyu, Ze Chen, Dandan Qu
and Kun Zhang

Abstract

The microenvironment dominated by the electrode approaching velocity can be
defined as the micro-gap ESD model. Micro-gap ESD is a time-domain continuous
process, and the electrode approach velocity critically influences the characteristic
discharge parameters. Based on two sub-processes, field electron emission and
Townsend gas discharge, the experimental characteristic parameters are analyzed
in time frequency. Wavelet neural network algorithm is also used to analyze and
predict the discharge results. Remarkable variation appeared in discharge param-
eters of discharge current peak values, current derivative peak values, and arc
length due to electrode approach velocity change in experimental measurement
results of micro-gap electrostatic discharge. The higher the velocity, the larger the
variation of discharge parameters. Threshold phenomenon emerged for discharge
parameters variation with charge voltage due to electrode moving to the target at
various velocities. For micro-gap ranging in 80-300 micrometers, electrode moving
velocity enhanced the sub-process of electron surface emission. The approaching
velocity is an important input index, and the wavelet neural network algorithm is
used to analyze and predict the output results. The characteristics measured in the
real experiment were compared with the prediction parameters from the wavelet
neural network calculation result. According to the prediction data, a discussion
was conducted on correctness accuracy and the discharge process trend analysis.
Nonlinearity and discreteness are the main characteristics of discharge parameters.

Keywords: characteristic parameters, electrode velocity, ESD, micro-gap, nonlinearity
and discreteness, parameter, wavelet neural network
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1. Introduction

Electrostatic discharge (ESD), dominated by approaching velocity, is a seri-
ous threat to electronic systems. Several aspects of electrostatic discharge in
micro-gap, including the influence of humidity, arc length, and moving speed,
have been involved in Refs. [1-5]. However, problems with the three features
below need to be understood and clarified: (i) short discharge gap in the range
of um-cm, (ii) charge voltage in 200 V-2000 V, and (iii) effect on discharge
parameters of the electrode (charged body) moving at a certain velocity to the
target. Previous studies have not mentioned how the electrode approach velocity
affects the discharge parameters, and its physical mechanism needs to be further
analyzed and clarified.

Our work concentrated on discussing electrostatic discharge (ESD) events
with these three features. The discharge environment is important in electrostatic
discharge, including vacuum and gas states. Previous studies have focused on these
two conditions. In a strict sense, the micro-gap discharge model does not belong to
the above two types but is more like a combination of the two types. The discharge
process can be divided into field electron emission and Townsend gas discharge. The
theoretical analysis of the model combined with the two remains to be improved,
especially the influence of the approach velocity on the discharge parameters is
worth exploring and studying. The charging voltage ranges from 0.1 to 3 kV. We also
optimized the wavelet neural network algorithm to fit the influence of various input
variables on the discharge parameters, such as electrode speed, temperature, and air
pressure. The influence of electrode approaching velocity on discharge parameters is
verified especially, which coincides with the above theoretical analysis and experi-
mental test results.

Electronic systems need to consider the protection of threats from electrostatic
discharge. The International Electrotechnical Commission has issued IEC61000-4-2
as the test standard of electrostatic discharge immunity for electrical and electronic
products. Various factors can impact the result of electrostatic discharge. However,
the test results in real processes applying IEC61000-4-2 usually have comparatively
low repeatability. The main reason for low reproducibility is that IEC61000-4-2 is
considered electrostatic contact discharge, but many non-conducts electrostatic
discharges exist in real circumstances. There are various factors in the real discharge
process, for example, gas pressure, temperature, humidity, and electrode moving
velocity, which may change the ESD result.

The velocity effect of the electrode moving to the target has become a hot concern
in electrostatic discharge research expertise. This is because non-contacted electro-
static discharge result parameters strongly correlate with electrode moving velocity
to the target. Experiment research with the electrostatic simulator (so-called ESD
gun) and human/metal mode electrostatic discharge has been conducted to discuss
the relationship between electrode moving velocity and discharge parameters of peak
current, peak current derivative, and arc length. Micro-gap model and Townsend’s
gas discharge theory were applied to analyze the possible mechanisms of the velocity
effect of moving electrodes on discharge parameters.

During the experiment in human/metal mode threshold phenomenon on the
velocity effect of electrode moving with charge voltage emerged distinctively. The
correlative coefficient’s maximum positive or negative value appears when the charge
voltage reaches 800 V. An illustration was given on the possible reason threshold
produces at special charge voltage.
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Based on the above, the benefits of this paper include by introducing a wavelet
neural network, time-frequency characteristics of electrostatic discharge signal are
analyzed, and denoising methods are summarized. The rule is explored between dis-
charge conditions as input and characteristic parameters as output. The mechanism of
influence of electrode approaching velocity on discharge parameters in a non-contact
electrostatic discharge microenvironment is revealed.

However, there are some limitations in this paper. Non-contact electrostatic dis-
charge is a multi-variable function with a time change. The dominant non-contact
microenvironmental factors determine the main variable of the function change. In
this paper, the influence of electrode approaching velocity on discharge parameters
is mainly studied, and the influence of other discharge conditions remains to be
further studied. The multi-factor discretization with low repetition deserves more
attention.

2. The theoretical analysis

For electronic products, electrostatic discharge protection has received increasing
attention. Current test standards for discharge without detailed regulation law, the
effect factors of electrostatic discharge regulation are too broad, and the applicability
of the different scenarios is wide enough. Therefore, given the actual cases and the
complex diversity of test conditions, we model the contactless electrostatic discharge
model. Among them, the factors affecting electrostatic discharge mainly include
electrode approaching speed, pressure, temperature, and other discharge characteris-
tic parameters, including discharge current peak, rising speed (when the peak current
is 10 to 90%), and falling speed (when the peak current is 90 to 30%). The contactless
electrostatic discharge model mainly consists of two sub-processes: the field electron
emission process and the Townsend gas discharge process. How does the approach
velocity affect the discharge parameters in the microenvironment dominated by the
approach velocity?

Four types of electrostatic discharge events exist for different conditions, includ-
ing glow, corona, electric arc, and electric spark. Electrode velocity moving to the
target alters conditions of electrostatic discharge for micro-gap. The fast velocity of
the electrode results in an electric spark, whereas slow velocity may be responsible for
glow discharge.

The approach velocity influences the field electron emission, which indirectly
affects the whole process of micro-gap discharge, and the micro-gap range is about
100 pm-10 cm. For the electrode moving at a fast velocity to the target, electric charge
particles do not have enough time to form a uniform distribution on the surface of
the electrode. When the electrode moves towards the target, the electric spark causes
the discharge current to rise sharply, that is, the peak value of the discharge current is
high and the arclength is short.

Due to the electrode’s rapid movement, the discharge gun’s tip accumulates a large
amount of charge in a short time, forming a local high voltage. Under normal air
pressure, the gas between high-voltage electrodes is broken down and produces self-
excited conduction. The gas discharge phenomenon of flash and burst sound appears,
namely, spark discharge. During spark discharge, collision ionization does not occur
in the whole region between electrodes but along the narrow and zigzag luminous
channel, accompanied by a popping sound. Due to the gas breakdown suddenly from
an insulator into a good conductor, the current surged, and the power supply was
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insufficient, so the voltage dropped, and the discharge was temporarily extinguished
until the voltage was restored to discharge again.

On the other hand, for an electrode moving at low velocity to the target, the charge
on the electrode surface obtains enough time to form a uniform distribution. In a
relatively closed experimental chamber, where the gas pressure is low, neutral atoms
or molecules are excited by uniformly distributed charges, and the excited particles
will release energy in the form of light when they fall back to the ground state from
the excited state, to display the glow gas discharge phenomenon.

The mathematical model of Townsend gas ionization avalanche discharge current
is described as follows [6]:

) av :
i(t),, :CE+eNO%exp(Ioa(§)ve(f)df). 1)

Among them,

C is the capacitance formed between two electrodes.

V is the micro-gap voltage difference.

e is the electron charge.

Ny is the initial number of electrons supplied by the surface of the cathode.

V(1) is the electron drift velocity relative to time .

d is the distance between micro-gaps.

a is the Townsend first ionization coefficient.

According to (1), the greater the approaching velocity of v.(¢), the greater the
discharge current, and the greater the Townsend first ionization coefficient of a.

We know field electron emission is due to external electric field electron emission
of the cathode surface under the action of the electric field, cathode in part through
electronic barrier emitted from the surface. According to the theory of quantum
mechanics, amid a trap, electrons, even if their energy is less than the potential
energy barrier, also has a certain probability through the potential barrier and run-
ning away. This is called the Tunnel effect. Under the action of a strong electric field,
the shape of the potential barrier becomes narrower and lower so that the electrons
can easily pass through the potential barrier and be emitted from the surface.

The mathematical model of field electron emission is described as follows [6]:

2e S,V ~K[a(r)] Q)

(1) =2 |26 SV
l(t)surf_9 \'m, (d—ve(t)-t)

Among them,

€o is the vacuum permittivity.

e is the quantity of electron charge.

m. is the electron mass.

S, is the plasma front cross-section area.

d is the distance between micro-gaps.

V is the micro-gap voltage difference.

v.(t) is the electron drift velocity relative to time .
K[a(t)] is the plasma shielding coefficient.
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Parameters Group1 Group 2 Group 3
Process acting Surface Surface/gas Gas
Arclength (um) <20 20-80 80-100
Breakdown voltage (V) <700 700-2000 >1500
Electric field strength (kV/mm) >50-100 25-75 <8-35
Current rise time (ps) <40 300-600 <350
Current rise waveform No step Step No step
Cathode effect X X
Anode effect X
Pressure effect X X
Table 1.

Static discharge parameters with diffevent micro-gap distances [7].

According to (2), the greater the electron drift velocity, the larger the micro-gap
voltage difference, and the greater the discharge current. According to (1) and (2), two
sub-process physical models of micro-gap electrostatic discharge are characterized by
mathematical formulas in which electron drift velocity ve(¢) and micro-gap voltage
difference V are the main factors affecting the discharge current. At the same time, the
gas pressure P of the discharge microenvironment is another important factor.

Table 1 shows the configuration of static discharge parameters for different micro-
gap distances [6], where the discharge arc lengths are less than 20um, 20-80um,
and 80-100um, respectively. Under the condition of not considering the approach
velocity (i.e., static state), the discharge effect of the two sub-processes, field electron
emission and Townsend gas discharge, will also change due to the change of micro-
gap distance. The first group (<20um) is the field electron emission process, which
occupies the dominant role. The second group (20-80um) is a combination of two
sub-processes. The Townsend gas discharge process dominates the third group (80-
100um). The breakdown voltage, electric field strength, current rise time, current rise
waveform, cathode effect, anode effect, pressure effect, and other parameters are set,
as shown in Table 1.

3. Electrostatic discharge test system based on approaching velocity

Our electromagnetic compatibility team has researched and developed novel
test equipment of electrostatic discharge parameters, which can be used to discuss
electrode movement speed effect. The main body of the test system is a closed box so
that we can easily control the gas filling and pressure. The simulation of approaching
speed is realized by controlling the crankshaft connecting rod with a stepping motor.
The discharge gun is placed on the top of the connecting rod, and the speed of the
stepping motor is changed to obtain different approaching speeds so that the dis-
charge gun moves toward the discharge target and completes the discharge process. In
addition, there are also gas pressure meters, high voltage supply, humidity and tem-
perature meters, digital oscilloscopes, vacuum pumps, cameras, wireless routers, and
switches. The physical picture of the experimental test system is shown in Figure 1.
The discharge target is installed on the side wall of the sealed box, the motor holder

31



Electrostatics — Fundamentals and Modern Applications

Figure 1.
Physical drawing of the experimental test system.

is fixed to the case, and a discharge gun is attached to the guide rail between the
motor and the discharge target [6, 7]. The closed box is also provided with a pipeline
connected to the vacuum pump, and a vacuum pump can be connected to adjust the
air pressure inside the closed box. The negative pressure meter displays the negative
pressure value in the closed box in real time. The discharge target is connected to the
digital oscilloscope through a coaxial cable, and the model is Tektronix MSO56 so that

Switching mode power supply Negative pressure meter

Wireless router Controller
Camera Crankshaft connecting rod
Electromotor /—Closed box

Discharge gun /Discharge target

Electromotor driver

Alr pressure valve

i P o P B g B

Vacuum pump ESD generator Digital oscilloscope

Figure 2.
Schematic diagram of structure and function of electrode approach velocity effect electrostatic discharge test
system.
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we can collect the discharge parameters and analyze the data. The structure and func-
tion diagram of the whole test system is shown in Figure 2, including the instrument
configuration inside and outside the box.

The materials involved in this paper include the electrode metal of the discharge
gun tip, discharge target metal, and environmental gas, among which the metal
material is mainly nickel-chromium alloy, and the environmental gas is mainly air. As
metal materials are exposed to the air for a long time, an oxide film has been formed
on their surface, but the metal oxide film has little effect on ESD. Metal and its oxide
film are the main carriers of static charge accumulation after electron movement in
the conductor and have little effect on the field-induced electron emission process.
The ambient gases in this study are mainly air with different concentrations. The gas
composition, such as nitrogen or a vacuum environment, can significantly influ-
ence the discharge process of Townsend gas. The follow-up research plan will be the
influence of different gas compositions on discharge parameters. The electrostatic
discharge process concerned in this paper applies to most metal materials, including
some precious metals with surface plasmon effect, such as gold, silver, and copper.
Subsequent research plans will involve precious metals, graphene, and even meta-
materials to explore the effect of surface plasmon resonance on discharge parameters
excited by static electricity.

4. Analysis of environment factors with wavelet neural network

Based on Fourier analysis, wavelet analysis theory develops gradually. Wavelet
analysis overcomes the limitation that the Fourier transform cannot reflect the
relationship between frequency component and time variation when analyzing non-
stationary signals and provides a time-frequency localization signal analysis method
with fixed window size and variable shape. The scale scaling and time shift operations
in wavelet analysis are very useful for analyzing instantaneous time-varying signals.
The scaling operation can be used for signal refinement analysis. The time shift
operation can be used to locate the signal period to be analyzed. Therefore, wavelet
analysis can be used to extract information effectively from the signal and solve the
problem that the Fourier transform cannot solve.

The time-frequency analysis of electrostatic discharge signal based on wavelet
transform is applied to the case that the frequency changes with time in the process of
the non-stationary signal. The information hidden in the electrostatic discharge signal
can be obtained by time-frequency analysis. At the same time, the wavelet threshold
denoising method is used to preprocess the ESD current signal, which can solve the
noise interference problem in the current waveform collected in the test. The main
idea of the wavelet denoising method is to use the wavelet analysis to decompose the
signal in multiple layers, effectively distinguish the noise information in the signal,
select the appropriate threshold and threshold quantization method, de-noising the
high-frequency coefficient part, and obtain relatively stable observation data after
the wavelet reconstruction. Then, the variance of unknown constant noise is esti-
mated using Sage-Husa’s Maximum a Posteriori (MAP) noise statistics estimator. The
estimated value of the unknown noise variance is used as the modified information of
the standard Kalman filter to modify the data after wavelet pretreatment further.

However, there are also some problems with the use of wavelets. Many kinds
of wavelet functions are in different series, each with its characteristics, and many
attempts are needed to select wavelet functions. For example, the wavelet functions of
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Daubechies, Coieflet, Symlets, and Biorthogonal wavelets are selected as the mother
wavelets to carry out multi-layer decomposition and threshold quantization of ESD
current signal of superimposed noise. The experimental results show that the num-
ber of wavelet decomposition layers obviously affects the denoising performance.
Generally, there is an appropriate number of decomposition layers (four to six layers),
and the denoising effect gradually deteriorates when the number exceeds it. The order
of wavelet function has a relatively weak influence on the denoising performance, and
with the increase of wavelet order, the denoising performance will improve.

Wavelet bases can approach signals more accurately from a mathematical point
of view and are more advantageous than Fourier transforms in signal processing.
Wavelet transform has time-frequency local and focusing characteristics, while
the neural network has self-learning, self-adaptation, robustness, fault tolerance,
and generalization ability. Combining the advantages of the two has always been
a concern of people. One method is to preprocess the signal with wavelet analysis.
The wavelet space is used as the feature space of pattern recognition, and then the
extracted feature vector is sent to the neural network for processing. The other is
called wavelet neural network (WNN) or wavelet network (WN). Wavelet neural
network was first proposed by Zhang Qinghu et al. from IRLSA, a famous French
information science research institute, in 1992 [8]. Wavelet neural network is based
on wavelet transform. It constitutes the neural network model, which USES nonlinear
wavelet base replace neurons usually nonlinear excitation function (e.g., Sigmoid
function), set the strongpoint of artificial neural network and wavelet analysis, even
if the network convergence speed and avoid falling into local optimum, and some-
times the frequency characteristics of local analysis.

WNN is an artificial neural network based on the breakthrough of wavelet
analysis. It is a new layered, multi-resolution artificial neural network model based
on wavelet analysis theory and wavelet transform. WNN replaces the S function of
the hidden node of the neural network with the wavelet function and the correspond-
ing weight from the input layer to the hidden layer, and the threshold of the hidden
layer is replaced by the scale scaling factor and time translation factor of the wavelet
function, respectively. In other words, the nonlinear wavelet basis replaces the usual
nonlinear sigmoid function, and the signal representation is expressed by linear
superposition of the selected wavelet basis. It avoids the blindness of the BP neural
network structure design and local optimal nonlinear optimization problems, greatly
simplifies the training, has a strong function-learning ability and extension ability,
and has broad application prospects. WNN has the following characteristics: First,
the determination of wavelet elements and the entire network structure has a reliable
theoretical basis, which can avoid blindness in the structure design of the BP neural
network. Secondly, the linear distribution of network weights and the convexity of
learning objective function make the network training fundamentally avoid the local
optimal nonlinear optimization problem. Thirdly, they have strong function-learning
ability and promotion abilities.

The process is conducting a linear simulation of an experiment with a linear
neural network as the following; firstly, supplying input data and output data, then
substituting the data and conducting circling training according to the establishment
model, and lastly, determining prioritized value and the threshold value. Each neuron
in the neural network is interconnected, and each neuron has two states, activated or
suppressed, as input variables, corresponding to 1 or 0, respectively [6, 7]. The states
of each neuron are governed by the following rules and interact within the overall
neural network:
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X, :f[iwijxj —:91}
3)

where wj; is the weight of the association between two neurons i and j, that is, the
strength of the synaptic connection.
0, is the neurons threshold.

f(-)--step(-) is the of a step function, which contains

1,a>0
step(a) = 0.4<0 4)

It is an effective tool to extract common neural networks using the MP model
to analyze the discharge parameters of electrostatic discharge events, as shown in
Figure 3. Specific mathematical expressions are shown in (5) to (7):

o, :iwijxj +S, -6, 5)
j=1
u; = f (o) (6)

yi:g(ui):h(o-i) 7)

The meaning of the formula wy,x;,0, is the same as that in (3).
o, is the neuron input.

S, is the external neuron input.

u,; is the neuron activation state.

y; is the neuron output.

£ () is the activation functions of neurons.
£(+) is the conversion functions of neurons.

The most important is the training process in the whole linear simulating process
[6]. The solution training flowing sketch block diagram is given in Figure 4.

The neural network error in the training process is a multi-dimensional parabo-
loid. The best solution can always be a fund for a linear neuro-network in training
based on the least square principle of gradient fall if the learning rate is low enough.
A model can be established through previous analysis related to discharge parameters

X owy

— 6 | u=flod | &w) |—>y

Figure 3.
MP model of neural network.
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Figure 4.
Block diagram of solution process by linear training of neural network.

variation; the input variable and output variable can also be determined. The influ-
ence on discharge parameters by moving electrode speed is shown in Table 2.

It can be seen from Table 2 that three output variables correspond to one input
variable, which denotes that three linear fitting calculations will be performed sepa-
rately. According to Table 2 data, Figure 5 shows the fitting diagram of the relation-
ship between electrode approach velocity and discharge parameters. Peak current
value increases with moving electrode speed lifting. The relation between the peak
current of ESD and electrode moving speed can be seen distinctly through the linear
fitting of the neural network. With the iteration number increase, as seen in Figure 6,
the mean square error falls first, then becomes flat late, and reaches balance finally,
which means the best-fitting straight line. A good agreement has been reached on
analysis with two methods, that is, theoretical analysis and neural network analysis.
That is to say, the consequence has been verified that a strong positive, relevant
relationship exists between electrode moving speed and discharge peak values.

A wavelet transformer is a powerful tool for analyzing signals. The thought-
suppressing noise is decomposing current signals with available wavelet function

Input Output 1 Output 2 Output 3
Moving speed of electrode (:/5) Peak current (A) Rise slope (A/ns) Fall slope (A/ns)
0.05 1.560 0.962 1.842
0.09 1.704 1241 2.232
0.13 1.992 1.635 2.480
0.18 2136 1.884 2,612
0.22 2.160 1.923 2.837
0.27 2.232 2.008 2.848
0.31 2.256 2127 2.872
0.35 2472 2.321 2.890
0.39 2.582 2482 2.962
0.42 2612 2,602 3103
0.45 2.634 2711 3.221
Table 2.

Linear model input and output data of ESD affected by electrode moving speed.
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Figure 5.
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selection and decomposition layers [9, 10]. Information of outline on ESD current

is mainly distributed in the low-frequency range, but the noise is distributed in the
high-frequency range. So, noise in the ESD current waveform can be suppressed by
removing high components in wavelet decomposition coefficients. The flowing block

diagram is shown in Figure 7.
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Flowing block diagram with wavelet transform and Kalman filter method.
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A good effect on noise suppression can be obtained in analyzing the current
electrostatic discharge current waveform if the wavelet transformer is combined with
the Kalman filter. After pre-suppressing with wavelet transformers and taking the
adaptive Kalman filter algorithm, the electrostatic discharge (ESD) current waveform
is shown to purify more fluent discharge waveform results.

5. Discrete characteristic analysis of discharge parameters
5.1 Correlation of discharge parameters with velocity to target

The multi-factor micro-gap electrostatic discharge test dominated by approach
velocity was conducted at different approach speeds. The micro-gap range was
1 um-1mm, and the discharge current parameters showed regular changes, as shown
in Figure 8. According to the analysis, under the condition of the same other influ-
encing factors, such as the same discharge voltage, the higher the electrode approach-
ing speed, the higher the discharge current peak value.

According to the human body/metal electrostatic discharge experiment [11],
the electrode approach speed strongly correlates with discharge parameters such as
current peak, peak current derivative, and arc length. The three discharge parameters
have different correlation coefficients with electrodes approaching velocity at differ-
ent voltages. The correlation between discharge parameters and electrode approach
velocity is significantly different within a certain threshold of discharge voltage.
Table 3 shows the experimental test results of the correlation between discharge
parameters and electrode approach velocity. According to the experimental data,
when the charging voltage is equal to or less than 300 V, the electrode moving speed
has almost no effect on discharge parameters. However, with the increase of charging
voltage, the influence of electrode velocity is enhanced and reaches the maximum at
about 800 V. When the charging voltage increases to more than 1500 V, the influence
of moving electrode velocity on discharge parameters decreases. The mechanism of

<
o A —800V slow
e ’\,\/\"\-’\ =800V fast |
& -1 : \ |===700V slow|
ol a - 700V fast
< « =~ 1—600V -
= —~ |—>500v
= A [ 1—a00v [
— T~
. M | —300v L
3 E _ ™~ 200V
g B B 100V -
= -7
o BT :
0 0.5 1.0
tms
Figure 8.

Measured discharge current waveforms showing the strong influence of fast and slow electrode velocity.
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V.[kV] Correlation coefficients
Peak current Peak current derivative Spark length

03 0.029 NS —-0.022 NS —0.028 NS
0.5 0.544 * 0.452 * -0.532 *
0.8 0.668 * 0.644 ** —-0.656 **
1.0 0.572 * 0.511 * -0.516 *
11 0.555 > 0.557 > -0.338 *
15 0.612 > 0.552 * —0.482 *

Note: ™*: much strong, *: strong, NS: no correlation.

Table 3.
The influence coefficient of different voltages on discharge parameters.

the influence of approach velocity on discharge parameters is a research focus of elec-
trostatic discharge, and the experimental results also verify the theoretical analysis of
the two sub-processes of field-induced electron emission and Townsend gas discharge
mentioned above.

5.2 Discharge parameters discrete characteristics

In an electrostatic discharge generator (ESD gun) experiment, the discharge
current peak has significant discrete characteristics, even if the charge voltage is the
same many times. Figures 9 and 10 show the experiment discharge currents with an
ESD gun. Two tests have a charge voltage of 6 kV. The ESD gun has a fixed discharge
gap without electrode velocity in the first situation. Figure 9 shows the waveform
diagram of the discharge current. In another situation, the ESD gun was held in hand
and moved slowly to the discharge target. Figure 10 shows the corresponding dis-
charge current waveform.

Figures 9 and 10 show that the discharge current peak values vary greatly. If an
ESD gun has an identical charge voltage and the same gap, the discharge current
usually should have the same discharge peak values, even if they have different
waveforms. The results shown in Figures 9 and 10 mean some other factors exist and
strongly affect discharge parameters. Air pressure, relative humidity, and temperature

i(t)A

10 20 30 40 50 60 7.0 80 90

-100 -50 0 50 100 150
tins

Figure 9.
Schematic diagram of discharging curvent at a faster approaching velocity.
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Figure 10.
Schematic diagram of discharging curvent at a slower approaching velocity.

may be the important factors resulting in discharge variation. Why and how discharge
charges current peak values are correlated with these factors?

In two situations of the experiment, air pressure, relative humidity, and tempera-
ture have no obvious change as a matter of three factors. Discharge takes place in
the first situation if the ESD gun is triggered. But, in the second situation, discharge
occurs after the ESD gun is triggered and moved to the target for a certain time.
Presumably, some of the charges that had accumulated in the metal tip of the dis-
charge gun disappeared as it moved toward the target.

The reason why part of the charge disappeared in the process of electrode move-
ment has been mentioned in Section II. After the discharge gun is charged, a high
voltage difference is formed, and the movement of the electrode is more likely to
produce gas discharge. As the gas was broken down and ionized, it suddenly changed
from an insulator to a good conductor, and the charge was transferred, and the
current surged, so part of the charge disappeared. However, the power of the power
supply is not enough, so the voltage drops, the discharge is temporarily stopped,
and the discharge is again after the voltage is restored, so the spark discharge hasa
discontinuity.

Differences in discharge current peak values in our experiment vary with charge
voltage in two situations with an ESD gun. The difference in peak current at a charge
voltage of 2 kV is quite small. At 4 £V, however, the difference increases distinctively
and gets drastically larger at 6 £V. The difference at 6 £V could reach more than one-
half of the total value of the discharge current.

6. Conclusion

The influence of electrode proximity velocity on discharge parameters exists in
micro-gap electrostatic discharge, which can explain the mutual transformation of
two electron-discharge processes, field-induced electron emission and Townsend
gas discharge at a low voltage of 0.8 kV-1.0 kV. Experimental verification based on
a wavelet neural network agrees with the above theoretical analysis, which explains
the influence of electrode proximity velocity on discharge performance in micro-gap
electrostatic discharge and reveals the discrete characteristics of discharge param-
eters. We will discuss the relationship between the loss of charge and three factors:
air pressure, relative humidity, and temperature. The research on the mechanism of
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micro-gap electrostatic discharge dominated by proximity velocity is of great practi-
cal significance, not only in the electrostatic protection of micro-electronic devices
and systems but also in the formulation of immunity test standards.
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Chapter 3

Approximation of ESD Protection
on Automotive Headlight
Production Lines

Michal Sahul and Peter Janiga

Abstract

The use of LED technology in headlights has made the manufacturer susceptible
to potential damage due to electrostatic discharge (ESD). This chapter focuses on the
risks of ESD and ensuring manufacturing compliance with IEC 61340-5-1 or ANSI/
ESD S20.20 standards. The first section will provide a theoretical introduction to the
protection of ESD-sensitive components. It describes the sources and mechanisms
of ESD in the automated production of automotive headlights, the risk situations in
production lines, and the protective measures to eliminate this phenomenon. Then,
some of the measurement methods used to identify ESD protection parameters
performed on-site are described. In the next part of the chapter, a case study based
on a typical production line for automotive headlights is described. The case study
describes the different workstations within the line in terms of processes and the
probability of occurrence of electrostatic potential, together with the design of ESD
protective measures for the entire production line, taking into account known sources
of ESD risks.

Keywords: ESD control program, ESD sensitive device, ESD risk analysis,
ESD risk, human body model, charged device model, isolated conductor,
ESD protective measure, ESD measurement

1. Introduction

With the development of LED technology in automotive headlights and the
concomitant increase in requirements for maintenance-free, reliable, and durable
headlights, headlight production has become highly sensitive to potential damage
due to electrostatic discharge (ESD). Since LED technology and its control in the
headlight contain a PCB (printed circuit board) with many electrostatic discharge
sensitive device (ESDS) components, it is necessary to implement ESD protection and
to arrange the production in accordance with the latest requirements of standards such
as IEC 61340-5-1 or ANSI/ESD S20.20 [1]. ESD protection requirements introduced
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in manufacturing companies through an ESD control program adapt the processes

of manufacturing, assembly, installation, packaging, marking, testing and inspec-
tion, transportation, and handling of ESDS [1]. An ESD control program based on
the above-mentioned standards mainly focuses on the administrative and technical
requirements of ESD protection [2]. The purpose of this protection is to set aside an
ESD protected area (EPA) and, through measures to prevent damage to ESDS, reduce
the risk to a standard acceptable minimum or eliminate it altogether. The risk of ESD
damage to components must be realized before a production line or working machine
is put into operation. Risk management is an integral part of every supply chain aspect
[3]. Unsuccessful and incomplete risk management can have negative economic
consequences.

This chapter is based on the requirement for the design of ESD protective mea-
sures of a production line for assembling automotive headlights. It describes the theo-
retical background necessary to understand ESD protection and how to implement
it. This section describes the requirements for an ESD control program, on which the
procedure for designing ESD protection measures is based. The chapter also includes
a selection of basic measurements performed as part of the verification of compliance
with the control program and a description of ESD protection models. In the last
section, a case study of a simple production line model is presented with the design of
ESD measures based on the assumed ESD threats.

2. Theoretical foundations of ESD protection for sensitive components

As previously mentioned, ESD protection has become an essential part of most
manufacturing processes where electrostatic sensitive devices (ESDS) are handled.
In terms of production processes, any component, product, or part of a product
can be considered ESDS if it is susceptible to damage from the phenomenon of
discharging accumulated electrostatic energy from a person, insulator, or conduc-
tor. According to one of the fundamental technical standards for ESD protection
[4], electrostatic discharge is a serious threat, especially to electronic components.
The most sensitive ESDS, in terms of potential damage, include semiconductors,
thin-film resistors, and similar components. Due to the high sensitivity of electronic
components, it can be assumed that any discharges occurring during the handling
of ESDS in production could be a source of partial or complete damage to the
component.

2.1 ESD protection in general

In ESD protection, it is generally accepted that the value of electrostatic
potential capable of destroying a component is significantly lower than the human
body’s sensitivity threshold. The presence of electrostatic potential can, therefore,
only be detected through proper measurement. For this reason, ESD protective
measures in manufacturing must be set up preventively, focusing on the produc-
tion process.

When protecting ESDS, it is important to consider situations where electrostatic
charge may occur. In general, a charge is generated or accumulated on the surface of a
material or product. Damage occurs when an electrostatic discharge happens from the
surface of one material to another, with the ESDS being part of this circuit or exposed
to induction.
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2.1.1 Triboelectric charging (contact charging)

A significant source of charging is the so-called triboelectric charging. When
two initially uncharged surfaces come into contact with each other, charge trans-
fer occurs at their common interface [4]. After these materials are subsequently
separated, a mutual electrical imbalance remains on their surfaces, which can be
defined as an electrostatic charge, electrostatic potential, or an electrostatic field.
The following Figure 1 illustrates the charging of two insulating materials as a
result of the triboelectric phenomenon. Step 1 shows the contact between two
uncharged materials, and Step 2 illustrates the electrostatic state after they are
separated.

The two materials are oppositely charged, resulting in an electrostatic field
between them. As these materials move apart, work must be done to overcome
the attractive forces of the opposite charges, and the potential difference increases
linearly with distance. If these objects were made of conductive material, recombina-
tion would occur, leaving no significant amount of charge on their surfaces. However,
if the objects are made of dielectric material (R > 10" Q), full recombination does not
occur, and a substantial amount of charge remains on the surfaces.

Depending on the type of material, the size of the contact area, and the distance
between them, the intensity of the resulting electrostatic field can vary. In practice,
charging can reach several tens of kV/m [4].

2.1.2 Charging by electric induction

In manufacturing processes, a problem arises when an ESDS (Electrostatic
Sensitive Device) enters an existing electrostatic field. The risk principle here is based
on electrical induction. When an electrostatic field exists around a charged object (for
example, inside the plastic housing of an automotive headlight), any conductive or
dissipative material within that field will be subjected to electrical induction. If the
conductor is not grounded, it will acquire a potential due to electrical induction that
depends on its position within the electrostatic field [4].

In practice, a scenario might occur where a PCB is installed into a plastic hous-
ing. This housing could be charged due to a triboelectric effect (Figure 2). During
the installation of the PCB, electrical induction will manifest on its conductive
parts, leading to the charging of these conductive parts of the ESDS based on the
intensity of the electrostatic field (Figure 3). Even if the ESDS is not damaged

> 1056

step 1 step 2

Figure 1.
Triboelectric charge of two dielectric surfaces.
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under these conditions, there is still a risk of damage if it comes into contact with a
grounded conductive part or person. The resulting electric current from the poten-
tial difference between the charged part and another conductive part can cause
damage to the ESDS.

2.1.3 Classification of materials in ESD protection

In the principles of ESD protection for sensitive components, it is necessary
to classify materials based on their conductivity differently than in conventional
electronics. Simply put, for ESD protection, materials are classified according to their
ability to dissipate electrostatic charge from their surfaces. This ability is related to the
electrical conductivity of the material, which also affects its resistance to triboelectric
charging.

The properties of materials are utilized in all manufacturing applications where
ESDS are handled. For example, one can mention:

* packaging,

Figure 2.
Charged housing of automotive headlight—measured 17.6 kV/m.

Figure 3.
Charged plastic parts of automotive headlight with PCB installed—measured 37.0 kV/m on a PCB.
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» work surfaces,
* materials used near ESDS handling (e.g., polycarbonate in workstations),
* tools and other components used during ESDS handling, and so on.

Figure 4 illustrates the general classification of materials used in ESD protection.
This classification of materials based on resistive properties is derived from the clas-
sification of ESD packaging materials [5].

2.2 ESD protection in manufacturing company

In a manufacturing company, ESDS (Electrostatic Sensitive Devices) must be
systematically protected. This protection system is typically established within
controlled documentation as an internal ESD control program. This program should
be designed and tailored according to the manufacturing process, personnel, sensi-
tivity of ESDS, production methods, and other factors. The protection of sensitive
components in a manufacturing facility is managed by designated personnel who
ensure regular inspections and compliance with established requirements. To this
end, protected work areas known as EPA (ESD Protected Areas) are created, mea-
sures are implemented, regular measurements are conducted, and personnel training
is provided. Figure 5 illustrates the general ESD protection symbol used worldwide.

2.2.1 Internal ESD control program

This document must address all requirements related to the handling of ESDS
(Electrostatic Sensitive Devices). Generally, it pertains to the manufacturing, pro-
cessing, assembly, installation, packaging, labeling, servicing, testing, inspection, and
transportation of ESDS both within and outside the company [1]. The document must

Disipative
material
| | |
>
'Resistance ! !
00 =1x10%Q <1x1010Q &0
Figure 4.

General classification of materials in ESD protection according to resistance properties.

Aiad

Figure 5.
Graphic symbol of ESD protection marking [6].
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consider these processes and establish both administrative requirements and technical
requirements. Table 1 provides a summary of these requirements.

All items used for ESD protection of components fall under the internal control
program. The implementation and regular verification of compliance are the responsibil-
ity of a designated person—typically an ESD Coordinator [1]. The organization must
appoint this person or a team to coordinate ESD protection. The ESD Coordinator is
responsible for ensuring that the requirements of the established control program are met
and generally reports to the company’s management. In the event of customer audits, the
ESD Coordinator is accountable for any discrepancies found and their resolution.

2.2.2 ESD protected area—EPA

This designated and properly marked area is used for the direct handling of ESDS
(Electrostatic Sensitive Devices). If an ESDS is being removed from its protective
packaging, it must be done within the EPA (ESD Protected Area). As previously men-
tioned, this area is characterized by ensuring continuous grounding of all conductive
or dissipative ESD protection items. All entrances must be marked with a warning that
an individual is entering the EPA. The EPA can be established as a standalone worksta-
tion, a room, or a section of the production area. Figure 6 illustrates the setup of an
EPA workstation in an island configuration within a manufacturing facility.

Typical ESD protection items in an EPA (ESD Protected Area) include:

Administrative requirements

Requirement  Description

Training plan The content also addresses the training plan for staff, who must be aware of the risks associated
with ESD. The goal is to have sufficiently informed personnel in the company who contribute to
effective ESD protection through their knowledge.

Product The organization must appropriately qualify the suitability of all items used for ESD protection.
qualification Product qualification is usually carried out before the item is introduced into the system.

plan

Compliance The organization must periodically verify the effectiveness of ESD protection items. Compliance
verification verification is usually performed through visual inspection and measurement of ESD parameters.
plan

Technical requivements

Bonding and They address the methods of grounding and equipotential bonding of ESD protection items in

grounding order to prevent potential differences between ESDS and other conductive/dissipative materials
systems with which it may come into contact.

Personal It addresses the grounding method for personnel handling ESDS. Personnel grounding
grounding is typically achieved through ESD footwear and flooring, which must meet normative

requirements, or through the use of an ESD wrist strap assembly.

EPA It addresses the arrangement of EPA workstations. Each workstation must ensure ESD protection
requirements of the production process, considering the technology, type, and susceptibility of ESDS.

Packaging It addresses the packaging program designed for the storage and transport of ESDS. The
packaging program must meet the requirements of the customer/supplier and must have the
correct labeling according to the classification of the packaging material.

Marking It addresses the labeling method for ESDS, workstations, and packaging materials to ensure
compliance with customer/supplier requirements.

Table 1.
Brief overview of administrative and technical requirements of the ESD control program [1].
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* Grounded work surfaces—Typically made using ESD mats with dissipative
surfaces.

* Grounded storage shelves—Generally equipped with ESD mats with dissipative
surfaces.

* Grounded transport carts—Usually grounded through the floor via ESD wheels.
* Grounding points for wrist straps—To ensure proper grounding of personnel.

* ESD flooring—Commonly made from poured epoxy floors, adhesive PVC floors
(Figure 6), or portable ESD mats.

* Ionization—To neutralize static charges on non-conductive surfaces.
* Seating—Typically grounded through the floor via ESD wheels.

* Clothing—Provides protection for ESDS from the electrostatic field generated by
the worker’ clothing. ESD clothing can be directly grounded or non-grounded.

2.2.3 Isolated conductors and ionizing

If there are isolated (non-grounded) conductors near or in direct contact with
ESDS (Electrostatic Sensitive Devices), it is necessary to ensure that the potential
difference between the ESDS and the isolated conductor does not exceed 35 V. This
situation might occur, for example, if a PCB is inserted into a charged housing along
with a heatsink, and a voltage is induced on the metallic heatsink. This risk can be
mitigated by removing the source of charging, but this is not possible if the charging
source is part of the product. In such cases, ionization can be used.

An ionizer is a device that generates and introduces ions with a positive charge
(missing electrons) and a negative charge (excess electrons) into the charged area.
Ions are typically generated from oxygen or nitrogen molecules [6]. The most

Figure 6.
Bonded ESD flooring in PVC design with floor EPA marking.
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common ionization mechanisms are based on high-voltage corona discharge sources
or, under certain conditions, radioactive sources [6].

* The Principle of High-Voltage Corona Discharge Source (Figure 7). This
principle involves creating an electric field with an intensity exceeding 3
MV/m (at atmospheric pressure), which causes electrons to be released from
the atomic shells.

* The Principle of Radioactive Source (Figure 8). This typically involves polo-
nium-210. Alpha particles emitted by nuclear ionizers (positively charged helium
nuclei—two protons, two neutrons, and no electrons) collide with air molecules,
causing electrons to be ejected from some air molecules. This results in the for-
mation of positive ions. When free electrons are captured by other air molecules,
negative ions are formed [6].

By introducing ions into the charged space, recombination occurs, which neu-
tralizes the resulting electrostatic charge. The balance of the ionizer (+) should
be adjusted evenly to prevent the space from becoming recharged. The normative
requirement for residual voltage is the same as the maximum voltage on isolated
conductors - 35 V. Figure 9 illustrates the ionization of an assembly fixture using a
blow-off ionizer.

2.2.4 Simulation models of electrostatic discharges (ESD models)
From the perspective of coordinating ESD protection within a company, it is

advantageous to understand the sensitivity of ESDS (Electrostatic Sensitive Devices)
to electrostatic discharges. The manufacturer of ESDS can subject the component to
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Figure7.

Principle of high-voltage corona ionization (left-positive, right-negative).
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Figure 8.
Principle of a radioactive source ionigation.
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ionizer

Figure 9.
Example of ionization of an assembly fixture when installing ESDS into the insulated housing of an automotive
headlight.

electrostatic discharge simulation tests during development. Electrostatic discharge
can be simulated using a simple circuit where an electrostatic charge is initially stored
in a capacitor. The simulation involves discharging the capacitor into a load (the test
component) while monitoring the current flow. This model can generate different
current profiles depending on the values of the capacitor, resistor, and inductance
[4]. Figure 10 illustrates a basic circuit diagram for simulating electrostatic dis-
charges to ESDS.

The values of capacitance, resistance, and inductance are generally adjusted
according to three basic simulation models that correspond to risk scenarios that may
occur during the manufacturing process.

* Human body model (HBM): The model where ESDS is subjected to electrostatic
discharge from the human body to a grounded ESDS [7]. The risk associated
with manufacturing automotive headlights is significant, as manual workstations
on production lines involve operators handling ESDS directly.

Standard sources for testing ESDS in the HBM model specify basic parameters:
R =1000-3000 Q; C = 100-300 pF; L is limited to a parasitic value [4].

Charge Discharge  Resistance @ Inductance
switch switch R L
W T Y Y
+ _L
p— Capacitance Tested
—_— Cc ESD

Figure 10.
Basic civcuit diagram for simulating electrostatic discharges into ESDS.
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* Charged device model (CDM): The model where ESDS is charged during the
process (e.g., due to triboelectric charging) and faces a so-called hard discharge
into a grounded conductive material. The risk in manufacturing automotive
headlights is also significant here. ESDS are assembled and connected into insu-
lated plastic housings, where triboelectric effects and high electrostatic fields can
occur.

Standard sources for testing ESDS in the CDM model specify basic parameters:
R=<10Q; C=3-30 pF; L <10 nH [4].

* Isolated conductors (IC): Previously used as the Machine Model (MM). In the case
of ESDS contacting an electrically conductive part that is not grounded (e.g.,
metal), a discharge can occur from an isolated charged conductor to a grounded
ESDS. In the manufacturing of automotive headlights, ICs are primarily found
as metal components such as heatsinks, cable harness connectors, and similar

parts [8].

Standard sources for testing ESDS in the MM (IC) model specify typical param-
eters: R = < 8.5Q; C =200 pF; L < 0.5nH [4].

The use of electrostatic discharge simulation models is also valuable for assessing
the risk of ESDS damage, for example, during the implementation and operation
of a production line. By using these models, it is possible to evaluate the ESD risk at
individual workstations on the production line [8].

3. Overview of measurement methods in EPA when verifying compliance
in the company

As part of the coordination of ESD protection, the so-called compliance
verification with the ESD control program. As part of the conformity verification
process, it mainly concerns the performance of measurements according to the
prescribed methods [9] and with measuring instruments subject to the calibration
regime. The measured results must be in accordance with the normative document
and the internal control program [4]. The following articles provide examples of
the most frequent measurements performed in compliance verification. According
to IEC 61340-5-1, measurements focused on personnel grounding and measure-
ments focused on ESD protection items must be performed in the EPA area.

3.1 Methods of measuring personnel grounding

As previously mentioned, only individuals who meet grounding requirements
should be present in the EPA. A fundamental requirement is ESD footwear, which
provides continuous discharge of charge from the worker’s body through the ESD
floor to the ground. Compliance is typically verified in two ways:

* Measurement of Resistance to Groundable Point (Rgp) in person-footwear
system [10]

* Measurement of Resistance to Ground (Rg) in footwear flooring system [1]
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3.1.1 Measurement of resistance to groundable point (Rgp) in footwear flooring
system—Footwear personal ground test

This measurement is typically performed before a person enters the EPA and is
conducted by the individuals themselves. The measurement is carried out using a
device called a “personal grounding tester (PGT),” which is designed for self-use
by personnel. The person stands on the measuring electrode while wearing ESD
footwear and presses a contact area on the PGT checker with their hand. The
measurement is done with 9 and 100 V DC and the resistance to the measuring
electrode (the contact area of the footwear with the electrode) must meet the
threshold value of Rgp < 1x10° Q. The PGT may also be equipped with accessories
for measuring wrist straps. Figure 11 illustrates an example of a PGT installation
before entering the EPA. In this case, the PGT is synchronized with a turnstile
that grants access to the EPA only based on a positive test result.

3.1.2 Measurement of resistance to ground (Rg) in footwear flooring system

This measurement is performed at regular intervals (according to the control
program) on the installed flooring in the EPA. The goal of the measurement is
to evaluate the ability to continuously discharge electrostatic charge through a
sufficiently low resistance between the person and the ground. The principle
involves measuring resistance with a voltage ranging from 10 V to 100 V DC. The
measurement electrode is held by the person, and the resistance measurement is
conducted relative to the ground [10]. Resistance in the footwear flooring system
must meet the requirement of Rg < 1x10° Q and a maximum of 100 V of body
voltage generation (Figure 12) [1, 10].

3.1.3 Measurement of body voltage generation on flooring system

This measurement is performed at regular intervals (according to the control pro-
gram) on the installed flooring in the EPA. The goal of the measurement is to evaluate
the ability to continuously discharge electrostatic charge through sufficiently low

PGT hand test
electrode

PGT footwear test
electrode

Figure 11.
Example of placement of PGT before entering the EPA in combination with a turnstile.
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Figure 12.
Measurement of resistance to ground in footwear flooring system.

resistance between the person and the ground. The principle involves measuring the
voltage generated by the person during walking (walking test) and the flooring’s abil-
ity to discharge accumulated energy. The measurement electrode is held by the person,
and the voltage during walking is measured relative to the ground [10]. Body voltage
measurement must meet the requirement of a maximum voltage of 100 V, which is the
calculated average of the 5 highest measured values (Figures 13 and 14) [1, 10].

3.2 Methods of measuring ESD protection items

The following sections outline the most commonly used measurement methods
for ESD coordination to verify compliance. ESD protection items (ESD items) are
measures used in the EPA (see 2.2.2) and must also undergo regular inspections and
measurements [1]. The measurements detailed in the following sections represent a
selection of the most frequently used methods for verifying compliance. However,
many other measurements are employed in product qualification or laboratory
evaluations.

3.2.1 Point-to-point vesistance measurement

Point-to-point resistance measurement (Rpp) is a test used to determine the
resistance value on the surface of a material. The measurement is performed using

Figure 13.
Measurement of body voltage generation on flooring system.
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Figure 14.
Graphical progress and vesult of walking test measurement.

a resistance meter with a voltage of 10 V DC (+ 0.5 V) for ranges up to 1 x 10° Q, or
100 V DC (+ 5V) for ranges equal to or greater than 1x 10° Q [11].

This method is commonly used in practice to measure working surfaces, floors,
clothing, and similar items. The resistance is measured between two electrodes placed
on the surface of the material at a distance of approximately 25 cm [11]. The electrode
used in this measurement typically weighs 2.5 kg (+ 0.25 kg) and has a contact surface
diameter of 63.5mm (+ 1 mm) (Figure 15) [11].

3.2.2 Resistance to ground measurement

Resistance to ground (Rg) measurement is a test used to determine the resistance
of the “lead path” between the surface of the material and the ground. This measure-
ment is performed on installed ESD protection items and evaluates the entire ground-
ing path. The measurement is conducted using a resistance meter with a voltage of
10 V DC (+ 0.5 V) for ranges up to 1 x 10° Q, or 100 V DC (+ 5 V) for ranges equal to
or greater than1x 10° Q [11].

This method is commonly used in practice to measure the grounding path from
work surfaces, floors, transport carts, grounding points for wrist straps, seats,
grounded clothing, and similar items. The resistance is measured between a single
electrode placed on the surface of the material and the ground (Figure 16) [11].

/ 2 cea 25em 4
Figure 15.

Point-to-point resistance measurement on a surface (Rpp).
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Figure 16.
Resistance to ground measurement (Rg).

3.2.3 Resistance to groundable point measurement

Resistance to groundable point (Rgp) measurement is essentially the same as resis-
tance to ground measurement. The difference lies in the reference point against which
the measurement is taken. This measurement is commonly performed, for example,
when an ESD item is installed but not yet connected to an existing grounding system.
This method can be used for partial measurements of unconnected floors, and work
surfaces, as well as transport carts, seats, and similar items (Figure 17) [11].

3.3 Measurements on insulators in production

As previously mentioned, insulators that are prone to triboelectric charging and
cannot be discharged through galvanic grounding are present in manufacturing
environments. The ESD Coordinator must address these insulators in proximity to
ESDS. ESD protection theory classifies insulators into two groups [1]:

* Nonessential insulators are those not directly related to production, and their
presence near ESDS is unnecessary. These include personal items, various pack-
aging, and items unrelated to ESDS. Such nonessential insulators can become
highly charged and pose a risk to ESDS safety. These unnecessary insulators
should be removed from the workspace, and the workspace should be organized
to prevent charging risks. If they are part of the workspace (e.g., PC monitors,
measurement devices, etc.), they should be arranged in a way that minimizes the
risk of ESDS damage. Typically, this is achieved by placing them at a sufficient
distance from ESDS. Sufficient distance is ensured when measurements of the
electrostatic field or potential do not exceed normative parameters [1].

Figure 17.
Resistance to groundable point measurement (Rgp).
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* Essential insulators** are those necessary for the processing and production of
the product (e.g., automotive headlight housing, cable harnesses, other plastic
components, etc.). If these insulators generate excessive electrostatic field values
or potentials, there is a risk of damaging ESDS. In such cases, ionization must be

used [1].
3.3.1 Electrostatic field intensity measurement

Measurement is conducted with an electrostatic field meter at the location where
ESDS is handled. This measurement provides information about the intensity of the
electrostatic field and helps determine the need for additional measures regarding
the insulator. In this context, it is stipulated that the electrostatic field at the location
where ESDS is manipulated must not exceed 5000 V/m. Figure 18 shows a measure-
ment of the electrostatic field intensity of 18.4 kV/m near a polycarbonate cover (left)
and 0 kV/m after the removal of the polycarbonate (right).

3.3.2 Electrostatic potential measurement

Measurement is conducted with an electrostatic field meter (or another appro-
priate measuring instrument in potential measurement mode) on the surface of
the insulator at a certain distance from the ESDS handling area. This measurement
provides information about the surface potential of the insulator and determines the
minimum distance from the ESDS. If the distance cannot be maintained, ionization
must be used. In this context:

o If the electrostatic potential on the surface of the insulator exceeds 2000V, the
ESDS must be at least 30 cm away from the insulator.

o If the electrostatic potential on the surface of the insulator exceeds 125V, the
ESDS must be at least 2.5 cm away from the insulator.

Figure 19 illustrates the measurement of an electrostatic potential of 1.4 kV on the
surface of a plastic housing at the location where the ESDS is to be installed.

Figure 18.
Electrostatic field intensity measurement on PCB with insulator and without.
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Figure 19.
Electrostatic potential measurement on plastic housing.

4. Case study—Approximation of ESD protection on the automotive
headlight production line

The aim of the following part is to propose ESD protection for the production
line based on the assumed ESDS threat sources. The case study considers a pro-
duction line intended for the completion of automotive headlights at the time of
its design.

4.1 Production line model

The production line in this study is based on the fact that it ensures the assembly
of automotive headlights into their final form. At the entrance to the workplaces of
the production line, individual components are delivered, transported, and stored
in accordance with the established requirements of ESD protection standards and
the internal control program. At the output of the production line, there is a finished
lamp (product), which is then packed and transported to the automobile plant. The
headlight is then connected there and mounted in the car.

Note: The data presented in this section are created for the purpose of an example of
a possible production line concept and do not corvespond to any specific production line.
The model is created only for the purpose of a better understanding of the issue. Possible
similarities with an existing project are purely coincidental.

4.2 Specification of the production line model

The important features (relevant from the point of view of ESD risk) of the
compared production lines can be assumed and characterized as follows:

* The production line is in a factory where an ESD control program is established
and maintained in accordance with the requirements of IEC 61340-5-1 or ANSI/
ESD S20.20.

* The production line completes an automotive headlight with LED technology
into which ESDS enters (Figure 19).

* Individual components that enter the production process of the production line
come ready-made from suppliers or from pre-production workplaces.
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* Sensitive ESDS components are packaged and transported in accordance with
the requirements of IEC 61340-5-3 (CDM) before delivery to the production line.

* The headlight contains many highly chargeable necessary insulators (typically
housing, light guide, lens, etc.), generating and accumulating an electrostatic field.

* The production line consists of manual workplaces where the operations are
performed by the operator (HBM) and automatic (robotic) workplaces where the
operations are performed without the direct intervention of the operator (IC/MM).

* The final product is in the form of a closed lamp, which is considered by the cus-
tomer to be a robust component from the point of view of ESD risk (Figure 20).

4.3 Description of production line workplaces

Figure 21 illustrates an example of a manual workplace (left) and an automatic
workplace (right). In our production line model, these workplaces correspond to
positions WP2 and AWS3 (see Table 2). The picture also describes the mentioned
ESD protection items.

Table 2 describes the workplaces of the production line model and the operations
performed. Based on the production operations, it is possible to identify the ESD risk,
perform the necessary measurements, and set the ESD protection.

4.4 Identification of ESD threats

Based on the study and description of ESD operations at individual workplaces
of the production line model, it is possible to identify ESD threat sources. Table 3
describes these resources based on operations. These sources can be identified
(assumed) from the description, but the ESD measures must be confirmed based on
the measurements made (Table 4). Only after the measurements have been carried
out can the ESD measures be declared valid.

Based on the identified sources of danger in individual operations, it is possible
to propose ESD protective steps for workstations. Table 4 identifies ESD protective
measures and suggests measurements to be taken after their implementation.

Tables 2—4 illustrate the design method of ESD protection measures for the auto-
motive headlights production line at the time of its design. This procedure is based on
many years of engineering practice and can be expanded or narrowed to the necessary
scope according to the workplace or the task being solved.

WP1 Wp2 AWS3 AWS4 WP5
Manual workplace -| Manual workplace - Automatic Automatic Manual workplace -
part assembly 1 part assembly 2 |workstation - gluing|  workstation - packaging
robot function control
No ESDS ESDS input ESDS flow >

Figure 20.
ESDS flow through the production line.
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Figure 21.
Example of manual and automatic workplaces with item descriptions.

Workplace Type Description of the operation
WP1 Manual workplace—part loading plastic housing into fixture
assembly 1

installation of cable harness in housing

installation of plastic components in the housing

Wp2 Manual workplace—part manual transfer from WP1
assembly 2

heatsink (IC) installation

installation of the PCB light module (ESDS) into housing

connecting of the PCB light module (ESDS) with
heatsink (IC)

connecting the cable harness to the PCB light module
(ESDS)

light guide and reflector installation

AWS3 Automatic workstation—gluing manual transfer from WP2
robot

automatic gluing and glass cover installation

AWS4 Automatic workstation— manual transfer from AWS3
function control

automatic function control - lighting

automatic function control - measurement and
evaluation of quantities

WP5 Manual workplace—packaging final visual control

packaging

Table 2.
Description of production line model.
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Workplace Identification of ESD treat Anticipated treats of ESD model
sources in operations
WP1 essential insulators, operator insulator charging—electrostatic field none
handling
essential insulators, operator insulator charging—electrostatic field
handling
essential insulators, operator insulator charging—electrostatic field
handling
WP2 operator handling insulator charging—electrostatic field none
essential insulators, isolated charge of an isolated conductor in an IC
conductor, operator handling electrostatic field in a housing
ESDS operator handling discharge of human body to ESDS HBM
during handling
essential insulators, isolated charge of ESDS in an electrostatic field, CDM
conductor, operator handling discharge of IC to ESDS, IC
discharge ESDS through the human body HBM
essential insulators, ESDS charge of ESDS in an electrostatic field, CDM HBM
operator handling discharge ESDS through the human
body
essential insulators, operator charge of ESDS in an electrostatic field, CDM HBM
handling discharge ESDS through the human
body
AWS3 operator handling charge of ESDS in an electrostatic field, HBM CDM
discharge ESDS through the human
body
automatic machine operation charge of ESDS in an electrostatic field, CDM
ESD through grounded metal parts
AWS4 operator handling charge of ESDS in an electrostatic field, HBM CDM
discharge ESDS through the human
body
automatic machine operation charge of ESDS in an electrostatic field, CDM
ESD through grounded metal parts
automatic machine operation charge of ESDS in an electrostatic field, CDM
ESD through grounded metal parts
WP5 operator handling charge of ESDS in an electrostatic field, HBM
ESD through the human body
operator handling charge of ESDS in an electrostatic field, HBM
ESD through the human body
Table 3.

Identification of ESD threat sources at workstations.

After the assembly of the production line (as part of the trial run), it is necessary
to carry out measurements within the entire ESDS flow. Measurements must confirm
that the designed ESD protection ensures the entire production process without charg-
ing and thus eliminates the risks of ESDS damage. In practice, a situation may arise
where the designer of the production line at the time of its design does not know the
principles of ESD protection in depth, which can be the cause of incorrect design in
the form of under-dimensioning or over-dimensioning of ESD protection measures.
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Workplace Proposed ESD protective measure Measurement Note
WP1 not necessary not necessary ESDS does not enter the
workplace, and insulators are at a
sufficient distance from ESDS in
the next workplace.
WP2 * grounding a person through ESD personal Any object or person that comes
footwear and the floor (additionally ~ grounding (Rg/ into contact with the ESDS
ESD wrist strap), Rgp, WT) must be at the same potential
* ionization to eliminate the charge of insulators (grounded) with it. At the
1 (voltage, field) workplace, the charge must be
essential insulators, . o Lo
ESD items (Rg, eliminated by ionization, and,
* ESD clothing, gloves or finger covers Rgp, Rpp) at the same time, recharging
in ESD design, must be prevented. Therefore,
« grounding of surfaces and produc- if there are plastic nests on the
tion components, fixture, they must be made
. . of dissipative or conductive
* plastic nests on a fixture made of material
dissipative material to eliminate the ’
charge of essential insulators.
AWS3 * grounding a person through ESD personal Any object or person that comes
footwear and the floor, grounding (Rg/ into contact with the ESDS
* ionization to eliminate the charge of .Rgp, WT) must be at the same potential
c 1. insulators (grounded) with it. At the
essential insulators,
(voltage, field) workplace, the charge must be
* ESD clothing, gloves or finger covers  ESD jtems (Rg, eliminated by ionization, and, at
in ESD design, Rgp, Rpp) the same time, recharging must
« grounding of surfaces and produc- be prevented. Therefore, if there
tion components in machine, are plastic nests on the fixture,
. . they must be made of dissipative
* plastic nests on a fixture made of or conductive material
dissipative material to eliminate the N o
e Ionization in the machine is
charge of essential insulators. . . L
necessary if there is charging in
the process.
AWS4 * grounding a person through ESD personal Any object or person that comes
footwear and the floor, grounding (Rg/ into contact with the ESDS
* ionization may be necessary if ng’ WT) must be at the same potential
. . insulators (grounded) with it. At the
charging occurs in the process,
(voltage, field) workplace, the charge must be
* ESD clothing, gloves or finger covers  ESD jtems (Rg, eliminated by ionization, and, at
in ESD design, Rgp, Rpp) the same time, recharging must
« grounding of surfaces and produc- be prevented. Therefore, if there
tion components in machine, are plastic nests on the fixture,
. . they must be made of dissipative
* plastic nests on a fixture made of or conductive material
dissipative material to eliminate the o o
e Ionization in the machine is
charge of essential insulators. . . L
necessary if there is charging in
the process.
WP5 * grounding a person through ESD personal On the final WP, it is assumed
footwear and the floor, grounding (Rg/ that the automotive headlight
* ESD clothing, gloves or finger covers ng’ WT) 1s closed.and the .nSk of ESD
. . insulators damage is low. It is necessary
in ESD design, . -
(voltage, field) to take into account the type of
* grounding of surfaces and produc- ESD items (Rg, packaging and the customer’s
tion components in machine. Rgp, Rpp) requirements.
Table 4.

Approximation of ESD protective measures in production line model.

62



Approximation of ESD Protection on Automotive Headlight Production Lines
DOI: http://dx.doi.org/10.5772/intechopen.1008552

One of the ways of adapting ESD protection measures to a specific situation is
the analysis and evaluation of ESD risks. Documents such as IEC PAS 61340-5-6 and
ANSI/ESD SP17.1 provide methods and technology for assessing processes from the
point of view of ESD risks. These standards contain a general approach to assessing
ESD risks using various measurement methods [3, 12]. Thus, the implementation of
ESD protection items is necessarily related to the anticipated risk of ESDS damage.

5. Conclusion

LED technology in automotive headlights is susceptible to damage from electro-
static discharge (ESD), requiring protective measures per I[EC 61340-5-1 or ANSI/
ESD §20.201 standards. ESD protection includes administrative and technical mea-
sures like grounding, personal grounding, workstation protection, and packaging.
This article outlines common measurement methods for identifying ESD in manufac-
turing, focusing on verifying grounding requirements for personnel and ESD protec-
tion items, including measurements on necessary insulators.

The case study focuses on a typical production line for automotive headlights,
analyzing the processes and probability of occurrence of electrostatic potential. It
describes risky situations in production lines where electrostatic discharges can occur
and suggests protective measures to eliminate these risks.

Based on the given information, it is possible to create your own procedures for
setting measures, but a detailed study and understanding of the theory is necessary.
Within widely available resources, ESD protection is discussed mainly in relation to
ESDS during their production. However, a less resolved issue is the implementation
of ESD protection in production lines in such a way as to enhance efficiency and
cost-effectiveness.

Practice shows that risk mitigation measures are often insufficient in high-risk
workplaces and over-engineered in low-risk ones. This issue is commonly identified
during trial operations. A well-prepared ESD risk analysis can simplify the designer’s
work, optimize resources and time in designing ESD measures, and improve eco-
nomic efficiency. Properly designing ESD protection from the start allows for better
cost estimation, reduces deviations, and lowers the costs of addressing them [1].
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Chapter 4
Electromagnetic Sensors

Xing Fan, Zhehao Pei and Qingrong Peng

Abstract

This chapter introduces various types of sensors used to detect electromagnetic
fields, detailing their mechanisms and applications. The discussed sensors include
widely used electric and magnetic field sensors based on electromagnetic induction
principles, rapidly advancing sensors based on optical effects, and newly proposed
quantum-based sensors. A significant focus is placed on sensors utilizing optical
effects, which have seen rapid development and practical application thanks to
advancements in laser and crystal material technologies. Recent findings from our
research team are also presented. Optical effect sensors, characterized by their com-
pact size and full insulation, are particularly suitable for measuring electromagnetic
fields in harsh electromagnetic environments and confined spaces. Meanwhile, quan-
tum effect sensors offer extremely high sensitivity and can perform absolute electric
field measurements, making them promising for applications such as electric field
calibration and monitoring of extremely weak electric fields.

Keywords: electromagnetic sensor, electric sensor, optical-electro sensor, quantum
effect, electromagnetic field measurement

1. Introduction

The final chapter of this work focuses on the measurement of electric and mag-
netic field parameters, aiming to provide a comprehensive overview of various sen-
sors used for this purpose. The measurement of electric and magnetic fields
fundamentally relies on the interaction between materials and electromagnetic fields,
whether these materials are metallic or non-metallic. Consequently, any measurement
process inherently involves some level of interaction, which can disturb the measure-
ment itself. This disturbance is a common feature of all observational methods. Thus,
understanding the measurement principles and their impact on the measured param-
eters is crucial for selecting the optimal sensor.

This chapter introduces several types of sensors, including those based on electro-
magnetic induction principles, optical effects, and recent advancements in quantum-
based measurements. The goal is to offer readers a thorough understanding of elec-
tromagnetic measurement techniques and to promote their application across various
scientific and engineering fields.

1.1 Section 1: Electromagnetic induction-based sensors

Electromagnetic induction sensors represent some of the earliest, most mature,
and widely used methods for measuring electric and magnetic fields. For electric field

67 IntechOpen



Electrostatics — Fundamentals and Modern Applications

measurements, these sensors utilize a capacitive induction mechanism involving a
dual-electrode structure. The change in induced charge between two electrode plates,
under the influence of an external electric field, is proportional to the field strength.
The electric field strength is then inferred from the induced current measured
between these plates.

For magnetic field measurements, electromagnetic induction is employed through
a coil structure. The voltage generated across the coil in the presence of an external
magnetic field is proportional to the magnetic flux through the coil, allowing the
magnetic field strength to be determined from the measured induced voltage. These
sensors are characterized by their simple structure and moderate sensitivity. How-
ever, they have drawbacks such as large volume and high metal content, which can
affect the measured electromagnetic field. They are suitable for open-space measure-
ments, such as detecting electromagnetic environments around transmission lines,
measuring lightning overvoltages, and assessing radiation fields around communica-
tion stations.

1.2 Section 2: Optical effect-based sensors

The second section delves into sensors based on optical effects, which emerged in
the latter half of the twentieth century. With advances in laser and crystal technolo-
gies, these sensors have evolved rapidly and become increasingly practical. These
sensors exploit nonlinear optical effects in optical crystals, including the Pockels effect
in electro-optic crystals, the Faraday rotation effect in magneto-optical crystals, and
the Kerr effect in certain materials.

In electric field measurements, the Pockels effect is commonly used. This effect
relies on the fact that the refractive index of electro-optic crystals changes propor-
tionally with the applied electric field. The Kerr effect, on the other hand, is propor-
tional to the square of the refractive index and the electric field strength. For magnetic
field measurements, the Faraday rotation effect is employed. This effect causes a
differential refractive index for left- and right-handed polarized light under the influ-
ence of a magnetic field, resulting in a rotation of the light’s polarization direction. The
angle of this rotation, known as the Faraday rotation angle, is proportional to the
magnetic field strength.

Optical effect-based sensors offer advantages such as complete insulation, wide
response frequency bands, miniaturization, and strong anti-interference capabilities.
However, their performance can be significantly influenced by the stability of the
laser system. These sensors are particularly suitable for measuring electromagnetic
fields in harsh environments and confined spaces, and they have found applications in
monitoring large power equipment like transformers and insulated switchgear, dem-
onstrating considerable potential.

1.3 Section 3: Quantum effect-based sensors

The final section covers quantum effect-based sensors, a recent development in
the field. Despite their nascent stage, these sensors have shown considerable perfor-
mance advantages. They primarily utilize the electromagnetically induced transpar-
ency (EIT) effect. In this phenomenon, two light beams are directed simultaneously
onto an atomic medium; one beam resonates with an atomic transition, passing
through the medium without absorption or reflection. When an external electric or
magnetic field is applied, the EIT spectrum’s main peak splits into two, a phenomenon

68



Electromagnetic Sensors
DOI: http://dx.doi.org/10.5772 /intechopen.1008934

known as electromagnetically induced transparency autler-townes splitting (EIT-AT).
The frequency difference between these two transmission peaks is used to calculate
the external field’s strength.

Quantum effect-based sensors are noted for their exceptionally high sensitivity,
which is more than three orders of magnitude greater than that of traditional electro-
magnetic induction and optical effect-based sensors. This high sensitivity suggests
significant potential for future development and application.

In summary, this chapter presents a detailed exploration of various electromag-
netic field sensors, providing insights into their principles, advantages, and applica-
tions. Each sensor type offers unique benefits and challenges, making them suitable
for different measurement contexts and requirements.

2. Electric sensors
2.1 Conventional magnetic sensor
2.1.1 Fluxgate sensor

The fluxgate sensor measures the magnetic field through the nonlinear relationship
between the magnetic induction intensity of a magnetic core and the external mag-
netic field’s intensity under alternating magnetic field saturation. This sensor consists
of an iron core wound with two coils: the main (excitation) coil and the auxiliary
(collection) coil [1]. During operation, an excitation current is applied to the main coil
to saturate the iron core. When unsaturated, the core provides a low magnetic resis-
tance path due to its higher permeability than the external field. When saturated, the
magnetic resistance increases, causing magnetic lines of force to overflow the core.
The external magnetic field is then extracted from the output signal using principles
such as the second harmonic, pulse positioning, or pulse height methods.

Fluxgate sensors are primarily used for measuring weak, constant, or slowly vary-
ing magnetic fields and are valued for their high resolution and broad measurement
range.

2.1.2 Hall effect sensors

The Hall effect describes the generation of an electromotive force when a magnetic
field perpendicular to the current in a metal or semiconductor creates a potential
difference. This potential difference is directly proportional to the current and mag-
netic field intensity and inversely proportional to the plate thickness [2]:

Un = R 2" @
where Ry is the material-related Hall coefficient; d is the thickness of the Hall
device; I is the current flowing through the Hall device; Uy is the magnetic induction

intensity of the external magnetic field.

When the current is constant, it is proportional to the external magnetic field, and
the proportionality coefficient is 3, 4]:

K =Ry é )
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If the proportional coefficient of the Hall plate K is known and the I and Ugy is
measured by an instrument, the magnetic induction intensity can be calculated.

The Hall sensor has a large magnetic field measurement range and is widely used to
measure various components of alternating current (AC), DC magnetic fields and
pulse magnetic fields. It can also be used to measure gap magnetic fields.

2.1.3 Magnetoresistive sensor

The magnetoresistive sensor functions based on the magnetoresistive effect in
anisotropic magnetic materials. When current flows through the material, its resis-
tance varies with the angle between the current and magnetization directions. An
applied magnetic field causes the magnetization direction to rotate. If it turns perpen-
dicular to the current, the resistance decreases. If parallel, the resistance increases.
Typically, four such resistors form a bridge circuit in the sensor. When a magnetic
field is applied, the resistance of two opposite resistors increases, while the other two
decrease. Within its linear range, the bridge’s output voltage is proportional to the
measured magnetic field [5].

Currently, the magnetoresistive effect is widely used in magnetic sensing, magne-
tometers, electronic compasses, position and angle sensors, and other fields.

2.2 Conventional electric field sensors
2.2.1 Resistance splitter

A resistor shunt is an electronic component that realizes current distribution by
connecting resistors of different resistance values in series. Its working principle is
based on Kirchhoff’s law and Ohm’s law. It shows high accuracy and fast response
speed when detecting low-frequency and small-amplitude currents.

2.2.2 Current transformer

Current transformers use electromagnetic induction principles to convert high
currents into lower secondary currents for measurement and protection purposes.
They are commonly used in power systems for current measurement, fault protection,
and energy metering.

2.2.3 Hall sensor

Hall sensors measure current based on the Hall effect, determining current mag-
nitude from the Hall potential induced by the magnetic field. They are applicable for
AC and DC electric field measurements and provide high accuracy and isolation.

2.2.4 Giant magnetovesistive curvent sensor

The giant magnetoresistance sensor is a sensor that uses the giant magnetoresis-
tance effect to measure the magnetic field. It usually consists of four giant magneto-
resistances forming a Wheatstone bridge structure, two active resistors and two
passive resistors. When an external magnetic field acts on the giant magnetoresistance
sensor, the resistance value in the bridge will change slightly, causing the bridge to be
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unbalanced. This unbalanced signal can be converted into the measured value of the
electric field after passing through the signal processing circuit.

With the Wheatstone bridge structure, the sensor can realize high-sensitivity
magnetic field measurement, which is widely used in AC and DC electric field mea-
surement [6-11].

2.2.5 Rogowski coil

The Rogowski coil, or magnetic potential meter, operates on electromagnetic
induction. An AC current through the coil generates a changing magnetic field that
induces an electromotive force. Measuring this induced voltage allows accurate infer-
ence of the current in the original circuit. Rogowski coils are ideal for strong AC
electric field measurements.

3. Optical-electro sensors
3.1 Optical magnetic field sensor
3.1.1 Magnetic field sensor based on magnetostrictive effect

When a ferromagnetic body in an external magnetic field is magnetized, its
length and volume will change. This phenomenon is called magnetostrictive
effect. The combination of fiber Bragg grating (FBG) and magnetostrictive effect
can realize the measurement of magnetic field. The principle of FBG magnetic
field sensing is to stick the fiber Bragg grating on the magnetostrictive material.
The light emitted by the broadband light source is incident from one end of the FBG.
Due to the periodic change of the refractive index, the light waves transmitted for-
ward and backward in the fiber core are coupled. When the Bragg condition is met,
that is:

g = 2nA 3)

where A is the central wavelength of the incident light (Bragg wavelength), # is
the effective refractive index of the core in the grating region, and A is the FBG
grating period.

The effect of magnetic field on magnetostrictive material can be used to modulate
fiber Bragg grating, and the magnitude of magnetic field can be determined by
measuring the Bragg wavelength drift.

3.1.2 Magneto-optical crystal magnetic field sensor

When polarized light traverses certain anisotropic media under the influence of a
magnetic field, it induces alterations in the electromagnetic properties of the medium,
resulting in the rotation of the plane of polarization (the plane in which the electric
field vibrates) of the light. This phenomenon is known as the magneto-optical effect.
The magneto-optical effect method is an approach for measuring magnetic fields by
utilizing the magneto-optical effect produced through the interplay between the
magnetic field, light, and medium. By employing magneto-optical crystals character-
ized by a high Verdet constant as the sensing element, the magnitude of the magnetic
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field under investigation can be determined from the deflection angle of the polarized
light.

3.1.3 All-fiber magnetic field sensor

The sensing part of an all-fiber-optic optical sensor consists of a winding of sensi-
tive optical fibers around a current-carrying conductor, the sensitivity of which is
determined by the length of the sensing fiber [12-14]. The linearly polarized light
passes through the 1/4 slide and becomes circularly polarized. The circularly polarized
light arriving at the reflector is reflected by the reflector and returns in the same way,
doubling the angle of deflection due to the non-reciprocity. The photodetector
receives the reflected signals and processes them to obtain the magnetic field and
current signals.

3.2 Optical electric field sensor
3.2.1 Inverse piezgoelectric effect sensor

The inverse piezoelectric effect describes the phenomenon whereby applying an
electric field to a piezoelectric material induces mechanical deformation or stress in a
specified direction. Upon removal of the electrical field, the deformation ceases to
exist [15, 16]. This effect can be exploited in electric field sensors by translating the
minute deformations of the crystal into optical signals. These signals are subsequently
modulated and detected to facilitate precise measurements of the electric field or
voltage.

An optical electric field sensor utilizing the inverse piezoelectric effect offers a
notable advantage over systems that require electro-optical crystals: it inherently
reduces interference from extraneous optical effects on the sensing signal, thereby
providing a cost-effective solution.

3.2.2 Electric field sensor based on magneto-optical effect

When polarized light traverses certain anisotropic media in the presence of a
magnetic field, it results in modifications to the medium’s electromagnetic properties
and induces a rotation in the light’s plane of polarization (i.e., the plane of electric field
vibration). This phenomenon is known as the magneto-optical effect. The magneto-
optical effect method is a technique employed to measure an electric field by leverag-
ing the magneto-optical effect, which arises from the interaction between the mag-
netic field—generated by the electric field under examination—and the light and the
medium. By utilizing a magneto-optical crystal with a high Verdet constant as a
sensing unit, the intensity of the electric field can be determined through the deflec-
tion angle of the polarized light.

3.2.3 Kerr effect electric field sensor

The Kerr effect refers to the phenomenon where the refractive index of an electro-
optical crystal is proportional to the square of the applied electric field’s magnitude.
The relationship between the change in the crystal’s refractive index and the applied
electric field is given by Refs. [9, 17-20]:
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An = KE? (4)

In the formula, An represents the change in the refractive index of the electro-optic
crystal, K is a constant related to the crystal and light wavelength, E is the electric field
intensity applied to the crystal, and Az is the change in the polarization state of the
light passing through the crystal. The measured electric field is determined by
detecting the polarization state of the light wave.

The Kerr effect is very weak and not linearly related to the applied electric field,
making the signal challenging to demodulate.

3.3 Temperature characteristics

Based on the foundational principles of electro-optic sensing, we have developed
an experimental platform designed to measure the working point and phase shift of an
electro-optic (EO) crystal sensing system subjected to combined temperature and
electric field influences, as depicted in Figure 1 [21-27]. The experimental setup
comprises a polarization state modulation optical system centered around the EO
crystal, a consistent electric field generation system using a flat plate electrode, and a
temperature control and monitoring setup based on a semiconductor thermo-electric
chip. The optical system for polarization state modulation consists primarily of a
narrow linewidth semiconductor laser with a wavelength of 1550 nm, a polarization
beam splitter (PBS) prism with an extinction ratio of 1000:1, a quarter-wave zero-
order cemented wave plate, an EO crystal, and an indium gallium arsenide photode-
tector operative within the range of 800 to 1700 nm. A high voltage at utility fre-
quency is applied to the flat plate electrode, creating an electric field that varies from 0
to 1000 kV/m across the gap. The temperature control system integrates a semicon-
ductor thermo-electric chip, a PT100 thermistor, a temperature controller, a current-
type drive board, and a water medium heat exchange system. This configuration
allows for maintaining the temperature within a range of —20 to 60°C, with a preci-
sion of 0.1°C.

Figure 2 presents a physical depiction of the experimental platform. At the core is
the optical path system for polarization state modulation, utilizing electro-optic crys-
tals. Parallel metal plates are linked to high-voltage electrodes, with the crystal placed
on a metal plate that is integrated into the temperature control system. Temperature
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Figure 1.
Schematic diagram of the electro-optic sensor temperature characteristic experiment platform.
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Figure 2.
Physical illustration of the experimental platform.

regulation is accomplished through thermal equilibrium between the crystal and the
plate electrode.

The EO crystal is a crucial part of the electric field sensor, with its optical proper-
ties impacting sensitivity, measurement range, accuracy, response speed, and other
sensor attributes. The chosen crystal should possess stable properties, a high EO
coefficient, excellent optical uniformity, and good light transmittance. After a thor-
ough evaluation, we selected BGO crystal and z-axis light-transmitting lithium nio-
bate (LN) as the EO crystals for the sensor.

The thermal characteristics of the electro-optic (EO) sensor output were evaluated
using a rigorously designed experimental setup. The EO crystal was situated between
electrodes, and once the platform’s temperature stabilized at the specified level, we
measured the sensor’s operating point and modulation signal at various voltages. Each
data point was measured 30 times to ensure accuracy, with the mean value calculated
and a measurement error maintained within 0.5%. Data for the operating point and
modulation signal were recorded for the bismuth germanate (BGO) sensor over the
temperature range of 20-30°C and for the lithium niobate (LN) sensor over 20-34°C.

As illustrated in Figures 3 and 4, the operating point and modulation signal for
both the BGO and LN sensors show periodic and synchronous fluctuations with
increasing temperatures. Notably, the temperature periods differ significantly
between the two sensors. The BGO sensor exhibits a temperature period of 2°C, while
the LN sensor displays a temperature period of 11°C.

To assess the fluctuation amplitude of the operating point and EO (Electro-Optic)
modulation signal concerning temperature, we define the fluctuation amplitude,
denoted as vy, as the ratio of the difference between the maximum and minimum
values of the signal to the maximum light intensity. This parameter serves as an
indicator of the sensor’s temperature stability, with a smaller y value signifying
enhanced temperature stability:

_ Ima}; — Imin (5)
max
The experimental data demonstrate that the BGO sensor’s working point exhibits a
fluctuation amplitude of 0.38 and a modulation signal amplitude of 0.60,

corresponding with a temperature cycle of 2°C. In contrast, for the LN sensor, both
the working point and the modulation signal present a fluctuation amplitude of 0.42,
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BGO sensor’s temperature chavacteristics: (a) working point and (b) EO signal.

associated with a temperature cycle of 11°C. As depicted in Figure 5, despite varia-
tions in temperature, the modulation signals of both electro-optic sensors maintain a
robust linear correlation with the applied electric field, although the slope of this

correlation is affected by temperature.

3.3.1 Model of a crystal resonator

The BGO in the experiment is an isotropic crystal, and the refractive indices of the
x and y axes of LN are identical, removing the impact of natural birefringence on the
sensor. However, the sensor’s output continues to undergo periodic fluctuations with

temperature variations.

3.3.2 Analysis of the mechanism

In Figure 6, light propagates through the crystal while undergoing continuous
processes of reflection and transmission. The portion of light that avoids reflection at
the inner surface of the crystal is referred to as zero-order transmitted light, whereas
light experiencing m reflections and transmissions is classified as mth-order
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Temperature characteristics of LN sensor: (a) working point and (b) EO signal.

transmitted light. The light eventually emerging from the crystal results from the
coherent superposition of multiple transmission orders produced by the resonant
cavity. This interference pattern is highly sensitive to variations in the phase differ-
ence among the transmission orders.

As depicted in Figure 7, the refractive index and dimensions of the crystal are
modified due to its thermo-optic effect and thermal expansion when subjected to
strong interactions between temperature and electric fields. These changes alter the
optical thickness of the crystal resonator cavity, thereby affecting the phase difference
and, consequently, the interference intensity. The periodic nature of the influence on
the phase difference accounts for the periodic fluctuations observed in thermal-
induced sensor responses.

3.3.3 Sensor response under the AC electric field and DC electric field

The output characteristics of the EO sensor were analyzed under both alternating
current (AC) and direct current (DC) electric fields, revealing substantial differences
between the two conditions, as depicted in Figure 8.
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Model of the electro-optic crystal resonator. (r and t indicate the veflection and transmission values at the external
surface, v’ and t’ represent the veflection and transmission coefficients at the inner intevface, and L is the length of
the crystals.)

To align the experimental data, the least squares fitting method was employed. The
results demonstrated that both output curves exhibited exceptional linearity, with
coefficients of determination (R*) of 0.9995 and 0.9997, respectively. The sensitivity
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of the measurement was defined as the change in sensor output per unit change in
electric field intensity:

_au

=

(6)

Here, S represents the sensitivity, U denotes the sensor’s output, and E stands for
the applied electric field. In the linear range, the sensitivity can be considered as the
gradient of the output curve.

This study determined that the sensitivity to direct current (DC) electric fields is
approximately 0.1 mV/(kV/m), while for alternating current (AC) electric fields, it is
around 0.06 mV/(kV/m). Analysis of the residual error graph indicates that when a
DC field of 376 kV/m is applied, the maximum residual error in the output voltage
signal is approximately 0.5 mV. This corresponds to a measurement error of 4.9 kV/m,
which constitutes a relative error of 1.3%. In the case of a 379 kV/m AC field, the
residual error in the output voltage is about 0.2 mV, equating to a measurement error
of 3.2 kV/m and a relative error of 0.8%. Throughout the entire testing range, the
maximum relative error remains below 3%, thus conforming to the national standard’s
error threshold of 3% for high voltage measurements.

Based on electro-optic (EO) theory and dielectric polarization theory, the mea-
surement sensitivity is primarily influenced by the EO coefficient, the dielectric con-
stant, and the size of the crystal. Previous studies have indicated that various types of
electric fields do not exert a significant influence, although these findings were pre-
dominantly derived from studies involving AC or high-frequency fields. In the con-
text of this research, it is essential to acknowledge that when measuring DC electric
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Comparison of response curves for the EO sensor under AC and DC electric field.

fields, the conductivity of the EO crystal significantly affects its internal field,
presenting substantial differences from measurements under AC or high-frequency
conditions. According to electrodynamics theory, the distribution of electric fields in
dielectrics differs between DC and AC fields. Under an AC field, the electric field
distribution within dielectrics conforms to the fundamental and constitutive equa-
tions of the electrostatic field:

V-D=p
VXE=0 (7)
D =¢E

In a DC electric field, the electric field distribution within dielectrics complies with
the fundamental and constitutive equations of the steady current field:

V-Jj=0
VXE=0 (8)
J=vE

The distribution of electric fields in dielectrics is predominantly influenced by the
dielectric constant in an AC field, while conductivity is the main factor under a DC field.
This distinction presents a significant challenge for electro-optic (EO) sensors measur-
ing DC fields in air, as surface charge accumulation caused by the conductive properties
of the crystal impairs the internal electric field. In contrast, when immersed in oil, the
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conductivity is considerably higher, and the resultant charge accumulation due to oil
conductivity substantially affects the internal field of the crystal. Due to the interplay of
conductance between the oil and the crystal, the accumulated charges at the interface do
not entirely cancel out the internal electric field of the EO crystal as they do in an air
environment. On the contrary, such charges may enhance the internal field, enabling
the sensor to effectively respond to DC fields, as demonstrated by our experimental
observations. Consequently, the sensitivity of the EO sensor to DC fields is influenced
by both the conductivity of the crystal and the oil, while its sensitivity to AC fields is
governed by the dielectric constant. This variance in sensitivities is further explored and
confirmed through theoretical analysis and simulations in Section IV.

3.3.4 Response of the sensor to a hybrid AC/DC electric field

The waveform parameters for the AC/DC hybrid electric fields measured by the
electro-optic sensor are defined and illustrated in Figure 9.

In our study, we define the amplitude of the direct current (DC) component of
hybrid electric fields as the value observed at the point of maximum derivative.
Conversely, the amplitude of the alternating current (AC) component is defined as
half the difference between the maximum and minimum values of the electric fields.
It is important to note that harmonic voltages originating from AC sources are
excluded from consideration. Generally, the DC component is determined by averag-
ing the data from hybrid electric fields, whereas the AC component is extracted
through the application of filtering techniques.

The direct current (DC) output characteristics of the electro-optic (EO) sensor,
incorporating varying alternating current (AC) components, are illustrated in Fig-
ure 9. This figure showcases data set A, which has been computed using the periodic
average method. The formula employed for this method is as follows:

S U
Udcfaverage =&=t (9)
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Figure 9.
Waveform of the AC/DC hybrid electric field with defined parameters.
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In this context, Udc_average is the computed DC component, Ui represents the
voltage at a given sampling point, Ulto Un denote the voltage values at sampling points
within an AC cycle, and n is the total number of sampling points in that AC cycle.

The DC measurement signal in data set A is affected by the AC electric field. As the
AC field intensifies, the slope of the DC sensing curve slightly reduces. This altering
effect of the AC field on DC measurement sensitivity has not been previously
documented. We believe the EO sensor’s optical nonlinearity is responsible for this
interaction. The EO modulation’s optical function is inherently nonlinear, and the
sensor output remains linear only if the condition E < <En/2 is met. When the
combined amplitude of the hybrid fields nears or surpasses the linear range, the
sensor’s nonlinear output can lead to errors in the DC signal.

In this paper, En/2 of the EO sensor is about 7 MV/m. However, when the AC
electric field increases to 1.6 MV/m, the condition of E < <En/2 is no longer satisfied.
The AC component in the modulation signal PE will be distorted, and asymmetrical
distortion part in AC signal will be added to the DC data calculated by the period
average method. This affects the AC electric field on the DC output curve. To verify
this idea, the maximum-derivative method is utilized to extract the DC component of
the sensor output signal. Because this method calculates the amplitude of a DC signal
by selecting the zero-crossing point of an AC signal, the influence of asymmetrical
distortion of an AC signal can be avoided.

In this study, the EO sensor’s En/2 is approximately 7 MV/m. However, as the AC
electric field rises to 1.6 MV/m, the condition E < <En/2 is not maintained. This
causes distortion in the AC component of the modulation signal PE, with asymmetric
distortion introduced into the DC data calculated using the period average method.
This impacts the AC field’s influence on the DC output curve. To test this hypothesis,
the maximum-derivative method is employed to extract the DC component from the
sensor’s output signal. By calculating the amplitude of a DC signal at the zero-crossing
point of an AC signal, this method avoids the effects of asymmetrical distortion.

3.4 Typical application of sensors based on Kerr effect
3.4.1 In atmospheric air

The electric field sensing system illustrated in Figure 10 consists of an 808 nm
continuous wave (CW) laser, a series of optical components, including lenses, a
polarizing beam splitter (PBS), quarter-wave plates, reflectors, and Bi4Ge3012
(BGO) crystals, as well as analyzers and EOT-3010 (1.5 GHz) photodetectors (PD).
Two BGO crystals are strategically positioned in the near-rod and near-plate regions
within the electrode gap, allowing for simultaneous capture of the electric field in
distinct corona regions. The employed BGO crystals have dimensions of 2 X 2 X 2 mm
and a 110-crystal orientation. Their compact size, relative to the gap distance, facili-
tates high-resolution electric field measurements with minimal interference from the
crystals. This electro-optic (E-O) modulation technology is based on the Pockels
effect. The laser beam, upon passing through the crystal, is modulated by the exter-
nally applied electric field, thereby encoding information proportional to the field
strength. Figure 11 presents the schematic of the E-O modulation process, wherein
the modulated optical power is a function of the applied electric field:

P 2my4no’LE,
P, =2 {1 + sin (7’”‘“’;" Z)} (10)
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In this context, Pin and Po represent the optical power of the input and output
lasers, respectively, A is the laser’s wavelength, y41 is the electro-optic coefficient of
the BGO crystal, n0 is the crystal’s natural refractive index, L denotes the optical path
length through the crystal, and Ez is the projection of the external electric field in the
—110direction.

Since the sinusoidal function in Eq. (2) remains small in practical applications, the
optical power approximately maintains a linear relationship with the external electric
field. Ultimately, the photodetector (PD) converts this optical power into a voltage
signal, leading to the following relationship:

Uout = kO +k1Ez (11)

Here, Uout is the output voltage from the PD, while kO and k1 are determined by
the optical system’s parameters.

The system offers a rise time of 2.2 ns and operates linearly within a range of 0 to 1.4
MV/m, which is suitable for measuring corona discharge. The values of kO and k1 can be
experimentally determined, allowing Eq. (2) to calculate the electric field using Uout.

The experimental setup for this project is depicted in Figure 12. It primarily
comprises a transformer with a maximum voltage of 80 kV, a protection resistor rated
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Figure 12.
Schematic diagram of the experimental setup.

at 1 MQ, a rod-plate gap characterized by a rod electrode head radius (r) of 2.5 mm
and a distance (d) of 50 mm between the rod and the plate, a voltage divider with a
ratio of 1233:1, a sampling resistor valued at 50 Q, and a Tektronix® MDO3012
oscilloscope with a bandwidth of 100 MHz. The voltage divider is arranged in parallel
with the rod-plate gap to facilitate the measurement of the voltage across the gap,
while the sampling resistor is connected in series to the gap to measure the current
during corona discharge. Both the voltage divider and the sampling resistor are
interfaced with the oscilloscope using 50 Q cables. Tests have determined that the
corona inception voltage for the rod-plate gap is approximately 8 kV; note that all
voltage values are peak values of AC voltages.

Corona discharge under AC voltage demonstrates pronounced temporal periodic-
ity and uneven spatial distribution, both of which are closely associated with the
applied voltage. This section provides an analysis of the experimental results
concerning the time-varying electric field for various discharge modes and spatial
positions.

A power frequency voltage was applied across the rod-plate gap, with a BGO
crystal positioned along the axis of the gap and 5 mm from the rod electrode. The
electric field at this location was subsequently measured. Figure 13 compares the
sensing system’s output in scenarios with and without corona discharge. The data
reveals a correlation between the steps observed in the electric field and the current
pulses generated by the corona discharge.

In Figure 13(a), the applied voltage remains below the corona onset voltage for the
gap, whereby only the Laplace field is prevalent in the space, resulting in the electric
field being proportionally related to the applied voltage. The scale of the coordinate
axis in the figure is adjusted to align the electric field with the applied voltage, thereby
reflecting consistency with the voltage waveform.

Figure 13(b) elucidates the interrelation between the corona current and the
spatial electric field. In this scenario, the applied voltage marginally exceeds the onset
voltage, resulting in the observation of an electric field step. The electric field experi-
ences rapid changes at specific instants, followed by relatively slow variations. The
alterations in the electric field during the positive and negative half-cycles are asym-
metrical, with the amplitude of the positive step being markedly larger than the
negative step. Under this particular voltage condition, corona discharge presents
instability, and not every cycle manifests an electric field step. Analyzing the current
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Figure 13.

Comparison between the Laplace field at low applied voltage and the corona discharge field at high voltage. (a)
Laplace field at an applied voltage of 3.9 kV; (b) Corona discharge field at an applied voltage of 8.6 kV. Note: All
voltages in this paper refer to the peak AC voltage.

signal alongside the electric field on the same temporal axis shows that each electric
field step is accompanied by a corresponding current pulse. The current pulses
observed during the positive half-cycle are robust, in contrast to the weaker pulses
during the negative half-cycle, which concurs with established findings and previous
research. Consequently, the steps in the electric field exhibit a correlation with the
corona current pulses.

3.4.2 In medium oil

An experimental setup for generating AC/DC hybrid electric fields in oil was built
to replicate the sensor’s measurement environment in converter transformers, as
illustrated in Figure 14 [28].

Two parallel voltage generators are employed to deliver distinct types of voltage: a
stable direct current (DC) voltage generator and an alternating current (AC) trans-
former operating at power frequency (Figure 15). Protection resistors are incorpo-
rated to prevent short circuits within the experimental chamber and to limit backflow
between power sources. DC blocking capacitors effectively isolate the DC voltage,
thereby reducing core bias in the transformer. By adjusting the outputs, three types of
voltages can be applied: solely AC, solely DC, or a composite of AC and DC at varying
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ratios. The applied voltage is measured using a Tektronix P6015A high-voltage probe,
with specifications of 40 kV and 75 MHz. An integrated electro-optic (EO) sensor,
equipped with two pigtails, is positioned within the gap to measure the electric field in
oil. A linearly polarized laser is transmitted through the polarization-maintaining
(PM) fiber to the EO sensor, and the resulting optical signal is conveyed to photode-
tectors (PD) via single-mode (SM) fiber. By studying the relationship between the
applied electric field and the sensor’s optical output, the output characteristics of the
system can be analyzed (Figure 16).

The system’s output waveforms under DC and AC fields are illustrated in
Figure 17. As seen in Figure 17(a), the DC bias is only 2.8 mV, representing a mere
0.2% of the original bias (Pc = 1.4 V), which demonstrates that the enhanced differ-
ential structure has substantially minimized Pc. When the applied field is 370 kV/m,
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the output measures approximately 40 mV, whereas at an applied field of 1170 kV/m,
the output measures about 124 mV. Consequently, the system’s DC bias now exerts
minimal influence on DC field measurements.

Figure 17(b) presents the AC electric field measurement results, where the wave-
form aligns with the applied field. Experiments indicate that the improved dual-beam
differential method effectively suppresses Pc in the system output, yielding accurate
DC field measurements. The system’s capability to measure both AC and DC fields
sets a foundation for examining EO sensor output characteristics under AC/DC hybrid
fields.

Using the experimental setup, we obtained comprehensive output characteristics
of the EO sensor in an oil medium under AC/DC hybrid fields, covering AC, DC, and
various AC/DC hybrid ratios. The experimental findings here are supported by an
analysis of the response mechanism.

4, Quantum sensors
4.1 Quantum electric field sensor
4.1.1 Electric field measurement based on NV color centers

When a diamond NV color center is exposed to a 532 nm laser and scanned with a
specific microwave frequency, it emits a distinct fluorescence signal, which is used to
characterize optical detection magnetic resonance (ODMR). In the absence of an
external magnetic field, a single resonance peak at 2.87 GHz is observed in the spec-
trum. However, in the presence of an electric field, which induces a magnetic field,
the degeneracy of the state ms = £1 is lifted, resulting in Zeeman splitting and
producing two distinct resonance peaks at different frequencies [29]. The number and
frequencies of these resonance peaks are critical for determining the direction of the
magnetic field and the orientation of the NV axis. Additionally, the magnitude of the
external electric field projected onto the NV axis can be derived from the resonance
peak frequencies observed in the ODMR spectrum.

Compared with magnetic field measurement, NV color center is more difficult to
measure electric field, mainly because the longitudinal magnetic field of NV color
center will suppress its sensitivity to electric field. NV color center electric field sensor
is mainly used for static field and low-frequency electric field measurement (kHz).

4.1.2 Electric field measurement based on Rydberg atoms

The principle of Rydberg atom electric field measurement relies on the interaction
between Rydberg atoms and microwave fields [23]. This technique involves analyzing
the splitting of Rydberg atomic energy levels to determine electric field strength.
Rydberg atoms, particularly those in highly excited states with large principal quan-
tum numbers, exhibit high sensitivity to external electric fields due to their long
lifetimes, high polarizability, and large electric dipole moments, making them excep-
tional sensors for electric fields. When exposed to microwave fields, Rydberg atoms
experience energy level splitting, which can be observed through quantum interfer-
ence phenomena such as electromagnetically induced transparency and the Autler-
Townes effect [11]. By measuring the extent of this splitting, the intensity of the
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microwave electric field can be accurately inferred, enabling precise electric field
measurements.

In recent years, the EIT effect of Rydberg atoms has received widespread attention
in the academic community, especially in the measurement of external fields (such as
microwave fields, radio frequency fields, and terahertz fields).

4.2 Quantum magnetic field sensor
4.2.1 Optically pumped magnetometer technology

Optical pumping magnetometers (OPM) are typically classified into two categories
based on their working elements: noble gas optical pumping magnetometers and alkali
metal optical pumping magnetometers. Alkali metal optical pumping magnetometers
utilize working substances such as potassium (K), rubidium (Rb), and cesium (Cs). In
contrast, noble gas optical pumping magnetometers use noble gases like helium (He)
and xenon (Xe). These devices are also referred to as atomic magnetometers due to
their reliance on atomic properties [25].

The principle underlying the operation of OPM is the Zeeman effect, which
describes the splitting of atomic energy levels in the presence of an external magnetic
field. The magnetometers employ optical magnetic double resonance to detect the
atomic Larmor frequency, which is influenced by the external magnetic field. Addi-
tionally, they utilize self-excited feedback oscillation to stabilize and lock the radio-
frequency (RF) magnetic field frequency, enabling precise measurement of the
magnetic field strength.

4.2.2 Coherent population trapping technique

Coherent Population Trapping (CPT) is a quantum interference effect realized in
atomic systems [30]. The CPT atomic magnetometer is a quantum magnetometer
based on the atomic coherent population trapping quantum effect and can achieve
precise measurement of the magnetic field through CPT resonance. An obvious
advantage of the CPT magnetometer over the OPM magnetometer is that it is based
on all-optical resonance. Its magnetic probe does not rely on the radio frequency coil
but only relies on optical components, making it possible to miniaturize the probe,
thereby greatly improving the spatial resolution. At the same time, the additional
magnetic field noise generated by the radio frequency coil can be completely avoided,
making the CPT magnetometer have the characteristics of high accuracy, no mea-
surement dead zone, and strong environmental adaptability.

4.2.3 Spin-free exchange relaxation technique

The spin-exchange relaxation-free (SERF) magnetometer is an advanced type of
alkali metal atom magnetometer that operates in the SERF regime. Its principle
involves utilizing a zero magnetic environment to significantly reduce the Larmor
precession frequency of the atoms, while maintaining a high temperature to increase
atomic density and, consequently, the spin-exchange rate. When the spin-exchange
rate exceeds the Larmor precession frequency, the atomic spin-exchange relaxation is
effectively suppressed, leading to enhanced precision in magnetic field measurements.
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SERF magnetometers are the most sensitive magnetometers available, with the
disadvantage that they can only operate in very weak magnetic fields and require
expensive magnetic shielding.

4.2.4 Magnetic field measurement based on NV color centers

When the diamond NV color center is exposed to a 532 nm laser and scanned at a
specific microwave frequency, it can generate a clear fluorescence signal, thereby
obtaining the characteristics of optical detection magnetic resonance (ODMR). When
there is no external magnetic field interference, only the 2.87 GHz resonance peak
appears in the spectrum signal; under the influence of the magnetic field, the value of
the degenerate state ms = £1 will change, resulting in Zeeman splitting, resulting in
two resonance peaks with different frequencies. The number and frequency of the
resonance peaks of the ODMR spectrum are important parameters for measuring the
direction of the magnetic field opposite to the NV axis, and the magnitude of the
external magnetic field projected onto the NV axis can be calculated by the resonance
peak frequency of the ODMR spectrum [31].

Diamond NV color center systems are effective for magnetic measurements, with
their capabilities depending on the concentration of NV centers. Specifically, NV color
center ensembles are utilized for high-resolution magnetic measurements due to their
collective signal averaging, which enhances spatial resolution. In contrast, single NV color
centers are employed for high-sensitivity magnetic measurements, leveraging their quan-
tum properties to detect minute variations in magnetic fields with exceptional precision.

At present, magnetometers based on diamond NV color centers can achieve sub-
petersen-level magnetic field measurement sensitivity in low-frequency and high-
frequency magnetic field environments.

5. Future scenario

This chapter provides a detailed overview of three types of sensors used for
measuring electric and magnetic fields, reviewing their development, maturity, and
specific characteristics.

Firstly, sensors based on the principle of electromagnetic induction, the earliest
and most widely used, are noted for their simple structure and high sensitivity.
However, they significantly impact the measured electromagnetic field. Secondly,
optical effect-based sensors, which have rapidly evolved and become practical, feature
a fully insulated structure, wide response frequency band, miniaturization, and strong
anti-interference capability. Despite these advantages, their stability is heavily
influenced by the performance of laser systems. Finally, quantum effect-based sen-
sors, though still in the early stages of development, exhibit remarkable performance
benefits. Their sensitivity is more than three orders of magnitude greater than that of
the previous two types, making them highly promising for future advancements.

As discussed in the introduction, all measurement methods inevitably disturb the
parameters being measured. Therefore, when selecting electromagnetic field sensors
for practical applications, it is crucial to understand the interaction between the sensor
and the measured parameters to identify the optimal choice. For instance, electro-
magnetic induction sensors are best suited for open-space measurements such as
electromagnetic environment detection of transmission lines, lightning overvoltage
measurements, and communication station radiation assessments. Optical effect
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sensors, with their compact size and insulation, are ideal for harsh electromagnetic
environments and confined spaces. Quantum effect sensors, with their exceptional
sensitivity, are expected to excel in applications like electric field calibration and
monitoring extremely weak electric fields.

In conclusion, this chapter has covered widely used electromagnetic induction-
based sensors, rapidly advancing optical effect-based sensors, and emerging quantum
effect-based sensors. The aim is to provide a thorough understanding of electromag-
netic measurement techniques, facilitate their application in various scientific and
engineering fields, and contribute to technological progress.
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Chapter 5

Electrostatics in Engineering
Photodiodes for Earth Observation
Cameras

Sri Harsha Kodati and Manisha Muduli

Abstract

Electrostatics plays a pivotal role in designing semiconductor devices such as tran-
sistors, capacitors, solar cells, power devices, and photodetectors. This chapter delves
into the critical applications of electrostatics in designing photodetectors for cameras
used in earth observation satellites. Earth observation satellites are crucial for envi-
ronmental monitoring, resource management, disaster response, and scientific
research. This chapter focuses on three case studies that illustrate the use of electro-
static principles to design photodetectors for specific applications: (1) Visible cameras
for high-resolution imaging (2) Short-wave infrared cameras for precision farming (3)
Mid-wave infrared cameras for environmental monitoring. Each case study presents
unique technical requirements that can be met through meticulous semiconductor
device engineering, leveraging the principles of electrostatics. Using a first principles
approach, the chapter begins with the charge, electric field, and potential distributions
in a simple P-N junction diode, which forms the basis for most photodetectors. The
following sections extend to how these distributions can be manipulated to design
photodetectors tailored to each application. By the end of this chapter, readers will
understand how to use the fundamentals of electrostatics to design advanced photo-
detectors based on specific technical requirements for earth observation.

Keywords: P-N junction photodetectors, earth observation (EO) satellites, visible
(VIS) cameras, short-wave infrared (SWIR) cameras, mid-wave infrared (MWIR)
cameras, electrostatic engineering

1. Introduction

Electrostatics forms the foundation of semiconductor physics, playing a critical role in
the design of photodetectors for earth observation (EO) satellites. These satellites are
indispensable for applications such as environmental monitoring, disaster response, and
resource management, utilizing specialized cameras to capture data across distinct spec-
tral bands. Visible light cameras are used for general high-resolution imaging, short-wave
infrared (SWIR) cameras for precision farming, and mid-wave infrared (MWIR) cameras
for environmental monitoring [1, 2]. The performance of these photodetectors depends
on meticulous electrostatic and material design choices that directly influence key metrics
at both the sensor and satellite levels.
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Figure 1 presented here illustrates the multi-level design considerations, from
satellite-level requirements down to the photodetector-level parameters that can be
manipulated through electrostatic and material engineering. At the satellite level, key
the most important metrics are speed, performance, and cost. These high-level metrics
flow down to the camera level, where frame rate (or line rate for line scanner cameras),
signal-to-noise ratio (SNR), and system size (mass and volume) become critical factors.
Signal quality (or SNR) is influenced by the quantum efficiency (QE), while noise is
primarily determined by the dark current. Additionally, operating temperature affects
both mass and cost, as lower temperatures require cooling systems that add to the
satellite’s size and complexity. Pixel size is a crucial factor; smaller pixels reduce
telescope size and weight for a given resolution which reduces the cost, but smaller
pixels increase surface dark current, which in turn adds to the noise [3].

On the photodetector level, the important figure of merits are bandwidth, QE, and
various dark current components (diffusion, Shockley-Read-Hall (SRH) recombination,
trap-assisted tunneling (TAT), band-to-band (BTB) tunneling, and surface dark cur-
rent) [4]. These parameters collectively shape the camera’s frame rate, SNR, and
overall performance, and can be fine-tuned through electrostatic and material design
adjustments. Note that this flow-down emphasizes the influence of electrostatic and
material design parameters, which is why it does not address other factors that impact
satellite speed, performance, and cost.

In the subsequent sections, the chapter explores the basics of P-N junction photo-
diodes, and the photodetector-level parameters are explored in detail, examining the
governing equations, and identifying the key variables that influence them. Some of
these variables—such as doping concentration, thickness, device area, time delay
integration, barriers, and field engineering—can be adjusted independently of the
chosen active sensing material, allowing the engineers to fine-tune the electrostatics of
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Figure 1.
Impact of electrostatic (green) and material (blue) dependent parameters on satellite imaging performance.
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the device. Other variables are specific to the sensing material itself. Further, the
chapter discusses how manipulating these critical variables enhances photodetector-
level attributes, thereby improving camera and satellite capabilities in terms of speed,
efficiency, and cost-effectiveness.

The final section concludes with case studies, illustrating how electrostatics can be
applied to optimize photodetectors for different EO applications in VIS, SWIR, and
MWIR spectral ranges.

2. P-N junction photodiodes

Most recent photodiodes are P-N junctions with three main regions: a neutral P
region, a neutral N region, and a depletion region [5-11]. The depletion region forms
as electrons and holes diffuse across the junction, leaving behind immobile charges
(negative charges in the P region and positive charges in the N region) as shown in
Figures 2(a) and 2(b). These charges then affect the electric field, potential, and
energy band diagram of the photodiode.

i. Charge to the electric field: These immobile charges create an internal electric
field. By Gauss’s law, the electric field E in the depletion region relates to
charge density p by

r_r <1>

dx €
Here, ¢ is the permittivity of the semiconductor material. Integrating this equation
across the depletion region gives the built-in electric field profile within the junction,

as shown in Figure 2(c), whose magnitude reaches a maximum at the junction and
decreases toward the edges.

ii. Electric field to potential: The electric field generates a potential difference V;
(the built-in voltage) across the depletion region, given by,

av

E:—E

()

Integrating this equation across the depletion region gives the built-in potential
distribution as shown in Figure 2(d).

iii. Potential to energy band diagram: The built-in electrostatic potential V(x)
across the junction affects the energy levels of electrons and holes, as shown in
Figure 2(e). The relationship between the electrostatic potential and the
energy band edges can be expressed as:

E.(x) =E, —qV(x) (3)
E,(x) =Ey, —qV(x) (4)
Where, E.(x) and E, (x) represent the conduction band and valence band energy

levels across the junction, respectively. E,, and E,, are the conduction and valence
band edges far from the junction. ¢q is the charge of an electron. The intrinsic level E;
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Figure 2.
(a) Lllustration of a simple P-N junction at equilibrium. (b) Charge density, (c) internal electric field, (d) built-
in voltage, and (e) energy band diagram of the P-N junction at equilibrium.

lies around midway between the conduction and valence bands in an intrinsic semi-
conductor, while the Fermi level Ef represents the energy with a 50% probability of
electron occupancy.

When a reverse-bias voltage (V,) is applied to a P-N junction photodiode, the P-
region is connected to the negative terminal, and the N-region to the positive terminal
of an external voltage source. As an external voltage is applied, the charge, field, and
potential diagrams change, resulting in the non-equilibrium energy band diagram
shown in Figure 3.

Due to the applied reverse bias V,,, the fermi level on the P and N sides split until
they reach a steady state where the difference in these energy levels is V,,. This reverse
bias increases the total voltage drop, which becomes the sum of the built-in potential
Vi, and the applied reverse bias V. The increased potential difference across the
junction enhances the electric field in the depletion region. A stronger electric field
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Figure 3.
Non-equilibrium reverse bias band diagram of a P-N junction.

pushes the majority carriers away from the junction, widening the depletion region
and suppressing the majority carrier flow across the junction. As a result, the reverse
current is dominated by the movement of minority carriers and other thermally
generated carriers, collectively known as the dark current. This dark current contrib-
utes to the noise portion of the signal-to-noise ratio (SNR) of a photodiode.

Under reverse bias, when a photon of sufficient energy strikes the photodiode, it
generates electron-hole pairs through the photoelectric effect. The strong electric field
in the depletion region quickly separates these photogenerated carriers, sweeping
electrons toward the N-region (anode) and holes toward the P-region (cathode). This
separation of carriers produces a photocurrent whose magnitude is directly related to
the Quantum Efficiency (QE)—the ability of the photodiode to convert incoming light
into photocurrent. Maximizing QE enhances photocurrent and, therefore, signal
strength. The QE (or the photocurrent) contributes to the signal part of the SNR of a
photodiode, which is given by,

IZ
SNR=——2P2 _ _ (5)

() + ()

Where, I, is the photocurrent, which is a function of QE, i, is the shot noise,
generated due to both dark current and photocurrent in the detector, and i is the
Johnson-Nyquist noise or resistor noise that is inversely proportional to the photodi-
ode resistance. The crucial parameters for a high SNR are a higher QE and a lower
dark current.

Another critical photodiode parameter is bandwidth, which represents the speed at
which the photodiode can convert optical input into electrical output. Higher band-
width allows the photodiode to respond to rapid changes in light intensity, making it
suitable for high-speed applications.

3. Material-dependent and electrostatic design parameters of a
photodiode

The effectiveness of photodiodes can be evaluated through these three key param-
eters—QE, dark current, and bandwidth. Together, these parameters influence the
camera’s SNR, size, and frame rate (or line rate), which in turn impact the perfor-
mance, cost, and speed of satellite systems tailored to specific applications.
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3.1 Quantum efficiency

Quantum Efficiency (QE) is the measure of the signal part of the photodiode, the
photocurrent. QE is the ratio of the number of electron-hole pairs collected to the
number of incident photons, quantifying how effectively the photodiode converts
incoming light into an electrical signal. High QE is desired for maximizing signal
strength and sensitivity.

QE=(1-R)(1—-¢ ") (6)
The QE equation has three main parts:

i. Radiation incident on the detector (1 — R): This term accounts for the fraction
of light that enters the photodiode after reflection losses, quantified by the
reflection coefficient R. Minimizing R increases the effective amount of light
available for absorption and conversion to photocurrent.

ii. Portion of light absorbed (1 — e~*): This term describes the fraction of light
absorbed within the active region. It is quantified by ¢, the thickness of the
active region of the photodiode, and a, the absorption coefficient. The
absorption coefficient depends on the material’s bandgap and the wavelength
of incoming light. For a given wavelength range (e.g., VIS, SWIR, MWIR),
the photodetector material must have an appropriate bandgap to maximize
absorption. The relationship between the bandgap energy E, and the
application’s target wavelength of A can be approximated by:

hc

E =~ @)

Where /2 = planks constant, ¢ = speed of light, 4 = target wavelength. This relation
shows that materials with different bandgaps are chosen based on the target wave-
length range: VIS, SWIR, or MWIR.

iii. Carrier generation and transport (,): This part represents the efficiency with
which absorbed photons generate carriers that reach the electrodes. The
carrier collection efficiency 7, depends on the lifetime of the carriers (how
long they exist before recombination) and their mobility (how quickly they
can move under the influence of an electric field). Higher mobility and longer
carrier lifetimes increase #, improving the QE by ensuring that more
generated carriers contribute to the photocurrent.

Crucial variables to maximize QE: Higher Absorption Coefficient a for the target
wavelength range, achieved by selecting a material with an appropriate
bandgap. Increased thickness ¢ of the active region, allowing more radiation to be
absorbed. Higher carrier mobility and lifetime to enhance 7, enabling efficient collection
of generated carriers. While ¢ helps fine-tune the electrostatics of the device indepen-
dent of the active sensing material, the other variables are sensing material dependent.

3.2 Bandwidth

Banduwidth refers to the speed at which a photodiode can respond to changes in
light intensity, which relates to the framerate of the camera. Higher bandwidth allows
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the photodiode to capture rapid variations in light, making it suitable for high-speed
applications. Bandwidth is quantified as the 3 dB bandwidth, representing the fre-
quency range over which the detector can effectively operate. It is defined as the
maximum rate at which a detector can generate output signal with respect to its input
optical signal and is measured from DC to cut-off frequency. It is denoted as f34g,

1 1
f3dB“\/;~ S R ®)
ch ft (%) (Zﬁff\/)

The bandwidth equation has two main components:

i. RC-limited bandwidth: Represented by the term f ., this component depends
on the junction capacitance (C) and series resistance of the photodiode (R;),
that originates from semiconductor-metal contact interface. The C is
influenced by the dielectric constant €, area A and depletion width W.

ii. Transit time-limited bandwidth: Represented by the term f, this component
quantifies the speed at which carriers traverse the depletion region,
quantified by mobility y, the electric field E across the depletion region, and
the depletion region thickness W.

Crucial variables to maximize bandwidth: Lower R;and a smaller A reduces the RC
time constant, improving f .. Higher u and stronger E increase the speed of carrier
collection, improving f,. While a larger W benefits the RC-limited bandwidth, a
smaller W is preferable for the transit time-limited bandwidth, creating a trade-off.
While W, A, and E help fine-tune the electrostatics of the device independent of the
active sensing material, y is a sensing material-dependent parameter.

3.3 Dark current

Dark current is the leakage current that flows through a photodiode even when no
light is present, caused by the diffusion of minority carriers within the quasi-neutral
regions, thermally generated electron-hole pairs, and tunneling. This current contrib-
utes to noise, reducing the photodiode’s signal-to-noise ratio (SNR).

The equivalent circuit model of a P-N junction photodiode is shown in Figure 4,
illustrating the various components that contribute to dark current.

Jtotat =Jp +Jr +Jrar +Jere +Jsi 9

Where, the total current density, J7,;,; (dark current normalized with photodiode
area), is originating from diffusion (J), generation-recombination (Jgz), trap
assisted tunneling (J747), band-to-band tunneling ( Jzrz), and from surface compo-
nents of the photodiode (Jg,). Additionally, the relationship between the applied
voltage (V,), the junction voltage (V;), and the series resistance (R;) is given by:

V,=V;+RI (10)

Where I is the total dark current. For an ideal semiconductor-metal interface, the
R, can be ignored. Ry, is the shunt resistance at the surface of the photodiode.
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Figure 4.
Dark current components in the equivalent circuit model of a P-N junction photodiode.

i. Diffusion dark current (J): The diffusion dark current originates from the
minority carriers diffusing in the quasi-neutral part of the P and N regions.
When a reverse bias is applied to the photodiode, minority electrons in the P
region move toward the depletion region through diffusion. Once in the
depletion region, these electrons are transported by the internal electric field.
Similarly, minority holes in the N region diffuse toward the depletion region,
where they are also carried by the electric field. The J, equation is,

Dun} Dy} 1Vj
Jo=1 (LnNA +L1,,ND> (eXp (’%—T> - 1) (n

Here, D, and D, are the diffusion coefficients for electrons and holes, respectively,
L, and L, are the diffusion lengths for electrons and holes, respectively, N4 and Np
are the acceptor and donor doping concentrations, respectively, kg is Boltzmann’s
constant, and T is the operating temperature in Kelvin. #; is the intrinsic carrier
concentration given by,

E
n; = NN, exp (— 2k_gT> (12)
B

Where N, and N, is the effective density of states in the conduction and valance
bands, respectively.
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Crucial variables: It can be understood that the most influenceable variables to
reduce J, are a lower #; (higher E, and a lower T, and a higher N4 and Np. While #; is
sensing material dependent, N4 and Np help fine-tune the electrostatics of the device
independent of the active sensing material. In addition, barrier structures can also be
used to manipulate the electrostatics to block the diffusion current that will be
discussed in Section 4.1.1.

ii. GR dark current (Jgg): The GR dark current originates from the thermal
generation of carriers within the depletion region. Under reverse bias, the depletion
region widens, creating conditions where the G-R current is more prominent. First,
compared to the quasi-neutral regions of the P-N junction, the depletion region has
a much lower density of free carriers. In this low-carrier-density environment,
traps—energy levels within the bandgap introduced by defects or impurities, can
capture and release carriers more effectively. These trap states, typically located
near the mid-gap energy, act as intermediate sites for electrons and holes,
facilitating the trap-assisted carrier generation process.

Second, in the depletion region, the Fermi energy level (the energy with a 50%
probability of electron occupancy.), is typically positioned closer to the mid-bandgap
trap level (or the intrinsic energy level), resulting in a roughly 50% probability that
traps will be occupied in a steady state. This balanced occupancy allows traps to
capture and release carriers with equal likelihood, enabling continuous electron-hole
transitions. In contrast, in the quasi-neutral regions, the Fermi level is closer to the
conduction band (n-side) or valence band (p-side), making trap levels either mostly
filled or mostly empty. Together, these factors—low carrier density and balanced trap
occupancy—imake trap-assisted generation, the dominant source of G-R dark current
in reverse bias. The J;p equation is,

M WksT . (qV; ke
Jer = —(Vbi V) von sinh (2k3T> fb)E, = 7 (13)
Fb) = —— 1n(2b2 +2Vh: —1- 1)Eg e (14)
Vb —1 4
forb>1
fb)=1 (15)
forb=1
12
£(b) = 11 —an’? (”bl’) (16)
forb<1
E, — E;
— 7qV/2kBT t 1
b=e cosh <k3T > 17)
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Here, W is the width of the depletion region, V; is the built-in potential, zgg is the
generation-recombination lifetime (that is function of trap densities), E; is the trap
energy level, and E; is the intrinsic energy level.

Crucial variables: To reduce g, key variables include a lower W, a higher zgg, a
lower n; (higher E, and a lower T). While #; and zgr are sensing material dependent,
W helps fine-tune the electrostatics of the device independent of the active sensing
material. In addition, barrier structures can also be used to manipulate the electro-
statics to block the GR current that will be discussed in Section 4.1.2.

iii. TAT dark current (Jy47): Trap-assisted tunneling occurs when carriers use
intermediate trap energy levels within the bandgap to quantum mechanically
tunnel through the depletion region, particularly under a high reverse-bias. These
traps act as steppingstones, allowing carriers to move from the valence band to
the conduction band (or vice versa) in multiple small steps instead of overcoming
the full energy barrier (the bandgap) in one go. The J 41 equation is,

2 2 AT
q*m,M’N,V; 4\/2m,(E, — E;)
_ _ 18
J1aT = 435, — ) P 3qEn (18)
29(Vyi — V;)N4Np

E= 19

\/ E(NA + ND) ( )
V=1 (NAIZV D) (20)

q n;

Here, m, is the effective mass for tunneling, M? is the transition matrix element for
tunneling, N; is the trap density, and 7 is the reduced Planck’s constant.

Crucial variables: To reduce Jr,r, key variables include reducing the E, N;, and m,,
and increasing the E,. While Ny, m;, and E,are sensing material dependent, E helps
fine-tune the electrostatics of the device independent of the active sensing material. E
can also be reduced by increasing the thickness of the depletion region for a given
applied voltage. In addition, barrier structures can also be used to manipulate the
electrostatics to block the J,7, that will be discussed in Section 4.1.3.

iv. BTB dark current (Jzrp): Band-to-band tunneling occurs when electrons can
quantum-mechanically tunnel directly from the valence band to the
conduction band across a narrow depletion region under high electric fields.
This process is independent of trap states and relies purely on the strong
electric field to overcome the bandgap. The Jgr3 (is,)

/ 3
] B q?’EVJ /27’”5 ox B 4 thEg E h_C (21)
BB = gman? JE, 0\ 3qER |t 2

Crucial variables: To reduce Jprp, key variables include reducing the E, and m;, and
increasing the E,. While 7, and E,are sensing material dependent, E helps fine-tune
the electrostatics of the device independent of the active sensing material. E can be
engineered by changing the thickness of the depletion region. In addition, barrier
structures can also be used to manipulate the electrostatics to block the Jprg, that will
be discussed in Section 4.1.3.
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v. Surface dark current (Jg,): Surface dark current arises primarily from trap-
assisted generation processes at the surface of the photodiode. During the
fabrication process, the semiconductor is typically etched from the top p-region
to the bottom n-region to place metal contacts on both sides. This etching exposes
the semiconductor to air, creating an abrupt semiconductor-air interface. This
interface introduces numerous trap states and trap energy levels, which act as
intermediate states within the bandgap. Under reverse bias, these surface traps
can capture and release carriers, effectively generating electron-hole pairs and
contributing to dark current. Surface passivation techniques are therefore
essential to reduce surface dark current, as they help to neutralize or reduce these
surface traps and improve photodiode performance. The Jg, equation is,

Va

R A (22)

Jsn =

Crucial variables: To minimize J,, increasing Ry, through surface passivation fab-
rication techniques is essential, as these reduce surface traps and improve surface
quality. Although the equation may suggest that reducing device area would lower
surface current, in practice, surface current becomes more prominent in small-area
devices due to the difference in how surface and bulk areas scale. For instance, while
bulk volume scales with zR? (where R is the device radius), the surface area scales
with 2zR. As device dimensions decrease, the bulk volume reduces more rapidly than
the surface area, leading to a higher surface-to-volume ratio. This shift causes surface
dark current to dominate. Additionally, surface current can be further reduced by
optimizing the electrostatic properties, as discussed in Section 4.3.

4. Electrostatic engineering of photodiodes

In the previous section, a photodiode’s material-dependent variables and material-
independent electrostatic variables—such as charge or doping, thickness, and electric
field—and their roles in reducing signal and noise components were discussed. With
advancements in semiconductor growth techniques, materials can be engineered to
fine-tune the parameters for a high sensitivity and low noise [12-16]. On the other
hand, electrostatic engineering, which involves techniques such as barrier structures
and field optimization, can be implemented independently of the material. This sec-
tion will focus on electrostatic engineering to further enhance performance by reduc-
ing dark current and other noise sources.

The previous section discusses sensor material-dependent variables and material-
independent electrostatic variables—such as charge or doping, thickness, and electric field
—and their roles in reducing signal and noise components. Additionally, electrostatics can
be engineered using barrier structures and field engineering to reduce dark current.

4.1 Barrier structures

Barrier structures are heterojunction photodiodes engineered to suppress the dark
current. Photodiodes can be classified into two types: homojunction and
heterojunction photodiodes. Homojunction photodiodes are composed of a single
semiconductor material. Heterojunction photodiodes are often made from two or
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more types of semiconductor materials. Previously, heterostructure materials were
chosen with lattice constants close to each other [17]. With recent developments in
device fabrication, highly mismatched materials can now be successfully integrated to
achieve high-performance sensors, catering to the requirements of advanced camera
systems.

The band alignment of the heterostructure is of utmost importance, as it deter-
mines the flow of electrons and holes between the materials. The three types of band
alignments are straddling gap (type I), staggered gap (type II), and broken gap (type
IIT) heterostructures. Electron affinity, work function, and bandgap determine the
type of heterostructure, and the conduction and valence band offset between two
materials.

Figure 5 illustrates the equilibrium and non-equilibrium p-doped Type II band
alignment of a heterostructure. In non-equilibrium state, the materials are isolated,
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Figure 5.
Non-equilibrium and equilibrium energy band diagram of two p-doped-semiconductor materials indicating their
electron affinity and work function (type II heterostructure).
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and their energy levels are aligned to the vacuum level. The electron affinity (y), work
function (¢), and the bandgaps shown represent the key properties influencing band
alignment. In the equilibrium, the materials form a junction, charge transfer occurs at
the interface until the Fermi levels align across the system. This alignment results in
band bending and the offsets in the conduction and valence bands. The conduction
band offset (AE,) and valence band offset (AE,) are shown, highlighting the energy
barriers for electron and hole transport.

By carefully engineering the band offsets and selecting appropriate materials,
barrier structures can be designed to selectively enhance or block electron and hole
transport, enabling the suppression of specific dark current mechanisms.

4.1.1 Barrier structuves to reduce diffusion dark current

Figure 6 is the energy band diagram for a homojunction PIN and a heterojunction
PBIBN photodiodes at a small reverse bias (V;). In the PIN structure, the P region
represents the p-doped semiconductor, the I region is intrinsic (undoped), and the N
region is n-doped. Here, all the regions are photoactive and generate photo carriers. In
the PBIBN structure, the B region represents the barrier, which is p-doped on the P
side and n-doped on the N side and engineered with a bandgap larger than that of the
photoactive material [18]. The barrier material is not photoactive. This band diagram
simplified depiction, and actual band bending is more complex in a real device.

In homojunction PIN photodiodes under reverse bias, diffusion dark current arises
from the minority carriers in the P and N regions as discussed in Section 3.3. The
minority carriers (electrons) diffuse into the depletion region from the P region, while
the minority carriers (holes) diffuse into the depletion region from N region. These
diffusion currents are driven by the concentration gradients of the carriers. The
magnitude of these currents is exponentially related to the intrinsic carrier concen-
trations in the P and N regions (as given by Eq. (11)), which in turn depend on the
material’s bandgap. For silicon, with a bandgap of 1.12 eV, diffusion dark current is
low but becomes pronounced as the bandgap decreases for materials optimized for
infrared sensing.

Heterojunction PBIBN photodiodes are designed to suppress diffusion dark cur-
rent by introducing barrier regions with a higher bandgap than the photoactive mate-
rial [18, 19]. On the P side, the barrier creates a large conduction band offset that
blocks the diffusion of minority carriers (electrons) from the P region. At the same
time, the valence band offset is minimized to ensure that photogenerated holes in the
intrinsic region can flow freely toward the P side. High p-type doping in the barrier
mitigates any residual valence band offset, further ensuring efficient hole transport
while effectively blocking electron diffusion.

Similarly, on the N side, the barrier creates a large valence band offset that blocks
the diffusion of minority carriers (holes) from the N region. The conduction band
offset is minimized to allow photogenerated electrons in the intrinsic region to flow
freely toward the N side. High n-type doping in the barrier mitigates any residual
conduction band offset, ensuring efficient electron transport while effectively
blocking hole diffusion.

By carefully engineering the barriers on both sides with appropriate band offsets,
the PBIBN photodiode significantly reduces diffusion dark current without
compromising the transport efficiency of photogenerated carriers. For infrared appli-
cations using low-bandgap materials, the high diffusion dark current makes PBIBN
structures an ideal choice for reduced noise performance [20].
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Figure 6.
Non-equilibrium energy band diagram of PIN homojunction and PBIBN heterojunction photodiodes, illustrating
the flow of diffusion dark current.

4.1.2 Barrier structures to reduce generation-recombination dark curvent

Figure 7 illustrates the energy band diagrams of PIN homojunction and NBN
heterojunction photodiodes under a small reverse bias voltage. In the PIN structure,
all regions are photoactive, whereas, in the NBN structure, the B region serves as a
barrier with a larger bandgap than the photoactive material. In a PIN photodiode, the
active material’s bandgap is selected based on the target wavelength range, with
narrower bandgaps often used for infrared sensing. As discussed in Section 3.3, the G-
R dark current is susceptible to lower bandgap (due to high intrinsic carrier concen-
tration), and a depletion region with traps in the mid-bandgap that facilitate carrier
transitions from the valence band to the conduction band. All these conditions are
prominent in the narrow bandgap PIN structure. This issue becomes more pro-
nounced as the target wavelength shifts from VIS to MWIR.

In contrast, the NBN heterojunction photodiode significantly suppresses G-R dark
current by introducing a wide bandgap barrier in the B region, which occupies a
substantial portion of the depletion region [21]. The wide bandgap in the B region
reduces and minimizes the density of thermally generated carriers. Additionally, mid-
gap trap states in the B region are less likely to facilitate carrier transitions due to
the increased difficulty of thermal excitation across the larger bandgap. As a result,
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Figure 7.
Non-equilibrium energy band diagram of PIN homojunction and NBN barrier heterojunction photodiodes,
illustrating the flow of GR current.

the G-R current is considerably lower in the NBN structure compared to the PIN
photodiode.

A small portion of the depletion region in the NBN photodiode remains in the
narrow bandgap N region, contributing to G-R dark current. This can be minimized
by optimizing doping profiles and barrier thickness to confine the electric field and
potential drop primarily within the wide bandgap barrier.

By shifting much of the depletion region into the wide bandgap barrier with low
intrinsic carrier concentration, the impact of carrier transitions from the valance band
to the conduction band via the mid-gap trap states is minimized, suppressing the G-R
current and. By shifting much of the depletion region into the wide bandgap barrier
with low intrinsic carrier concentration, the impact of carrier transitions from the
valance band to the conduction band via the mid-gap trap states is minimized,
suppressing the G-R current. The suppression of the noise.

4.1.3 Barrier structures to reduce tunneling current davk current

Figure 8 illustrates the energy band diagrams of PIN homojunction and NBN
heterojunction photodiodes under a small reverse bias voltage, showing the flow of
trap-assisted tunneling (TAT) and band-to-band tunneling (BTB) dark currents.

In the PIN structure, the high electric field in the narrow bandgap I (intrinsic)
region facilitates both TAT and BTB tunneling, contributing significantly to dark
current. TAT occurs via mid-bandgap trap states, while BTB allows direct tunneling
from the valence to the conduction band, both exacerbated by the narrow bandgap
and strong field as discussed in Section 3.3 [22].

In the NBN structure, the wide bandgap barrier (B) region effectively blocks
tunneling currents. The increased bandgap heightens the energy separation, and the
thicker barrier elongates the tunneling path, reducing tunneling [21]. However, some
high fields remain in the photoactive N region, which can lead to residual tunneling
currents.
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Figure 8.
Non-equilibvium energy band diagram of PIN homojunction and NBN barrier heterojunction photodiodes,
illustrating the flow of TAT and BTB dark current.

Careful electrostatic design, such as optimizing doping profiles and barrier thick-
ness, minimizes the electric field in the photoactive region while confining it to the
barrier. This significantly reduces tunneling dark current, improving noise perfor-
mance.

4.1.4 Barrier structures to veduce surface current

Surface dark current arises from the thermally generated carriers at the semicon-
ductor surface due to surface defects as discussed in Section 3.3. These defects often
lead to an excess of electrons or holes at the surface, even in undoped semiconductors.
For n-type surfaces with a high density of surface electrons, this can contribute
significantly to surface dark current.

The NBN barrier structure effectively suppresses surface dark current with a wide
bandgap barrier [21]. This barrier creates an energy offset that prevents surface
electrons from entering the conduction band, thereby blocking their contribution to
dark current. As shown in Figure 9, the conduction band offset in the barrier region
acts as an electron-blocking layer, significantly reducing the flow of surface electrons
into the absorber region, reducing the noise.

4.2 Field engineering to suppress surface dark current

Field engineering refers to strategies designed to optimize the electric field distri-
bution within photodiodes to enhance the performance metrics. Though there are
several examples of field engineering [8, 14, 23-26], this section focuses on
suppressing surface dark current.

The surface dark current can be either reduced by increasing the surface resistance
(Ry,) through passivation materials, or by reducing the potential drop (or electric
field) at the surface, as given by Eq. (22). Field engineering strategies, such as
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Non-equilibrium energy band diagram of a NBN barrier heterojunction photodiode, illustrating the suppression of
surface dark current.
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employing a double mesa structure, are effective in suppressing surface dark current
by reducing the electric field at the surface [9-11, 20]. Photodiodes generally have
mesa structures, where the semiconductor is etched from the top p-region to the
bottom n-region during fabrication to create an isolated region for device operation
and to allow the placement of metal contacts on both sides. This etching process
creates surface dark current as discussed in Section 3.3.

Double mesa structures go a step further by introducing an additional etching step
to create a second, smaller mesa region within the device. This geometry confines the
depletion region away from the surface and reduces the availability of negative
charges in the P region near the surface that would otherwise image the positive
charges in the N region. As shown in Figure 10, the electric field in single mesa
photodiodes extends uniformly across the bulk and the surface due to the alignment of
charges in the P and N regions. This high surface field promotes the surface dark
current. In double mesa photodiodes, however, the absence of negative charges in the
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Figure 10.
Charge and field distributions of single and double mesa photodiodes [17].
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P region near the surface drastically reduces the electric field at the surface. This
lowers the potential drop at the surface lowering the surface dark current. In addition
to double mesa structures, it is also recommended to passivate the surface to reduce
any residue surface dark current [8].

5. Photodiodes in cameras for earth observation

Earth observation satellites use cameras operating across visible (VIS), short-wave
infrared (SWIR), and mid-wave infrared (MWIR) spectral ranges, each tailored to
specific applications. While cameras can be categorized into area scanners and line
scanners, earth observation satellites typically employ line scanners (push-broom
scanners) to take advantage of the relative motion between the satellite and the earth.
Line scanners use a one-dimensional sensor array to scan successive lines of the Earth’s
surface as the satellite moves. These lines are then combined to form a two-
dimensional image, making them highly efficient for generating large-scale maps with
minimal redundancy. The next sections focus is on the qualitative design of the
photodiodes in line scanner cameras for specific applications in VIS, SWIR, and
MWIR spectral ranges.

5.1 Photodiodes in VIS cameras for high-resolution imaging

VIS cameras (400-700 nm) play a vital role in earth observation for applications
such as urban mapping, infrastructure monitoring, and disaster response.

5.1.1 Material choice

For such applications, silicon is the ideal detector material due to its unique prop-
erties [27]:

i. QE: With a bandgap of 1.12 eV, silicon can effectively cover the entire visible
spectrum (400-700 nm), ensuring high QE across this range.

ii. Bandwidth: Silicon’s high carrier mobility contributes to increased
bandwidth, enabling fast charge transfer and better performance in
applications requiring high-speed imaging.

iii. Dark current: Over decades of technological advancements, silicon’s material
quality has been refined to minimize structural defects, significantly reducing
G-R and TAT dark currents, as discussed in Section 3.3. The surface dark
current is suppressed with a silicon dioxide or silicon nitride passivation layer,
which is already fine-tuned over generations. The BTB dark current is
minimized by increasing the depletion width, and the diffusion current
remains low at room temperature due to silicon’s relatively small intrinsic
carrier concentration (Eq. (21)).

These characteristics make silicon a high-performance photodetector material for
VIS cameras.
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5.1.2 Challenge

Achieving high-resolution imaging for t4.3hese applications is critical to capturing
fine surface details of the scene. However, high resolution often necessitates smaller
pixel sizes, which can negatively affect the SNR. The noise associated with smaller
pixels is predominantly influenced by surface dark current. However, decades of
advancements in silicon interface technology and the development of effective pas-
sivation materials have significantly mitigated this noise. The signal is affected as the
smaller pixels collect fewer photons. While increasing the telescope aperture or mod-
ifying other optical parameters can improve photon collection, these approaches are
often impractical due to their cost and complexity.

5.1.3 Electrostatic solution

Time delay integration (TDI) in line scanner cameras provides an effective alter-
native to achieve high resolution without significantly compromising SNR [28]. As the
satellite moves, the same scene passes through successive rows of pixels in the detec-
tor array. TDI cameras exploit this principle by synchronizing the motion of charge
carriers within the photodetector array with the relative motion of the scene. As the
scene shifts from one row of pixels to the next due to the satellite’s motion, the
generated charge in each pixel is electronically shifted to the corresponding pixel in
the next row, maintaining alignment with the scene. This synchronized charge trans-
fer ensures that photons collected over multiple exposures are combined into a single
signal. By integrating the charge collected in this manner, TDI significantly enhances
the signal strength, offsetting the limitations imposed by smaller pixels and improving
SNR [28].

TDI line scanners often employ charge-coupled devices (CCDs), which consist of
an array of simple P-N junction photodiodes made from silicon, with a silicon dioxide
layer on top serving as an insulator and gate structure, as shown in Figure 11 [29, 30].
When a reverse bias is applied through the gate, a depletion region is formed at the
P-N junction, that store photogenerated charge when a light is incident. By adjusting
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Figure 11.
CCDs array pixel structure.
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gate voltages in phases, the charge is shifted efficiently across the array, synchronizing
with the satellite’s motion. This ensures that the charge collected from the same scene
by successive rows in the array is integrated, effectively increasing the signal strength.

The number of rows in the array, or TDI stages, can be increased to achieve the
desired SNR while maintaining high resolution [30]. For an array with N rows, the
signal from the scene becomes N times the signal from one row as the contributions
from each row are added together. However, noise—primarily shot noise—also
increases, but only as the square root of N. This means that the SNR improves
proportionally to the square root of N, allowing for enhanced sensitivity without
compromising the resolution.

By leveraging the exceptional material properties of silicon and the electrostatic
engineering using the charge transfer mechanisms of TDI-enabled CCDs, VIS cameras
provide a robust solution for high-resolution imaging in earth observation, enabling
precise data collection for urban mapping, infrastructure monitoring, and disaster
response with superior signal-to-noise performance.

5.2 SWIR photodiodes in cameras for precision farming

Crop health monitoring and crop type differentiation are critical applications in
precision farming, enabling optimized resource allocation, early stress detection,
and efficient harvesting [1]. SWIR photodiodes in line scanner cameras are particu-
larly effective for these applications due to their ability to detect subtle changes
in reflectance in the SWIR spectrum. Reflectance, which represents the fraction of
light reflected off the vegetation canopy, directly influences the normalized light
intensity (irradiance) reaching the detector. These changes are especially
significant in the 1000-1700 nm range, where variations in leaf water content and
biochemical composition alter the spectral signature. In the SWIR spectral range,
the reflectance of sunlight off terrestrial objects dominates over their thermal emit-
tance, making reflectance-based imaging the primary mechanism for precision
farming.

To ensure accurate crop health monitoring and crop type differentiation, two key
metrics must be considered in the design of SWIR photodiodes:

i. Noise equivalent reflectance (NER): NER represents the smallest absolute
reflectance value that the sensor can detect above the noise floor, where the
signal-to-noise ratio (SNR) is equal to 1. It reflects the sensor’s ability to detect
low reflectance levels, such as faint signals from stressed vegetation or sparse
canopies.

ii. Noise equivalent differential reflectance (NEdR): NEdR measures the
smallest detectable difference in reflectance between two crop regions or time
points. This is crucial for distinguishing between healthy and stressed
vegetation or differentiating between various crop types based on their
unique reflectance signatures.

It is important to note that NER and NEdR depend on maintaining a high SNR
across the entire spectral range of interest (1000-1700 nm). High quantum efficiency
(QE) and low noise are essential for achieving this SNR, ensuring accurate detection
and differentiation in precision farming applications.

114



Electrostatics in Engineering Photodiodes for Earth Observation Cameras
DOI: http://dx.doi.org/10.5772/intechopen.1009104

5.2.1 Material choice

For SWIR applications, HgCdTe (MCT) and InGaAs are widely used. However,
MCT has several issues that include complex growth technique and lower yields,
susceptible to aging effects like defects, high dark current at room temperature and a
need for expensive cooling [31, 32]. On the other hand, InGaAs technology is more
matured, reliable, and does not require cooling at room temperature [25]. Its proper-
ties include:

i. QE: With a bandgap of 0.732 eV, silicon can effectively cover the entire
spectral range of interest (1000-1700 nm), ensuring high QE across this
range.

ii. Bandwidth: Thanks to its high mobility, the bandwidth is high.

iii. Dark current: Like silicon, InGaAs has benefited from decades of
technological advancements, leading to significant improvements in material
quality. These advancements have minimized structural defects, thereby
reducing G-R and TAT dark currents, as discussed in Section 3.3. The BTB
dark current is minimized by increasing the depletion width as discussed in
Section 3.3. The BTB tunneling threshold for the InGaAs is about 180 kV/cm
[33]. At operating voltage, the thickness of the depletion width can be
adjusted so the field drop is lower than the tunneling threshold.

5.2.2 Challenges

InGaAs has a high diffusion current as the intrinsic carrier concentration is high
because of a lower bandgap as shown in Eq. (11). In addition, the surface is conduc-
tive, leading to a high surface dark current.

5.2.3 Electrostatic solutions

The diffusion dark current can be suppressed using the PBIBN barrier architecture
discussed in Figure 6 of Section 4.1.1. Here, the barrier material can be InAlAs, with a
wide bandgap of 1.47 eV, lattice matched to the InGaAs [34]. The surface dark current
can be reduced by employing double mesa structures discussed in Figure 10 of Section
4.3. SU-8, Al,O3, SiO, or Si3N, can be used as passivation to further reduce the surface
dark current.

By combining high-performance materials like InGaAs with advanced electrostatic
engineering techniques, SWIR photodiodes in line scanners EO cameras provide a
powerful solution for precision farming, enabling accurate crop health monitoring and
differentiation, ultimately supporting sustainable agricultural practices.

5.3 MWIR photodiodes in cameras for environmental monitoring

MWIR cameras play a crucial role in environmental monitoring applications, such
as detecting greenhouse gases, thermal anomalies, and surface temperature variations
[2, 35, 36]. These applications often require sensors capable of accurately detecting
and distinguishing temperature differences within the 3-5.5 pm range, corresponding
to the thermal emission of many atmospheric gases and surface heat patterns. In the
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MWIR spectral range, the thermal emittance off the terrestrial objects dominates over
the reflectance of sunlight, making thermal emittance-based imaging the primary
mechanism for environmental monitoring.

To ensure accurate temperature-based measurements, two key performance met-
rics must be considered when designing MWIR photodiodes:

i. Noise equivalent temperature (NET): NET represents the smallest absolute
temperature difference the sensor can resolve above the noise floor, where
the signal-to-noise ratio (SNR) equals 1. This metric reflects the photodiode’s
sensitivity to weak thermal signals, such as those emitted by low-
concentration greenhouse gases or faint thermal variations in the
environment. A lower NET helps detect the lowest thermal signatures.

ii. Noise equivalent differential temperature (NEdT): NEAT measures the
smallest detectable temperature difference between two regions or time
points. This is crucial for environmental monitoring tasks such as identifying
localized thermal anomalies, tracking changes in surface temperature over
time, or detecting small variations in the thermal emission of greenhouse
gases. A low NEdT ensures that the sensor can differentiate between minor
temperature gradients effectively.

Both NET and NEJT are directly tied to the SNR of the photodiode, and it is
important to have a high SNR across the entire spectral range of interest (3-5.5 pm).

5.3.1 Material choice

For MWIR applications, MCT is considered a high-performance photodiode.
However, the need for cryogenic cooling at MWIR spectral range, and a lower yield
are reducing its cost-effectiveness. InGaAs/InAsSb superlattice (SL) is one of the
recommended detector materials [37]. It only requires thermoelectric colling as
opposed to complex cryogenic cooling of MCTs and has a better yield. The InGaAs/
InAsSb SL properties include [37]:

i. QE: With a bandgap of 0.215 eV, the InGaAs/InAsSb can effectively cover the
entire MWIR range of interest, ensuring high QE across the range.

ii. Bandwidth: Thanks to its high mobility, the bandwidth is high.

iii. Dark current: Though the dark current noise is high for InGaAs/InAsSb SL,
barrier structures with AlGaAsSb can be used to suppress it.

5.3.2 Challenges

Al TII-V based MWIR photodetectors including InGaAs/InAsSb SL, suffer from a
high dark current at room temperature.

5.3.3 Electrostatic solutions

All dark current mechanisms in the InGaAs/InAsSb superlattice (SL) can be effec-
tively suppressed using an NBN barrier structure, as discussed in Section 4.1. The

116



Electrostatics in Engineering Photodiodes for Earth Observation Cameras
DOI: http://dx.doi.org/10.5772/intechopen.1009104

barrier material can be the lattice matched wide bandgap AlGaAsSb. G-R dark current
is suppressed by confining most of the depletion region within the wide bandgap
barrier, as illustrated in Figure 7. BTB and TAT are blocked by the high tunneling
threshold of the AlGaAsSb barrier, as shown in Figure 8. The barrier’s tunneling
threshold is 600 kV/cm, effectively preventing tunneling currents [38]. Surface dark
current is minimized by blocking the n-type surface carriers with the barrier, as
discussed in Figure 9.

For efficient carrier transport, the valence band offset between the barrier and the
InGaAs/InAsSb SL layer must be minimal. The 0-eV band offset between the InGaAs/
InAsSb SL and the AlGaAsSb, ensures unhindered movement of photogenerated holes
from the active layer to the P-side contact, improving the QE [28].

By leveraging the high-performance InGaAs/InAsSb superlattice material and
electrostatic engineering techniques, MWIR photodiodes in line scanner EO cameras
offer a robust solution for environmental monitoring, enabling precise detection of
greenhouse gases, thermal anomalies, and surface temperature variations, ultimately
contributing to more effective environmental management and sustainability efforts.

6. Conclusions

The integration of advanced electrostatic engineering principles with innovative
materials has revolutionized the design of photodiodes for earth observation applica-
tions. By tailoring photodetectors to specific spectral ranges, from VIS to SWIR to
MWIR, the diverse demands of urban monitoring, precision farming, and environ-
mental monitoring are met. The are met. The strategic use of several electrostatic
engineering techniques like the time delay integration, the barrier structures, and the
field engineering, optimizes quantum efficiency, minimizes dark currents, and
enhances signal-to-noise ratios (SNR) can be optimized across all applications.
Through the strategic use of several electrostatic engineering techniques like the time
delay integration, the barrier structures, and the field engineering, optimizes quantum
efficiency, minimizes dark currents, and enhances signal-to-noise ratios (SNR) can be
optimized across all applications.

These developments underscore the importance of material selection, such as
silicon, InGaAs, and InGaAs/InAsSb superlattices, and highlight the role of electro-
static solutions in addressing challenges like high dark current and low SNR. Collec-
tively, these innovations provide the foundation for sustainable and effective earth
observation technologies, enabling precision, efficiency, and long-term impact in
critical global applications.
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Chapter 6

Functional Perspectives of
Endogenous Electric Fields in
Humans and Rodents: A Viewpoint
on Ephaptic Physiology

Toshikazu Shinba

Abstract

The present chapter summarizes the functional perspectives of endogenous
static and extremely low-frequency electric fields generated in the body of humans
and rodents and discusses the possibility of ephaptic interaction. The electric field
recorded on the head surface (electroencephalogram) exhibits pV-range amplitude,
which is not significantly affected by the brain size. The surface potential is small,
but the electric field inside the brain is regionally localized and exhibits an intensity
of around 1 V/m. Electric fields with a similar intensity are present in the muscle and
skin. These observations suggest that the endogenous electric field shows complex
patterns of distribution inside the body. Furthermore, endogenous electric field pro-
files are influenced by externally applied electric field. Event-related field potentials
in the human and rat brain are altered by concomitant static electric field treatment,
and externally applied extremely low-frequency electric field induces an increase in
electroencephalogram power. These findings would support the presence of ephap-
tic interaction, which may be related to the modulation of physiological function.
Although further research is necessary, an endogenous electric field can serve asa
form of interactive information to integrate physiological activities.

Keywords: endogenous electric field, exogenous electric field, electroencephalogram,
local electric field, static electric field, extremely low electric field, ephaptic interaction

1. Introduction

The electric field is generated in the space by substances that are electrically
charged and are ubiquitously present on the earth. Externally, both natural and
artificial conditions create static and extremely low-frequency electric fields, in
addition to higher-frequency electromagnetic fields. Electric and electromagnetic
fields of various frequencies affect biological functions differently depending on their
frequency ranges [1-4].
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Electric fields are also generated endogenously in various parts of the body in
the humans and animals including their central and peripheral structures. They
are recorded as electroencephalogram (EEG), electrocardiogram (ECG), electro-
myogram (EMG), skin potential, etc., and are used to understand the functions
and dysfunctions of the individual organs. Although these electric fields have been
studied and utilized clinically for diagnostic and pathophysiological assessments [5],
they are mostly considered as epiphenomena.

Electric fields are generated by various structures containing cells producing
transmembrane potentials and spatial potential gradients, but are not considered
to convey information affecting the functions of the structures or integrating
them. Conventionally, the information inside the body is transferred through
nerve fibers, chemical synapses, electrical gap junctions, hormones, and other
molecules [6]. In addition to these well-studied components of information
processing, electric field has been presented as a candidate for a new type of
information to be utilized for prompt cell-to-cell and organ-to-organ interaction
and integration, and is called ephaptic coupling [7, 8]. In this theory, the electric
field is not an epiphenomenon but is functionally active, containing significant
information.

The exact nature of ephaptic coupling is not well clarified. Arguments against
ephaptic coupling are based on the low intensity of electric fields. The present chapter
describes the data that the electric fields recorded in humans and rodents are large
enough to be functionally meaningful, supporting the ephaptic interaction and
integration. Discussion includes the surface vs. local electric field and the relation
between externally-applied and endogenous electric fields. The data on both static
and extremely low-frequency electric fields are presented.

2. Electric fields in the brain
2.1 Amplitude of electroencephalogram (EEG) and brain size

EEG is an endogenous extremely low-frequency electric field generated endog-
enously in the brain, and is recorded between two electrodes placed at different sites
on the head. Clinically, the ear lobe is often used as the indifferent site. The electrode
on the head detects the electric field at that site and the difference between two
electrodes is calculated as EEG.

In psychophysiological studies, various EEG parameters are used for assessing
brain functions and psychological states, and for evaluation of neuropsychiatric
disorders including epilepsy, depression, schizophrenia, and dementia [5]. EEG is
essential for the diagnosis of epilepsy showing characteristic EEG waveforms includ-
ing spiky wave of several millisecond duration. Spontaneous fluctuation with the
frequency ranging from DC to 30 Hz is also used to evaluate the level of arousal [9]
and is employed to analyze the symptoms of dementia and delirium.

Figure 1 shows three types of EEG in normal, demented, and delirious human
subjects when they are sitting on a chair with their eyes closed. In both normal and
demented subjects, basic wave rhythm is present with the amplitude of pV-order. The
wave frequency in this demented subject is 6 Hz and is slower than that in the normal
subject (8 Hz). This delirious subject shows EEG fluctuation of lower voltage with-
out clear rhythm formation. Demented subjects exhibit cognitive disturbances and
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Figure 1.

Electroencephalogram (EEG) of normal, dementia, and delirium states in human subjects with the eyes closed
and of normal awake state in a behaving rat. EEG was vecorded using an Ag/AgCl electrode at the parietal area
with the reference electrode set on the eal lobe in the human subjects and on the cevebellum surface in the rat.

delirious subjects show confusion with a lowered arousal level. EEG is thus related to
changes in psychophysiological processes but exhibits small amplitude at the human
head surface, being considered an epiphenomenon.

Figure 1 also shows EEG measured on the cortex in a normal awake rat. The
frequency and the amplitude of the basic wave are 6 Hz and 200 pV in this record-
ing. The frequency is lower than and the amplitude is larger than the normal human
recording (8 Hz, 50 pV). The lower frequency in rat may be due to its generation
mainly in the hippocampus, which is situated near the rat brain surface. Human hip-
pocampus is situated in the deeper parts of the brain and the generated field potential
is not readily detected from the surface.

Figure 2 shows the contingent negative variation (CNV) measured at the pari-
etal area of the head in a normal human subject. CNV is an endogenous static field
recorded on the brain surface during a sustained psychological condition, including
attention, preparation, and expectation [10]. CNV is obtained during a delay period,
and neuronal correlates are found in the cortex, including frontal and sensory
cortices [11, 12]. In Figure 2, CNV at the parietal area of the head in a human subject
is observed during a Go/NoGo task in which the subject is required to wait for 3 s in
response to a Go sign on a display and to press a button as quickly as possible when the
imperative sign is turned up. The amplitude of CNV is sustained at 15-20 pV in this
subject following the initial event-related potentials, P1 and P3. No negative shift is
observed in response to the NoGo sign. It is interesting to see that P1 and P3 compo-
nents of event-related potentials are clearly present for the NoGo sign, indicating that
the neural processes after the Go and NoGo signs are equal until this point of field
potential generation.

Figure 3 exhibits CNV recorded in a mouse trained for a discriminative con-
ditioning paradigm using two tones with a delay [12]. Foot electrical stimulation
is used as an unconditioned stimulus. CNV appears during the delay period only
after the tone stimulation paired with foot stimulation from the third day of train-
ing. The amplitude is about 100 pV, and CNV is sustained until the foot stimulation
is delivered.
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Parietal Contingent Negative Variation in a Human Subject
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Figure 2.

Contingent negative variation (CNV) at the parietal avea of the head in a human subject performing a warned
Go/NoGo discrimination task with 3 s delay interval. The subject sitting on a chaiy, in response to the Go sign on
the computer display, waits for 3 s (yellow hovizontal line) and presses the button as quickly as possible when the
imperative sign turns up on the display. In response to the NoGo sign, no response is required. Presentation of Go
sign is followed by a sustained potential change of negative 15-20 uV (CNV). On the other hand, the No Go sign is
followed by a static field potential change of around positive 5 uV. Go and NoGo signs are presented randomly and
EEG is averaged 22 times for Go, and 10 times for NoGo signs in this recording. The average reaction time in this
experiment is 367.2 ms. The filled triangle (a) and filled circle (¢) indicate P1 and P3 components of event-related
potentials.
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Figure 3.

Degvelopment of contingent negative variation (CNV) at the parietal region of a mouse in the training course

to condition an auditory stimulation (e) to foot stimulation (). Another auditory stimulation of different
frequency (s) is not followed by foot stimulation. Note that a negative shift of around 100 uV amplitude appears
on day 3 of the training course.

Figure 4 shows a DC recording of EEG fluctuation at the frontal cortex ina
behaving rat [13]. DC potential decreases when the rat is awake showing increased
electromyogram (EMG) and decreased theta wave of EEG. The opposite profiles are
observed when the arousal level is low. The amplitude of the DC potential fluctuation
isaround 2 mV.

These examples shown in Figures 1-4 introduce the static and extremely low-
frequency electric field on the head in humans and rodents recorded in various condi-
tions and indicate that EEG amplitude in rats and mice is relatively large considering
the small size of their brain (0.4-2 g) in comparison with the human brain weight
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Figure 4.

Frontal DC potential recording in a vat showing an ultradian fluctuation. The DC potential becomes negative ()
when the amplitude of EMG increases and the amount of delta wave (delta %) decreases, indicating behavioral
activation and an elevation of arousal. (modified from Shinba, 2009 [13]).

(1300-1400 g). Despite the size of the brain in rats and mice being about 1/1000 of
that in humans, the generated electric field is the same or even larger than that in
human. Taking the effects of skin impedance of the head in the human recording for
consideration, the amplitude of the electric field is larger than expected from the size
of the brain. This discrepancy between the brain size and the generated field potential
amplitude may indicate that EEG recorded on the head represents the neural activ-
ity of discrete regions inside the brain, such as a certain part of the cortical layers.
Localization of EEG generation can possibly lead to an estimation of electric field
intensity larger than that assumed from the surface amplitude.

2.2 Localized electric field generation in the brain

The above discussion regarding the brain size suggests that the generation of
surface EEG in the brain may be localized and can have an amplitude large enough
to be functionally effective to influence the activity of the brain. The local electric
field inside the brain is recorded with depth electrodes in clinical treatments in
humans and in experimental research in animals to investigate electrical activity
in relation to brain function [14]. It has been indicated that surface EEG mostly
originates from local electric fields generated in the cortical layer structures pro-
ducing dipole distribution with current sources and sinks [15]. Depending on the
distribution of pyramidal neurons and interneurons in the layers of the cerebral
cortex as well as on the dendritic configuration and inter-neuronal connections,
various patterns of electric fields can be generated inside the cortex with current
sources and sinks.

Figure 5 shows the electric field distribution in the auditory cortex of rats in
response to tone stimulation [16]. In the anesthetized rat, tone stimulation initiates
evoked responses in the auditory area of the temporal cortex with a peak latency of
around 30 ms. The distribution of evoked potential is well localized in an area of
the cortex (Figure 5, upper part). Surrounding the area showing the high evoked
potential are the areas with less conspicuous potential. Under the areas with high
surface evoked potential and with low surface evoked potential, different electric
field profiles of auditory evoked potentials are observed in response to tone stimula-
tion (Figure 5, lower part). Phase reversal of the fields indicates the site of potential
generation inside the temporal cortex with a depth of 150-300 pm from the surface.
When 150 pV potential is assumed to be generated between the layer interval of
150 pm, the electric field will be 1 V/m.

127



Electrostatics — Fundamentals and Modern Applications

Surface Recording of Auditory Evoked Potentials
on the Temporal Cortex (1 mm Apart) in a Rat
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Figures.

Upper part: Topographical profiles of auditory evoked potential to tone stimulation (vertical bar) on the
temporal cortex of an anesthetized rat. The recording sites ave separated by 1 mm. Lower part: Depth vecordings of
auditory evoked responses to tone stimulation in the temporal cortex. The recovding sites are separated by 150 pm.
The left series of recordings are underneath the area showing a small surface potential (A). The right series are
under the area showing a large surface potential (¢) (modified from Shinba et al., 1992 [16]).

The relations between the surface electric field, neuronal firing, and local elec-
tric field at the site of neuronal firing are presented in Figure 6. Clear relations are
observed between the neuronal firings and electric field profiles with phase reversal
at the site of neuronal firing. It is indicated that the temporal profile of endogenous
electric field is closely related to the local neuronal activity. It is of interest to examine
if the intensity of the electric field in the cortex around 1 V/m, intimately related
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Auditory Evoked Response (AEP) on the Brain Surface, Unit Firing in
the Cortex, and AEP at the Unit Firing Recording Site (Depth)
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Figure 6.

Relation of surface auditory evoked potential (Surface), peri-stimulus time histogram of auditory evoked
neuronal fiving (Unit Histogram,), and auditory evoked potential at the recording site of neuronal fiving (Depth)
(modified from Shinba et al., 1992 [16]).

to the evoked neuronal firing where the electric field is produced, is high enough to
influence neuronal activities at other brain regions.

3. Effects of electric field on neural activity
3.1 Single-cell and slice preparation

At the single-cell level, previous research has reported that the application of an
electric field of 0.1 mV/100 pm (1 V/m) influences the depolarization of cultured
nerve cells [17]. The electric field of this intensity changes the transmembrane poten-
tial of a cell, leading to the facilitation or inhibition of the cell activities. In the studies
using slice preparation of the nerve cells, electric field application of similar intensity
is also known to entrain the electrical activities of the cells [18, 19]. The electric field
of about 1 V/m in cultured cells and in slice preparation may serve to modify neuronal
activities.

3.2 Electrical stimulation in the brain

In the in vivo experimental conditions, electrical stimulation in the brain is
frequently employed to activate a discrete part of the brain to examine the effects of
activation. It is known that electrical stimulation of a certain intensity can induce
electric fields and depolarize neurons or neuronal fibers, altering the activities of
target structures. The target activities include neuronal firing, release of transmitters
and other substances, and movement of muscles and behavioral responses.

Figure 7 shows an example of an electrical stimulation method, which is fre-
quently used in animal experiments. The distance between two electrode tips as well
as the amount of current passed through the electrodes are different depending on
the experimental settings. The parameters in Figure 7 are employed in our previous
study [10] to stimulate and depolarize the medial forebrain bundle in the rat brain
to activate the reward system to study expectation. The effectiveness of the electri-
cal stimulation with the employed intensity is proved by the appearance of the EEG
waveform related to expectation. When the electrical resistivity of the brain tissue is
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Schematic Diagram of Electrical Stimulation
Used in Animal Experiments
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Figure7.

A sgchematic diagram of electrical stimulation using paired electrodes with their tips separated by 1 mm. 100 A
current with 10 ms duration from one end of the electrode to the other end, 20 times with the inter-stimulus
interval of 20 ms, can depolarize neuronal fibers in the vat brain [10]. When the resistivity is assumed to be 300
Ohm x cm [20], the resistance of the cubic tissue with one side being 1 mm is 3000 Ohm. The generated potential
will be 300 mV between 1 mm distance. Then the electric field intensity is 300 V/m.

assumed as 300 Ohm x cm [20], the 100 pA current flow through the 1 mm x 1 mm
plane with a distance of 1 mm will generate 300 V/m (Figure 7).

3.3 DC and AC stimulation to the brain

Clinically, electric field application on the body surface, such as direct current
(DC) and alternating current (AC) stimulation, has been utilized for therapeutic
purposes in humans. In the case of DC stimulation, 1-2 mA current is passed between
two areas of the head for several minutes to modify the brain activity, although the
underlying mechanisms are not fully clarified.

Figure 8 presents an example of DC stimulation (static electric field treatment)
on EEG (endogenous electric field). This experimental setting can evaluate the effect
of the externally applied static field to the brain on the waveform of endogenously
generated event-related potential in the brain. The paradigm is the same as presented

Contingent Negative Variation (CNV) during
Continuous Direct Current (DC) Stimulation (1 mA)
in a Human Subject Performing a Go/NoGo Task
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Figure 8.

Effects of DC electric field treatment between the frontal and occipital areas of the head on the contingent
negative variation (CNV) in a human subject performing a Go/NoGo task. A filled circle (*) indicates the initial
evoked potential. Continuous 1 mA DC treatment produces an increase in CNV amplitude. When the distance
between the frontal and occipital electrodes is assumed to be 10 cm and the resistivity of the brain tissue is 300
Ohm x cm [20], then the electric field intensity between two sides of the 10 x 10 x 10 cm cube, estimating the brain
size, will be 30 mV/10 cm (300 mV/m).
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in the 2.1 subsection. The generated CNV waveform is found to be modulated under
the background static electric field application. CNV amplitude increases during
continuous DC stimulation under these experimental settings (Figure 8).

Similar effects are observed for the auditory evoked potential on the cortical
surface during continuous static field application in an awake rat (Figure 9). The
amplitude of the positive peak (upward triangle in Figure 9) decreases and that of
the negative peak (reversed triangle in Figure 9) increases during DC application. It
is interesting to note that the difference between the two peaks is not altered by the
static field.

The applied electric fields used in these two observations are lower than that con-
ventionally employed as electrical stimulation introduced above in Figure 7. It may
be suggested that the applied electric fields do not depolarize neurons to transmit the
signals through synapses to other brain regions to produce modification of endog-
enous waves, but would alter the brain activity through ephaptic coupling. Further
research is necessary to find the mechanisms underlying the observations.

3.4 Exogenously treated noninvasive electric field and EEG

Exogenous electric field surrounding the body, inducing internal electric field
also has effects on internal activities. The intensity of the internally generated electric
field is low due to the cage effect of the body. Figure 10 shows that the 1 min exog-
enously applied 50-Hz 30-kV electric field between the electrodes, one above the
head and the other underneath the feet, induces the internal electric field of less than
1 V/m inside the body, and concomitant changes in the EEG power are generated [21,
22]. Anincrease of the theta (4-7 Hz) EEG power suggests an increased relaxation
of the subject. The mechanism underlying this finding is not clear but may involve a
direct effect of exogenously-generated internal electric field on the brain endogenous
electric field or an indirect effect through other structures. The exogenous and endog-
enous interaction would be an interesting target of research to understand the electric
profiles of the human nervous system.

Effects on the skin can be the candidate for the mechanism of action [23].
Extremely low-frequency electric field causes vibration of skin and hair causing
dilatation of blood vessels and increase of blood flow. The information of cutaneous

Anuditory Evoked Response in an Awake Rat
during Direct Current (DC) Stimulation (250 pA)
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Effects of DC electric field treatment between the frontal and the cevebellum on the auditory evoked potential at
the parietal vegion in an awake vat ({ tone stimulation). Continuous 250 uA DC current produces alteration

of the waveform of the auditory evoked potential (a positive peak, v negative peak). During DC stimulation,

the negative peak of the waveform increases its amplitude, and the positive peak decreases it. When the distance
between the frontal and cerebellum electrodes is assumed as 1 cm and the vesistivity of the brain tissue as 300 Ohm
x cm [20], then the electric field intensity between two sides of the 1 x 1 x 1 cm cube will be 75 mV/em (7.5 V/m).
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Figure 10.

Exgternally applied extremely low-frequency electric field treatment for 1 min (30 kV, 50 Hz) produces an internal
electric field of 5—270 mV/m in the body when calculated by dosimetry using a phantom, which is associated

with EEG theta power increment in the human subjects during both eyes open and closed states. Alpha power

is significantly greater during the eyes-closed state. The data connected by a line show statistically significant
difference (modified from Shinba et al. [21, 22]).

changes is sent to the brain by afferent nerves to produce modification of psycho-
physiological state. The skin itself generates an electric field as described below, which
may be affected by the exogenous electric field. Internally generated electric field

may also alter hormonal activities, leading to alteration of arousal reflected in EEG
changes. Harakawa and colleagues [24] have reported the effects of electric fields on
endocrinological system related to stress. Various structures in the body can interact
with exogenously generated electric fields, producing the changes in endogenous
electric fields.

Interaction with the naturally and artificially generated exogenous electric field is
also necessary to be considered to assess the effects on the endogenous electric field.
The frequency of the electric field outside the body is not only in the range of static
and extremely low state but includes the higher ranges, such as mega-, tera-, and up to
exa-hertz. In the higher frequency ranges, magnetic fields are concomitantly gener-
ated together with electric fields, producing complex effects on human and animal
biological functions [1-4]. It is necessary to examine the magnetic field effects when
considering the exogenously-generated internal electric field.

4, Electric fields in the muscles and skin
4.1 Muscle potential

The membrane potential of muscle fibers is altered to initiate muscle contraction.
When the muscle fibers are depolarized, their transmembrane potential, which is
more than 50 mV, is reduced by the influx of calcium ions. This triggers the structural
changes of muscle fibers including myosin and actin causing muscle contraction.
Electrical energy stored as transmembrane potential is transformed into mechani-
cal energy. At the same time, electric fields are generated in the muscle structure.
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The profiles of electric fields are different depending on the muscles, including the
skeletal, heart, and gastrointestinal muscles, but all produce mV-order field potential
when measured at the muscle surface or on the body surface [25].

The heart produces an electric field which is recorded as an ECG on the chest. The
R wave corresponds to the initiation of ventricular muscle depolarization from the
inner to the outer layer of the muscle wall. The amplitude of the R wave is around
1 mV and the electric field will be 50 mV/m when the wall is 2-cm thick [26].

Skeletal muscle also produces a surface potential of around 1 mV. When the poten-
tial is assumed to be generated between the two sides of the muscle with the distance
assumed to be 1 cm, the electric field will be around 100 mV/m.

The stomach muscle generates electric field which is recorded as an electrogas-
trogram on the abdominal skin surface [25]. The fields are related to the movement
of the stomach. The peristaltic movement frequency viewed by electrogastrogram is
around 3 times per min and the field amplitude increases after the meal. The recorded
potential is 10-30 mV and corresponds to 2-6 V/m when the stomach wall is 5-mm
thick.

4.2 Skin potential

Skin potential is an important component of electric field endogenously generated
in the body. Its amplitude is around 30 mV when recorded on the scalp [27], and more
than 10 mV when recorded between the finger and the arm [28]. It also fluctuates
depending on the behavioral state. When the thickness of the skin is assumed to be
2 mm, the electric field intensity is 5-15 V/m. The function of cutaneous electric field
is related to cell migration and wound healing [29]. The generation mechanisms of
skin potential may include the membrane potential at eccrine sweat glands but are not
thoroughly clarified.

Effects of exogenously applied electric fields on various internal organs may
involve the changes in skin potential. Skin potential would be important in consider-
ing the role of skin as the cage and capacitance for an exogeneous electric field. By
passing some current through the skin, the induced current on the inner side of the
skin is reduced. As the capacitance, the dielectric polarization also reduces the electric
field generated internally. Skin is not a highly conductive material nor a full insulator.
Conductivity also changes depending on the physical conditions such as sweating or
humidity. Modifications of skin conditions may control the effects of the exogenous
electric field on the endogenous electric field.

4.3 Electric field modulation by physical changes

Modulation of endogenous electric fields can also occur in response to various
physical changes in the body, including gastrointestinal peristatic movements and
pressure changes caused by heartbeats. Gastrointestinal movements are continuous
and should produce complex changes in electric fields. The functional significance
of these changes has not been fully studied, and the electric field rhythm can be a
marker for integrated gastrointestinal activity.

As for the cardiac movement, each heartbeat pumps out about 70 mL of blood
from the ventricle to the peripheral structures, causing pressure in the peripheral
tissue. Because the impedance of blood is low in comparison with other tissues,
rhythmic changes of arterial blood volume can influence the endogenous electric field
intensity.
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Movements of skeletal muscle and skin accompanying body movement also
change the endogenous electric field structure. Future studies are necessary to
examine the functional significance of electric field changes related to muscle and
skin movements.

5. A viewpoint on ephaptic physiology

The data presented above indicate that in the body including the brain of humans
and animals, static and extremely low-frequency endogenous electric fields are
generated with the intensity high enough to influence neuronal activities, enabling
ephaptic interaction. On the human head surface, the amplitude of electric field is
at pV-order and electric field appears to have little functional significance. However,
the amplitude of EEG on the skull surface is not dependent on the brain size, and
when viewed inside the brain of rodents, the potential is localized in particular areas,
including the upper layer of the cortex, showing around 1 mV difference between
the distance of 1 mm. The electric field of about 1 V/m is generated locally inside the
brain. An electric field intensity of 1 V/m is not too weak to be functional. Single-cell
and slice studies indicate that electric field of this intensity can act on the excitability
of neurons. Entrainment of activity by electric field of around 1 V/m is also observed
in the neural network system [7, 8].

The presence of ephaptic interaction is also supported by the data showing an
effect of externally applied static electric field on endogenously generated EEG.
Enhancement of EEG power by externally applied extremely low-frequency electric
field can also be viewed as ephaptic coupling [21, 22]. The present chapter has mostly
discussed the functional perspectives of electric fields in the brain, but also has
referred to the electric fields in the muscle and skin structures. The intensity of the
electric field in the muscle and skin is comparable to that in the brain and may have
the potential to serve as functional information.

The data reviewed above in this chapter support the hypothesis that electric fields
could operate in the body of living organisms including human beings to function-
ally communicate with diversely situated structures and to integrate the activities.
Figure 11 can be the example of ephaptic interaction in the brain. It is shown that the
EEG with the frequency of delta to theta range (0.5-7 Hz, AC in Figure 11) changes
its amplitude in parallel with the slower EEG wave with the frequency of about
0.02 Hz (DC in Figure 11). Two types of electric fields with different frequencies are

Simultaneous Recording of AC and DC EEG
at the Frontal Cortex of Awakc Rat
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Figure 11.
Both AC and DC EEG are simultaneously recovded from the same electrode on the frontal cortex of an awake rat.
Note that a large AC fluctuation is accompanied by positive shift in static electric field.
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interrelated, suggesting the possibility of ephaptic coupling, although future studies
are necessary to validate this interpretation.

It has been discussed that endogenously generated electric field is not an epiphe-
nomenon. The endogenous electric field is around 1 V/m at various sites of the body
in humans and rodents, and the intensity can be large enough to play physiological
roles. Nerve conduction and synaptic transmission may be too slow for crediting
the organic integrity or consciousness. The coherent activity of brain and periph-
eral structures could be possible through ephaptic interaction. In addition to the
conventional mode of information based on the neuronal activation and synaptic
transmission, non-synaptic transmission of information through electric fields may
play a significant role. Ephaptic physiology will be an important area of research to
understand the nature of integrative processes.
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Chapter 7

Modeling and Optimal Design
Strategies for Wire-Plate ESP

Mohamed Badran and Abdallah Alkhaiyat

Abstract

This chapter focuses specifically on wire-plate-type electrostatic precipitators
(ESPs), detailing their fundamental operation principles and the role of electrostatic
forces in particle collection. It also outlines the key mathematical models used to
simulate ESPs, providing insights into the interactions between electric fields, airflow,
and particle dynamics. Furthermore, the chapter investigates the impact of geometric
variations—such as electrode spacing, plate length, and channel height—on wire-plate
ESP efficacy by utilizing finite element analysis. The findings indicate that optimizing
these geometric parameters can substantially enhance collection efficiency, reduce
operational costs, and mitigate potential particle re-entrainment. In an industrial
context, several key parameters must be considered to maximize the efficiency and
cost-effectiveness of the ESP. Factors such as power consumption, inlet flow velocity,
specific collection area, plate-to-plate distance, and corona power ratio influence the
overall performance of the system. The chapter concludes with practical design and
optimization guidelines, demonstrating that an optimal balance between high collec-
tion efficiency and low energy usage can be achieved, thereby enhancing the envi-
ronmental and economic performance of wire-plate ESPs.

Keywords: electrostatic precipitators, wire-plate, particulate emissions control,
electrostatic forces, particle collection, mathematical modeling, simulation, finite
element analysis, design optimization, energy consumption

1. Introduction

Particulate emission control technologies are essential for preserving environmen-
tal quality and public health [1-3]. These technologies are engineered to capture
particulate matter (PM) before they are released into the atmosphere from industrial
processes. Electrostatic precipitators (ESPs) are air pollution control devices that
utilize electrostatic forces to remove PM from gas streams [4]. They are widely used
for cleaning exhaust gases in industrial settings, primarily due to their efficiency in
capturing a broad spectrum of particles ranging from 0.01 to 10 pm with high effi-
ciency [5-7]. This capability has been particularly significant in recent years, as envi-
ronmental regulations on atmospheric particle emissions have become increasingly
stringent [8, 9]. By minimizing PM emissions, ESPs contribute to cleaner air and the
mitigation of respiratory diseases [4].
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ESPs remove particulate matter from flue gas by using an electrical field that
ionizes the particles, followed by their transport and collection [10]. Although the
concept behind ESPs is well-established [11], their application remains crucial in
modern pollution control. In this section, different classifications of ESPs are covered,
followed by an introduction to the working principles of ESPs.

1.1 ESP classification

Electrostatic precipitators can be categorized based on different criteria including
the number of stages, or the collection plate configuration [2]. This section presents an
overview of ESP design, and how different configurations are classified.

1.1.1 Classification based on the collecting electrode design

The arrangement of collecting electrodes can differ significantly between various
electrostatic precipitators. The wire-plate type configuration, depicted in Figure 1
[12], features parallel collection plates that surround the emitting electrodes. These
electrodes, which are also called discharge electrodes, are responsible for generating
the corona discharge. In this configuration, the emitting wire radius is denoted as ry,
and the spacing between adjacent wires is denoted as S. The plate-to-plate distance
and the width of the collection plate are given by d and W, respectively.

The wire-plate design is well-suited for large volumes of flue gas, as it allows for
multiple parallel flow lanes, with each lane passing the discharge wires in sequence as
the gas flows through the ESP [13, 14].

Transverse plate ESPs, such as the one illustrated in Figure 2a [12], are another
type that uses parallel collecting plates. However, in transverse plate ESPs, these plates
are arranged perpendicular to the airflow and are evenly spaced at a distance d. The
primary advantage of this design is that the transverse arrangement enhances the
momentum of ions significantly, enabling them to overcome the electric field more
effectively and thus improving particle transport [15], as the charged particles are
more effectively directed toward the collection plates, and subsequently increasing
the overall collection efficiency of the ESP. L, here is the length of the collection plate.
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Figure 1.
Schematic of a single-channel wire-plate ESP [12].
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Figure 2.
ESPs with different electrode configurations: (a) transverse plate type; (b) wire-cylinder type [12].

Another type is the wire-cylinder type ESP, also known as the tubular ESP. The
main dimensions, shown in Figure 2b [12], are the cylindrical collection plate radius,
R, and the emitting electrode length. A cylindrical tube serves as the collection plate in
this design, with emitting electrode(s) placed at its center. The flue gas enters from
one end of the vertical cylinder and flows along the direction of the cylindrical tube,
perpendicular to the cross-section depicted in Figure 2b [12]. The collected particles
then settle at the bottom of the tube. The performance of wire-cylinder ESPs depends
on factors like the radius, R, of the collection plate, the length of the emitting elec-
trodes, and the gas flow rate. This configuration is effective in removing PM in limited
spaces where high dust loads are encountered.

1.1.2 Classification based on the number of stages

A stage in the context of ESPs refers to a distinct phase in the particle removal
process. In a single-stage ESP, both the ionization (charging) of particles and their
collection occur within the same section [10]. Conversely, a multi-stage ESP separates
these processes into distinct stages, with one section dedicated to charging the parti-
cles and another dedicated to their collection [12]. The primary advantage of single-
stage ESPs, other than being simple, is their reduced susceptibility to particle re-
entrainment [16, 17].

On the other hand, multi-stage ESPs typically feature larger collecting electrode
surface areas due to the reduced spacing between the electrodes and the allocation of a
dedicated section for particle collection. Another advantage of this design is its resil-
ience to variable inlet flow velocities, as having a dedicated charging section can better
accommodate fluctuations in the inlet gas flow rates. This design still maintains a
compact footprint like single-stage ESPs. Separating the charging and collection stages
offers additional benefits, including improved precipitation efficiency [18, 19].

2. Fundamental principles of wire-plate ESPs

ESPs utilize electrostatic forces to remove particles, setting them apart from con-
ventional techniques such as mechanical filtration. In this section, we will explore the
key components of ESPs and provide an overview of their operating principles.
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2.1 Major components of ESPs

The configuration of an ESP comprises multiple discharge electrodes, typically thin
wires, alongside collecting electrodes arranged as parallel plates in wire-plate ESP
designs. These components, illustrated in Figure 3, facilitate the removal of particu-
late matter from gas streams.

Upon entering the ESP through an inlet duct designed to minimize turbulence, the
gas flows past the wire electrodes, which generate a strong electric field. This section
is often referred to as the ionization stage. During ionization, particles within the gas
become charged, enabling their migration toward the collection plates. As these
charged particles accumulate on the collection plates, a rapping mechanism periodi-
cally strikes the plates to dislodge the collected particles, which then fall into a hopper
for collection.

The collection plates are often segmented, allowing for independent rapping of
each section. This periodic cleaning is key to maintaining precipitation efficiency.
Finally, the cleaned gas is expelled into the atmosphere through the outlet duct.

2.2 Operating principles of ESPs

The operation of an ESP is fundamentally based on a series of processes that
facilitate the collection of particles from a gas stream. These processes include corona
discharge, ionization of particles, and their subsequent transport toward collecting
electrodes. The entire system is powered by a High-Voltage Direct Current (HVDC)
power supply that powers both the charging and collection stages. The polarity of the
plates in the collection stage is opposite to that of the wires in the charging stage, as
depicted in Figure 4. The HVDC system converts standard industrial alternating
current (AC) voltage into a pulsating direct current (DC) voltage, typically ranging
from 20 to 100 kV.

Upon entering the ESP, the flue gas flows through the ionization stage, where the
HVDC power supplies discharge wires. This process continues until the electric field

HVDC

Emitting electrode

Qutlet duct

Hopper
Collection plate

Figure 3.
Major components of a wire-plate ESP.
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Figure 4.
Two separate charging and collection stages in a two-stage ESP [12].
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Figure 5.
Particle collection steps in an ESP. (a) Flue gas; (b) Corona dischavge; (c) Particle ionization; (d) Particle
transport.

reaches a specific value, known as the electric field threshold value, as shown in
Figure 5a. At this point, corona discharge onsets when the electrons are stripped from
the flue gas particles as shown in Figure 5b. This ionization process creates a cloud of
ions in the surrounding gas, which subsequently attach to the flow particles as can be
seen in Figure 5c. Notably, this interaction includes a diffusion charging region for

143



Electrostatics — Fundamentals and Modern Applications

particles smaller than 0.1 pm, while larger particles exceeding 1 pm fall into the field
charging region. Practically, particles experience both types simultaneously [20].

Once charged, the particles migrate toward the collecting plates, which possess an
opposite polarity, as illustrated in Figure 5d. The electrostatic forces generated by the
electric field drive this migration, effectively pulling the charged particles toward the
plates. The design of the plates maximizes the surface area for particle accumulation,
thereby enhancing the overall efficiency of the ESP.

Over time, the accumulation of particles on the collection plates can reduce the
efficiency of the ESP. The collected particles are then dislodged by activating a rap-
ping mechanism, allowing them to fall into the hopper below. Alternative methods for
dislodging particles include scraping the collection plates or washing them off with
water. This cleaning process is essential for maintaining optimal performance, as
accumulated particles can be re-entrained after collection into the gas flow if not

properly managed, which would negatively impact the collection efficiency of the
ESP [20].

3. Mathematical modeling and its application on COMSOL multiphysics

Mathematical modeling serves as a crucial framework for analyzing and optimiz-
ing the performance of ESPs. Modeling ESPs involves several approaches ranging
from empirical to computational models. This section explores the various modeling
approaches employed in the study of ESPs, followed by a case study detailing how
Finite Element Analysis (FEA) can be implemented using COMSOL Multiphysics for a
wire-plate ESP.

3.1 Overview of modeling approaches

The first approach is to use empirical models based on correlating experimental
data to practical observations. These models often simplify the complex interactions
within the ESP into empirical relationships. However, this approach generally lacks
the accuracy found in more detailed models.

Computational models utilize mathematical relationships to accurately simulate
ESPs by solving coupled partial differential equations (PDEs) numerically. These
models typically involve solving for the electrostatic forces, charging of particles, and
airflow. This method requires defining the problem by setting up boundary condi-
tions, such as the inlet and outlet conditions for airflow, as well as initial conditions for
electrode potentials and particle distribution.

3.2 Electrostatic forces and particle charging

This section gives an overview of the governing equations for modeling ESPs,
where key equations for the electrostatic forces and particle charging are presented.
The corona discharge phenomenon results from the ionization of gas molecules that
surround the discharge electrodes. To model the electrical field inside of an ESP,
Poisson’s equation [21, 22] can be used:

V~]_~j:p/£0 (1)
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Where E is the electric field intensity (V m ), p is the ionic space charge density
(C/m?), and ¢ is the vacuum permittivity (F m ). The electric field is related to the
electric potential, V (V), with the following relation:

E=-V.V )

Electric current density is a combination of three mechanisms, namely: convec-
tion, conduction, and diffusion, and is represented by:

J=upE+pU—D-Vp (3)
Where 7 is the current density (A m?), M, is the ionic mobility (m? Vv 1tsh, Uis

the airflow velocity, and D is the diffusion coefficient (m?s™1). Conduction term will
be neglected in this study [23], leading to the following relation:

J =u.pE—-D-Vp (4)

As DC voltage is applied to the electrodes of an ESP, charge conservation is
satisfied under steady-state conditions and current continuity is therefore:

V.]=0 (5)

Peek’s law is an empirical relationship that is used to obtain the threshold electric
field as follows [24, 25]:

E =f x31x106 <5+ 0.0308 - \/VE> (6)

Where E) is the threshold electric field value (V m™1), f is the wire roughness
factor, & is the density of the air at 1 (atm) and 298 (K) [25, 26], and r,, is the emitting
wire radius (m).

Equations (1) and (2) can be reduced to:

V2.V =—ple, (7)

Starting with (4) and (5), we can deduce the following:
V.T:v(ﬂepﬁ):o (8)

pe-<§V-p+pV-E> =0

He - (va) =~ (pV~E>

EV~p:—pV~E )
By using (1) and (9):

EV - p=—p*/e. (10)
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Using (2) and (10) finally yields:
0=V(V)-V(p) - p*/e. (11)
3.3 Airflow patterns

Crucially, the flow inside of ESPs is turbulent. The turbulent flow can be described
using Reynolds averaged Navier-Stokes equations for incompressible gas using the
following formula [22]:

pg(U-V)U: ~Vp + 1, VU + F (12)
Continuity of gas flow:

vU =0 (13)

Where p, is the density of the flue gas (kg m ), p is the fluid pressure (N m?), Hy is
the dynamic viscosity the flue gas (kg m ' s '), and F represents the external forces
applied to the fluid.

Considering that the pressure drop is small across ESPs, the air is assumed to be a
steady, incompressible Newtonian fluid [27]. Meaning that Egs. (12) and (13) can be
solved by the conservation of mass equation:

%—&—V- (pﬁ) —0 (14)

Conservation of momentum is given by [28]:

—

U-vU

VP d d
- (yg + ur) V2U + p,E (15)
g

Where p; is the ion charge density (C m™>), and 4, is the turbulent dynamic.
viscosity (kg m s,

3.4 Particle dynamic

Particles within the flue gas are influenced by four forces, starting with the
electrostatic force [29, 30] F_'g) , and the gravity force [31], given by:

= —
Fg = _ppar X me’ X g (16)

where Ppar is the density of the particle (kg m ), Vpar is the volume of the particle

(m?), and g is the acceleration due to gravity (m s 2). Archimedes force is given

by [32]:

. .
Fy = —py X Vyay X g 17)

146



Modeling and Optimal Design Strategies for Wire-Plate ESP
DOI: http://dx.doi.org/10.5772 /intechopen.1008501

The drag force can be modeled by the empirical Khan-Richardson model [33]
given that the particles’ impact on the flow field is negligible.

4.

. N 2 3.45
fj:ﬂ#&(U—qm)F£4Rg““+om3mg%} (18)

where 4 is the particle radius (m), ﬁpm is the particle velocity (m s 1), and
Reynolds number is defined by:

(U - Upar) Zapg
Hg

Re, = (19)

3.5 Particle collection efficiency

Particle collection performance of the ESP can be evaluated by the collection
efficiency, which is the ratio of the mass of the collected particles, m,,; (kg), to the
mass of the input particles, m;, (kg) [34]:

Mout

n=1 (20)

Min
It can also be expressed as the ratio of the concentration of the collected dust, C,,,

(kg m ), to the concentration of the input dust, C;, (kg m ™) [35, 36]:

Cout
= (21)
7 Cz'n

A more widely used method is the Deutsch-Anderson model that is given by
[37, 38]:

n=1—exp <—gwd> (22)

Where A (m?) is the surface area of the ESP, Q (m > s™?) is the total gas flow rate,
and o, (m s %) is the effective particle drift velocity that is calculated using the
following relationship [39]:

:qp‘ﬁ Cy

3nd, (23)

W4

where g,, (C) is the particle charge, C, is the Cunningham slip factor,  is the
viscosity of the flue gas (N' S m2), and d, (m) is the diameter of the particle.

3.6 Wire-plate ESP implementation on COMSOL multiphysics

One of the software packages that can be used for modeling the wire-plate ESP is
COMSOL Multiphysics, a software package that employs FEA. This section aims to
develop a comprehensive model that focuses on the electrostatic fields and particle
behavior within the ESP without considering the airflow. For this reason, the model
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will utilize the electrostatics (es) module in COMSOL Multiphysics to simulate the
electric field distribution between the wire and plate electrodes at different applied
voltage levels. To successfully model a wire-plate ESP, the following steps will be
employed: geometry creation, applying boundary conditions, calculating the thresh-
old electric field, and performing mesh convergence test.

3.6.1 Geometry and material setup

The single-channel wire-plate ESP geometry, shown in Figure 6, comprises three
0.2 (mm) wires spaced by S = 40 (mm). Additionally, there are two parallel plates with
a width W), = 160 (mm). The spacing is d = 140 (mm) between these plates. The
chosen materials for this configuration are copper for both the discharge wires and
collection plates, while the remaining volume is filled with air at standard atmospheric
conditions.

3.6.2 Meshing and boundary conditions

The boundary conditions for the ESP model simulate the interaction between the
electric field and charged particles, these are found in Figure 7 below. The specific
conditions applied include:

* Collecting plates: A voltage potential of 0 V was applied. Additionally, the charge
density was set to p, = 0.

* Discharge wires: The applied voltage of either V, = 20, 25, 30, or 35 kV was used in
this simulation. As the surface charge density is unknown, a threshold value for
the electric field, E,, is calculated, and an initial guess for the surface charge
density py, is used. This value is adjusted iteratively using a parametric sweep
until the electric field strength at each wire E,, that agrees with the threshold
electric field, E,, is achieved. The current value for p, is then used as p,,.

* Inlet and outlet: Zero diffusive flux condition, dp/dn = 0, was used to impose
continuity.

The value of the threshold electric field can be calculated using Peek’s law, with
5 =1 (for 760 torr and 20°C), and r,, = 0.2. Using these values, Eq. (6) yields:

¥
o
= Te—5— d

L W >

Figure 6.
Modeled geometry of the single-channel 3-wire ESP.
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Figure 7.
Boundary conditions used in the simulation.
R,, (mm) Parameter Fine mesh Finer mesh
0.2 Pw (Cm™2) 1.44 x 10~* 1.44 x 107
E,(Vm™) 2.20 x 10° 2.20 x 10°
0.4 Pw (Cm™2) 7.91 x 107> 8.15x 107>
E, (Vm™) 2.20 x 10° 2.20 x 10°

Table 1.
Calculated values of p,, and the corresponding values of E,,,.

E; = 2.1959 x 10° (V. m~1). Using the parametric sweep option in COMSOL
Multiphysics, we get the following values for p,, = 1.439 x 10~* (Cm~2).

Initially, a predefined fine triangular mesh was employed. To establish the final
element size, the surface charge density values for the wires, denoted as p,,, were
calculated based on a specific threshold electric field, E;. The current mesh size was
retained when the values of p,, fell within a tolerance of +10 > from the previous
iteration. A stationary study was used to perform this simulation. The result of this
procedure is shown in Table 1 above.

3.6.3 Results

Corona discharge is a phenomenon characterized by the relationship between the
current collected by conductive plates and the voltage applied to a wire, represented
through an I-V (current-voltage) curve. This curve is essential for understanding the
electrical behavior of corona discharge. The corona current can be computed by
integrating the current density over the wire surface. At a given applied voltage value
V,, where p,, and E,, are the charge density and the electric field values at the wire,
respectively, the current per unit length I is given by [40]:

I= ”7 -ds = 2zRw % u pwEw (24)
S

The I-V curve, shown in Figure 8, has been validated with experimental results
[40] of a wire-plate ESP.
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Figure 9 illustrates the electrical potential distribution at various applied voltage
levels. The potential distribution is measured along a vertical cutline extending from
the center of the wire electrode to the collecting plate, visualizing the change of the
electric potential in proximity to the electrodes. Notably, the electric potential reaches
its maximum value at the centers of the wires, and decays to 0 when it reaches the
collecting plates. As the applied voltage increases, the electric potential distribution
becomes more pronounced, with higher voltages leading to a steeper gradient in
electric potential. This steeper gradient can enhance the attraction of particles toward
the collecting plate.

A similar procedure was employed in Figure 10, which illustrates the electric field
strength at various discharge voltage levels. This gradient demonstrates how particles
are influenced as they traverse the ESP. Specifically, increases in the applied voltage
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Figure 8.
Current-voltage characteristics at varying applied voltage levels.
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Variation of electric potential distvibution at diffevent voltage levels.
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Figure 10.
Electric field strength at various discharge voltage levels.

correspond to a rise in the electric field strength, resulting in a more pronounced force
exerted on the charged particles, thereby influencing their trajectory and subsequent
collection on the plates. It is noteworthy that there is a sudden decay in electric field
strength after the electrode, which can be attributed to the rapid dispersion of electric
field lines as they propagate away from the concentrated area near the discharge
electrode.

The distribution of ion charge density, illustrated in Figure 11, demonstrates how
charges accumulate and are distributed in response to the applied electric field. As
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Figure 11.
Ion chavge density distribution at vavious discharge voltage levels.
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voltage increases, ion charge density rises, leading to greater charged particle accu-
mulation. The increased charge density facilitates a more effective particle migration,
thereby improving the overall efficiency of the ESP. The ion charge density is rela-
tively uniform at lower voltage levels, as the voltage increases, however, the charge
density becomes more concentrated near the discharge electrode, reflecting the
enhanced ionization and particle charging. There is a sudden decline in ion charge
density immediately after the discharge wire as particles approaching the grounded
plate experience reduced electric field strength, diminishing charge retention.

4, Industrial considerations of ESPs

ESPs play a crucial role in controlling particulate emissions from industrial pro-
cesses. The efficiency of an ESP in collecting particulate matter is influenced by
several operational and design parameters. This section discusses these parameters
affecting precipitation efficiency, including inlet flow velocity, power consumption,
specific collection area, plate-to-plate distance, corona power ratio, and the aspect
ratio of the ESP.

Understanding these parameters is essential for optimizing the performance of ESPs.
By exploring these factors, we aim to provide a comprehensive overview of how they
interact and contribute to the overall effectiveness of ESPs in an industrial context.

4.1 Power consumption

The relationship between input power and precipitation efficiency is complex;
greater input power generally leads to higher efficiency up to a specific threshold.
Beyond this limit, increasing power does not yield significant improvements in col-
lection efficiency, indicating the presence of diminishing returns [10]. This phenom-
enon underscores the importance of optimizing power consumption to achieve
effective particulate removal without incurring unnecessary operational costs.

The corona power ratio, denoted as P,, and expressed in units of [W-s/m?], is a
commonly used metric for assessing the power consumption of ESPs in real-world
scenarios from an economic point of view [12, 41]. It is defined as the ratio of the total
power consumed by the ESP, P, to the gas flow rate, Q, through the system [42].

P. =ty (25)

The total power consumed, P, is calculated as the product of the current, I, and the
voltage, V, applied to the ESP:

P=I.V (26)
4.2 Inlet flow velocity

Variations in inlet flow velocity can have a profound impact on particle charging
times and, consequently, the overall precipitation efficiency of the ESP. This is
because higher velocities reduce the residence time of the particles within the electric
field, limiting the time available for effective charging [38, 43]. Conversely, lower
inlet velocities generally yield higher precipitation efficiencies by allowing for longer
particle charging times [44].

152



Modeling and Optimal Design Strategies for Wire-Plate ESP
DOI: http://dx.doi.org/10.5772 /intechopen.1008501

In addition, this effect is further compounded by the localized high-velocity zones
that form within the ESP, as these zones lead to reduced particle residence times and
thus decreased charging efficiency in those regions, ultimately compromising the
overall performance of the ESP [45]. To maintain consistent inlet velocities, proper
design considerations such as adjusting the profile, and the cross-sectional area of
the inlet duct can be implemented to ensure uniform velocity distribution at the ESP
inlet [44].

4.3 Specific collection area

The specific collection area (SCA) of an ESP measures the total surface area of
collecting electrodes over the volumetric flow of the flue gas [46]. The SCA directly
influences the collection efficiency of the ESP [47], as it determines the available
surface area for particulate capture. A larger SCA typically correlates with improved
efficiency in removing particles from the gas stream, as it provides more area for the
charged particles to adhere to the collecting surfaces. However, it is essential to
balance the SCA with cost considerations, as larger collection areas can lead to
increased capital and operational expenses. This is determined through the sizing
procedure [13], which determines the total area of collection surfaces for the specified
performance.

4.4 Plate-to-plate distance

Plate-to-plate spacing is an important parameter for evaluating the
performance of an ESP [35, 36]. The collection efficiency is generally higher
when the spacing between subsequent collection plates is narrower for particles in
the micrometer range, assuming a constant current density between the collecting
electrodes [19, 36, 42, 48]. Conversely, wider spacing can lead to higher power
consumption due to the reduced electric field strength, which requires higher
voltages to maintain the necessary field strength for the same collection efficiency
[48]. The increased power consumption can offset the potential benefits of wider
spacing, such as reduced installation costs. In contrast, in nanoparticles, where
the charging is caused by diffusion, greater spacing promotes higher collection
efficiency [49].

4.5 Discharge electrodes radii and spacing

The increase in the radius of the discharge electrode leads to improved collection
efficiency provided that the average current density at the collection plates remains
constant in wire-plate ESPs [12]. This relationship is reversed when it is evaluated at a
constant electric field [42]. This phenomenon occurs due to an increase in the onset
corona voltage and a reduction in the space charge effect [36].

Additionally, it is important to consider that smaller discharge wire radii facilitate
an earlier onset of corona discharge [50], which is particularly advantageous in appli-
cations requiring low voltage levels. The optimal wire-to-wire spacing in terms of
precipitation efficiency depends on the specific operating conditions. While a defini-
tive relationship between spacing and performance has yet to be established, several
models attempted to address this [51, 52].

153



Electrostatics — Fundamentals and Modern Applications

5. Conclusion

Electrostatic precipitators remain a crucial technology for controlling particulate
emissions in various industrial settings. Their ability to efficiently capture a wide
range of particle sizes makes them necessary in meeting increasingly stringent envi-
ronmental regulations.

In terms of design, wire-plate, transverse plate, and wire-cylinder configurations
each offer unique advantages, tailored toward specific needs. Similarly, single-stage
and multi-stage ESPs present trade-offs in terms of simplicity, collection efficiency,
and resilience to variable operating conditions.

Understanding the fundamental principles of ESP operation, from corona dis-
charge to particle charging and migration, is essential for optimizing their perfor-
mance. Computational modeling approaches, such as those employing FEA, provide
valuable insights into the complex interactions between electric fields, airflow pat-
terns, and particle dynamics within ESPs. These models enable the exploration of
design variations.

In the industrial context, several key parameters must be considered to maximize
the efficiency and cost-effectiveness of ESPs. Power consumption, inlet flow velocity,
specific collection area, plate-to-plate distance, and aspect ratio all play crucial roles in
determining the overall performance of the system. By striking a balance between
these factors, engineers can design ESPs that deliver high collection efficiencies while
minimizing operational costs.

As environmental concerns continue to drive the need for effective particulate
matter control, the role of ESPs will only grow in importance.
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