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ABSTRACT 

The work presented in this thesis contributes to the field of nanosecond electroporation research 

and has the potential to help address the global issue of cancer. The work focuses on the design and 

development of two nanosecond pulsed electric field electroporation systems that support the delivery 

of nanosecond width pulsed electric fields into biological cell line populations (in-vitro) and bulk tissue 

(in-vivo). Both the slow and fast electroporation systems have been optimized to deliver high voltages, 

in excess of 1 kV and nanosecond (10 ns to 300 ns) pulses across 50 Ω load impedance, which is 

representative of the biological load. 

The slow nsPEF electroporation system design is based on the fast-switching of Silicon Carbide 

power MOSFETs connected in a push-pull configuration with the gates driven by suitable optocoupler 

gate drivers.  This work demonstrates that the system can produce a user-selected number of pulsed 

electric fields from 100 ns to 300 ns duration, with amplitudes in excess of 1 kV, at a user-selected 

repetition frequency, from 1 Hz to 50 Hz across a 50 Ω load impedances. 

The fast nsPEF electroporation system design uses a combination of relatively slow charging and 

rapid discharging of a coaxial transmission line with a stack of avalanche transistors operating as a fast-

switching element. The system has been demonstrated to produce a user-selected number of positive, 

negative, or simultaneously generate positive and negative polarity pulsed electric fields, from 10 ns to 

300 ns in duration, with amplitudes in excess of 1 kV, at user-selected repetition frequencies across a 

50 Ω load impedance. 

The nanosecond pulsed electric field electroporation systems developed in this work have the 

potential for use in cell manipulation and control of cell physiology. Unlike current radiofrequency, 

microwave and conventional cancer treatment methods of chemotherapy and radiotherapy, the 

nanosecond pulsed electric field generated provides the possibility to non-thermally irreversibly 

electroporate cells suspended in a fluid and bulk tissue. 

The in-vitro and in-vivo results obtained from a biological cell line and bulk tissue indicate the 

nanosecond pulsed electric fields can be used to open cell membranes and allow materials, such as 

chemotherapy drugs, to be locally introduced into the cells. It has also been shown that cells can be 

non-thermally ablated without damage to collagen. In this instance porcine liver was used as a 

representative bulk tissue model. 

This work led to the filing of multiple patent applications, thirteen conference papers and one 

journal paper in the IEEE European Microwave Conference (EuMC). This work has contributed to the 

field of nanosecond electroporation research and the development of nanosecond electroporation as an 

alternative non-thermal energy-based therapeutic for cancer treatment.  
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Fig. 6.9(a). 248 ns pulsed electric field Study Report: EP4 (Site 8) - PicMill x20 pol 

Fig. 6.9(b). 248 ns pulsed electric field Study Report: EP4 (Site 8) - H&E x20 

Fig. 6.9(c). 248 ns pulsed electric field Study Report: EP4 (Site 8) - PicMill x100 pol 

Fig. 6.9(d). 248 ns pulsed electric field Study Report: EP4 (Site 8) - H&E x40 

Fig. 6.10(a). 5.8 GHz Microwave Energy, Study Report: 200716 monopolar antenna - PicMill x20 pol 

Fig. 6.10(b). 5.8 GHz Microwave Energy, Study Report: 200716 monopolar antenna - H&E x20 

Fig. 6.10(c). 5.8 GHz Microwave Energy, Study Report: 200716 monopolar antenna - PicMill x20 pol 

Fig. 6.10(d). 5.8 GHz Microwave Energy, Study Report: 200716 monopolar antenna - H&E x20 

Fig. 6.11(a). 
5.8 GHz Microwave Energy. Study Report: 22.02 Creo Strasbourg - Site: 39, PicMill x20 

pol 

Fig. 6.11(b). 5.8 GHz Microwave Energy. Study Report: 22.02 Creo Strasbourg - Site: 39, H&E x20 

Fig. 6.11(c). 
5.8 GHz Microwave Energy. Study Report: 22.02 Creo Strasbourg - Site: 42, PicMill x20 

pol 

Fig. 6.11(d). 5.8 GHz Microwave Energy. Study Report: 22.02 Creo Strasbourg - Site: 42, H&E x20 

Fig. 6.12. 
Nanosecond pulsed electric field applied to sites 1 to 6 and control (site 10) with the 

fast nanosecond pulsed electric field electroporation system operating in normal mode 

Fig. 6.13. 

Nanosecond pulsed electric field applied to sites 7 to 9 and control (site 10) with the 

fast nanosecond pulsed electric field electroporation system operating in ‘continuous 

operation’ mode 
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Fig. I.1. Marx generator topology for pulsed electric field generation 

Fig. I.2. 
Marx generator topology for bipolar pulsed electric field generation (a) half-bridge (b) 

full bridge. 

Fig. I.3. 

A switching element in a Marx bank generator (a) basic circuit and with various circuit 

specification parameters (b) RDS(on) = 2 Ω, ZL = 100 Ω (c) RDS(on) = 0.1 Ω, ZL = 

100 Ω (d) RDS(on) = 2 Ω, ZL = 10 Ω 

Fig. I.4. 

Principal operation of generating pulsed electric fields through the discharging of a 

charged transmission line (a) pulse forming circuit (b) pulsed electric fields waveform 

principle 

Fig. I.5. 

Equivalent circuit representing the relationship between the characteristic impedance of 

the transmission line (Z0) and load impedance (ZL) in a charged transmission line 

topology 

Fig. I.6. Blumlein generator topology for the generation of symmetrical pulsed electric field 
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CHAPTER I. INTRODUCTION 

1.1. Introduction to Thesis 

The slow nsPEF electroporation system produced positive polarity nsPEFs with a wide range of 

pulse characteristics that were optimised to be delivered across a 50 Ω load impedance. A user-selected 

number of symmetrical pulsed electric fields (PEFs) were produced with adjustable pulse amplitude, 

duration and repetition frequency to be generated. The parameters associated with the slow nsPEF 

electroporation system are highlighted in Table 1.1 below.  

Table 1.1. The slow nanosecond pulsed electric field electroporation system pulse parameters 

Parameters Minimum Maximum Determined by 

Pulse Duration       

(ns) 
80 1,000 

the gate driving signal from the microcontroller and driver 

circuit 

Amplitude            

(V) 
250 1,400 the FS40 high voltage power supply unit 

Repetition Rate 

(Hz) 
1 50 

the gate driving signal from the microcontroller and driver 

circuit 

The Number of 

Pulses Generated 
1 

1,000 or 

continuous 

the gate driving signal from the microcontroller and driver 

circuit 

Rise / Fall Time 

(ns) 
35 the MOSFETs rise time and gate-source current 

This topology is dependent on the capability of state-of-the-art Metal-Oxide-Semiconductor Field-

Effect Transistors (MOSFETs) operating in a push-pull configuration, that was driven by gate-driving 

optocouplers, and an appropriate microcontroller was used to control the system. 

The fast nsPEF electroporation system was designed to generate positive, and negative nsPEFs, or 

simultaneous generation of both positive and negative PEFs, depending on the positioning of the load 

with respect to the system ground plane. It has been demonstrated in this work that this system can 

produce a variety of user-specified symmetrical nsPEF of various pulse widths, amplitudes and 

repetition frequencies. The system has been optimised such that the pulses are delivered across a 50 Ω 

load impedance without pulse reflections. The fast nsPEF electroporation system can generate pulse 

parameters highlighted in Table 1.2. The topology utilises relatively slow charging and ultrafast 

discharging of a coaxial transmission line in conjunction with a stack of avalanche breakdown 

transistors, which operate as a fast-switching element, producing PEFs with a transition time less than 

two nanoseconds. In this work, transition time is defined as the time it takes for a pulse to rise from 10 

% to 90 % of its steady value or fall from 90 % to 10 %. 
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Table 1.2. The fast nanosecond pulsed electric field electroporation system pulse parameters 

Parameters Minimum Maximum 
Incremental 

increase 
Determined by 

Pulse Duration (ns) 10 300 10 the transmission line length 

Amplitude (V) 100 2,500 100 the number of avalanche transistors stacked 

Repetition Rate 

(Hz) 
1 1,000 1 

the charging and discharging times 

associated with the transmission line 

The Number of 

Pulses generated 
1 

1,000 or 

continuous 
1 the input trigger signal 

Polarity 
Positive, negative or simultaneous generation of 

positive and negative pulses 

the location of the load between the charged 

line and the ground plane 

Rise / fall time (ns) < 1 FMMT417 avalanching timing 

These electroporation systems were designed to produce a wide range of nanosecond pulsed 

electric fields. In the design of these electroporation systems, the following parameters were considered: 

voltage amplitude, pulse ringing and overshoot, pulse duration, pulse repetition frequency and the 

number of pulses generated. Both systems used different topologies to produce different nsPEF 

properties for distinct applications. The design of the slow nsPEF electroporation system is best suited 

to the generation of nsPEF with pulse durations of 100 ns or greater, whilst the fast nsPEF 

electroporation system is better suited to the generation of short PEFs in the sub-100 ns time regime. 

The primarily clinical effect goal of this work was to provide a preliminary cellular, histological 

and clinical evaluation using the slow and fast pulse generators on biological cell samples in an in-vitro 

and in-vivo environment. As part of this evaluation work cell samples consisting predominantly of CSCs 

were investigated. Cell manipulation and control of cell physiology effects due to the application of 

nsPEF were pursued through investigating cell permeabilization, viability and thermal effects from in-

vitro studies, while histological, morphological, collagen effects and thermal effects were investigated 

using in-vivo models. The aim was to prove the concept of such an energy modality before further 

developing the development of the nanosecond pulsed electric field modules for use in a clinical 

environment. 

1.2. Motivation 

Cancer is the leading cause of death worldwide. With a growing and ageing population, with more 

complex needs, cancer-related deaths continue to rise at an alarming rate (Fig. 1.1). In 2017 there were 

17 million cases and 9.6 million deaths associated with cancer worldwide [1]-[2]. The projection of 

cancer-related cases and deaths is alarming, with the World Health Organisation (WHO) international 

agency for research on cancer estimating 29.5 million new cases and 16.4 million deaths worldwide, 

(Fig. 1.2), and 0.26 million death and 0.61 million cases in the United Kingdom alone by 2040 (Fig. 

1.3) [2]. 
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Fig. 1.1. Number of deaths by cancers worldwide (1990 – 2017) [2] 

 
Fig. 1.2. Estimated number of deaths and cases by cancers worldwide (2018 – 2040) [2] 

Fig. 1.2 and Fig. 1.3 highlight the increasing and predicted increase of cases and deaths per year 

associated with cancer [1]-[3]. The increasing number is primarily related to the increase in the ageing 

population and lifestyle. Developments in medical technology have resulted in increased life 

expectancy and improved accuracy in earlier detection and diagnosis of diseases, such as cancer. An 

increase in life expectancy results in a higher percentage of the public living at an age where they have 
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a higher risk of developing cancer [1]-[5]. Modern medicine and research have increased awareness, 

accessibility, evaluation, diagnosis and staging of the majority of cancers, resulting in earlier diagnosis 

[1]-[5]. 

 
Fig. 1.3. Estimated number of deaths and cases by cancers in the United Kingdom (2018 – 2040) [2] 

Conversely, there have been significantly fewer developments in the treatment of cancer in 

comparison to the diagnosis of the disease. In these modern times, prominent cancer treatment consists 

of three conventional cancer treatment strategies: chemotherapy, radiotherapy, and surgery. The 

application of these conventional cancer treatments is on the rise, yet statistics suggest adopting a more 

rigorous and novel treatment approach to fight this disease is required [6]-[8]. These conventional 

therapies also have a high associated cost of treatment and patient after-care, in addition to the 

aggressive side effects associated with the application of ionised ration and poison into the body. Side 

effects include increased risk of infection, nausea, hair loss/thinning and fatigue to name a few [6]-[8]. 

These findings lead to a definitive requirement for an alternative treatment, which is safe (with 

minimum side effects), effective, yet affordable and offers better overall patient outcomes. Such 

alternatives are non-ionising energy based on non-thermal and thermal ablation. The focus of this work 

is on the development of a novel non-thermal ablation system. 

PEFs application, in the form of electro-pulsation, is a new non-thermal alternative ablation 

treatment for cancers. The treatment can be administered as a single or combinative energy modality. 

Electro-pulsation, in the form of classical electroporation in the microsecond (µs) to millisecond (ms) 

pulse duration regimes has been evaluated clinically as an alternative treatment and is well documented 
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by the National Institute for Health and Care Excellence (NICE), the Food and Drug Administration 

(FDA), and PubMed [9]-[10]. Faster duration and higher amplitude pulsed electric fields in the 

nanosecond (ns) range have been hypothesized by microbiologists to offer advantages over millisecond 

and microsecond pulsed electric fields. 

The development of the versatile slow and fast nanosecond pulsed electric field (nsPEF) 

electroporation systems introduced in this work will accelerate the clinical evaluation of nsPEF energy 

as a new energy modality and hopefully provide an alternative cancer treatment to slow down or 

possibly eliminate cancer in the future. 

1.3. Clinical Need 

Advancement in cancer research has provided numerous methods and techniques to understand, 

diagnose and monitor all cancers, hence the increase in the number of cancer cases identified over the 

last decade and expected cases in the future, (Fig. 1.1 to 1.3) [6]-[7]. Unfortunately, the number of 

deaths has simultaneously increased with the number of cases detected, indicating that conventional 

cancer treatments are ineffective and therefore a safe, effective, affordable alternative treatment (with 

minimum side effects) to eradicate or selectively neutralize various cancers is required. 

1.3.1. Cancer Stem Cells (CSCs) 

Recent findings indicate that Cancer Stem Cells (CSCs) hold the key to treating and possibly 

eradicating cancer. Researchers state that targeting CSCs offers the potential to transform the way we 

confront this disease. CSCs play a key role in the initiation, invasion, and reoccurrence of cancerous 

tumours [11]-[13]. It may be possible to treat cancers more effectively with a novel alternative 

therapeutic energy modality or a combination of various energy modalities, such as chemotherapy, 

radiotherapy, thermal ablation etc, which targets CSCs to potentially halt growth and shrink or 

neutralize the tumour mass. 

1.3.2. Current Clinical Applications 

Traditional cancer treatment, such as surgery, chemotherapy and radiotherapy, are the main 

treatment therapies for many types of cancer. These treatments have been the pinnacle of cancer 

treatment therapies over the last half a century (Radiotherapy 1895, Chemotherapy 1940’s) [11]-[13]. 

All of these treatment modalities pose substantial patient side effects [14]. In addition to the side effects 

associated with each traditional treatment, research indicates that these treatments have no or minimal 

effect on CSCs [11]-[13]. 

CSCs are considered resistant to chemotherapy and radiotherapy treatments, and therefore remain 

after the course of treatment, allowing the tumour to flourish, and spread around the body [11]-[13]. 
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This provides a possible reason why the rate of death due to cancer is increasing each year and highlights 

the need for new approaches to treat cancer effectively and prevent cancer metastasis and relapse. 

1.3.3. Electropulsation  

Electroporation is an alternative treatment modality which is gaining traction in the medical world 

in the fight against cancer. Conventional Electroporation or Irreversible Electroporation is a relatively 

new procedure, where a cancerous tumour is exposed to pulsed electric fields in the milli-to-

microsecond time regime. These pulsed electric fields are applied across the tissue structure to 

reversibly or irreversibly increase the permeability of the cellular membrane of cells within bulk tissue, 

allowing chemicals, drugs, or Deoxyribonucleic acid (DNA) to be introduced into the cell by the 

formation of defects or pores in the cell membrane [9]-[13], [15]-[16]. Electroporation (EP), Irreversible 

Electroporation (IRE) and Electrochemotherapy (ECT) are becoming accepted treatment methods for 

specific cancer types such as skin, renal, prostate, liver etc. in the United Kingdom (UK) and already 

have relevant National Institute for Health and Care Excellence NICE guidelines [9]-[13], [15]-[16].  

1.3.4. Nanosecond Electroporation 

Nanosecond electroporation (nsEP) is an adaptation of classical electroporation where the pulsed 

electric fields are generated in the nanoseconds (ns) regime. This therapeutic technique is in its infancy 

and is thought to have additional potential for cell manipulation and control of cell physiology in 

comparison to the conventional EP. Literature suggests effects could include increased plasma 

membrane permeabilization, calcium (Ca+) release, ion channel activation and apoptosis induction [11]-

[13], [17]-[20]. 

 nsEP is in its infancy in practice, but leaders and theorists in the field suggest that this energy 

modality could hold the key to a wide range of microbiological effects to be induced and revolutionise 

modern medicine. Possible clinical applications include cancer treatment, regenerative medicine, 

sterilisation, non-thermal tissue ablation, electro-fusion, gene therapy, and more. The potential 

applications are dependent on the electrical parameters associated with the nsPEFs generated, and the 

geometry of the electrode structure used for the delivery of these electric fields into cells and bulk tissue. 

Parameters that can be controlled are the duration of the pulses (pulse width), the amplitude of the 

pulses, the repetition frequency of the pulses, rise/fall times of the pulses, pulse ringing or overshoot, 

and the number of pulses generated. 

1.4. Technology as a Key Enabler 

Advances in semiconductor materials have made semiconductor transistor technology a viable 

option for nanosecond switching of high-amplitude electric fields. Recent developments in wide 

bandgap semiconductor materials such as Silicon Carbide (SiC) and Gallium Nitride (GaN) offer 
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advantages over traditional Silicon (Si) based transistors in terms of use as a fast switch with lower ON-

resistance and lower gate-source and gate-drain capacitance [21]-[23].  

SiC MOSFETs are viable technology to produce the slow nsPEF electroporation system for the 

initial concept prototype non-thermal energy modality of nsEP for future applications within a clinical 

environment. Section 3.2.2. highlights why SiC MOSFETs were preferred over GaN based-MOSFETs. 

Also advances in high frequency / high voltage passive components that can be operated in the 

microwave region of the electromagnetic spectrum (Fig. 1.4), such as well-matched microwave 

connectors, high voltage microwave capacitors and low loss cable assemblies make it possible to deliver 

pulses with rise/fall times of less than 300 picoseconds (ps) and peak voltages in excess of 1 kV. Such 

technological development is a key enabler for nsPEFs production to validate primary research into fast 

nsPEF, in the few to low tens ns duration and possible picosecond PEF in the future. 

 
Fig. 1.4. The electromagnetic spectrum showing frequencies of electromagnetic radiation and their associated 

wavelengths [24] 

1.5. Goals and Objectives 

The goal of this research is to develop two high voltage nsPEF electroporation systems to open 

nanopores in biological cells and bulk tissue. The first system is the slow electroporation system that 

produces pulses of amplitudes in excess of 1 kV and pulse duration of greater than 100 ns. The second 

system produces fields of similar amplitude, but with pulse widths of less than 100 ns and rise/fall times 

of less than 1 ns. 

The objective of the slow electroporation system was to create a versatile generator that could 

generate a wide range of high voltage electric fields with pulse widths from 100 ns to 300 ns using state-

of-the-art MOSFET based switches. This objective pushes the limits of semiconductor solid-state 

components in terms of high-speed switching and high voltage capability. In addition to challenging 
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the possible applications of recent advances in solid-state switches, the goal was to advance and further 

understand, the effects of nsPEFs within a clinical environment. 

The objective of the fast nsPEF electroporation system was again to create a versatile 

electroporation system that is capable of generating a wide range of high voltage (500 V+ peak) pulses 

with nanosecond pulse widths and sub-nanosecond rise/fall times. This work aims to further investigate 

and research the effect of nanosecond pulsed electric fields on biological cells and bulk tissue. 

The biological objectives associated with this work were to investigate the effect of various nsPEFs 

on isolated single-cell population loads in an in-vitro environment and bulk porcine liver tissue. These 

initial investigations provide a proof of concept to determine the effect of nsPEF on cell populations 

enriched in CSCs and liver tissue in a pre-clinical environment. The successful outcome of this work 

will lay the groundwork for future feasibility work using nsPEFs on a range of cancer cells and tumours 

within the human body. 

The vision for the nsPEF electroporation systems developed in this work is to achieve targeted 

non-thermal neutralization of a specified cell population enriched in CSCs, supporting both the in-vitro 

and the in-vivo testing to provide the necessary confidence to support further research in biology and 

medicine. 

1.6. Description of Thesis 

This research aim was to design and validate a high voltage nsPEF electroporation systems to 

advance biomedical investigations in the field of nsEP. Two nsPEF electroporation systems were 

designed, developed, and built from different topologies resulting in a slow and a fast nsPEF 

electroporation system. The pulsed field systems were validated using predominantly cancerous 

biological cells enriched in CSCs and bulk tissue (porcine liver). This thesis focuses on several key 

areas related to the research and development of slow and fast high voltage nsPEF generators for 

biomedical applications. 

Chapter 1 provides a general introduction to the work described in this thesis. 

Chapter 2 considers background information on the clinical need and provides a review of current 

techniques used to generate pulsed electric fields to cells and bulk tissue. 

Chapter 3 addresses the technical/engineering strategy, medical/electrical verification, and 

validation associated with the slow nsPEF electroporation system. Chapter 3 highlights the 

technological and physical requirements for the overall design, development, and implementation of 

the slow nsPEF electroporation system. 

Chapter 4 focuses on the testing of the slow nsPEF electroporation system on biological cells, bulk 

tissue, and other tissue structures. 
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Chapter 5 is focused on the technical/engineering strategy and electrical validation of the fast 

nsPEF generator. Chapter 5 also highlights the technological and physical requirements for the 

instrumentation associated with the fast nsPEF electroporation system. 

Chapter 6 focuses on investigating the effects of the fast nsPEFs on biological cells within a bulk 

porcine live tissue. 

Chapter 7 summarises the work presented in this thesis. In this chapter future work associated with 

both the slow and fast electroporation system is also presented. 
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CHAPTER II. BACKGROUND AND LITERATURE REVIEW 

2.1. Introduction 

This chapter introduces electropulsation/electroporation (EP) application, with a focus on Cancer 

Stem Cells (CSCs), and literature reviews of technology available for the generation of nanosecond 

electroporation (nsEP).  

In the context of this work, nsEP is the cellular and/or tissue effect of nanosecond pulsed electric 

fields (nsPEFs). Where nsPEFs are symmetrical voltage signals with transition times (rise time (tr) and 

fall time (tf)) less than 50 ns, and pulse widths in the nanosecond regime (nanosecond (ns) to 

microsecond (µs)). The high voltages associated with the electric fields generated in this work are 500 

V and above. 

This chapter is divided into four distinct sections. Firstly, a brief clinical description of CSCs and 

their relevance in terms of cancerous tumours and nsEP.  Secondly, a section on the clinical evaluation 

of electroporation. This includes the parameters associated with electro-pulsation signals, and clinical 

evaluation and review of classical EP (microsecond (µs) to millisecond (ms) time regime), and nsEP 

(ns to µs time regime) as advanced electrosurgical techniques. This section includes a background and 

literature review of work carried out within the field of electroporation. A technical evaluation section 

of the advances in dielectric materials and semiconductor technology is the third section introduced in 

this work. Advances in dielectric materials and semiconductor technology are the key enablers in the 

development of high voltage fast switching instrumentations. The last section consists of a comparative 

overview of the technologies that can generate high voltage nsPEFs.  

2.2. Cancer Stem Cells  

Cancer is the leading cause of death worldwide, and the number of new cancer cases and deaths is 

on the rise globally. The rise in new cases is mainly due to the increasing age of the population and the 

abundance of cancer-specific screenings available. Fig. 1.1 to Fig. 1.3 reinforces that the number of 

cancer-related death increase at a similar rate to new cases. This implies that conventional cancer 

treatments are ineffective and there is a crucial need for an alternative treatment [1]-[2].  

Developments in cancer research indicate that CSCs play an integral role in malignant tumours. 

CSCs and cancerous cells have an intricate relationship, and this relationship was originally identified 

in leukaemia. Evidence validates that CSCs are found in many solid primary tumour types including 

breast, prostate, brain, and colon carcinomas [3]-[7]. 
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CSCs are tumour-initiating cells that have stem-like characteristics and possess the capacity for 

self-renewal and for causing the heterogeneous lineages of cancer cells that comprise the tumour. They 

have properties that differ from the rest of the tumour population. Their rate of division is at a much 

slower pace than cancerous cells, which allows them to resist traditional cancer treatment such as 

radiotherapy and chemotherapy which targets fast-multiplying cells. Traditional cancer treatment only 

targets the bulk of the tumour but cannot deal with CSCs [3]-[7]. 

CSCs play a critical role in tumour initiation, invasion, metastasis, and recurrence at or from a 

primary site. Microbiologists consider CSCs to represent the bad seed of tumours. CSCs have very 

efficient pathways to draw out drugs, making them highly resistant to chemotherapy and other drug-

related therapies. Their amplified deoxyribonucleic acid (DNA) damage repair is an attribute to CSCs 

resistance to radiation (radiotherapy), although other common mechanisms of resistance can contribute 

significantly to the insensitivity of CSCs to radiotherapy [3]-[7]. An analogy of CSCs function in a 

seeded tumour can be described by a weed analogy as illustrated in Fig. 2.1. 

 

Fig. 2.1. Cancer Stem Cells description as a weed analogy 

A cancerous tumour can be compared to a noxious weed, as shown in Fig. 2.1. Noxious weed is a 

wild plant growing where it is unwanted that competes with cultivated plants (normal cells), as both are 

unwelcomed growths that are hard to contain or eradicate. A weed is composed of flowery leaves and 

roots. It is said when tackling weeds (tumours), one must eradicate both root (CSCs) and flower 

(cancerous cells). Conventional cancer treatment can be thought of as an inexperienced gardener that 

would pluck/pick the weed on the surface, leaving the roots behind, and so the weed will resurface again 

in the future. 

To successfully diminish a weed, one must eliminate its roots, resulting in the eradication of the 

weed. This is the same with tumours. For the successful remission of cancerous tumours, one must 

eliminate both the cancerous cells and cancer stem cells. If CSCs remain at the tumour sight the tumour 

can reoccur or migrate within the body, resulting in relapse [3]-[7]. 

Therefore, eliminating CSCs has the potential to eradicate the disease. The targeting of CSCs 

would represent a shift in treatment focus and requires the identification of novel treatments as shown 

in Fig. 2.2. Neutralizing CSCs may have the potential to radically change the strategy currently in place 



Chapter II. Background and Literature Review 

 

 
13 

for cancer treatment [6]-[8]. The underlying idea is to refer to cancer as a hierarchical entity, comprising 

of various cell populations with distinct characteristics. 

 

Fig. 2.2. Cancer treatment strategies: Cancer cells (conventional treatment) vs Cancer Stem Cells targeted cancer 

treatment strategy. 

The identification of proliferation and differentiation pathways that are active in CSCs, but not in 

normal cells, could offer interesting new opportunities for selective therapies in terms of the eradication 

or promotion of differentiation of CSCs and tumour shrinkage through conventional treatment of 

targeting cancerous cells [4], [6]. 

2.3. Clinical Evaluation of Electroporation 

2.3.1. Electro-pulsation  

As discussed, eliminating CSCs has the potential to eliminate cancer as a disease. Targeted 

neutralisation of CSCs is a notion that has the potential to radically change the strategy for cancer 

treatment.  

The application of pulsed electric fields (PEFs) or ‘electro-pulsation’ is considered a novel 

treatment for CSCs. PEFs has been proven to increased cell plasma membrane permeabilization, thus 

enabling the introduction of small molecules, ions, and modulation of cell viability. This effect is 

defined as electroporation.  Electroporation is the application of controlled high voltage electrical pulses 

onto living cells and tissues for a short duration of time. Electro-pulsation technology is based on pulsed 

power technologies and refocuses cancer treatment from chemical and drugs-based treatment to physics 

by administering pulses of non-thermal, high-intensity electrical fields, to tumours [3]-[7], [9]. This 
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constitutes as a high voltage, low-energy impact that is unique and distinct from other medical 

technologies. 

The biological effect of the applied PEFs can be divided into parameters of the electric field 

parameters [9]-[11]. PEFs parameters include waveform, electric field strength (the pulse amplitude 

across a specific distance i.e., distance between two electrodes), pulse width (or duration), transition 

times (rise and fall times), pulse repetition frequency and number of pulses the biological load 

experiences.  

Waveform 

Two PEFs waveform formations exist; These are square or exponential decay waveforms. Square 

waveforms are symmetrical pulses with ideally rapid and identical rise times (tr) and fall times (tf) to a 

set voltage amplitude. Rise/fall times are defined here as the time it takes for the voltage to rise from 

10% to 90 % and fall from 90% to 10% of the final value. The pulse amplitude is measured from the 

highest voltage level of the pulse (100 %) with respect to 0 V (0%). These definitions are shown in Fig. 

2.3.  

 

Fig. 2.3. Labelled parameters of a square or symmetrical pulsed electric field waveform 

Exponential decay is generated by the complete discharge of a capacitor. Square waveforms yield 

higher efficiencies and visible control of electric field parameters in comparison to an exponential decay 

wave system [9]-[11].  This work focuses on generating square PEFs. 

Electric Field Strength  

The electric field strength (E) is measured as the voltage (V), the pulse amplitude, delivered across 

a distance between two electrodes (d) and can expressed in kV/mm as shown in equation (2.1). It is 

critical for the electric field strength to surpass the electrical potential of the cell membrane to allow the 

temporary reversible or irreversible permeation, or “pore formation” to occur on a cell membrane [3]-

[5]. 
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𝐸 =
𝑉

𝑑
 (2.1) 

Pulse Width 

The pulse width, or duration, is the time the sample, or load, is exposed to the electric field per 

cycle. The time, or pulsed electric field duration, works indirectly with the electric field strength to 

increase pore formation and associated effects. Pulse width is a key variable that works with voltage 

amplitude (or electric field) and needs to be considered when optimizing electrical parameters to 

maximize the results for a given cell and/or tissue type [3]-[5], [9]-[11].   

Number of Pulses and Repetition Frequency 

Electroporation is typically carried out as a single electric field pulse. However, some cells and 

tissues may require multiple pulses to achieve electro-permeabilization. The number and repetition 

frequency of the applied PEFs determine the exposure time that a cell or tissue is exposed. This exposure 

time has a similar effect to the pulse width, the longer the exposure time the more significant the effect 

of cell permeabilization. The optimisation of the pulse number and pulse repetition frequency 

determines the effect the exposure of PEFs has on the biological load. At a point in time, exposure to 

PEFs can have an adverse effect on cell membranes where permeabilization can become irreversible 

and the effect becomes thermal ablation [3]-[5], [9]-[12]. 

Thermal Effect 

The short duration (pulse width), low repetition frequency and the low number of PEFs ensure that 

the energy delivered into the biological system is non-thermal [3]-[5], [9]-[12]. A non-thermal approach 

to neutralising CSCs is an appealing treatment approach since it potentially allows for a targeted 

neutralization of a tumour without heating the cells above body temperature. This would result in 

predominantly sparing healthy cells, no damage to the extracellular matrix that contains the cells, 

preservation of nearby vessels and structures whilst allowing tissue regrowth and preventing unwanted 

damage to patient tissue. The increase in temperature during treatment is proportional to the applied 

PEFs and is therefore dependent on the electrode configuration utilized at the time. The non-thermal 

aspects of such energy modality have additional benefits over traditional thermal ablation. Therefore, 

can be used for the treatment of cancers in regions of the body where the thermal effect is undesirable, 

such as the: brain, spine, lung, bladder etc. [3]-[5], [9]-[12].  

In conclusion, the parameters of the PEFs applied to cells and tissues, such as electric field strength, 

duration, and the number of applied PEFs determine the biological changes to the tissue structures and 

the end application. Fig. 2.4 illustrates the generalised versatile representation of PEFs parameters, their 

effects, and specific clinical applications of the applied electro-pulsation pulse(s). 
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 Small Molecule Uptake  Reversable EP  Irreversible EP 

 Large Molecule Uptake: Low Voltage – Long Pulses  Sterilization 

 Large Molecule Uptake:  High Voltage – Short Pulses  Tissue Ablation 

(a) 

 
(b) 

Fig. 2.4. Electroporation application and effect on cells and tissues (a) with various pulsed electric field parameters (pulse 

duration, Number of pulses and electric field strength) [3]-[7] (b) generalised representation [13] 
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2.3.2. Classical Electroporation  

Classical electroporation is a physical mechanism in which externally controlled PEFs, in the 

microsecond-to-millisecond time regime (10 µs – 100 ms), are applied to cells. These applied PEFs are 

known to cause changes in the cellular membrane, resulting in increased plasma membrane 

permeabilization, thus enabling the introduction of small molecules and modulation of cell viability [6]-

[8]. An increase in cell permeability will provide either a reversible or irreversible permeabilization 

effect. To date, electroporation has been successfully exploited as a medical technique introduced 

intraoperatively, laparoscopically, and percutaneously [3]-[5], [14]-[16].  

An increase in the permeability of the cell membrane is believed to be related to the formation of 

defects called ‘nano pores’ in the cell membranes [17]-[18]. The generation of the pores has been 

demonstrated with molecular dynamic simulations and practically, illustrates the water channels 

resembling pores that are created in the bilipid membrane under high electric fields. 

When an electric field larger than a cell's transmembrane voltage (typically ~ 0.2 V) is applied, 

ions in the conductive cytoplasm rapidly redistribute. Positive ions move to the membrane to face the 

negative pole of the electric field and negative ions move to the membrane facing the positive pole, thus 

creating the pores [6]-[8]. This ion redistribution will charge the capacitance of the plasma membrane 

generating an equal and opposite field to that applied so that the net field within the cytoplasm is zero. 

However, this charge redistribution is not instantaneous, and it takes a certain amount of time for 

nanopores to be produced. Cell membrane permeability is very high during electric field delivery and 

decreases after delivery, yet membrane permeability can be significantly large for some minutes after. 

The permeabilization effects, or nanopore generation, can be reversible or irreversible depending on the 

electric field strength and duration of the field applied [3]-[5], [14]-[18]. 

Reversable Electroporation  

Reversible electroporation (REP) is the application of suitable pulsed electric fields to cells or 

tissues, inducing reversible permeabilization of cell membranes. This facilitates non-permeant or poorly 

permeabilised cells resulting in viable cells after the period of increased permeability where nano-pores 

are formed and then closed. REP can be optimized to introduce small and large molecules, the fusion 

of cells and the insertion of proteins into the cell membrane and bulk tissue. It is predominantly used 

for electrochemotherapy (ECT) and gene therapy, allowing delivery of cytotoxic drugs or plasmid DNA 

into tissues [3]-[5]. 

The PEF parameters are carefully selected to preserve the viability of cells. An electric field 

strength of 400 V/cm (40kV/m or 40 V/mm) is considered the threshold for reversible electroporation 

in tumour tissue. Typically, 8 pulses of the 100 µs, 400 V/cm PEFs with repetition frequencies ranging 

from 1 Hz (1 second period, 0.0001 % Duty Cycle) to 5 kHz (200 µs, 50 % Duty Cycle) are used for 
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reversible electroporation. REP pulse parameters are illustrated in Fig. 2.5. Nowadays it is widely used 

in various biological, medical, and biotechnological applications [3]-[5].  

 

Fig. 2.5. Pulsed electric field parameters for reversable electroporation [4] 

Electrochemotherapy 

Reversible electroporation can enhance the efficiency of chemotherapy by opening the nanopores 

of cells to allow substances to locally enter the cells. This process is known Electrochemotherapy [3]-

[5], [19]-[20]. Reversible electroporation is now used in ECT clinical procedures and has been approved 

by the National Institute for Health & Care Excellence (NICE) guidelines [21]-[26]. In practice, low-

permeant chemotherapy drugs, such as bleomycin and cisplatin, are administered locally at the site of 

interest within the human body whilst the site is simultaneously stimulated with reversible 

electroporation where PEFs are delivered using specific electrode arrays. PEFs of the order of 100 µs 

duration and 1,000 V/cm amplitude are delivered through electrode arrays which can produce reversibly 

transient pores that are significant enough to allow normally impermeant molecules, such as bleomycin, 

to enter the exposed cells. The electric pulses must be applied to the whole tumour volume to ensure 

that all cells are electroporated and the chemotherapy drug of choice has entered all cells [3]-[4], [19]-

[26].  

The combined treatment of chemotherapy and reversible electroporation renders cancer stem cells 

more susceptible to chemotherapy treatment. ECT has been identified as a good evidence-based clinical 

practice for skin cancer (metastases in the skin and primary basal cell carcinoma) treatment by NICE 

[21]-[26] and has a European Standard Operating Procedures on Electrochemotherapy (ESOPE) [27]. 
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Its use for deep-seated tumours, such as those in the liver and brain is currently under research. ECT 

application has been observed on breast, melanoma, liver, pancreatic, head and neck, and other deep-

seeded tumours [3]-[4], [19]-[26].  

Irreversible Electroporation 

Irreversible electroporation (IRE) is the technique whereby electrical pulses are applied to cells 

causing permeant permeabilization of cellular membranes resulting in permanent cell death [3]-[4], 

[16], [28]. In recent years, the use of IRE for the treatment of a range of cancers has been intensively 

researched. It has been demonstrated that this technique produces well-defined borders as the electrical 

pulse either destroys the cells or leaves them intact without a thermal tissue response. IRE and other 

electro-pulsation techniques offer significant advantages over thermal ablation techniques. This is 

mainly due to their non-thermal tissue permeabilization response which enables the cancer cells to be 

destroyed without damaging the extracellular matrix that the cells ‘sit’ inside [3]-[4], [16], [28]. 

IRE is typically delivered by needle-shaped electrodes that are inserted into (or around) the tumour 

vicinity. Typically, 80 PEFs of 100 µs duration and 1,500 V/cm amplitude are delivered at a repetition 

frequency range from 1 to 10 kHz is delivered [3]-[4]. Some IRE treatments deliver the 80 pulses in a 

burst of eight to twenty 100 µs duration and 1,500 V/cm amplitude at a duty cycle of 50 % at a repetition 

frequency of 0.3 Hz to 10 Hz. These two methods of delivering IRE are demonstrated in Fig. 2.6. 

The NICE guidelines provide surgical armamentarium and clinical evidence-based information on 

IRE ablation of solid tumours in the liver, lungs, pancreas, prostate, and kidneys [29]-[44]. 

2.3.3. Clinical Evaluation of Electroporation  

Classical electroporation in the form of reversible, irreversible, and ECT is accomplished using a 

high voltage generator capable of controlling PEFs electrical parameters. Electrical parameters such as 

voltage, current, pulse duration (10 µs to 100 ms), duty cycle, pulse train and burst repetition frequency 

and overall treatment time could be employed using a range of ablation probes (electrodes). PEFs of 

specific parameters can increase the permeability of the membrane of the cells, reversibly or 

irreversibly, which could allow chemicals, drugs, or DNA to be introduced into the cell [3]-[4]. 

Electroporation probes are placed into tumour tissues under imaging guidance and the procedure is 

normally undertaken under general anaesthesia as pulsed voltages cause substantial muscle contraction 

and cardiac arrhythmia due to the associated pulse length, intervals and amplitude of the 100 µs PEFs 

[3]-[4]. 

Electrochemotherapy is the only form of electroporation currently available on National Health 

Service (NHS) treatment as a possible treatment for non-melanoma skin cancer [43]. The procedure 

involves introducing chemotherapy into the tumour or sometimes directly into a vein (intravenously). 
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100 µs PEFs are then directed to the tumour using suitable electrodes. The pulses allow the drug(s) to 

enter the tumour cells more effectively and cause local destruction of the tumour [3]-[4]. 

(a) 

 

 

(b) 

 

 
Fig. 2.6. Pulsed electric field parameters for (a) continuous 80 pulse (b) segmented (8 to 20 pulses at a time) methods of 

delivering irreversible electroporation [4] 

Eight guidance and six NICE pathways currently support IRE [44] and five guidance and two 

NICE pathway documents support ECT [45]. A NICE review of the clinical literature on IRE in 2012 

identified four case series studies, two case reports and data from an unpublished registry. In a series of 

patients with liver, [37], lung [41] and kidney [31] tumours, a complete response rate of 50% was seen 

when 45 procedures were completed. In this study, no tumour control response was seen in liver 

metastases less than 5 cm in dimension, and all patients with lower metastases had other lesions which 

advanced [36]. From their results, it may be stated that it is only a matter of time before classical 

electroporation will have a dominant presence in the clinical application within the NHS and globally. 
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There are currently multiple electroporation generators or electroporators available on the market 

and only one has United States Food and Drug Administration (FDA) approval. This system is the 

NanoKnife System [46]-[48]. Although systems produced by MIRAI Medicals are now also Conformitè 

Europëenne (CE) approved [49]-[51]. There are multiple electroporator companies, such as 

ThermoFisher, Bio-rad and BTX to name a few; that specialise in electroporators, applicators and 

accessories that are for in-vitro and ex-vivo application for research purposes only [52]-[54].  

Veterinary application of classical electroporation, predominately electrochemotherapy, is now 

becoming common placed. Tumour treatment in veterinary application consists of the following steps: 

1) general anaesthesia; 2) drug injection (cisplatin (1 mg/ml) or bleomycin (1,000 IU/ml)); 3) 

application of 80 PEFs, in trains of 8 pulses of 100 µs, with a 50 % duty cycle, every 2 ms, as illustrated 

in Fig. 2.7. These electroporators, applicators and accessories are marketed by companies such as 

RXVet Biotech and Leroy Biotech [52]-[54]. 

The NanoKnife, by angio dynamics, is an irreversible electroporation soft tissue ablation system 

to treat prostate cancer. This system is based on 100 µs pulses of electric fields in excess of 3,000 V/cm. 

NanoKnife therapy is a focal, image-assisted therapy. The clinical results are dependent on the electric 

field at the point the needle electrodes are located in the tissue [46]-[48]. 

The NanoKnife pulse application parameters are that one electrode has an electrical positive 

potential relative to the ground (patient body) and the other electrode a negative potential. The typical 

electrical potential applied is a 3,000 V (+1,500 V and -1,500 V per needle applicator as shown in Fig. 

2.7(a)). 90 PEFs are delivered in a train of 9 pulses of 90 µs duration, of 1,500 V/cm (3,000 V across 

two electrodes 2 cm apart) with a duty cycle of 50 % and a pulse repetition frequency of 1 Hz between 

each train of 9 pulses. The PEFs delivered by the NanoKnife are shown in Fig. 2.7(b) [46]-[48]. 

It is claimed that the NanoKnife induces cell death (apoptosis) with no radiation damage, burning 

and scarring, which occurs with current standard procedures such as radiotherapy, chemotherapy, 

surgical resection, or thermal ablation therapies. This demonstrates the application of IRE, where 

irreversible pore formations are produced on cell's phospholipid membrane [46]-[48]. 

2.3.4. Nanosecond Electroporation 

 The predominant application of electroporation uses PEFs between 10 µs and 100 ms in duration. 

The application of microsecond pulses with low PEF amplitude (< 500V) has dominated the field of 

electroporation for decades. However, in recent years the number of systems focused on shorter, nsPEF 

has increased significantly, as shown in Fig. 2.8. This is made possible through the availability and 

technological developments in high frequency, high voltage semiconductor devices. 
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(a) 

  
(b) 

Fig. 2.7 The NanoKnife (a) electrode arrangement (b) pulsed electric field parameters delivered [47] 

The development of nsPEF electroporators and their biological effects are still in their early stage. 

nsPEFs is a further development of classical electroporation, where a PEF in the nanosecond regime 

(10 ns – 1 µs) is applied to cells and bulk tissues [3]-[4].  Literature suggests that nsPEFs have additional 

potential for cell manipulation and control of cell physiology. nsPEFs extend from traditional 

conventional electroporation permeabilization of cells to effects including calcium release, ion channels 

activation, and apoptosis induction [3]-[4].  Mechanisms that induce nsPEFs tumour damage and cell 

death are still not completely understood. While in-vitro data for nsPEF induced DNA damage is 

convincing, evidence for direct DNA damage in-vivo is less persuasive [3]-[4].   

With the high frequencies associated with the fast nanosecond rise and fall times of the nsPEFs 

with a higher electric field (kV/mm), the PEFs penetrate deeper into the cell physiology interior and 
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electroporate the internal membrane and organelles of a cell in addition to the outer plasma membrane, 

as introduced by conventional electroporation [3]-[4].   

 

Fig. 2.8. The trends in the number of publications on the topics of nanosecond electroporation / electroporators according 

to Clarivate Analytics Web of Science [55]. 

Ablation of cancerous tissue using nsPEF has been demonstrated. In some cases, this technique 

resulted in complete tumour remission [56]-[60]. This indicates a clear clinical potential for nsPEF in 

providing effective local cancer treatment. The literature search suggests a representative paradigm shift 

from chemistry-based medicine and treatment to a physics-based treatment using pulsed energy 

technology. 

The literature recommends that with shorter PEF e.g., nsPEFs, a higher pulse amplitude or electric 

field strength is required. Initial in-vitro evaluation of nsPEFs indicates that good result is obtained with 

400 to 2,700 pulses with pulse durations between 100 and 300 ns and electric field strengths of between 

30 and 65 kV/cm, depending on the tumour model and electrode design [3]-[4]. Energy transfer into 

cells and tissues from the application of nsPEFs is relatively low due to their associated short pulse 

duration and long duration, or repetition frequency between the burst of pulses. These pulse profiles 

produce a non-thermal ablation and a non-scarring effect on the skin due to the high intensity of the 

short duration and the longer tissue recovery time (pulse repetition frequency) of the joule heating 

effects of the PEFs [3]-[4]. Because of the higher voltage amplitude associated with nsPEFs, care must 

be taken to prevent breakdown / arcing and skin burning when nsPEF are applied in-vivo. 
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Microbiologists are intrigued by the potential of nsPEFs for the treatment of cancer stem cells. 

Eliminating tumours by regulated cell death mechanisms, including apoptosis [58]-[60] using nsPEFs 

has been shown to induce a vaccine-like effect in mice and rats [3]-[4]. Other evidence also suggests 

nsPEFs induce immune responses [3]-[4]. During tumour-regulated cell death, dying cells activate 

immune mechanisms that can prevent cancer recurrence and may provide protection from recurrent 

disease and perhaps metastatic, systemic disease [3]-[4].  

Recent data suggest that nsPEF treatment stimulates the immune system, thus producing an 

immunogenic cell death, in addition to ablating primary tumours in a non-thermal capacity. But this has 

yet to be proven, and ongoing work is being carried out. The activation of the immune system by nsPEF 

cancer treatment suggests that immune system activation prevents tumour regrowth when a second 

cancer cell injection was conducted in xenograft in in-vivo models, but this has not yet been completely 

proven and requires additional studies for validation [3]-[4].  

Consequently, nsPEF treatment may become a viable approach to immunotherapy that does not 

involve the delivery of DNA or virus, checkpoint inhibitors, engineered patient immune cells, or 

molecules of any kind [3]-[4].  

It has already been demonstrated that nsPEFs can be used to treat local cancers such as melanoma, 

basal cell carcinoma, hepatocellular carcinoma, pancreatic and breast cancer in mice and rats, and basal 

cell carcinoma in humans. This therapy is drug-free and non-thermal and therefore has advantages over 

other tumour ablation therapies and conventional cancer treatments [3]-[4].  

nsPEFs penetrate the interior of cells and trigger the cell’s apoptosis pathway to initiate 

programmed cell death, unlike reversible and irreversible electroporation. It has been theorized that this 

occurs due to the high frequencies associated with shorter faster pulses associated with PEFs [3]-[4].  

The associated frequency spectrum (or Fast Fourier Transform (FFT)) associated with the nsPEFs 

is higher than the microsecond pulsed electric fields (µsPEFs) or classical electroporation signals. The 

FFT response of nsPEF encroaches on microwave frequencies because of the nanosecond (ns) to 

picoseconds (ps) transition times associated with nsPEF. For a nsPEF with a rise and fall time of 1 ns 

the associated frequency is 350 MHz. This can be calculated by equation (2.2) [61]. 

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ, 𝐵𝑊 =
0.35

𝑟𝑖𝑠𝑒 𝑡𝑖𝑚𝑒
=

0.35

𝑡𝑟
 (2.2) 

In such a situation, it can be expected that at high frequencies, associated with nsPEF, the creation 

of nanopores on the subcellular membranes is more likely to be observed than plasma membrane 

poration. In the time domain, the associated high frequency of nsPEF corresponds to a Fourier spectrum 

that extends into the high (critical) frequency ranges to permeate membranes of cellular organelles 
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before pores are observed on the plasma membrane. This has been confirmed in literature through 

modelling in the time domain [4], [62]. 

Since nsPEF time domain signals are shorter than the ion redistribution time of cancerous cells the 

electric field extends through the cell before the cell’s ions have time to redistribute. The time and 

frequency domain content associated with nsPEFs have greater interactions with intracellular structures 

and provoke additional manipulation and control of cell physiology and induced apoptosis [3]-[4]. 

Pores generated by nsPEF on the membrane are nanometres (nm) in diameter. These small pores, 

or openings, will allow water and ions to pass through them but not proteins or DNA. A great deal is 

known about cell signalling pathways and most involve changes in intracellular calcium levels. Small 

increases in the local calcium (Ca2
+) concentrations have been demonstrated to have very strong effects 

on a variety of cellular functions, such as secretion, cell division, and apoptosis. These observations 

suggest that nsPEF signalling components lead to key signalling ions, such as calcium, Ca2
+, that can 

pass through these nanopores to trigger cellular responses [3]-[4].  

As far as we are aware, there are currently no nsPEF electroporators that are utilized on the regular 

basis in the clinical environment. The majority of nsPEF electroporators are bespoke ‘in-house’ nsPEF 

generators built for the application of nsPEF research.  

Nanosecond Electroporators 

Commercial electroporators have a limited range of pulse parameters that can be set up by 

researchers as they are purposely used for particular EP applications. In comparison to conventional 

electroporators, the selection of commercially available high voltage nsPEF electroporators is 

significantly lower and these systems are for research applications only and no systems are available 

for clinical use (during the time of write-up). This is also the case regarding available guidelines and 

recommended applications for nsPEF or nanosecond electroporation i.e., NICE or FDA guidelines for 

medical research and clinical application [63]-[64]. 

nsEP is a growing scientific research field and an electroporator that enables a wide range of 

parameters to be selected by the research is desired to fully investigate the possible applications and 

clinical effects using nanosecond pulsed electric fields with variable amplitude, duration and shape have 

on biological cells and bulk tissues. To address the growing scientific demand for nsPEF research, and 

the lack of commercially available nsPEF electroporators, developing in-house electroporators that can 

produce nsPEFs with a wide range of PEF parameters could easily be articulated as being beneficial to 

the PEF research community [11]. 

Table 2.1 indicates that pulse amplitudes range from mV to several kV and duration from ns ms is 

desirable for PEF or electroporation research. It would be very difficult to implement an electroporator 

that can generate such a wide spectre of PEF parameters, within a single generator. 
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Before designing an electroporation system, it is beneficial to know for what application the 

electroporator will be used. For example, gene electrotransfer and cell electrofusion require auxiliary 

signals, multi-needle electrodes require an electrode commutator, organelles require very short pulses 

and clinical applications that are compliant with clinical safety standards (ISO-14971). Electroporation 

of single cell or planar lipid bilayer requires low voltage electroporation pulses, whilst in-vitro and in-

vivo applications require high voltage pulses, and organelles such as bacteria and yeasts require even 

higher voltages. [3]-[4], [11]. A range of pulse parameters associated with known electroporation 

applications is seen in Table 2.1 bellow: 

Table 2.1. Pulsed electric field parameters for specific electroporation applications [11] 

Application Amplitude Duration Auxiliary Pulses 

Electrochemotherapy ~ kV µs, 

8 x 100 µs 

- 

Gene Electro-transfer ~ kV µs – ms Electrophoretic pulses <500 V, > ms 

Electro-insertion < kV ms – s  - 

Transdermal drug delivery < kV ms - 

Electrofusion ~ kV µs Dielectrophoretic pulses < 200 V, > s, ~MHz 

Pasteurization >> kV µs - 

Tissue Ablation > kV µs – ms - 

Single cell electroporation > mV µs - 

Organelle electroporation >> kV ns - 

PEF / Electroporation research mV - kV ns – ms   - 

The ability to generate pulses with variable parameters is a requirement from microbiologists and 

clinicians as this enables detailed studies of dose-effect relations to be investigated. It also allows the 

capability to optimise PEF parameters to maximize the desired biological effects from PEFs exposure.  

2.4. Technology as a Key Enabler 

The potential applications for nsPEFs exceed micro and millisecond PEFs due to the possibility of 

inducing apoptosis whilst stimulating the immune response. This could offer a viable contemporary 

cancer treatment with less to no side-effect in comparison to other standard treatment solutions [3]-[5], 

[11]. For nsPEFs to be clinically evaluated and viable, the method of generating the nsPEFs must offer 

controls in terms of being able to easily control the pulse parameters (pulse duration, number of pulses 

in one burst, duty cycle of burst pulses, repetition frequency, ‘OFF’ times between bursts and amplitude) 

[3]-[5], [11].  

The development of nsPEF electroporation systems with nano- and picosecond transition times 

requires different designs and technologies from micro- and millisecond PEFs generation. The design 

implemented is highly dependent on the switching technology transition times (rise time or turn ‘ON’ 

and fall time or turn ‘OFF’ times). Micro- and millisecond PEF electroporation systems are typically 
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generated through capacitor discharge for exponential decay PEF, whilst square waves are generated 

by standard Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFET) or Bipolar Junction 

Transistor (BJT) -based switching technologies. Advances in semiconductor material and development 

in pulsed power technology are the key enabler for the possibility of developing a slow and fast nsPEF 

electroporation system [5], [11], [14]. 

Semiconductor pulsed power technology has been used for decades in high-powered applications 

such as switches mode power supplies and military Radio Detection And Ranging (RADAR) before 

their use in clinical applications. The development of nsPEF electroporators and their clinical 

applications is in its infant stage. A versatile nsPEF electroporator capable of producing PEF of variable 

parameters would be a useful tool for biologists and clinicians alike, as it allows detailed studies of 

nsPEF dose-effect relations. This would allow the determination of the optimum PEF parameters to 

achieve desired biological and clinical effects, such as apoptosis, cell regeneration and/or sterilisation, 

to name a few. Therefore, a technology that would enable and can provide a wide variety of pulse shapes 

and other parameters, such as amplitude, pulse duration and repetition frequency, in the region of the 

nanosecond’s regime would be useful. 

2.4.1. The Ideal Switch 

The ideal switch is a device that produces no power loss when switching a current through a load 

and can change its state (‘ON’ or ‘OFF’) instantaneously.  

This definition requires the switch to have no voltage drop across its terminals when in the closed 

position and cuts off all current flow through the load in the open position. The repetitive cycling speed 

between the switch’s position must be infinite, with a zero-time delay between switching from one state 

to the next (‘ON’ to ‘OFF’, and vice versa). This is the characteristics for an ideal switch [14], [65]-

[66].  

This perfect switch does not exist. Mechanical switches and solenoid relay switches closely meet 

the open and closed switch criteria of the ideal switch but cannot hope to meet the ideal switching-speed 

criteria. The concept of square wave generation PEFs consists of a high voltage power supply (VCC) 

constantly charging a high voltage capacitor (C) and the power switch (S) is capable of fast switching 

between the ‘OFF’ to ‘ON’ and ‘ON’ to ‘OFF’ states Fig. 2.9 [65]-[66].  

Recent advances in the fields of advanced integrated circuits, material science and semiconductor 

device fabrication technology have made it possible to generate nsPEFs with pulse amplitudes in excess 

of 1 kV. 
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Fig. 2.9. Illustration of an ideal switch (S) for the generation of a high voltage pulse across a load (ZL) [66].  

2.4.2. Pulse Electric Field Requirements  

The main requirement of the slow and fast nsPEF electroporation system is to generate pulsed 

electric field of the following parameters: 

➢ Produce reliable and repeatable symmetrical pulse waveform; 

➢ Produce a pulsed electric field with amplitude in excess of 500 V; 

➢ Produce a symmetrical pulsed electric fields waveform with identical rise-time (tr) and fall-times 

(tf); 

➢ Produces a wide range of PEF duration (pulse width) within the nanosecond regime between 10 ns 

and 300 ns; 

➢ Adjustable PEF repetition frequency between 1 Hz and 50 Hz; 

➢ Capable of generating a specific number of nsPEF; 

2.4.3. Technology as a Key Enabler Overview 

Appendices I and II describes the diverse technologies available for the generation of high voltage 

pulse circuits (Appendix I) and fast switching elements (Appendix II) for the development of 

electroporation systems. Based on the requirement for the nsPEFs to be generated by the slow and fast 

nsPEF electroporation, the variously identified switching topologies can be divided into three main 

groups: capacitor discharge, semiconductor technology and inductive storage discharge. Each group 

and associated technology are shown in Fig. 2.10. The advantages and disadvantages of each technology 

are summarized in Table 2.2. Each technology reported here can produce high voltage PEFs with pulse 

durations in the sub-microsecond range [11], [14], [65]-[71].  

Traditionally, transmission line topologies, including Blumlein-type and pulse forming circuits 

were the dominant technology for the generation of nsPEFs for electroporation applications. The 

advances in semiconductor technologies BJT, MOSFETs, insulated-gate bipolar junction transistors 
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(IGBJTs) etc.)  and materials (i.e., Silicon Carbide (SiC) and Gallium Nitride (GaN) in recent years 

have enabled the development of high voltage, fast pulse generators that can produce sub-microsecond 

pulsed fields with nanosecond or even picosecond transition times [65], [68]. If the development of 

power semiconductor technology, such as GaN and SiC, continues at the pace it is growing today, then 

it will be possible to produce pulse amplitudes of 2 kV with picosecond rise and fall times soon [65], 

[68]. 

 

Fig. 2.10. Identified technologies available for the generation of high voltage pulsed electric fields 
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Table 2.2.  Key features and limitations of the identified technologies available for the generation of high voltage sub-microsecond duration pulsed electric fields (Appendix I and II)  [11], [14], 

[65]-[71].  

Topology Key Features (Advantage) Limitations (Disadvantage) 

Capacitor 

Discharge 

Marx 

Generators 

➢ Can handle high voltages and current, as high as 50 kV to 100 kV, and 

up to 40 A. The handling capability is dependent on the number of Marx 

stages implemented; 

➢ Low voltage drops across switches as the voltage drop and power are 

dissipated evenly across each stage. Providing power and load isolation; 

➢ Capable of generating short pulses of sub-100 ns duration. The exact 

nsPEF duration and transition times are determined by the switching element 

implemented; 

➢ Can be adapted for the generation of bipolar pulses using half or full-

bridge topology; 

➢ Voltage droop is common when high impedance loads are used; 

➢ Commonly used for low pulse repetition frequency operation. As the 

repletion rate is limited to the charging time of the capacitors at each stage of 

the Marx configuration; 

➢ Has a relatively short lifetime. The performance reliability and 

repeatability of design are dependent on the switching technology 

implemented i.e., electrode degradation in case of spark gaps. 

➢ Commonly used for the generation of capacitance discharge PEF 

waveform; 

➢ Large bulky structure; 

Charged 

Transmission 

Lines 

➢ High voltage handling capability of 1 kV and above. The voltage and 

current handling capability are dependent on the breakdown voltage of the 

switching element implemented and the coaxial transmission line used;  

➢ Commonly used to generate a short pulse in the sub-100 ns range; 

➢ Simplistic design that consists of two main comments of a transmission 

line and a switching element; 

➢ Can be adapted for the generation of bipolar pulses; 

➢ Load impedance matching requirement between the load and 

characteristic impedance of the charged line. This relationship determines the 

pulse shape (associated reflection coefficient) and pulse amplitude (voltage 

divider effect); 

➢ Pulse width inflexibility. The pulse width is limited to the associated 

electrical length or delay time of the transmission line; 

➢ Commonly used for low pulse repetition frequency operation between 1 

Hz and 50 Hz. The repetition frequency is limited by the time it takes for the 

charged line to be charged through the high impedance resistor, RC; 

➢ The rise time of the PEF is dependent on the switching element utilised; 

➢ The switching elements used with the charged line have a relatively short 

lifetime; 

Continued Next Page…  
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Table 2.2.  Key features and limitations of the identified technologies available for the generation of high voltage sub-microsecond duration pulsed electric fields (Appendix I and II)  [11], [14], 

[65]-[71].  

Topology Key Features (Advantage) Limitations (Disadvantage) 

Capacitor 

Discharge 
Blumlein 

➢ High voltage handling capability of 1 kV and above. The voltage and 

current handling capability are dependent on the breakdown voltage of the 

switching element implemented and the coaxial transmission line used;  

➢ Commonly used to generate a short pulse in the sub-100 ns range; 

➢ Simplistic design that consists of three main components of two separate 

identical transmission lines and a switching element; 

➢ Can be adapted for the generation of bipolar pulses; 

➢ Load impedance matching requirement between the load and 

characteristic impedance of the charged line. This relationship determines the 

pulse shape (associated reflection coefficient) and pulse amplitude (voltage 

divider effect); 

➢ Pulse width inflexibility. The pulse width is limited to the associated 

electrical length or delay time of the transmission line; 

➢ Commonly used for low pulse repetition frequency operation between 1 

Hz and 50 Hz. The repetition frequency is limited by the time it takes for the 

charged line to be charged through the high impedance resistor (RC); 

➢ The rise time of the PEF is dependent on the switching element utilised; 

➢ The switching elements used with the charged line have a relatively short 

lifetime; 

Semiconductor 

Technology 

 

Thyristors 

➢ Capable of handling high voltages and current of up to 20 kV and 1 kA 

respectively; 

➢ Can produce symmetrical PEFs with identical rise and fall times. 

Depending on the overall external circuitry implemented with a thyristor; 

➢ Can produce produces a wide range of PEFs durations. Depending on the 

overall external circuitry implemented with a thyristor; 

➢ Complexity in the external circuitry surrounding the thyristor for the 

generation of symmetrical PEFs of various pulse durations; 

➢ The repetition frequency of the pulses generated is limited due to the 

delay time between the trigger signal and the output nsPEF; 

Bipolar 

Junction 

Transistors  

➢ Can handle semi-high voltage between 200 V to 500 V; 

➢ Can produce reliable and repeatable symmetrical pulses; 

➢ Have a fast transition time (rise and fall times) of 300 ps (Avalanche 

mode); 

➢ Can be used as a switching element for other nsPEF generation topology 

such as transmission line, Blumlein or Marx (300 ps rise time in Avalanche 

mode); 

➢ Complex external circuitry;  

➢ Complex driving circuit for the operation of an avalanche mode transistor 

circuit; 

➢ Have a slow transition time (rise and fall times) of 500 ns (in Saturation 

and Current mode); 

Continued Next Page… 
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Table 2.2.  Key features and limitations of the identified technologies available for the generation of high voltage sub-microsecond duration pulsed electric fields (Appendix I and II)  [11], [14], 

[65]-[71].  

Topology Key Features (Advantage) Limitations (Disadvantage) 

Semiconductor 

Technology 

 

Insulated-Gate 

Bipolar 

Junction 

Transistors  

➢ Can handle high voltage and current of up to 4500 V and 250 A 

respectively; 

➢ Ability to generate well-defined pulses of wide parameters such as pulse 

duration, and repetition frequency, quickly and flexibly by adjusting the gate 

drive signal; 

➢ Produces reliable and repeatable symmetrical pulse waveform: 

➢ Can be adapted for the generation of bipolar pulses; 

➢ Commonly used for the generation of a pulse of 150 ns duration and 

above; 

➢ Have relativity slow transition times (rise and fall times) in comparison 

to other semiconductor switching devices with rise times of 50 ns +; 

➢ Complexity in external circuitry surrounding the IGBJT; 

Metal-Oxide-

Semiconductor 

Field-Effect 

Transistors  

 

➢ Can handle high voltage and current of up to 1700 V and 5+ A 

respectively; 

➢ Ability to generate well-defined pulses of wide parameters such as pulse 

duration, repetition frequency, and bipolar or monopolar pulses quickly and 

flexibly by adjusting the gate drive signal; 

➢ Reliable and repeatable operation with high life cycles that are 

determined by the MOSFET circuit topology and gate driver current 

capacity; 

➢ Has a low ‘ON’ state resistance ( RDS(on)) as low as 0.05 Ω; 

➢ Must consider the switching sequence of the MOSFET and its repetition 

frequency limitations; 

➢ Fast transition times with recorded rise and fall times as fast as 35 ns; 

➢ Commonly used for the generation of short pulse generation in the 100 

ns + pulse widths regime; 

➢ Associated complexity in external circuitry surrounding the MOSFET; 

➢ Broadband load sensitivity because of a positive temperature coefficient; 

Inductive 

Storage 

Diode 

Opening 

Switch 

➢ Capable of producing PEF of several kV amplitudes, 1kV to 140kV, 

with current up to several amps, 15A to 16kA; 

➢ The components are easily accessible; 

➢ Are commonly used for the generation of short pulse generation in the 

sub-100 ns regime; 

➢ Can produce consistent PEF across variable load impedance; 

➢ A complicated design that requires switching synchronization, a 

complex control system and switching topology; 

➢ Limited control of pulse durations; 

➢ Produces asymmetrical pulses as the rise time is short, whilst the fall 

time is dependent on the discharge timing of the CL oscillator; 

Continued Next Page… 
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Table 2.2.  Key features and limitations of the identified technologies available for the generation of high voltage sub-microsecond duration pulsed electric fields (Appendix I and II)  [11], [14], 

[65]-[71].  

Topology Key Features (Advantage) Limitations (Disadvantage) 

Inductive 

Storage 

 

Spark Gap 

➢ High voltage and current handling capability of up to 30 kV and 100 A 

respectively; 

➢ Produce PEFs with sub-nanoseconds rise and fall times; 

➢ Inflexibility regarding dynamic adjusting of PEF duration. This feature is 

limited by the reliant on the transmission line architecture implemented; 

➢ Spark gaps have a relatively short lifetime due to electrode degradation; 

➢ Has an unpredictable and unrepeatable characteristic in producing an 

identical chain of PEFs. Its inability to produce repeatable symmetrical pulse 

waveforms is due to the unpredictability of the arching aspects of the switch. 

➢ Commonly used for low pulse repetition frequency operation of 1 Hz to 

50 Hz; 

Mercury 

Wetted Relay 

➢ Fast transition times (rise and fall times) of 0.1 to 0.5 ns can be achieved; 

➢ Can be used to generate positive and negative PEF polarities; 

➢ Can be used to produce reliable and repeatable symmetrical pulse 

waveforms; 

➢ Produces a wide range of PEF duration within the nanosecond time 

regime; 

➢ Commonly used for low pulse repetition frequency operation between 50 

Hz and 500 Hz; 

➢ Hard to control and trigger PEFs generation with external trigger signal; 

➢ If sealed glass envelope fractures or becomes damaged can cause toxic 

effects to user from exposure to mercury; 

 

The development of ultra-fast semiconductor switches can generate short pulsed electric fields as fast as 100 ns. Traditional topologies such as transmission 

lines and pulse forming circuits are commonly used for short pulse generation of pulse widths under 100 ns, with transition times of 5 ns or less. The main 

advantages of semiconductor technology over traditional topologies are their compact size, flexibility and control of generating PEFs [65], [68]. Flexibility 

includes the ease of changing the nsPEF parameters, such as the duration, repetition frequency and the number of pulses in a reliable and repeatable manner. In 

comparison, capacitor-discharge topologies are inflexible due to their reliance on transmission line length and resulting Gaussian pulse shape [65], [68]. 

For high voltage nsPEFs delivery the switch performance is crucial. The spark gap switches are fast and cost-effective for nsPEF generation, but these 

switches have a short lifetime due to electrode erosion, and poor pulse duration control and can be frequently associated with turn-on jitter.  
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In contrast, the semiconductor switches offer a high flexibility of pulse control but are more 

constrained by high voltage or current withstand limits as well as switch opening and closing times. 

Connecting such switches in series can overcome the high voltage limitation issues, but this solution 

increases stray inductance within the circuit which could be a limiting factor regarding the overall 

switching speed [65], [68].  

From the comparison of MOSFETs, IGBJTs and BJTs based switches, all three can offer a 

breakdown voltage higher than 500 V. However, the BJT switches, are the most cost-effective option, 

but are slower than both MOSFETs or IGBJTs, and cannot fulfil the nsPEF pulse forming requirements. 

It is suggested that high-power MOSFETs can be used to generate pulses within the 100 ns to 300 ns 

PEF range with transition times (rise and fall time) faster than 50 ns [65], [68].  

Butkus et. al (2020) journal focuses on nsPEF pulse generators and indicates the shift in technology 

in-house developed electroporation systems’ tendency to utilize MOSFET and semiconductor 

technologies [13]. The increase in the number of developed electroporation systems is due to the lack 

of commercially available nsPEF electroporation systems [14].   

All topologies considered in this work offer a solution to produce high voltage PEFs. However, 

transmission line-based topologies in conjunction with inductive storage switches (spark gap, diode 

switches etc.) demonstrate the possibility to produce nsPEFs with a very high amplitude greater than 

10 kV with sub-nanosecond transition times. The design of the electroporation system based on these 

topologies is more complex than solid-state semiconductor switches in regard to the variety of nsPEF 

parameters that can be generated [11], [13]. Furthermore, for clinical applications, the voltage amplitude 

would normally be limited to around 1.5 kV to 2 kV maximum due to the breakdown voltage of 

microwave cable used for non-invasive surgery and associated international standards for medical 

devices (ISO 13485). 

2.5. Conclusion  

In recent years the number of systems and research focused on high voltage (>500 V) nsPEFs has 

increased significantly. Literature suggests that there are currently no nsPEF electroporators that are 

available for use in a clinical environment. There is a growing need in the scientific and clinical research 

communities for nsPEF electroporation systems that are capable of producing a wide range of PEFs to 

quantify and validate the effect of nsPEF on cellular and tissue loads.   

Various technologies for the generation of nsPEFs exist and have been reviewed in this chapter. 

Traditionally transmission line-based topologies can be utilised for the generation of sub-100 ns PEFs. 

But recent developments in SiC and GaN technologies have resulted in the capability of MOSFETs 

technology to produce PEFs of 100 ns in duration and various pulse parameters in a flexible manner. 
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Two ‘in-house’ nsPEF electroporation systems to obtain preliminary microbiological and pre-

clinical effects from the application of nsPEF have been developed in this work. Firstly, a slow nsPEF 

electroporation system to produce 100 ns to 300 ns PEF with amplitudes in excess of 1 kV utilising 

power MOSFETs. Secondly, a fast nsPEF electroporation system that combines the traditional method 

of charged transmission line topology with avalanche transistors for the generation of 10 ns to 100 ns 

PEF, with sub-nanosecond transition times and amplitudes in excess of 1 kV. 
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CHAPTER III. SLOW NSPEF ELECTROPORATION SYSTEM – 

TECHNICAL DESIGN 

3.1. Introduction 

This chapter describes the design, development, and evaluation of the slow nanosecond pulsed 

electric field electroporation system. This system has been evaluated by microbiologists at the Italian 

National Agency for new technologies, energy and sustainable economic development (ENEA) for 

preliminary in-vitro investigation of nanosecond pulsed electric fields (nsPEFs) effects on 

Medulloblastoma cell lines. The cell lines were enriched in Cancer Stem Cells (CSCs). This work was 

a key part of a multidiscipline collaboration supported by the European Union’s Horizon 2020 

Framework. The particular programme was called the Semiconductor-based Ultrawideband 

Micromanipulation of CAncer STEm Cells (SUMCASTEC) [1]. 

This slow nsPEF electroporation system was developed to investigate the effect of nsPEFs, of 100 

ns, 200 ns, and 300 ns pulsed electric fields (PEFs), with amplitudes in excess of 1 kV (or electric field 

strength in excess of 1 kV/mm (1 MV/m)), on Medulloblastoma cell lines that are enriched in CSCs.  

Following discussions with microbiologists and clinical researchers, as part of the SUMCASTEC 

research program, it was highlighted that there is an absence of commercially available nanosecond 

electroporation systems to investigate the effects of nsPEFs on cancerous bulk tissue and cell lines [2].  

The agreed set of requirements for the slow nsPEF electroporation system from the SUMCASTEC 

consortium was as follows [2]. To deliver a specific number of PEFs of 100 ns to 300 ns in duration, 

with amplitude in excess of 1 kV across a 50 Ω load impedance with repetition frequencies between 1 

Hz and 50 Hz.  

The slow nsPEF electroporation system developed in this work utilised fast switching, power 

metal-oxide-semiconductor field-effect transistors (MOSFETs) connected in a push-pull configuration 

to produce nsPEFs that meet the above requirements. The push-pull configured MOSFETs were driven 

by a high current gate driving optocouplers, and the timing and amplitude control of the nsPEFs was 

managed by a suitable microcontroller. This resulted in the following publications [3]-[7]. 

3.2. MOSFET Switching Topology  

In the second chapter a wide range of technologies that are capable of generating nsPEFs were 

described. Various topologies for producing nsPEFs were investigated, followed by a comparative study 

of the possible switching technologies and circuits that could be implemented to produce the nsPEFs 

that meet the slow nsPEF electroporation system requirements. 
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3.2.1. Introduction to MOSFETs 

MOSFETs technology was identified as a suitable switching technology that is capable of 

producing the required nsPEF parameters. This technology had been identified as appropriate for 

producing nanosecond pulses of variable duration, and amplitudes up to, and above 1 kV. The benefits 

and challenges of using MOSFET technology are highlighted in Table 3.1. bellow. 

Table 3.1. The benefit and challenges of power metal-oxide-semiconductor field-effect transistors [8]-[14] 

Benefits Challenges 

➢ Low ON-resistance (RDS(on)); ➢ Packaging challenges to minimise parasitic inductance and temperature; 

➢ Small chip size and stray inductance; ➢ Integration of gate driver with high pulsed current rating; 

➢ Low capacitances (Ciss, Cgs, Cgd); ➢ High heat flux; 

➢ Fast switching speeds;  

➢ High operating temperatures;  

➢ High power / voltage capabilities;  

MOSFETs are voltage-controlled current switches that combine the high input impedance of a 

thyristor with the low power requirement of a semiconductor device. A MOSFET is a majority carrier 

device that has no difficulty in storing charges in its minority carrier region. Therefore, these devices 

can be turned ‘ON’ and ‘OFF’ very quickly [8]-[12].  

Power MOSFETs are suitable devices for electroporation applications as they provide fast 

switching speeds and large current and voltage handling capability. Therefore, the generation of nsPEFs 

with high repetition frequencies can be achieved. Power Gallium Nitride (GaN) transistors and Silicon 

Carbide (SiC) MOSFETs are now affordably available commercially [12]-[14]. 

Power MOSFETs are available with high breakdown voltage ratings in excess of 1700 V, and drain 

current ratings in excess of 70 A, with transition times (rise and fall times) and delay times of less than 

40 ns. These features make MOSFETs an attractive option for switching high voltages for the generation 

of PEFs between 100 ns and 300 ns.  Examples of commercially available power MOSFETs are 

produced by manufacturers such as Wolfspeed [15], Infineon [16] and ON Semi [17]. The n-channel 

enhancement type MOSFET device was considered in this work because they are the most 

straightforward device of its kind to control, and the associated driving circuitry design is relatively 

straightforward.  

3.2.2. Si vs SiC vs GaN 

Advances in MOSFET technology mimic More’s law, as seen in Fig. 3.1. It can be observed that 

the number of transistors in a dense integrated circuit (IC) doubles about every two years. This 

technology scaling effect not only makes the MOSFETs smaller but also much faster, as the speed is 

inversely proportional to the gate/base length [11].  
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(a) 

 

(b) 

 

Fig. 3.1. Plot of number of transistors per microprocessors chip against dates of introduction. (a) [11] (b) [18]. 

The scaling of MOSFETs dimensions in combination with advances in semiconductor materials, 

such as SiC and GaN, has enabled semiconductor products to evolve rapidly over the past 40 years [11]. 

GaN and SiC semiconductor materials allow for smaller, faster, more reliable devices to be fabricated 

with higher efficiency than their silicon-based counterpart. This advancement has produced power 

MOSFETs with improved features such as better thermal conductivity, larger bandgaps, higher 

breakdown field strengths and faster electron mobility to name a few. These features are indicated in 

Fig. 3.2 [19], Fig. 3.3 [20] and Fig. 3.4 [21]. These features enabled the development of higher power 
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devices capable of handling larger currents and having higher breakdown voltages with faster transition 

times [8], [11].  

 
Fig. 3.2. Si, SiC and GaN semiconductor material properties power handling vs operating frequency capabilities [19] 

There are particular advantages associated with each semiconductor material of Silicon (Si), SiC 

and GaN. Silicon is a relatively cheap substrate compared with SiC and GaN, but SiC and GaN devices 

offer better performance in terms of bandgap and drain-source breakdown voltages [22]-[24].  

GaN and SiC are relatively similar with GaN having a bandgap of ~3.2 eV, whilst SiC has a 

bandgap of 3.4 eV. GaN and SiC's breakdown fields are again relatively similar, with GaN and SiC 

boasting a breakdown electric field of 3.3 MV/cm and 3.5 MV/cm respectively. Their bandgap and 

breakdown fields make these compounds significantly better equipped to handle higher voltages to 

support higher voltage circuits than Si base MOSFETs [22]-[24]. This feature is significant when 

designing a high voltage nsPEF electroporation system, as is presented in this work.  

The most significant difference between GaN and SiC lies in their electron mobility, which 

indicates how quickly electrons can move through the semiconductor material. Si has an electron 

mobility of 1500 cm2/Vs whilst GaN and SiC have an electron mobility value of 2000 cm2/Vs and 650 

cm2/Vs respectively. This implies that SiC's electrons are slower moving than both GaN and Si. With 

such elevated electron mobility, GaN is nearly three times more suitable for high-frequency or fast-

switching applications [20]-[21].  
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Fig. 3.3. Si, SiC and GaN Semiconductor material breakdown voltage vs ON-resistance characteristics [20] 

Thermal conductivity directly influences the material's temperature and its ability to transfer heat 

through itself. In high-power applications, inefficiencies in materials will create heat, thus increasing 

the temperature of the material, and subsequently changing its electrical characteristics. GaN has a 

thermal conductivity value of 1.3 W/cmK in comparison to SiC with a value of 5 W/cmK. This makes 

SiC almost four times better at heat transfer, which is advantageous in high-power, high-temperature 

applications [20]-[24].  

SiC power devices are far more mature than GaN-based devices in terms of offering breakdown 

voltages in excess of 1 kV.  SiC MOSFET technology is better-suited technology for the high voltage 

PEFs generation with nanosecond regime rise and fall times required for this work. The primary 

advantage of SiC transistors is their very low switching losses, at higher-frequency operations. This is 

due to the positive temperature coefficient that allows the devices to be easily connected in parallel to 

withstand high operating currents and voltages, in excess of 40 A and 1200 V respectively [22]-[24]. 

In future, GaN is set to replace SiC power devices since SiC is said to have reached its performance 

limits regarding speed, temperature, and power handling capabilities. Although for the challenge at 

hand to produce PEFs of durations 100 ns to 300 ns, with amplitudes in excess of 1 kV, SiC n-channel 

enhancement type MOSFET devices were the best solution.  
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Fig. 3.4. Si, SiC and GaN semiconductor material property comparisons: bandgap, breakdown field, thermal 

conductivity, and electron mobility [21] 

3.2.3. MOSFET Breakdown and Limitation Parameters 

SiC Power MOSFETs with breakdown voltages (BVDS) of 1700 V that can be operated with rise 

times (tr) of less than 40 ns are commercially available [15]-[17]. These devices are available from 

suppliers such as RS [25], MOUSER [26], Farnell [27] and to name a few. SiC device developers / 

manufacturers include Wolfspeed [15] and Infineon [16]. 

For this application, it was important to choose a power MOSFET with a maximum drain-source 

voltage above 1 kV and total switching times below 100 ns to generate an electrical pulse of 100 ns 

duration with amplitudes in excess of 1 kV, into a 50 Ω load impedance. An n-channel enhancement-

type MOSFET device was the device of choice, where a positive gate-source voltage (VGS) is used to 

open the channel and control the drain current (id). The transconductance characteristic (id as a function 

of VGS) was also considered carefully when choosing the most appropriate MOSFET for the required 

application. 

Wolfspeed’s C2M1000170D SiC n-channel enhancement mode power MOSFET was identified as 

a suitable component for the generation of nsPEF of 100 ns pulses. The key features of the 

C2M1000170D (see the datasheet Appendix III [28]) device are as follows: 

➢ High switching speeds (10.5 ns rise-time, 60 ns fall-time) [28]; 

➢ High drain-source breakdown voltage (1700 V) [28]; 

➢ Low drain-source on-state resistance, RDS(on) (1 Ω) [28];  
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➢ Easy to parallel and simple to drive [28]; 

➢ Ultra-low drain-gate capacitance / low input capacitances (200 pF) [28]; 

The maximum gate-source voltage (VGSmax) must not be exceeded. VGSmax is determined by the 

thickness of the gate oxide layer and the magnitude of the applied electric field. Once the VGSmax value 

is exceeded, the gate oxide breaks down and the MOSFET is permanently damaged. The 

C2M1000170D can withstand a VGSmax of up to 25 V before breakdown occurs. Another maximum 

rating parameter which must not be exceeded is the drain-source voltage (VDSmax) or the breakdown 

voltage (BVDS). This is the maximum voltage that the device can withstand before the avalanche 

breakdown of the drain-body PN junction. The BVDS for the C2M1000170D is 1700 V when VGS is 0 

V. When designing the gate drive and control circuitry it must be ensured that these MOSFET 

parameters are not exceeded and the device operates within its Safe Operating Area (SOA), as shown 

in Fig. 3.5. Three parameters that determine the SOA are the maximum drain current (id) the internal 

operating junction and storage temperatures (TC or TJ) and the drain-source voltage (VDS). 

 

Fig. 3.5. Safe operating area for the C2M1000170D metal-oxide-semiconductor field-effect transistors [28] 

To achieve nanosecond switching speed using the C2M1000170D power MOSFET, the maximum 

rating for the key parameters that determine the upper limit of its switching capabilities should be 

observed. The effects of the inherited device capacitance and subsequent charge control must be 

considered.  
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3.2.4. Gate Drive Requirements and Charge Control  

For high voltage switching applications, MOSFETs are faster than bipolar devices i.e., bipolar 

junction transistors (BJTs) and insulated-gate bipolar junction transistors (IGBJTs). The gate of a 

MOSFET can be considered as capacitance and can be modelled by the equivalent circuit of a MOSFET 

as shown in Fig. 3.6.  

The gate voltage of a MOSFET does not increase unless its gate input capacitance is charged, and 

the MOSFET does not turn ‘ON’ until its gate voltage reaches the gate threshold voltage (Vth) [29]. Vth 

of a MOSFET is defined as the minimum gate bias voltage required to open up the channel between the 

source and drain regions to allow current to flow.  

From a typical MOSFET datasheet, the input, output, and reverse transfer capacitance values are 

usually provided. These capacitances can be calculated from the MOSFET’s gate-source capacitance 

(Cgs), gate-drain capacitance (Cgd), and the drain-source capacitance (Cds) as indicated below [29]. The 

drain-source capacitance (Cds) does not effect on any of the MOSFET switching characteristics. 

Input Capacitance, Ciss = Cgd + Cgs 

Output Capacitance, Coss = Cds + Cgd 

Reverse Transfer Capacitance, Crss = Cgd 

  
(a) (b) 

Fig. 3.6. n-channel enhancement power metal-oxide-semiconductor field-effect transistors equivalent (a) capacitance 

circuit (b) ON-resistance circuit [29] 

During the turn ‘ON’ of a MOSFET, displacement current flows into the gate, charging the gate-

source and gate-drain capacitances. The gate voltage-controlled current source can be assumed to be 

equal to zero when VGS < Vth and equal to gm(VGS – Vth), where gm is the transfer conductance or 
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transconductance (
Δ𝑉𝐷𝑆

Δ𝑉𝐺𝑆
) (

Δ𝑖𝑑

𝑉𝐺𝑆
) when the device is operating in its active region. The device is in its 

switching mode when VGS >> Vth and its ohmic region when VDS < VGS. In the ohmic region, the 

dependent current source is no longer valid because the inversion layer is no longer pinched off at the 

drain end of the channel but has a spatially uniform thickness since VDS is small. In the equivalent 

circuit, Fig 3.6(b), the inversion layer shorts the drain to the source, therefore the drain terminal Cgd is 

grounded and RDS(on) accounts for the ohmic losses [29]. 

As the capacitance is dependent on the depletion layer, the capacitances Cgs and Cgd vary according 

to the magnitude of the voltage, VDS. The gate-source capacitance, Cgs, is a combination of the 

electrostatic capacitance of the oxide layer in series with the depletion capacitance. As the voltage 

across the drain-source is approximately identical to the voltage across the drain-gate, there is a 

significant change in the value of Cgd when a load is being switched, as illustrated in Fig. 3.7. The 

difference in capacitance ratio when the device is switched ‘ON’ and ‘OF’F can be up to a factor of 10. 

Cgd2 is when the device is switched ‘ON’, and Cgd1 is when the device is ‘OFF’ [29].  

 
Fig. 3.7. The gate-drain capacitance (Cgd) as a function of drain-source voltage (VDS) when the device is switching [29]. 

Fig. 3.8 shows the gate-source voltage variation over time when a constant current is applied to the 

gate terminal. As the gate current is constant, the time axis can be expressed in terms of gate charge 

(Qg). Gate charge can be expressed by multiplying the gate current (ig) by the time constant (t). The gate 

charge is therefore calculated as: Qg = ig t. The C2M1000170D SiC power MOSFET has an input 

capacitance (Ciss) of around 200 pF between the gate and the channel. This capacitance must be charged 

when the device is tuned ‘ON’ and discharged to turn the device ‘OFF’ [28].  
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Fig. 3.8. The gate charge waveform expressed as the gate-source voltage (VGS) vs the gate-source charge (Qg) [29] 

To produce pulsed fields with fast switching times in the order of nanoseconds, the charge and 

discharge times must be as short as possible. A gate driver is necessary to provide enough current to 

charge the input capacitance of the device to the necessary gate-source voltage, to enable the required 

current id to flow for the generation of pulsed electric fields with ns rise and fall times. The total gate 

capacitance (Cgate) is made up of the gate-source capacitance (Cgs) and the gate-drain capacitance (Cgd). 

The driving gate current (ig) required to charge up the input capacitance (Ciss) for the MOSFET to switch 

high voltage is given by equations 3.1 and 3.2 below [29]. 

𝐶𝑔𝑎𝑡𝑒 = 𝐶𝑖𝑛𝑝𝑢𝑡 = 𝐶𝑖𝑠𝑠 = (𝐶𝑔𝑠 + 𝐶𝑔𝑑(1 + 𝑔𝑚𝑍𝐿)) 
(3.1) 

𝑖𝑔 = 𝐶𝑖𝑠𝑠

𝑑𝑉𝑔𝑠

𝑑𝑡
 (3.2) 

where gm is the transconductance (
𝑑𝑖𝑑

𝑑𝑉𝐺𝑆
) of the MOSFET and ZL is the load impedance presented 

to the circuit by the biological tissue. VGS is the gate-source voltage and t is the pulse duration of the 

nsPEF generated. Table 3.2. exhibits the necessary current to drive the device of choice, the 

C2M1000170D MOSFET for the generation of 1 kV nsPEFs of 100 ns to 300 ns duration.  

Table 3.2. Gate current required to drive the C2M1000170D to generate 100 ns, 200 ns and 300 ns pulses 

Pulse Duration, 

 T (ns) 

Pulse Amplitude, VL 

(V) 

input capacitance, 

Ciss (pF) 

driving gate 

current, ig 

gate-source 

voltage, VGS (V) 

Max rise / fall-

times, tr/tf (ns) 

100 1000 200 2 A 5 0.5 

200 1000 200 1 A 5 1 

300 1000 200 667 mA 5 1.5 
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3.2.5. MOSFET Gate Drive Circuit 

For fast switching, the gate driver circuit must provide the MOSFET gate terminal with sufficient 

gate-source voltage, higher than its threshold voltage (Vth) to sufficiently charge its input capacitance 

(Ciss). Table 3.2. indicates the driving current required for the C2M1000170D gate to efficiently drive 

the MOSFET to generate nsPEF of 100 ns, 200 ns and 300 ns PEF. The gate threshold voltage for the 

C2M1000170D MOSFET is 2.6 V (VDS = VGS, ID = 0.5 mA) [28]. The voltage to switch the 

C2M1000170D MOSFET VGS is +5 V. Therefore, with a 2 A gate driver, one can charge the 200 pF 

input capacitance in 0.5 ns 𝑑𝑡 = 𝐶
𝑑𝑉

𝑖
=

200x10−12𝑥5

2
 

Basic Drive Circuit 

The total capacitance of a MOSFET needs to be considered in the design of its gate driver circuit. 

The basic MOSFET driver circuit is illustrated in Fig. 3.9. In Fig. 3.9, R1 is the MOSFET gate resistor. 

An appropriate gate resistor value should be selected as it affects the transition time (switching speed) 

of the MOSFET. Resistor R2 functions as a pull-down resistor to reduce the gate-source voltage to 0 V 

when the input signal or trigger signal to the MOSFET gate terminal is open-circuit. The gate voltage 

or trigger signal needs to be sufficiently higher than the 2.6 V threshold voltage and have the capability 

to deliver a current of 2 A, to charge the 200 pF input capacitance to turn ‘ON’ and ‘OFF’ the 

C2M1000170D MOSFET in 0.5 ns [29].  

 
Fig. 3.9. Basic metal-oxide-semiconductor field-effect transistors driving circuit [29] 

Logic Driven 

Driving a MOSFET with a logic circuit would allow direct control and drive from the output point 

of a standard microcontroller. One advantage of directly driving a MOSFET using a microcontroller is 

that it provides a user-configurable method of controlling the pulses generated. From (3.1) and Table 

3.2 a current of 2 A is required to efficiently charge the input capacitance, 200 pF, and drive a 

C2M1000170D MOSFET [33]. The maximum current that can be drawn from a microcontroller is 
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typically 200 mA. Therefore, it would not be possible to drive a C2M1000170D MOSFET directly 

without a gate driver if the transition times required and pulse duration is in the nanosecond regime. 

With the slower turn-on and turn-off times, the required current to charge the input capacitor would be 

significantly less and the logic method of driving a MOSFET may be applicable for the generation of 

PEF in the microsecond to second time regime [34].   

Direct Drive Voltage Converter 

To efficiently drive the C2M1000170D MOSFET the recommended operational value for the gate-

source voltage is 20 V. Since a logic driver or micro-controller has insufficient voltage output swing to 

drive the MOSFET, a voltage converter is required to convert the trigger signal to the necessary driver 

voltage of 20 V.  

Fig. 3.10 shows an example of how to drive a MOSFET with a logic control via a current 

driver/voltage converter. This converter circuit increases the 5 V logic signal needed to drive a 

MOSFET above its threshold voltage.  In this case, applying a VGS of +20 V from a 5 V logic trigger 

signal [34].   

(a) 

 

(b) 

 
Fig. 3.10. A 20 V drive voltage conversion (a) basic circuit (b) push-pull circuit [29] 

In Fig. 3.10, resistor R2 is connected in series with the gate resistor R3, and increases the gate drive 

resistance, making it difficult to drive the MOSFET in saturation mode. This slows the switching speed 



Chapter III. Slow nsPEF Electroporation System - Technical Design 

 

 
51 

of the MOSFET and therefore increases the switching loss. Reducing R2 causes a large drain current 

(id) to flow to the drive circuit during the turn ‘OFF’ period of the MOSFET, increasing the power 

consumption of the drive circuit [34].  

The drawback of the circuit shown in Fig. 3.10(a) is that the high voltage MOSFET is driven by 

another MOSFET. MOSFETs are a voltage-driven/controlled device while BJTs are current-driven 

devices. By driving the high voltage MOSFET with a push-pull configuration of BJTs as seen in Fig. 

3.10(b) they provide sufficient drive current for the high voltage MOSFET providing higher current to 

charge and discharge the MOSFET input capacitance resulting in fast switching times. Therefore, it is 

better to drive a high voltage MSOFET for fast switching times, in the nanosecond regime, with a BJTs 

(Fig. 3.10(a)) than a MOSFET (Fig. 3.10(a)).  

Transformer Driver (Insulated Switching) 

The use of a pulse transformer eliminates the need for a separate drive power supply as the voltage 

swing is in the positive and negative directions. As the MOSFET for this application switches a high 

voltage i.e, 1 kV+, it is recommended that the drive circuit is isolated from the MOSFET by using a 

transformer, to provide galvanic or magnetic isolation. This is illustrated in Fig. 3.11. This isolation 

reduces unnecessary noise/interference to be feedback to the driver circuit and any common mode noise 

is cancelled out [29]. Accurate switching times are essential for this application, particularly for the 

push-pull configuration of the MOSFETs. 

 
Fig. 3.11. Gate drive transformer circuit [29] 

Photocoupler Driver 

An optically isolated device, such as a photocoupler, can also be utilised as a MOSFET gate driver, 

as illustrated in Fig. 3.12. A separate power supply is necessary to establish the amplitude and current 

of the MOSFET gate driving signal from a photocoupler output. To utilise a photocoupler to drive the 

high side of a push-pull, half, or full bridge switching circuit, a floating power supply is necessary. 

Consideration has to be given to the speed and current drive capability of the photocoupler to efficiently 

drive a specific MOSFET [29]. 
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Fig. 3.12. Gate drive photocoupler circuit - TLP352 photocoupler internal circuit [30] 

Direct Versus Isolated Gate Driver Circuit 

As discussed, the Wolfspeed C2M1000170D SiC n-channel enhancement mode power MOSFET 

is a device that can be used in circuits to produce nsPEFs with pulse duration of the order of 100 ns 

[28]. For successful switching of the C2M1000170D MOSFET, a control signal of 20 V (25 V max) 

and a current capability of 2 A at the gate are required. Because of this requirement, a direct drive 

voltage converter, or an isolated gate driver is used to convert a +5 V from a digital microcontroller to 

a voltage level of up to 25 V and delivers up to 2 A to charge up the gate-source capacitance associated 

with the power MOSFET. This isolated driver circuit may either consist of a transistor to magnetically 

couple the signal from the microcontroller and the high voltage circuit or an arrangement of photodiodes 

to provide opto-isolation. Both of these methods isolate the low voltage pulses produced by the 

microcontroller from the high voltage pulses produced by the high voltage pulses generation circuit.  

A driver voltage converter that utilises two transistors in series can be implemented to drive the 

C2M1000170D MOSFET. The NPN and PNP transistors connected in series operate as a matched 

switch that provides the fast-switching transition times required in addition to the voltage and current 

requirement to efficiently drive the C2M1000170D (20 V, 2 A).  Combining a PNP transistor with an 

NPN transistor, as a matched switching element, is a common design used when developing power 

circuits to drive power MOSFETs. Normally, the PNP and NPN transistors are contained in a single 

package. A typical gate driver circuit is shown in Fig. 3.13.  

As an example of the application of the circuit, a logic gate trigger may be amplified from a 

transistor–transistor logic (TTL) voltage and current output of 5 V and 200 mA to a gate voltage and 

current of 20 V and 2 A to charge the input capacitance of the MOSFET (
𝑑𝑉

𝑑𝑡
=

𝑖

𝐶
). The pair of NPN 

and PNP transistors are used in Class B configuration as a complementary or matched switch, where 

the PNP transistor conducts for the negative half cycle while the NPN transistor conducts for the 
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positive half cycle. This implies that a single control signal is required to operate both the NPN and 

PNP transistor [34].  

 
Fig. 3.13. NPN and PNP transistor in a matched switch construct operating as a metal-oxide-semiconductor field-effect 

transistors gate driver 

To drive the C2M1000170D MOSFET [28] a BC327-16 (PNP transistor) [31] and a BC337-16 

(NPN transistor) [32] operating in a push-pull were identified as an efficient gate driver circuit. 

Resistors R3 and R4 are base current limit resistors and resistors R1 and R2 are pull-down resistors. 

An optocoupler or a photocoupler is a semiconductor device that uses a short optical path or link 

to couple a signal from one electrical circuit to another whilst providing electrical isolation. A Toshiba 

TLP352 [30] is a suitable photocoupler to drive the C2M1000170D MOSFET as it can produce a gate 

voltage signal of +15 V to +30 V, and a peak current of 2.5 A.  

The TLP352 is specified to provide 3750 Vrms of isolation voltage. This factor provides isolation 

or shields with the low voltage circuitry (microcontroller input control signal input to the optocoupler) 

and the high voltage circuitry associated with the high voltage switching operation of the MOSFETs. 

This isolation reduces unnecessary noise/interference to be fed back to the driver circuit and cancels 

out common mode noise [29]-[30].  

The internal circuit of the TLP352 Photocoupler is illustrated in Fig. 3.12 [30]. The internal 

circuitry is constructed of a totem-pole output that can both sink and source current. This is ideal for 

driving IGBT and power MOSFET devices.  

Considering the drive voltage converter (Fig. 3.13) and photocoupler method (Fig. 3.12) for 

driving the C2M1000170D MOSFET, the TLP352 Photocoupler was the preferred method as the 

isolation protects the low voltage microcontroller from the high voltage switch. Both methodologies 
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produce the necessary gate current, and voltage needed to efficiently drive the C2M1000170D. Unlike 

the drive voltage converter, the TLP352 Photocoupler provides isolation from voltages of up to 3750 

Vrms [30].  

Without an optoisolators, circuit failure occurred. This failure relates to thermal runaway 

associated with the high voltage switching and feedback at the high side switching level. The 

photocoupler overcame this issue as it isolated the low voltage and high voltage floating circuit due to 

its associated isolation that is rated up to 3750 Vrms(min) voltage. In conclusion, a TLP352 Photocoupler 

[30] was used to efficiently drive the high-power fast switching C2M1000170D MOSFET [28]. 

3.2.6. MOSFET Switching Topologies 

Following discussions with microbiologists and researchers interested in the field of cell 

electroporation, it was highlighted that there is a need for a nanosecond electroporation system 

apparatus that can produce symmetrical (identical rise and fall-times) nsPEF with an amplitude that 

exceeds 1 kV and a range of pulse durations from 100 ns to 300 ns, repetition frequency from 1 Hz to 

50 Hz, and generate a specific number of nsPEF. 

Because of the agreed specification for the slow nsPEF electroporation system, a push-pull 

configuration of two MOSFETs as a switching topology was selected to provide the optimal solution. 

A push-pull configuration switching topology using MOSFETs provides numerous advantages over 

conventional nsPEF generation topologies such as charged transmission lines, spark gaps and other 

semiconductor transistors-based switching topologies. The advantages of MOSFET technology over 

other switching technology for the generation of slow PEFs has been highlighted earlier in this chapter 

and Chapter 2. Using high voltage, fast switching power MOSFETs configured in a push-pull 

configuration enabled a well-controlled electro-manipulation technique to be available for 

microbiologists and researchers in the field of electroporation. 

Push-pull Configuration 

When a single MOSFET is used to generate high voltage sub-microsecond pulses to be delivered 

into a fixed low impedance load without reduction in amplitude the gate-source and gate-drain 

capacitances associated with the MOSFET must be charged and discharged and this can result in 

unacceptably long switching times. This is particularly true for the discharge of the input capacitance 

necessary to switch the pulse ‘OFF’. The fall time of the pulse is dictated by the discharge time constant 

which is determined by the gate-source capacitance of the MOSFET and the impedance load (tf = τ = 

Cgs ZL). The majority of MOSFETs available today produce faster rise times in comparison to their fall 

times. This is true whether a MOSFET is purposely designed to operate in the nanosecond time regime-

switching or not. This is seen when looking at the switching times associated with the C2M1000170D 

device used in this work (10.5 ns rise time and 60 ns fall time) [28].  
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 To overcome this problem, two MOSFETs can be used in a push-pull configuration, as shown in 

Fig. 3.14 and 3.15. This switching topology means that when the high side MOSFET (S1) is open 

(‘OFF’) the low side MOSFET (S2) is closed (‘ON’), and vice versa. The relationship between the two 

MOSFET switching status is synchronized and operated with a single gate control signal as shown in 

Fig. 3.14, and complementary gate control signals as shown in Fig. 3.15.  

  
Fig. 3.14. Push-pull configuration for pulse generation with an n and p type metal-oxide-semiconductor field-effect 

transistors 

Fig. 3.14 illustrates a push-pull topology with an n-type and a p-type MOSFET. With this topology, 

a single signal control (active high) is required to operate the two MOSFETs. A high-level signal input 

switches the n-type MOSFET ‘ON’ and the p-type MOSFET ‘OFF’ and vice versa when a low-level 

input signal is applied to their gate. The disadvantage of this arrangement is that it is necessary for both 

the n-type and p-type MOSFET to have the same operational parameters, such as input capacitance, 

rise-time, breakdown voltages etc. to enable the generation of symmetrical pulses.  

Fig. 3.15 on the other hand illustrates the topology for operating two identical n-type MOSFETs 

overcomes the disadvantages associated with the configuration shown in Fig. 3.14. The downside of 

this topology is its critical dependency on driving the high side MOSFET (S1) with an active high (logic 

level is 1 (5V)) gate signal and an active low gate driving signal (logic level is 0) to operate the low 

side MOSFET (S2). Both the active high and active low gate signals in driving/switching both the high 

side and low side MOSFETs must be carefully controlled and complimentary of one another.  

The operation of the equivalent circuit for a push-pull configuration of two MOSFETs connected 

in series for the generation of symmetrical nsPEFs illustrated in Fig. 3.15 is given in Fig. 3.16.  Fig. 

3.16(a) illustrates the basic modular design of the MOSFETs operating in a push-pull configuration as 
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two switches. S1 illustrates the first MOSFET on the high side that is controlled by an active high gate 

signal, and S2 is the low side second MOSFET that is controlled by an active low gate signal.  

 
Fig. 3.15. Push-pull configuration of two n-type metal-oxide-semiconductor field-effect transistors with complementary 

gate control signals for pulsed electric field generation 

In this arrangement, nsPEF are generated by the synchronized and complementary operation of 

both high (S1) and low-sided (S2) MOSFETs. When S1 (the high side MOSFET) is turned ‘ON’, a high 

positive voltage is applied to the load. The current flow (red dotted line), from the high voltage source 

(VCC) and through the load is shown in Fig. 3.16(b). In addition, to applying the high voltage amplitude 

across the load, the operation of S1 determines the pulse duration (pulse width) and rise-time of the 

nsPEF applied across the load.  

When S1 is turned ‘OFF’, and S2 is turned ‘ON’, a second path for the current to flow (blue dotted 

line) from the load to the ground is cheated, as shown in Fig. 3.16(c). The switching of S2 creates a low 

impedance path, which allows the high voltage pulse delivered at the load to discharge to the ground. 

Therefore, S2 controls the fall-time of the generated pulse. Implementing the push-pull configuration 

illustrated in Fig. 3.15 and Fig. 3.16 results in a faster fall time than is possible using a single MOSFET 

implementation, and leads to symmetrical PEFs across the load, with identical rise and fall times. 

It is imperative that both MOSFETs, S1 and S2, are not switched ‘ON’ simultaneously. In such an 

event, the high voltage supply would be grounded or there would be a short circuit across the load 

impedance. This situation could result in shorting of the power supply to the ground and a potential 

temperature rise or breakdown of MOSFETs due to the power dissipation of the drain-source resistance 

(P = I2RDS(on)). 

It is imperative that both MOSFETs, S1 and S2, are not switched ‘ON’ simultaneously. In such an 

event, the high voltage supply would be grounded or there would be a short circuit across the load 
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impedance. This situation could result in shorting of the power supply to the ground and a potential 

temperature rise or breakdown of MOSFETs due to the power dissipation of the drain-source resistance 

(P = I2RDS(on)). 

(a) 

 

 
(b) (c) 

Fig. 3.16. (a) Modular design of the push-pull configuration with two n-type MOSFETs and the circuit simplified as 

switches (b) current path when S1 is closed and S2 open (c) current path when S1 is open and S2 is closed. 

Full-bridge Configuration 

The full-bridge, or H-Bridge topology, consists of four switches where one pair of switches are 

open, and another is closed in a particular sequence. Full-bridge topology using high-performance 

MOSFETs can produce nsPEF of either positive and/or negative polarity across a load, using a single 

dc supply source. As shown in Fig. 3.17(a), the full-bridge topology is a configuration of four MOSFET 

switches arranged in an H shape. Switches S1 and S3 are referred to as the left-hand side of the half-

bridge and switches S2 and S4 are referred to as the right-hand switching leg [14]. Ideally, both the left 

side and right sides of the H-bridge configuration are identical so that the currents and losses are 

balanced [14]. The driving signals need to be taken into careful consideration as these determine the 

generated pulse characteristics. 
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As shown in Fig. 3.17, the gate drive signals for all switches (S1, S2, S3 and S4) are synchronised 

in such a way to alternate the dc voltage potential across the load impedance. The switch pairs are S1 

and S4, and S2 and S3. When S1 and S4 are switched ‘ON’, and S2 and S3 are switched ‘OFF’ then a 

positive going pulse is produced across the load, as seen in Fig. 3.17(b). When S1 and S4 are turned 

‘OFF’, and S2 and S3 are turned ‘ON’ a negative going pulse is produced across the load, as shown in 

Fig. 3.17(c).  

(a) 

  

  

(b) (c) 

Fig. 3.17. (a) Full-bridge or H-Bridge MOSFET topology (right) and the circuit simplified as switches (left) (b) current 

path for a positive nanosecond pulsed electric field (S1 and S4 is closed) (c) current path for a negative nanosecond pulsed 

electric field (S2 and S3 is closed). 

Table 3.3 lists the output states for a single H-bridge stage. This indicates that the synchronous 

timing between switching the pairs of S1 and S4, and S2 and S3 could results in a monopolar or bipolar 

nsPEF generated across the load impedance. A series of positive nsPEFs or negative nsPEFs can be 

generated across the load, or a series of alternating positive and negative pulses. This highlights the 

importance of synchronised driving of the gates of the MOSFETs in the H-bridge.  
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Table 3.3 The output state across a load from a full-bridge topology (Fig. 3.17) [14] 

S1 S2 S3 S4 nsPEF Polarity at Load 

On Off Off On Positive 

Off On On Off Negative 

On On Off Off 0 

Off Off On On 0 

If S1 and S3 or S2 and S4 are turned ‘ON’ at the same time a shoot-through current is created, in 

which a failure event occurs when two adjacent switches in a voltage source inverter are ‘ON’ 

simultaneously. Therefore, short-circuiting the power supply. High pulsed currents can result in cross-

conduction which may exceed the MOSFET maximum drain current specification. Dead-time is 

introduced between switching devices of each switching leg to mitigate shoot-through currents. High-

power full-bridge designs require longer dead-time due to increased parasitic elements [33]-[34]. Most 

MOSFETs have a high input capacitance and any parasitic inductance can cause an oscillation 

(𝑓 =
1

2𝜋√𝐿𝐶
). Often adding a series resistor to the MOSFETs gate reduces Q and the overshoot 

(𝑄 =
1

𝑅
√

𝐿

𝐶
)  [33]-[34]. 

Final MOSFET Switching Topology 

As both push-pull and H-bridge topologies would utilise the same power MOSFETs 

(C2M1000170D), the nsPEFs produced across the load will have the same parameters, in terms of the 

rise-time, amplitude, pulse width and repetition frequency capability. The H-bridge configuration offers 

the capability to produce positive or negative monopolar pulses or bipolar pulses, while the push-pull 

configuration can only produce positive monopolar nsPEFs across the load.   

 Following discussion with microbiologists [2], [35]-[36], and further literature review [37]-[38], 

the push-pull topology was developed in this work rather than an H-bridge topology due to the 

cancellation effect associated with bipolar PEF application within the field of electroporation.  In the 

cancellation effect, the effect of the first PEF is reduced by the second PEF of opposite polarity 

delivered onto a biological load. The cancellation effect is observed in treatments using high-frequency 

(ns-regime pulse duration) bipolar pulses. This effect is partially explained by the assisted discharge of 

the chloride channels associated with biological cells. The overall effect on the cells of bipolar pulses 

was profoundly reduced in comparison to monopolar pulses, despite delivering twice the energy [37]-

[38] . 

Cancellation impacts nanosecond electroporation applications in cancer therapy, 

electrostimulation, and biotechnology, and provides new insights into the effects of more complex 

waveforms, including pulsed electromagnetic emissions [38]. For the slow nsPEF electroporation 

system to assist the contribution of microbiologists and clinicians to investigate the effect of nsPEFs 



Chapter III. Slow nsPEF Electroporation System - Technical Design 

 

 
60 

and its possible capability to become an alternative clinical treatment for cancer, a push-pull 

configuration topology was pursued. The H-bridge topology can be pursued in future to advance and 

support further nanosecond-pulse-based applications in biology, medicine, and/or biotechnology and 

will form a part of suggested future work.  

3.3. The Developed Slow nsPEF Electroporation System 

The requirement for the design and development of the slow nsPEF electroporation system is to 

produce a specific number of PEFs with pulse durations between 100 ns to 300 ns, with amplitudes in 

excess of 1kV, delivered across a 50 Ω load impedance with repetition frequencies between 1 Hz to 50 

Hz. 

With the latest advancements in SiC material technology, it was important to choose a SiC power 

MOSFET with a minimum drain-source breakdown voltage of 1kV and a rise time below 40 ns, to 

generate a PEF of 100 ns duration with amplitudes in excess of 1 kV. SiC MOSFETs are voltage-

controlled semiconductor devices that efficiently store charge in their minority carrier region, resulting 

in very rapid turn on (tr) and turn off (tf) times. The actual value for this maximum drain-source voltage 

rating and rise time is 1.7 kV and 10.5 ns respectively [28]. An n-channel enhancement type MOSFET 

device was chosen, where a positive gate-source voltage (VGS) opens the channel to control the drain 

current (id). The transconductance characteristic (id as a function of VGS) was also considered carefully 

when choosing the most appropriate MOSFET to be utilised.  

The modular design developed here is based on a push-pull switch configuration, shown in Fig. 

3.16, using two Wolfspeed’s C2M1000170D SiC MOSFETs [28] that are directly driven by a Toshiba 

TLP352 photocoupler [30]. The developed design in this work provides a controllable method of 

delivering various nsPEFs with the ability to vary the pulse widths, repetition frequency, amplitude and 

the number of PEFs generated.  

Two C2M1000170D SiC power MOSFETs connected in a push-pull configuration is the 

implemented topology for the generation of symmetrical nsPEFs that meet the requirements set to 

further support nanosecond-pulse-based applications and research in biology, medicine, and/or 

biotechnology.  

The topology implemented is shown in Fig. 3.18. The configuration is separated into two halves. 

The high side and the low side circuit. Both the high and the low side hardware circuitry are identical 

but vary in their gate drive control signal/switching, which compliments each other. The high side 

circuitry operates the high side MOSFET (S1), and the low side circuitry operates the low side MOSFET 

(S2).  
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The high side MOSFET (S1) is driven by an active high control signal from a microcontroller that 

have been amplified via a high side MOSFET driver circuit (TLP352) to supply sufficient gate driving 

current. Whilst the low side MOSFET (S2) is driven by an active low control signal from a 

microcontroller that have been amplified via a low side MOSFET driver circuit (TLP352) to supply 

sufficient gate driving current.  

  
(a) 

 
(b) 

Fig. 3.18. The slow nsPEF electroporation system push-pull configuration (a) block diagram (b) circuit diagram 

This switching topology means that when the high side MOSFET (S1) is open (‘OFF’) while the 

low side MOSFET (S2) is closed (‘ON’), and vice versa. The relationship between the two-gate drive 
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signals to the MOSFETs are synchronized and complementary to one another i.e., active high gate drive 

signal for the high side MOSFET (S1) and active low gate drive signal for the low side MOSFET (S2). 

Thus, generating high voltage, symmetrical nsPEFs. This arrangement has the potential to produce 

nsPEFs with a transition time (rise and fall times) of 10.5 ns, as long as the gate drivers can supply 

sufficient current to charge up the input capacitors of the MOSFETs. This pules current may be in 

excess of 10 A.  

The hardware consists of a C2M1000170D SiC power MOSFET that has an input capacitance 

(Ciss) of 200 pF that must be charged when the device is tuned ‘ON’ and discharged to turn ‘OFF’ the 

device [28]. This power MOSFET was chosen based on the fastest possible switching times, which in 

turn are determined by the charging and discharging times of the gate-source (Cgs) and gate-drain 

capacitance  (Cgd) respectively. The charge and discharge times must be as short as possible therefore a 

gate driver that can provide significant current to charge this capacitance is necessary. Table 3.2. 

indicate that a 2 A gate current would be required for the efficient switching to produce a nsPEF of 100 

ns duration. 

For efficient switching, a TOSHIBA TLP352 Photocoupler was selected to operate as a gate driver, 

that provides the necessary gate current (2.5 Amax) to charge and discharge the Cgs and Cgd efficiently, 

in addition to providing isolation between the low and high-power circuits [30].  

A resistor, RD, is placed between the high and low side circuitry, as shown in Fig. 3.18. This resistor 

is inserted to protect the circuits from a failure / open control signal, ensuring a pull-down of the gate 

signal of the high side MOSFET (S1), turning S1 ‘OFF’, and that the pulse seen at the load is grounded 

(0V) and not floating. Gate resistors R2 and R4 prevent the MOSFETs S1 and S2 from high voltage 

spikes or ringing at the gate-source due to the lead inductance and the input capacitance. R2 and R4 

reduce the Q of the circuit, where Q is given by 
1

𝑅
√

𝐿

𝐶
. To stop ringing the MOSFET due to the excessive 

gate-source voltage that may breakdown the gate oxide layer. Capacitors C1 and C2 are shunt capacitors 

at switching and provide a time constant of C1R2 and C2R4. Resistors R3 and R4 are pull-down resistors. 

In conclusion, implementing a push-pull configuration results in symmetrical shaped PEFs with 

identical rise and fall times than is possible by implementing a single MOSFET circuit. 

Fig. 3.19 is the printed circuit board (PCB) board for the push-pull MOSFET topology and the 

MOSFET associated gate drive circuitry implemented for the generation of PEFs requirements. In the 

final configuration, a C2M1000170D, with a maximum drain-source voltage (VDSmax) of 1700 V and a 

rise time of 10.5 ns, in a push-pull topology was driven by a Toshiba TLP352 photocoupler. The 

TLP352 photocoupler can produce a gate-source voltage of up to ± 30 V from a TTL level input signal 

and can drive a peak current of 2.5 A to efficiently charge and discharge the C2M1000170D input 

capacitance. Fig. 3.20 shows the high-side and low-side high voltage switching C2M1000170D 
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MOSFETs and their TLP352 photocoupler driver circuitry. This circuitry is the high voltage PCB 

circuitry of the slow nsPEF electroporation system for high voltage nsPEF generation. 

(a) 

 

(b) 

 
Fig. 3.19. MOSFET and MOSFET driver printed circuit board circuit in Eagle (a) printed circuit board schematic (b) 

printed circuit board design layout 

 

Fig. 3.20. Labelled and populated final high voltage push-pull, high side and low side MOSFET and MOSFET driver 

printed circuit boards of the slow nsPEF electroporation system 
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3.4. MOSFET Circuit Power Supply 

Gate Drive Power Supply 

For a push-pull, half (or full) bridge switching circuit a floating power supply is necessary and the 

power supplies for the upper and lower driving circuits must be isolated from one another. Fig. 3.21 

shows the power supply design used to power the Toshiba optocoupler gate driver to switch the 

MOSFETs [30]. For the TLP352 photocoupler to successfully drive the C2M1000170D SiC power 

MOSFET a 20 V to 25 V gate voltage signal is required, and therefore a 20 V to 25 Vdc power supply 

is required to power the photocoupler.   

 
(a) 

 
(b) 

Fig. 3.21. The transformer-isolated power supply design for the TLP352 photocouplers to drive the C2M1000170D 

MOSFET (a) labelled diagram (b) circuit for high and low side MSOFET diving circuit 

The transformer-isolated power supply circuit can be divided into four segments, as shown in Fig. 

3.21(a).  It compromises of a MOSFET and MOSFET driver, error indicator light-emitting diode (LED), 

positive voltage regulator and a transformer isolated power supply. The transformer-isolated power 

supply is based on a forward diode full rectifier and a smoothing capacitor 
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The gate drive power supply requires to supply a 20 V to 25 V to the TLP352 photocouplers to 

drive the C2M1000170D SiC power MOSFET. To achieve this a L78S15C regulator [39] was used to 

regulate the 25 V alternating current (ac) supply from the toroidal transformer with a full bridge rectifier 

and smoothing capacitor to deliver the necessary dc supply for the TLP352 photocouplers [30]. This 

circuitry is shown in Fig. 3.21. Although designed primarily as a fixed 24 V voltage regulators, the 

L78S15C devices can be used with external components to obtain adjustable voltages.  

The generator was designed to run from a 230 Vac that is the United Kingdom (UK) mains supply. 

A toroidal transformer (230 Vac to 25 Vac) followed by a bridge rectifier and smoothing capacitor is 

used to transform the 230 Vac main input to a 25 Vdc signal with an ac-ripple that has an amplitude 

determined by the value of capacitors, C1 as shown in Fig. 3.21.  Additionally, it provides isolation 

between the mains input and the high voltage nsPEF circuitry.  

As the L78S15C devices can be used with external components to obtain adjustable voltages and 

currents through the implementation of two resistors as illustrated in Fig. 3.22. Placing a capacitor on 

either side of the L78S15C devices improves transient response and is required if the L78S15C regulator 

is located an appreciable distance from the power supply filter. The recommended capacitor values are 

0.33 µF at the device input and a 0.1 µF capacitor at its output [34].  

 
Fig. 3.22 Circuit to adjust the L78S15C voltage output [39] 

The relationship between the resistors, R1 and R2 in Fig. 3.21 determines the output voltage of the 

voltage regulator to power the photocoupler to drive the gate MOSFET. The relationship is given by 

equations (3.3) and (3.4) below: 

𝑉0 = 𝑉𝐹 + 𝑅2 (
𝑉𝐹

𝑅1
+ 𝐼𝐴𝑑𝑗) (3.3) 

𝑅2 =
𝑉0 − 𝑉𝐹

𝑉𝐹
𝑅1

+ 𝐼𝐴𝑑𝑗

 
(3.4) 
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where V0 is the output voltage from the voltage regulator chip and associated circuit, VF is the 

output voltage rating of the voltage regulator, that is 15 V from the L78S15C component. IAdj is the 

adjusting current which is 2.5 mA. For an output voltage (V0) of 20 V and with R1 resistor value of 1 

kΩ, the required value for R2 is 330 Ω. Fig. 3.22 shows the circuit for the voltage regulator. 

The final section of the gate drive power supply circuit has an error indicator LED with a current 

limit resistor. For normal operation, the LED is illuminated. If the LED is unlit, it indicates a fault on 

the MOSFET and MOSFET driver PCB circuit, whether it’s the high-side or low-side MOSFET 

switching circuit PCB (shown in Fig 3.20).  

Fig. 3.23 shows the PCB design for the gate drive power supply circuit is shown in Fig. 3.21. This 

design was also used for the gate drive power supply for the 5 V supply required for the controller and 

operating the high voltage source of the slow nsPEF electroporation system developed in this work.  

The high side driving circuit power supply and the MOSFET driver circuit, shown in Fig. 3.18 and 

Fig. 3.21 has a ‘floating ground’. This floating ground allows the reference voltage between the high 

side MOSFET gate and source terminal to represent the voltage amplitude of the gate driver signal (20 

V to 25 V). If the lower potential side of the high side gate drive power supply was grounded, i.e., not 

‘floating’, the potential between the gate and source terminal of the high side MOSFET would reflect 

the high voltage amplitude of the generated output pulse. This would result in the breakdown of this 

MOSFET as its maximum gate-source breakdown voltage would have been exceeded. Therefore, the 

lower potential side of the high side gate drive power supply is a ‘floating ground’, and a toroidal 

transformer is used as illustrated in Fig. 3.21 (b).  

5 V Power Supply 

The 5 V power supply powers the microcontroller, the enable/disable and the 5 V input pin for the 

FS40 isolated, proportional dc to high voltage dc supply. This 5 V power supply PCB uses the same 

design as the power supply for the gate drive power supply. Its design is a replica of the transformer-

isolated power supply design shown in Fig. 3.21 and its PCB circuitry shown in Fig. 3.23. The block 

diagram for the +5 V supply is given in Fig. 3.24. The same PCB design and circuitry were used here, 

but the L7805 voltage regulator replaced the L78S15C voltage regulator and alternative capacitor, and 

resistor values were used for the 5 Vdc supply.  

High Voltage Power Supply 

For the generation of high voltage nsPEF the C2M1000170D SiC power MOSFET was configured 

to switch a high voltage dc source power supply unit with an output that is less than 1700 V. This output 

voltage was limited to 1700 V because of the C2M1000170D drain-source breakdown voltage rating. 
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To reduce the possibility of the MOSFET drain-source breakdown voltage being exceeded, the high 

voltage power supply was limited to 1400 V.  

(a) 

 

(b) 

 

(c) 

 

 
Fig. 3.23. Gate drive power supply circuitry printed circuit board (a) Eagle printed circuit board schematic (b) Eagle 

printed circuit board design layout (c) populated printed circuit board 

 

 
Fig. 3.24. 5 Vdc power supply circuit block diagram 
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Table 3.4 shows the power supply requirements necessary to provide sufficient current for the 

nsPEF required for this work to be achieved (generation of fifty 300 ns PEF per second (50 Hz repetition 

frequency). For the generation of 1400 V nsPEF across a 50 Ω load impedance a dc power supply unit 

(PSU) of 39.2 kW and 28 A is required (see equation 3.3). The high voltage PSU is pulsed for a 

maximum duration of 300 ns that is generated every 20 ms seconds (50 Hz). Therefore, we can calculate 

the power supply requirement by considering the average time the nsPEFs will be generated. Looking 

at the pulse parameters required, the maximum average time the nsPEFs will be generated is 15 µs per 

second. This is the maximum pulse width (300 ns) multiplied by the number of pulses generated per 

second (50 Hz).  Therefore, for the generation of 1400 V amplitude pulses across a 50 Ω load impedance 

a power supply of 0.6 W and 420 µA would suffice. 

Table 3.4. High voltage power supply requirements 

Power supply parameter Value Unit 

Direct current 

(dc) 

Voltage, 𝑉𝐷𝐶 1400 V 

Current, 𝐼𝐷𝐶 28 (
𝑃𝐷𝐶

𝑉𝐷𝐶
=

39200

1400
) I 

Power, 𝑃𝐷𝐶 
39,200 (

𝑉𝐷𝐶
2

𝑍
=

14002

50
) 

W 

Load, Z 50 Ω 

Pulse width 300 ns 

Repetition frequency, f 50 Hz 

Average Voltage, 𝑉𝐴𝑣 1400 V 

Current, 𝐼𝐴𝑣 420 (𝐼𝐷𝐶𝑓𝑡 = 28  x 300n x 50) µA 

Power, 𝑃𝐴𝑣 0.6  (𝑃𝐷𝐶𝑓𝑡 =  39200 x 300n x 50) W 

Capacitor, C 597 nF 

𝑃𝐷𝐶 = 𝑉𝐷𝐶𝐼𝐷𝐶 =
𝑉𝐷𝐶

2

𝑍𝐿
 

(dc) (3.5) 

𝐼𝐴𝑣 = 𝐼𝐷𝐶𝑓𝑡 

𝑃𝐴𝑣 = 𝑃𝐷𝐶𝑓𝑡 = 𝑉𝐷𝐶𝐼𝐴𝑣 = 𝑉𝐷𝐶𝐼𝐷𝐶𝑓𝑡 
(Average) (3.6) 

Where Vdc is dc voltage, Idc is dc current, IAv is the average current, Pdc is the dc power, PAv is the 

average power, f is repetition frequency, t is the pulse duration/width and ZL is the load impedance. In 

this instant ZL is 50 Ω.  

It is required to add a capacitor across the power supply to replenish the power supply or charge it 

back up to 1400 V in 19.9997 ms. Since the average current available from the power supply is 420 µA, 

there is a need to replenish to 1400 V in 19.9997 µs. If the maximum drop in the voltage was 1% i.e., 

14 V (∆V). Assuming the voltage drop is exponential as illustrated by the equation below: 

𝑉 = 𝑉𝐷𝐶𝑒
𝑡
𝜏 = 𝑉𝐷𝐶𝑒

𝑡
𝑍𝐿𝐶  (3.7) 
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were Vdc is the voltage output of the high voltage power supply, in this case, 1400 V. V is 1386 V 

(V − ∆V) the voltage of the pulse following a 1% voltage drop, t is the nsPEF duration, which is 300 

ns in this instance, and τ is the time constant that is the multiplication of the load impedance, ZL, and  

the capacitance across the power supply, C. This effect is illustrated in Fig. 3.25. Rearranging equation 

(3.7) the value of the capacitor to limit the voltage drop to 1 % can be calculated by equation (3.8). 

𝑉

𝑉𝐷𝐶
=

1386

1400
= 𝑒

𝑡

𝑍𝐿𝐶. 

 
Fig. 3.25. Illustration of the function of a high voltage capacitor across the power supply to replenish the power supply 

ln (
𝑉

𝑉𝐷𝐶
) =

𝑡

𝑍𝐿𝐶
  

𝐶 =
𝑡

𝑍𝐿 ln (
𝑉

𝑉𝐷𝐶
) 

 
(3.8

) 

where C capacitance required to limit the voltage drop across the power supply to 1 % and replenish 

the power supply. The capacitance in this instant is 597 nF. 

𝐶 =
𝑡

𝑍𝐿 ln (
𝑉

𝑉𝐷𝐶
) 

=
300x10−9

50 ln (
1386
1400) 

= 596.99 𝑛𝐹 

Following exploration of various high voltage power supplies, the XP-Power 10 W FS40 isolated 

proportional dc to high voltage dc converter was identified as an acceptable power supply (see the 

datasheet for FS40 in Appendix IV [40]). The output voltage is proportional to the input voltage, from 

turn-on to maximum output voltage, enabling easy control of the high voltage supply rail. For this power 

supply, the maximum output voltage is 4 kV, and the maximum current is 2.5 mA since 2.5 mA is 

available during the replenishment phase.  
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The FS40 also has an internal input over-voltage, over-temperature protection, and a TTL 

enable/disable function. The protection circuits are powered by the +5 V logic input voltage, and a TTL 

high signal disables the high voltage output [40].  

The relationship between the low voltage input and the high voltage output is linear. A 12 V input 

produces a 4 kV output, and a 6 V input produces a 2 kV output. For the output of the FS40 to be limited 

to 1.4 kV, the input voltage was limited to 4.2 V. 

Input voltage 12 V = 100% = 4kV output voltage 

1.4kV

4kV
= 35%,   ∴ 12 V ∗ 0.35 = 4.2 V 

The power supply for the FS40 is a replica of the 5 V (Fig. 3.24) and gate drive power supply (Fig. 

3.21). The only difference in the circuit is the inclusion of a potentiometer that determines the output 

voltage of the FS40.  

In Fig. 3.26 the value for R1 is 330 Ω, R2 is a 1 kΩ potentiometer and R3 is 91 Ω (made of two 47 

Ω resistors). These values were determined using equations (3.5) and (3.6). 

(a) 

 

(b) 

 
Fig. 3.26. FS40 high voltage power supply input supply circuit to limit the output to 4.3 V (a) block diagram design (b) 

circuit design 

Printed circuit board layouts and designs 

The PCBs produced for the slow PEF electroporation system were designed using Eagle PCB 

layout [41] and the boards were fabricated by Eurocircuits [42]. For high-speed and high-frequency 

operation, components were placed as close to each other as possible, thus limiting parasitic/stray 

inductance and capacitance. Surface mounted components were also used wherever possible to reduce 

parasitic/stray inductance and capacitance as well as electromagnetic (EM) crosstalk [43]-[45]. EM 
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crosstalk is the interference caused by electromagnetic signals affecting other parts of the systemPower 

supply rails were decoupled from noise using a combination of low-value ceramic and high-value 

electrolytic capacitors arranged in parallel. At low frequencies, a large value capacitor offers a low 

impedance to the ground, but the capacitor’s quality diminishes once when self-resonance is reached, 

and the capacitor becomes inductive. Thus, multiple capacitors maintaining a low impedance path to 

the ground in a wide range of frequencies were implemented to ensure unwanted noise does not cause 

interference on control lines [43]-[45].  

Effective shielding was also an important consideration to minimise capacitively coupled noise 

and acts between the high voltage and low voltage sections of the PCB as a Faraday cage to reduce 

electrical noise from affecting the control signals, and to reduce interference [43]-[45].  

3.5. Bill of Material 

As discussed, the modular design is based on a push-pull switch configuration using two 

Wolfspeed’s C2M1000170D SiC MOSFET [28] that are directly driven by Toshiba’s TLP352 

photocoupler [30] to switch a 1.4 kV from a FS40 [40] high voltage power supply unit.  

The controllable 0 to 1400 V dc supply was implemented using the XP-Powers FS40 isolated 

proportional dc to HV dc supply [40]. To assist the high voltage PSU to supply current for the MOSFET 

switching for the generation of nsPEF a high voltage capacitor with a capacitance of 1 μF was placed 

in parallel with the high voltage dc supply.  

Table 3.5 shows the bill of the material (BoM) for the key components used to implement the final 

push-pull-based design.  

Table 3.5 Bill of material for the final slow nanosecond pulsed electric field electroporation system (at time of design 2017) 

Component Distributor Stock No. Cost per Unit (£) Quantity 

C2M1000170D SiC  

n-Channel MOSFET 

RS Components 904-7345 4.07 2 

Toshiba, TLP352  

Opto-coupler 

RS Components  

796-5190 

0.98 2 

XPPower FS40 

HVdc-voltage Converter 

RS Components 123-8405 130.04 1 

1μF Polypropylene 

Capacitor 

RS Components 825-1486 2.67 1 

   Total Cost  £   142.81 

The C2M1000170D power MOSFETs were selected due to their maximum rating to generate the 

nsPEF required (maximum rating: breakdown voltage of 1.7 kV, capability to produce pulse durations 

between 100 ns to 300 ns and 10.5 ns rise-time) [28]. Toshiba’s TLP352 photocouplers [30] were 

selected to produce the effective gate voltage swing and high current level for efficient switching of the 



Chapter III. Slow nsPEF Electroporation System - Technical Design 

 

 
72 

C2M1000170D power MOSFETs to produce acceptable transition times.  The FS40 power supply was 

chosen to supply sufficient voltage for the generation of the required nsPEF (100 ns to 300 ns PEFs 

with amplitude in excess of 1 kV) across a 50 Ω load impedance. A 1μF polypropylene capacitor was 

connected across the power supply to enable the high pulsed current to be delivered for a selected 

duration of time, as discussed. All critical components identified in Table 3.5 were selected due to their 

performance, maximum ratings, availability and cost. Table 3.5 highlights that the overall BoM for the 

critical electronic components was £142.81. Where 90 % of the cost is accounted for by the XP Power 

PSU [40]. 

3.6. Simulation  

LTSpice simulation package was used to verify the push-pull design of the slow nsPEF 

electroporation system [46]-[47]. LTSpice can mathematically predict the behaviour and interaction of 

the critical components in the circuit by making use of spice models developed by manufacturers [48].  

The LTSpice circuit is shown in Fig. 3.27, which is based on the circuit shown in Fig. 3.18. For a 

more representable simulation of the modular design in Fig. 3.27, a spice model of the C2M1000170D 

SiC MOSFET was obtained from Wolfspeed’s website and utilised [48]. There were no spice models 

available for Toshiba’s TLP352 Photocouplers. Therefore, the outputs generated from the TLP352 were 

replaced by an LTSpice voltage source with parameters resembling the TLP352 output. These were a 

25 V square wave output of a specific duration (100 ns to 300 ns) and period (1 second to 0.02 second, 

or 1 Hz to 50 Hz). 

 
Fig. 3.27. LTSpice circuit of the push-pull design of the slow nanosecond pulsed electric field electroporation system 

Fig. 3.28 shows the simulated results of the nsPEF across a 50 Ω load impedance from the circuit 

shown in Fig. 3.27. The results indicate that this design and using the C2M1000170D SiC MOSFET 

would generate a nsPEF of 100 ns duration with amplitude in excess of 1 kV. Both the high- and low-

level MOSFETs are driven by a complementary 100 ns pulse width control signal of 25 V amplitude 
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into the MOSFETs gate terminals. This first simulation result indicates that this modular design is 

capable of delivering the required nsPEF specification for the generator highlighted in Section 3.1. 

 

Fig. 3.28. Resulting LTSpice waveform observed of a 100 ns pulsed electric field across a 50 Ω load impedance 

 The higher the gate signal current the faster the input capacitance of the MOSFET can be charged 

and discharged (
𝑑𝑉

𝑑𝑡
=

𝑖

𝐶
). This results in faster and more efficient switching of the MOSFET. Fig. 3.29 

emphasises this effect. Fig. 3.29(b) and (c) demonstrates that a higher gate drive currents into the high 

side MOSFET, of 650 mA with a gate-source voltage of 25 V rather than a 400 mA with a gate-source 

voltage of 15 V, increases the amplitude of the nsPEF across the 50 Ω load impedance by 600 V (Fig. 

3.29(a)). With a 650 mA gate drive current a 1.3kV 100 ns PEF across a 50 Ω load impedance was 

observed in comparison to a 1 kV and 700 V 100 ns PEF across 50 Ω load impedance with a gate drive 

current of 500 mA and 400 mA respectively.   

Fig. 3.30 illustrates the 100 ns PEF measured across various load impedance of 10 Ω, 50 Ω, 100 

Ω and 300 Ω. This figure shows that the design is sensitive to load variation as the amplitude of the 

nsPEF is reduced with lower value load impedances. A low voltage of ~420 V is observed across a 10 

Ω load (R_Load) whilst a voltage of 1.4 kV is observed across a 300 Ω load (R_Load). This feature relates 

to the drain-source on-state resistance of the MOSFET. With a relatively high drain-source on-state 

resistance, RDS(on), and a low load impedance the effect of RDS(on) is significant since the total resistance 

is RDS(on) + R_Load. If RDS(on) and R_Load are the same, then half the voltage will be dropped across RDS(on) 

and the amplitude of the nsPEF will be halved. This is described as a potential divider, where: nsPEF 

amplitude, 𝑉𝐿 =
𝑅_𝐿𝑜𝑎𝑑

𝑅𝐷𝑆(𝑜𝑛)𝑅_𝐿𝑜𝑎𝑑
𝑉𝑐𝑐 =

𝑍𝐿

𝑅𝐷𝑆(𝑜𝑛)𝑍𝐿
𝑉𝑐𝑐. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.29. (a) nsPEF across the 50 Ω load impedance (b) Current through the high side MOSFET gate terminal. (c) Current 

through the low side MOSFET gate terminal, with a gate-source voltage of 15 V (blue), 20 V (red) and 25 V (teal) 

The sensitivity to lower impedance load could be solved by selecting a MOSFET with a lower 

RDS(on). At the time of designing this slow nsPEF electroporation system, the C2M1000170D SiC 
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MOSFET was the most suitable device available due to its high breakdown voltage (BVDS) of 1700 V 

and fast rise times of 10.5 ns with relatively low drain-source ON-resistance. 

 
Fig. 3.30. 100 ns pulsed electric field across a load impedance of 10 Ω (blue), 50 Ω (red), 100 Ω (teal) and 300 Ω (pink) 

with a 1.4 kV high voltage power supply 

It should be noted that pulse generation at the highest repetition rates will require a higher value of 

capacitance across the power supply to enable a high pulse count to be delivered to preserve the pulse 

amplitude dropping more than 1 %.  

In conclusion, the simulation indicates that the design of the slow nsPEF electroporation system 

could produce 100 ns to 300 ns PEF of amplitude in excess of 1 kV across a 50 Ω load impedance. 

Thus, meeting the systems requirement. Additionally, the simulation results indicate that the design was 

optimised to deliver 100 ns to 300 ns PEF of amplitude in excess of 1 kV into bulk tissue (estimated to 

have an impedance of 300 Ω) at the time of designing and developing the pulser.  

Fig. 3.31 shows that the design can produce a wide variety of nsPEF duration pulses across a 50 Ω 

load impedance from 100 ns to 1 µs duration. All nsPEFs produced have identical rise time and fall 

times of approximately 25 ns and an amplitude of approximately 1.3 kV. Fig. 3.32 demonstrates that 

the design can produce identical 1.3 kV 100 ns PEF with identical rise and fall times with a wide range 

at a pulse repetition frequency from 1 Hz to 1 kHz.   
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Fig. 3.31. Simulated pulses observed across a 50 Ω load impedance with a gate-source drive signal durations of 100 ns 

(blue), 200 ns (red), 300 ns (teal) and 1 µs (pink) 

 

The simulation results (Fig. 3.28 to Fig. 3.32) confirm that the design based on two C2M1000170D 

SiC MOSFET in a push-pull configuration can meet the requirement set for the nanosecond 

electroporation system. The requirement is the ability to generate a specific number of PEF of 100 ns 

to 300 ns in duration with amplitude in excess of 1 kV at a repletion frequency of 1 to 50 Hz across a 

50 Ω load impedance. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 3.32. The nanosecond pulsed electric field generated across a 50 Ω load impedance with a repetition rate (frequency) of 1 ms (1 

kHz, blue), 10 ms (100 Hz, red) and 20 ms (50 Hz, teal) and 1s (Hz, pink) (a) 0.5 s per division (b) 10 ms per division (c) 2 ms per 

division (d) 25 ns per division 
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3.7. Electrical Verification and Validation 

Following successful validation of the final circuit design through simulation, the final PCBs and 

circuitry were assembled, and the slow nsPEF electroporation system was built. The nsPEF generator 

was constructed of eight separate PCB boards that consisted of the push-pull circuit, the gate driver 

PCBs for the high and low-side MOSFET, the four voltage power supply PCBs, the microcontroller 

and high voltage FS40 PCBs, as shown in Fig. 3.33.   

 
Fig. 3.33. Block diagram of the circuit subsections/printed circuit boards of the slow nsPEF electroporation system  

Electrical verification and validation (V&V) were performed to ensure that the developed slow 

nsPEF electroporation system meets the electrical requirements outlined in Section 3.1. At the highest 

level, the specification requires the generator to produce a specific number of PEF of 100 ns to 300 ns 

in duration with amplitude in excess of 1 kV at a repletion frequency of 1 to 50 Hz across a 50 Ω load 

impedance. 
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Fig. 3.34 The final comstructed slow nanoseond pulsed electric field electroporation system 
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3.7.1. Simulation vs Measurements  

Following the simulations of a modular design using LTSpice, the slow nsPEF electroporation 

system was developed, and its performance was compared. The final slow nsPEF electroporation 

system assembled is shown in Fig. 3.34.  

Fig. 3.35(a) demonstrates the assembled nsPEF generator is capable of generating a 1 kV, 100 ns 

PEF that meet and excels the set pulse parameters set out at the beginning of Section 3.1. Fig. 3.35(b) 

demonstrates that the constructed nsPEF generator performance exceeds the LTSpice simulation in 

terms of the pulse rise time when generating a 100 ns PEF across a 50 Ω load impedance. The measured 

pulse across the 50 Ω resistive load is more symmetrical, in terms of rise and fall times, and has a faster 

pulse rise-time than predicted in simulation results. This could be the result of a higher gate current in 

practice, thus, resulting in faster charging of the internal gate capacitance and therefore more efficient 

switching of said C2M1000170D SiC MOSFETs. 

(a) 

 

(b) 

 

Fig. 3.35. (a) Measured 100 ns pulsed electric field waveform across a 50 Ω load impedance (b) Measured 100 ns pulsed 

electric field waveform overlayed with the simulation of a 100 ns pulsed electric field LTSpice waveform 



Chapter III. Slow nsPEF Electroporation System - Technical Design 

 

 
81 

3.7.2. Variation in Gate Drive Voltage  

Fig. 3.36 indicates that with a higher gate-source voltage, the amplitude of the PEF across the 50 

Ω load impedance is increased. This is due to the transconductance characterises of the MOSFET, where 

the drain current increases with increased gate-source, or gate drive voltage (id ∝ VGS, pulse = idZL). 

Fig. 3.36(b) demonstrates that the simulated increase in nsPEF amplitude is due to increasing the gate 

voltage from 15 V to 20 V, similar to the measured pulse. Additionally, in comparing the measured 

nsPEF with the simulation, the measured pulse across a 50 Ω load impedance is more symmetrical and 

a squarer in pulse shape, with a faster pulse rise-time. 

(a) 

 

(b) 

 

 
Fig, 3.36. Measured 100 ns pulsed electric field across a 50 Ω load impedance with a 15 V and 20 V gate signal (a) 

measured waveform (b) measured vs simulated 
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3.7.3. Function of the Pulse Duration 

Fig. 3.37(a) shows that the slow nsPEF electroporation system can produce 1 kV amplitude PEF 

of 100 ns, 200 ns and 300 ns duration across a 50 Ω load impedance. The rise and fall times of the 

symmetrical 100 ns, 200 ns and 300 ns are indistinguishable from one another. This confirms that the 

high side and low side MOSFET’s input capacitances are charging and discharging during this 
𝑑𝑉

𝑑𝑡
 

switching transition. 

(a) 

 

(b) 

 
Fig. 3.37. (a) Measured 100 ns, 200 ns, and 300 ns pulsed electric field across a 50 Ω load impedance with a 50 Hz 

repetition frequency (b) nsPEF amplitude variation over longer pulse durations from 80 ns to 1 µs. 

Fig. 3.37(b) shows that the generator can produce PEF duration from 80 ns to 1 µs (1,000 ns) and 

indicates that the generator’s performance is optimized to the intended specifications requirement. This 
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is because the amplitudes of the PEFs between 100 ns to 300 ns have amplitudes in excess of 1 kV 

across a 50 Ω load impedance. During these measurements, the high voltage power supply is at its 

maximum possible programmed output voltage of 1,400 V. 

The reduction of pulse amplitude seen in the PEF as the duration increases can be directedly related 

to the lack of current available from the FS40 power supply and the inability of the capacitor bank to 

store enough charge. This is due to the increased time associated with the high pulse widths, (𝐶 = 𝑖
𝑑𝑡

𝑑𝑉
). 

To overcome this issue in future it is suggested a higher-powered power supply unit is used. This is 

discussed further in detail in Section 3.8. 

3.7.4. Function of the Repetition Rate 

Fig. 3.38(a) indicates that the pulse amplitude is unaffected throughout the repetition frequency 

range between 1 Hz and 50 Hz (result obtained with a 100 ns PEF across a 50 Ω load impedance). 

Therefore Fig. 3.38 also evidences that the chosen MOSFET topology for the slow PEF electroporation 

system can deliver the required pulse amplitude of 1 kV with a pulse duration ranging from 100 ns to 

300 ns with a repetition frequency between 1 Hz and 50 Hz. 

Fig. 3.38(b) demonstrates that the amplitude of the PEF is reduced as the repetition frequency of 

the PEF increases. Fig. 3.38(b) shows that the amplitude of a 100 ns PEF is 1 kV with a repetition rate 

of 50 Hz as indicated in the requirements for the pulse generator. Also, it can be seen that the pulse 

amplitude of the 100 ns PEF is reduced to 500 V with a repetition rate of 1 kHz. The reduction in 

amplitude of the PEFs at a repetition frequency of 1 kHz can be directedly related to the lack of current 

capacity of the FS40 power supply and associated external capacitor bank. This is due to the increased 

total time that is associated with a burst of pulses that are generated across a load as the repetition 

frequency increases. The total time the burst of pulses is generated across a load is a function of the 

repetition frequency and the pulse width of the burst of PEFs generated. To overcome this issue in future 

it is suggested that a higher rated voltage-current power supply is used with a higher value capacitor 

across its output. This is discussed further in detail in Section 3.8. 

3.7.5. Function of the Load Sensitivity 

The load curve shown in Fig. 3.39 was obtained by loading the generator with various resistive 

loads of low inductance (planar resistors) and measuring the pulse amplitude observed across the load 

using a high impedance, low capacitance scope probe e.g., 10 MΩ with a 3 pF capacitance.  

Fig. 3.39 indicates that the slow nsPEF electroporation system is impedance sensitive. With a load 

impedance below 500 Ω, the PEF amplitude decreases from 1400 V output from the FS40 high voltage 

power supply unit. This decrease appears linear (on a log scale) with a load impedance of 100 Ω and 

less. This effect is due to the internal resistance of the voltage supply source. Fig. 3.39 suggests that the 
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FS40 power supply used had an internal impedance of approximately 25 Ω. This approximation was 

made as a 700 V PEF is seen across a ∼25 Ω load impedance which is half the 1400 V generated by the 

FS40 power supply experiences half. Thus, the behaviour of the load and the internal impedance of the 

power supply acts as a voltage divider. To overcome this issue in future it is suggested a higher-power 

(voltage and current) dc power supply unit is used. This is discussed in detail in the next subsection. 

(a) 

 

(b) 

 

Fig. 3.38. (a) The amplitude of a 100 ns pulsed electric field across a 50 Ω load impedance as a function of repetition 

frequency of 1 Hz up to 50 Hz. (b) The 100 ns pulsed electric field measured across a 50 Ω load impedance with a repetition 

frequency of 50 Hz and 1 kHz, with a 1.4 kV power supply unit output. 
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Fig. 3.39 indicates that the requirement of the slow nsPEF electroporation system to generate 100 

ns to 300 nsPEF with amplitudes in excess of 1 kV has been achieved.  

(a) 

 

(b) 

 
Fig. 3.39. Measured amplitude of (a) 100 ns pulsed electric field as a function of load impedance (b) 100 ns, 200 ns, and 

300 ns pulsed electric fields across a wide range of resistive load impedance from 10 Ω to 100 kΩ. 

For bulk tissue investigations, this MOSFET-based electroporator would be able to deliver 

sufficient nsPEF in excess of 1 kV but would not be suitable for cell line investigations. This is because 

bulk tissue has an estimated impedance of 300 Ω while cell line loads have a highly conductive, low 

impedance due to the high conductivity fluidic component of cell lines. In conclusion, it is suggested 
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that the slow nsPEF electroporation system would be suitable for investigating the effects of nsPEF on 

bulk tissues in an in-vivo/pre-clinical study environment. But this system is less suitable for 

investigating the effect of nsPEF on various cell line populations if their impedance is less than 50 Ω. 

3.8. Conclusion and Future Work 

A slow nsPEF electroporation system has been designed, developed, and fully characterized in 

terms of its capability of producing and delivering nsPEF of various amplitudes, durations, and 

repetition frequencies into a range of load impedances. The agreed set of requirements for the slow 

pulsed field electroporation system from the first SUMCASTEC consortium was met [2].  

Results presented in Fig. 3.37 show that the slow nsPEF electroporation system can produce PEF 

of durations between 100 ns and 300 ns, with amplitudes in excess of 1 kV, across a 50 Ω load 

impedance. While Fig. 3.38 shows that the integrity of the nsPEF amplitudes is not affected when the 

pulses are delivered across a 50 Ω load impedance with a repetition frequency ranging from 1 to 50 Hz. 

Therefore, the developed slow nsPEF electroporation system has met the set requirements.  

The bill of materials in Table 3.5 highlights that the developed electroporation system utilised 

generic electronic components that are available from non-specialist electronic solutions suppliers. This 

made the unit cost of developing the slow nsPEF electroporation system cost-effective, with the critical 

components and the encloser costing approximately £240.00. Additionally, the final system unit is a 

compact energy module that is approximately 99 mm × 254 mm × 244 mm in dimensions.  

Following the verification and validation, the slow nsPEF electroporation system is best optimised 

to deliver nsPEF into a load impedance of 50 Ω, or greater at low repetition frequencies (1 to 50 Hz). 

This offers a useful instrument for clinicians and microbiologists to carry out a range of nsPEF 

experiments and research on bulk tissues or cell lines of 50 Ω impedance or larger, as illustrated in Fig. 

3.39. The ability of the system to vary the pulse width, repetition frequency, number of pulses, and 

amplitude is a key feature to support both in-vitro and in-vivo investigation of the application of nsPEF-

based applications in biology, medicine, and/or biotechnology in a cost-effective manner. 

The developed electroporation system operates to the requirement specified. Improvement to the 

design or alternative components would be required for the system to deliver PEFs that are longer than 

300 ns, with higher repetition frequencies, across low impedance loads, with amplitude in excess of 1 

kV. 

For the generation of the nsPEFs specified in the requirement the XP-Power’s FS40 [40] isolated, 

proportional dc to high voltage dc converter and a capacitor bank of 1 µF across its output was a suitable 

power supply unit. For the generation of 1 kV PEF with durations varying from 100 ns to 1 µs with a 

higher repetition frequency of up to 1 kHz a higher rating power supply unit is required. Table 3.6. 
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highlights the minimum required power rating of a 1.4 kV high voltage power supply unit and associated 

capacitor bank required for the generation of 100 ns to 100 µs PEF across a load impedance of 10 Ω, 

50 Ω, and 300 Ω loads with a repetition frequency of 50 Hz and 1 kHz. The capacitance for the capacitor 

bank calculated should not allow the voltage of the power supply to drop more than 1% (to 1386 V). 

The figures in Table 3.6. were calculated by using equations (3.5) to (3.8)  

Where Vdc is the pulse amplitude, in this case, 1400 V. Idc is the dc current, ZL is the load impedance 

of 10 Ω, 50 Ω and 300 Ω, Pdc is dc Power (VdcIdc ratio of the power supply), t is the duration of the 

nsPEF generated (100 ns, 300 ns, 1 µs, 10 µs and 100 µs) and f is the repetition frequency of the nsPEF.  

IAV is the average current through the load and PAV is the power generated across the load during the 

total nsPEF exposure time (t f). C is the required capacitance for the capacitor bank and V is the voltage 

output of the power supply output following the 1% voltage drop (𝑉𝐷𝐶 − ∆𝑉 = 1400 − 14 = 1386 V).   

The load impedance range of 10 Ω, 50 Ω, and 300 Ω was chosen as 10 Ω is an approximation 

resistive equivalent of cell line culture. 50 Ω because of the current load impedance requirements and 

300 Ω as it is an approximated equivalent of bulk tissue impedance. The PEF duration of 100 ns to 100 

µs is considered in this analysis as 100 ns is the minimum pulse duration identified in the current 

requirements. 100 µs is the PEF duration used for the application of classical electroporation for clinical 

application (electrochemotherapy and irreversible electroporation treatments).The FS40 power supply 

used in this slow nsPEF electroporation system had a maximum output current rating of 2.5 mA and 

power rating of 10 W, and a 1 µF capacitor bank was connected across the supply.  

Table 3.6 shows the required current (average current, IAv) and power (average power, PAv) of a 

power supply unit and associated capacitor bank capacitance (C) required to produce PEF of specific 

parameters.  Figures highlighted in green in Table 3.6 indicate that the current power supply (FS40) and 

associated capacitor bank has the necessary current, power, and/or capacitance rate to generate a 1400 

V PEF of specific duration and repetition frequency across the necessary load impedances (10 Ω, 50 Ω, 

and 300 Ω). If the figures are highlighted in red, it suggests that an alternative power supply would be 

required to deliver the PEF parameters indicated (load impedance, repetition frequency and pulse 

duration). 

Table 3.6 highlights that the voltage supply selected for this design, and therefore the slow nsPEF 

electroporation system, can deliver 100 ns to 300 ns PEF at a 50 Hz repetition frequency across the 

range of load impedances from 50 Ω to 300 Ω (bulk tissue impedance). Additionally, it has the potential 

of delivering 1400 V PEF of 1 µs in duration across a 300 Ω (bulk tissue impedance).  
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Table 3.6. Required high voltage power supply unit power rating for the generation of 100 ns, 300 ns, 1 µs, 10 µs and 100 µs pulsed electric fields across a 10 Ω (cell line), 50 Ω and 300 Ω 

(bulk tissue) load impedance at a repetition frequency of 50 Hz and 1 kHz. 

dc power supply requirement Load 

impedance, ZL 

(Ω) 

PEF parameters  Required power supply and capacitor bank rating  

dc Voltage, Vdc 

(V) 

dc Current, Idc 

(A) 

dc Power, Pdc 

(W) 

Pulse width,  

t 

Repetition 

frequency, f  

Total on time 

 f t  

Average 

Current, IAV (A) 

Average Power, 

PAV (W) 

Capacitance, C 

(F) 

50 Ω load impedance and repetition frequency of 50 Hz 

1,400 28 39,200 50 100 ns 50 5 µs 14 µ 196 m 199 n 

1,400 28 39,200 50 300 ns 50 15 µs 42 µ 588 m 597 n 

1,400 28 39,200 50 1 µs 50 50 µs 1.4 m 1.96 1.99 µ 

1,400 28 39,200 50 10 µs 50 500 µs 14 m 19.6 19.9 µ 

1,400 28 39,200 50 100 µs 50 5 ms 140 m 196 199 µ 

10 Ω Load and Repetition frequency of 50 Hz 

1,400 140 196,000 10 100 ns 50 5 µs 700 µ 980 m 995 n 

1,400 140 196,000 10 300 ns 50 15 µs 2.1 m 2.94 2.98 µ 

1,400 140 196,000 10 1 µs 50 50 µs 7 m 9.8 9.95 µ 

1,400 140 196,000 10 10 µs 50 500 µs 70 m 98 99.5 µ 

1,400 140 196,000 10 100 µs 50 5 ms 700 m 980 995 µ 

300 Ω Load and Repetition frequency of 50 Hz 

1,400 4.66 6533.33 300 100 ns 50 5 µs 23.3 µs 32.7 m 33.2 p 

1,400 4.66 6533.33 300 300 ns 50 15 µs 70 µs 98 m 99.5 p 

1,400 4.66 6533.33 300 1 µs 50 50 µs 233 µs 327 m 332 p 

1,400 4.66 6533.33 300 10 µs 50 500 µs 2.33 ms 3.27 3.32 µ 

1,400 4.66 6533.33 300 100 µs 50 5 ms 23.3 ms 32.7 33.2 µ 

Table continue next page… 
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Table 3.6. Required high voltage power supply unit power rating for the generation of 100 ns, 300 ns, 1 µs, 10 µs and 100 µs pulsed electric fields across a 10 Ω (cell line), 50 Ω and 300 Ω 

(bulk tissue) load impedance at a repetition frequency of 50 Hz and 1 kHz. 

dc power supply requirement Load 

impedance, ZL 

(Ω) 

PEF parameters  Required power supply and capacitor bank rating  

dc Voltage, Vdc 

(V) 

dc Current, Idc 

(A) 

dc Power, Pdc 

(W) 

Pulse width,  

t 

Repetition 

frequency, f  

Total on time 

 f t  

Average 

Current, IAV (A) 

Average Power, 

PAV (W) 

Capacitance, C 

(F) 

50 Ω load impedance and Repetition frequency of 1 kHz 

1,400 28 39,200 50 100 ns 1,000 100 µs 2.8 m 3.92 199 n 

1,400 28 39,200 50 300 ns 1,000 300 µs 9.4 m 11.8 597 n 

1,400 28 39,200 50 1 µs 1,000 1 ms 28 m 39.2 1.99 µ 

1,400 28 39,200 50 10 µs 1,000 10 ms 280 m 392 19.9 µ 

1,400 28 39,200 50 100 µs 1,000 100 ms 2.8 3.92 k 199 µ 

10 Ω Load and Repetition frequency of 1 kHz 

1,400 140 196,000 10 100 ns 1,000 100 µs 14 m 19.6 995 n 

1,400 140 196,000 10 300 ns 1,000 300 µs 42 m 58.8 2.98 µ 

1,400 140 196,000 10 1 µs 1,000 1 ms 140 196 9.95 µ 

1,400 140 196,000 10 10 µs 1,000 10 ms 1.4 1.96 k 99.5 µ 

1,400 140 196,000 10 100 µs 1,000 100 ms 14 19.6 k 995 µ 

300 Ω Load and Repetition frequency of 1 kHz 

1,400 4.66 6533.33 300 100 ns 1,000 100 µs 467 µs 652 m 33.2 p 

1,400 4.66 6533.33 300 300 ns 1,000 300 µs 1.4 m 1.96 99.5 p 

1,400 4.66 6533.33 300 1 µs 1,000 1 ms 4.67 m 6.53 332 p 

1,400 4.66 6533.33 300 10 µs 1,000 10 ms 46.7 m 65.3 3.32 µ 

1,400 4.66 6533.33 300 100 µs 1,000 100 ms 467 m 653 33.2 µ 
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Utilizing an alternative high voltage power supply to the FS40 [40], such as the HRL3024S1K5P 

[49] with an output current of 20 mA and power of 30 W, would provide the slow nsPEF electroporation 

system with the capability to generate a wider variety of PEF. The HRL3024S1K5P power supply unit 

would provide a means of generating 1.4 kV PEF of 100 ns to 10 µs in durations with a repetition 

frequency of 50 Hz across a load impedance of 10 Ω or higher. Or it could provide a means to generate 

a 1 kV PEF of 100 ns to 300 ns in duration, with a repetition frequency of up to 1 kHz across a load 

impedance of 50 Ω. Or potentially a PEF of 1 µs in duration with a repetition rate of 1 kHz across a 

bulk tissue of 300 Ω load impedance. 

Fig. 3.40 illustrates the relationship between the internal impedance of the power supply unit, rA, 

and the load impedance, ZL, which is similar to a voltage divider circuit. Where the amplitude of the 

PEF is 𝑉𝐿 =
𝑍𝐿

𝑟𝑆+𝑍𝐿
𝑉𝐶𝐶. Fig. 3.39 suggest that the FS40 power supply internal impedance is roughly 25 

Ω and cell line cultures have an impedance of approximately 10 Ω. With the current power supply, the 

FS40, to generate a PEF with amplitude in excess of 1 kV across a 10 Ω load impedance a power supply, 

VCC, of 3.5 kV or above is required (1kV =
10

10+25
𝑉𝐶𝐶). The problem with this is that the 3.5 kV 

necessary to generate a 1 kV PEF across a 10 Ω load impedance would exceed the C2M1000170D 

Silicon Carbide Power MOSFET 1.7 kV drain-source breakdown voltage. A method of overcoming 

this would be to use a MOSFET with a drain-source breakdown voltage of 4 kV or stack and operate 

multiple C2M1000170D MOSFETs simultaneously.  

 
Fig. 3.40. How the relationship between the load impedance (ZL) and the high voltage power supply unit internal 

resistance (rS) resembles a voltage divider 

In conclusion, the slow nsPEF electroporation systems topology is based on two C2M1000170D 

Silicon Carbide Power MOSFET [28] in a push-pull configuration. It is capable of generating a 

specified number of 100 ns to 300 ns PEF, with amplitude in excess of 1 kV, at a repetition frequency 

of 1 Hz to 50 Hz. The limitation of the switching speed and therefore the minimum pulse duration is 

dependent upon the MOSFETs selected for this topology. At the time of implementation, wolfspeeds 
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C2M1000170D Silicon Carbide Power MOSFETs were the best option. From implementation to write-

up there are a wider range of MOSFETs available that are affordable and exhibit faster-switching 

speeds, lower drain-source on-state resistance, and lower input capacitance.  

An example of an alternative MOSFET that could be used in the next iteration of the slow nsPEF 

electroporation systems is Infineon’s IMBF170R650M1 [50].  The IMBF170R650M has a faster 

transition time and lower drain-source on-state resistance than the C2M1000170D MOSFET. 

Additionally, the IMBF170R650M1 [50] also has a recommended gate driver to maximise the 

effectiveness and efficiency of the device switching capabilities. This recommended gate driver is the 

1ED3124MU12H Isolated Single Channel EiceDRIVER [51] with its static interlocking function. The 

1ED3124MU12H static interlocking function provides a pair of gate driver circuits with cross-

connected individual pulse width modulation (PWM) signals to inhibit static turn-on of both MOSFETs 

simultaneously. A suggested future work would be to exchange the outdated C2M1000170D MOSFETs 

and FS40 power supply for the identified replacement units to improve the slow nsPEF electroporation 

systems switching efficiency and capability to generate a wider range of nsPEFs.  

Additionally, it would be beneficial to incorporate further monitoring circuits such as a calorimeter 

to provide an additional modality to the system to calculate the total energy delivered into a load, or 

bulk tissue, and the maximum thermal effect the energy applied had on said load/bulk tissue. This 

suggested monitoring circuits that collect such data would be beneficial to support both in-vitro and in-

vivo research of nsPEF-based applications in biology, medicine, and/or biotechnology. 
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CHAPTER IV. SLOW NSPEF ELECTROPORATION SYSTEM –  

IN-VITRO INVESTIGATION 

4.1. Introduction 

An in-vitro investigation of the effect of 1, 5, 10 and 20 pulsed electric fields (PEFs) of 100 ns, 

200 ns and 300 ns in duration, with amplitudes in excess of 1 kV on cell population enriched with 

Cancer Stem Cells (CSCs) was conducted. The cell population enriched with CSCs in question was the 

D283 medulloblastoma cell line. Investigation into the permeabilization, viability and thermal effects 

of the applied nanosecond pulsed electric fields (nsPEFs) on the D283 cell line was carried out. One 

outcome of the in-vitro investigation on cell line loads was to understand the operating performance of 

the nsPEF generator when using complex cell line loads. 

The intention was to gain preliminary in-vitro data on the application of nsPEF pulses on cell lines 

that are heavily enriched in cancer stem cells before carrying out pre-clinical investigations on bulk 

tissue. The results obtained indicate that the generator is capable of achieving well-controlled non-

thermal irreversible nanosecond electroporation, or neutralization, of cancerous cell line samples 

enriched in cancer stem cells.  

4.2. In-vivo Set-up and Protocols  

The D283 medulloblastoma cell line, enriched in CSCs, were exposed to nsPEFs through a Bio-

rads commercially available 100 μl electroporation cuvette [1]. The Bio-rad 100 μl electroporation 

cuvette is a pair of 5 mm x 11 mm parallel plate electrodes with a 1 mm gap, as shown in Fig. 4.1.  

  
Fig. 4.1 Bio-rads commercially available 100 μl electroporation cuvette [1] 

An in-house cuvette housing unit was designed and fabricated to hold the Bio-rad 100 μl 

electroporation cuvette. This provided a direct and easy standard 50 Ω impedance connector connection 

between the cuvette and the pulse generator. Thus, allowing the biological load within the cuvette to be 
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exposed to nsPEF pulses generated by the push-pull configuration electroporation system developed 

for this microbiological research investigation.  

The cuvette housing units, shown in Fig. 4.1, provided a means for real-time monitoring of the 

applied nsPEF pulses delivered into the biological cells within the electroporation cuvette. The pulse 

waveforms were captured in real-time using a Tektronix TDS5054B-NV Oscilloscope [2] and a high 

voltage LeCroy PPE 5 kV probe [3]. The electric field between the cuvette electrodes forms a 

capacitance load because the biological solution had a homogenous distribution as already suggested in 

[4]-[5] by numerical simulations. 

The complete setup for the preliminary study of the D283 cell line is shown in 3.42. The results of 

permeabilization, viability and thermal investigations are discussed below. 

4.3. Biological Load Protocols 

The principal microbiologists from the Italian National Agency for new technologies, energy and 

sustainable economic development (ENEA) indicated that the electroporation systems required to 

deliver nsPEFs of 1 kV amplitude into a 50 Ω load impedance. Initially, there was a concern about 

possible mismatch between the 50 Ω environment of the cuvette, the cuvette housing unit, cables and 

the connector used for the initial set-up as the estimated impedance for the D283 natural cell line 

suspension was approximately 10 Ω.  Because of these concerns, the D283 cells were suspended in a 

50 Ω impedance artificial buffer, developed by ENEA, that provided an overall 50 Ω load impedance 

in which the D283 cells were suspended whilst maintaining their natural biological characteristics for 

the duration of the experiment.  

In practice, the D283 cell line suspended in a standard culture medium known as Modified Eagle 

Medium (MEM) had an estimated impedance of approximately 10 Ω. This is due to the high 

conductivity of the suspending medium of around 1.5 S/m [5]-[6]. Impedance mismatch minimization 

between the generator, cuvette holder, and the load (cuvette filled with cell solution) is imperative to 

guarantee the generator can deliver nanosecond electric pulses in excess of 1 kV amplitude. Any 

impedance mismatch at the interface between the components will cause reflections of the pulse. 

To achieve a 50 Ω impedance match for the whole in-vitro set-up, the generator with an output n-

connector of 50 Ω is connected to a biological load, and the cuvette housing unit that was designed such 

that the generator ‘sees’ an impedance of 50 Ω. The D283 cells were suspended in an artificial buffer 

solution that mimicked a purely resistive load of 50 Ω.  

The artificial buffer solution consisted of 100 µl of an artificial buffer solution with 20 ml of 

phosphate buffer saline (PBS), 80 ml of distilled water, and 8.2 g of sucrose to counteract osmotic 

pressures of the cells due to the distilled water. The artificial 50 Ω buffer solution had a conductivity of 
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0.3 S/m [6].The protocol highlighted here [6] details the method undertaken to place the CD283 cells 

in the artificial buffer solution whilst maintaining their viability when placed in the Bio-rads 

commercially available 100 μl, 1 mm gap electroporation cuvette to provide the primary permeability, 

viability and the necessary thermal control.  

4.4. Validation of Biological Load Protocols  

Before carrying out the in-vitro biological investigation, the slow nsPEF electroporation system 

has been verified and validated on its capability in delivering nsPEF across purely, resistive impedance 

load. With the protocol highlighted in the previous section, the D283 cells were suspended in an 

artificial buffer solution that should represent a 50 Ω load impedance. This is to minimise reflection or 

maximise the matching between the components in the system, as shown in Fig. 4.2. The protocol was 

developed by the ENEA microbiologists. To verify the integrity of the artificial buffer for the in-vitro 

study a comparison of the measured nsPEFs across a purely resistive 50 Ω load impedance and the 

artificial 50 Ω buffer was conducted.  

(a) 

 

(b) 

 

Fig. 4.2. (a) ENEA’s in-house cuvette housing unit. (b) The in-vitro investigation set-up 

Fig. 4.3 illustrates that the artificial buffer is comparable to a purely resistive 50 Ω load impedance, 

thus validating that the protocol conceived by ENEA for the generation of 100 µl of buffer solutions is 
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relative to 50 Ω impedance [6]. The 900 V amplitude of the nsPEF observed with ENEA’s artificial 

buffer solution is lower than the 1 kV nsPEF observed across a 50 Ω load impedance. This suggests 

that the true resistive value of ENEA’s artificial buffer solution is approximately 40 Ω when interpreting 

Fig. 3.39, the measured amplitude of a 100 ns PEF as a function of load impedance. 

 
Fig. 4.3. Comparison of the measured 100 ns pulsed electric field observed across a 50 Ω resistive load impedance in 

simulation (green), in practice (blue), and across the 50 Ω buffer solution developed by ENEA (red) 

Furthermore, Fig. 4.4 highlights that the presence of the D283 cells did not affect the electrical 

properties of the buffer. It can be seen that the addition of the D283 cells has a negligible effect on the 

nsPEF waveform when compared to the buffer solution without the cells. This implies that the D283 

cells represent an extremely small fraction of the global solution volume in comparison to the MEM 

contained within the cuvette. 

Fig. 4.5 shows the 100 ns (blue solid line), 150 ns (red dashed line), and 300 ns (black dotted line) 

voltage pulse waveforms measured across the electroporation cuvette containing D283 MB cell line 

suspended with the 50 Ω, 0.3 S/m buffer solution. These waveforms illustrate the pulses electric fields 

delivered to the cells during the biological investigations (permeabilization and viability tests). The 

cells are exposed to a symmetrical voltage pulse with a maximum amplitude of ∼1.2 kV/mm (~1.2 

MV/m), with minimal overshoot and ringing. These results are similar to those obtained through 

simulations and across a 50 Ω load resistor. 
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Fig. 4.4. 100 ns pulsed electric field across the buffer solution developed by ENEA [6] with (red) and without (blue) the 

D283 cell line population. 

 

Fig. 4.5. nsPEF of 100 ns (red), 150 ns (blue) and 300 ns (green) pulses observed across the D283 cell line population 

submerged in the 50 Ω buffer solution  
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4.5. Permeability Test 

For the permeabilization tests, D283 cells were grown in a humidified atmosphere at 37 ᵒC and 5 

% CO2 in MEM supplemented with 10 % fetal bovine serum and 1 % of penicillin-streptomycin. Cells 

were scraped and centrifuged, suspended in the artificial 50 Ω buffer solution, and Yo-Pro-1 (3 μM) 

was added 5 minutes before exposure to nsPEFs. This is highlighted in the protocol [6].  

To test cell permeabilization, pulses were delivered according to the protocol with PEFs parameters 

as reported in Table 4.1. A non-pulsed sample called ‘Control’ or ‘Sham’ was also included in the 

analysis where no nsPEFs were applied onto a D283 cell line population.  

Table 4.1.  Nanosecond pulsed electric field parameters the D282 cell population was exposed to and associated 

permeabilization rate 

Test  

number 

PEF duration 

(ns) 

E-Field Strength 

(MV/m or kV/mm) 

Number of 

Pulses 

Repetition 

Frequency (Hz) 

Permeabilization  

Rate (%) 

Control 0 0 0 0 5 

100a 100 0.9 1 0 5 

100b 100 0.9 5 50 30 

100c 100 0.9 10 50 27 

100d 100 0.9 20 50 35 

100e 100 0.9 20 1 5 

200a 200 1.2 1 0 4 

200b 200 1.2 5 50 74 

200c 200 1.2 10 50 80 

200d 200 1.2 20 50 82 

200e 200 1.2 20 1 73 

300a 300 1.2 1 0 18 

300b 300 1.2 5 50 80 

300c 300 1.2 10 50 81 

300d 300 1.2 20 50 80 

300e 300 1.2 20 1 90 

Fig. 4.6 illustrates the permeabilization rates of the D283 cell line population exposed to various 

nsPEFs protocols, highlighted in Table 4.1, in terms of pulse width, repetition frequency and the number 

of pulses. Fig. 4.6 also indicates that exposing D283 cells to at least 5 consecutive 200 ns duration PEFs 

resulted in greater than 70 % of the cell population being permeabilized while at least 5 consecutive 

pulses of 300 ns duration PEFs resulted in more than 80 % of the cell population being permeabilized. 

The best permeabilization results were observed with 20 PEF of 300 ns duration, E-field strength of 1.2 

MV/m (1.2 kV/mm) and at repetition frequency of 1 Hz. This nsPEF protocol provided the maximum 

PEF and energy exposure time onto the cell line population without any thermal injury to the cells.  
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Fig. 4.6. Percentage of D283 cell population permeabilized after exposure to nanosecond pulsed electric field of specific parameters 
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(a) (b) 

Fig. 4.7 The observed fluorescence microscopy YOPRO-1 uptake of the cell line population following exposure to (a) 300e; 20 pulses of 300 ns at 1.2 MV/m (b) Control (i) bright field 

image overlapped across the fluorescent image (ii) bright field image (iii) fluorescence microscopy YOPRO-1 uptake 
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These results were confirmed visually through observing electropermeabilized cells under 

fluorescence microscopy (Yo-Pro-1 λemission = 510 nm), and the percentage of cell permeabilization 

is computed as the ratio of fluorescent cells divided by the total imaged D283 cells in three different 

observation areas. This is further confirmed by Fig. 4.7 where images of permeabilized D283 are given. 

For the same sample and figure, the bright field image is also presented to demonstrate the presence of 

D283 cells in the reviewed sample.  

It can be seen in Fig. 4.6 that 90 % of the cells were permeabilise by applying 20 pulses of 300 ns 

duration at a pulse repetition rate of 1 Hz (1 pulse per second) with an electric field amplitude of 1.2 

MV/m (1.2 kV/mm). 

4.6. Viability 

Cell viability is a measure of the proportion of live, healthy cells within a population. Cell viability 

assays are used to determine the overall health of cells in a culture and to measure cell survival following 

exposure to the delivered nsPEFs. The lower the viability of the cell population, the higher the 

proportion of the cell population that has been neutralized or irreversibly electroporated.  

To assess cell viability, the well-established trypan blue exclusion techniques were carried out after 

the D283 cell line population were exposed to nsPEF described in Table 4.1. 10 μl of trypan blue was 

added to the 100 μl of cell solution. Live cells were automatically counted using a commercial system 

(Luna II by Logos [7]) where the solution containing cells was counted in the disposable counting 

chambers. The viability of cell populations was evaluated immediately after exposure to the nsPEFs 

and at 24 hours and 48 hours after exposure. Viability tests were performed using pulses of the following 

durations: 100, 200, and 300 ns PEFs, with amplitudes of 1 kV/mm and 50 Hz repetition frequency. 

The number of delivered nsPEFs were: 1, 5, 10 and 20. A sham or control exposure samples were also 

considered for comparison.  

Fig. 4.8, Fig. 4.9, and Fig. 4.10 show the results of the viability tests, where the cell viability 

percentage is the ratio of the viability of the exposed population to the control sample (cell population 

not exposed to PEFs). The viability data indicates high cell viability following exposure to 100 ns and 

200 ns pulses for the various number of pulses (e.g., 1, 5, 10 and 20) after 24 and 48 hours of 

observation. The normalized cell population viability is lower when exposed to 300 ns PEFs (Fig. 4.10) 

in comparison to exposure to 100 ns (Fig. 4.8) and 200 ns PEFs (Fig. 4.9). This is highlighted when the 

D283 cell is exposed to a higher number of pulses, for example, 10 and 20, and for the long observation 

time points (e.g., 24 hours and 48 hours after exposure). 
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Fig. 4.8. Viability of cells 0, 24 and 48 hours after exposure to 100 ns pulsed electric fields, with 0.9 kV/mm electric field strength and 50 Hz repetition frequency. 
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Fig. 4.9. Viability of cells 0, 24 and 48 hours after exposure to 200 ns pulsed electric fields, with 1.2 kV/mm electric field strength and 50 Hz repetition frequency 
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Fig. 4.10. Viability of cells 0, 24 and 48 hours after exposure to 300 ns pulsed electric fields, with 1.2 kV/mm electric field strength and 50 Hz repetition frequency. 
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 Sham / Control 1 Pulse 20 Pulses 

(a)  

100 ns 

pulsed 

electric 

field 

 

(b) 

200 ns pulsed 

electric field 

 

(c) 

300 ns pulsed 

electric field 

 
Fig. 4.11. Bright field images of D283 cells 48 hours after exposure to 1 and 20 pulses of (a) 100 ns (b) 200 ns and (c) 300 ns pulsed electric fields in comparison to a bright field image of 

the D283 cells ‘sham’ (control) sample. 
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Bright filed images 48 hours after exposure are shown in Fig. 4.11. These images confirm that the 

D283 Medulloblastoma enriched in cancer stem cells exposed to 100 ns and 200 ns PEFs are very 

slightly affected in comparison to the control. Cell viability and morphology appear to be more degraded 

following exposure to 10 and 20 pulses of 300 ns PEFs. 

These observations lead to the hypothesis that D283 cells start to be irreversibly permeabilized 

when multiple pulses (more than 10) of 300 ns PEF, of electric field strength of 1.2 kV/mm (1.2 kV in 

amplitude), are delivered. 

4.7. Thermal Effects 

The short duration (hundreds of nanoseconds) and low repetition frequency (1 Hz to 50 Hz) of the 

PEFs delivered to the biological load (tissue or cells) were designed to ensure that the microbiological 

effect is nonthermal [8]-[9]. A non-thermal approach for neutralising or destroying cancer cells and 

cancer stem cells is an appealing alternative treatment approach as it would allow for targeted 

neutralization of a tumour without the thermal element of heating the cells above body temperature as 

seen with conventional ablation methods. More importantly, this effect would result in sparing healthy 

cells, the extracellular matrix (collagen) and nearby vessels whilst allowing tissue regrowth and 

preventing unwanted damage to critical patient organs and structures, such as the brain, bladder, and 

spine [8]-[9]. 

To verify that the nsPEFs parameters, as seen in Table 4.1, resulted in a nonthermal effect a cuvette 

heating analysis based on specific heat capacity can be manipulated to estimate the maximum thermal 

effect the biological system would experience.  

The estimated temperature rises per pulse, ∆T, and the maximum mean rate of temperature rise, 

∆Tmax, the D283 cell line experiences with each nsPEFs parameters (Table 4.1) were calculated by 

equations (4.1) and (4.2). These calculations used the applied nsPEFs parameters (pulse duration, pulse 

amplitude, number of pulses and repetition rate) and the known parameters of the biological load 

(impedance, specific heat capacity, and mass).  

∆𝑇 =
𝐸

𝑐 𝑚
 (4.1) 

∆T𝑚𝑎𝑥   =
𝐸

𝑐 𝑚
𝑁 (4.2) 

where E is the applied energy (Joules, J) that the D283 cell line experiences, c is the specific heat 

capacity ((J/Kg)/ᵒC), and m is the mass (kg) of the biological load. In equation (4.2), N is the number of 

pulses the buffer solution is exposed to. 
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Since power is the number of joules of energy (E) per second (t) and power is the sequence of the 

electric field or voltage divided by the impedance, the energy delivered can be calculated by the 

parameters of the PEFs delivered and the load impedance as shown in (4.3). 

𝐸 =
𝑉2

𝑍𝐿
𝑡 (4.3) 

where E is the energy delivered and is dependent on the parameters of the applied nsPEF. V is the 

nsPEF amplitude (Volts, V), ZL is the impedance of the biological load (Ω), and t is the pulse duration 

of an applied nsPEF (seconds, s). 

Also, m is the mass of the load that is a multiplication of the density (𝜌) and the volume of a 

substance, therefore: 𝑚 = 𝜌. 𝑣𝑜𝑙. 

The biological load consists of an impedance of 50 Ω [6] (as indicated in subsection 4.3) and a 

specific heat capacity of 4.186 (J/g)/ᵒC, i.e., the same specific heat capacity as water. This is a valid 

approximation as the buffer solution consists mainly of water [6]. In addition to having the same specific 

heat capacity as water, it is assumed that the buffer solution has an identical density, ρ (kg/m3), as water. 

The density of water is 1000 kg/m3 or 1 g/cc. The volume (vol, m3) is the volume of biological load that 

the Bio-rads commercially available 1 mm gap, 100 μl electroporation (EP) cuvettes can hold; this is 

55 µm3 (1 mm x 5 mm x 11 mm) [1]. The heat capacity of the D283 load is 0.23 J/K. This is highlighted 

in Table 4.2 below. 

Table 4.2. Common characteristic parameters relating to the D283 load and cuvette 

Equation Description Symbol Value Unit 

- Cuvette Length l 1 mm 

- Cuvette Height h 5 mm 

- Cuvette Width w 11 mm 

𝒗𝒐𝒍 = 𝒍 𝒉 𝒘 Cuvette Volume vol 0.055 mm3 

- Specific Heat Capacity c 4.186 J/g/K 

- Density 𝜌 1 g/cc 

𝒎 =  𝝆 𝒗𝒐𝒍 Mass 𝑚 0.055 G 

𝒄 𝒎 Heat Capacity 𝑐 𝑚 0.23023 J/K 

- impedance Z 50 Ω 

The estimated temperature rise per pulse, ∆T (4.1), and the maximum mean rate of temperature 

rise, ∆Tmax (4.2) can be restated as (4.4) and (4.5) respectively. These temperature elevations are directly 

dependent on the nsPEF parameters.  

∆𝑇 =
(
𝑉2

𝑍𝐿
 𝑡)

𝑐 𝑚
=

(
𝑉2

𝑍𝐿
 𝑡)

0.23
 

(4.4) 
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∆T𝑚𝑎𝑥   =
(
𝑉2

𝑍𝐿
 𝑡)

𝑐 𝑚
 𝑁 =

(
𝑉2

𝑍𝐿
 𝑡)

0.23
 𝑁 

(4.5) 

Since the D283 cell line consists of a small fraction of the global solution volume, it could be 

assumed that the heating effect on the cell solution is the same as the heating effect on the simple buffer 

solution. Table 4.3 gives the estimated temperature rise per pulse (4.4) and the maximum mean rate of 

temperature rise (4.5) associated with the 50 Ω buffer solution when applying a range of pulse 

parameters (amplitude, pulse width and frequency). Assuming the repetition frequency is kept constant 

at 1 Hz.  

The calculated rise in temperature the D283 biological sample experiences is the maximum 

temperature the biological sample should experience assuming that no heat, or temperature rise, is 

dissipated away from the exposure site by thermal conductivity between each pulse delivery. It also 

assumed that the nsPEF applied are ideal pulses, i.e., symmetrical square pulses with maximum 

amplitude and pulse duration. 

Table 4.3. Estimated heating effect of applied nanosecond pulsed electric field on the buffer solution and D283 cells. 

Pulse 

Width, t  

(ns) 

Peak Pulse 

Amplitude, 

V (V) 

Impedance, 

ZL (Ω) 

Number 

of pulses, 

N 

Heat 

Capacity, cm 

(J/K) 

Temperature rises per 

pulse, ∆T  

(mK or mᵒC per pulse) 

Maximum mean rate of 

temperature rise ∆Tmax 

((mK/s) or (mᵒC/s)) 

100 1,000 50 1 0.23023 8.69 8.69 

100 1,000 50 5 0.23023 8.69 43.44 

100 1,000 50 10 0.23023 8.69 86.87 

100 1,000 50 20 0.23023 8.69 173.74 

200 1,200 50 1 0.23023 25.02 25.02 

200 1,200 50 5 0.23023 25.02 125.09 

200 1,200 50 10 0.23023 25.02 250.18 

200 1,200 50 20 0.23023 25.02 500.37 

300 1,200 50 1 0.23023 37.53 37.53 

300 1,200 50 5 0.23023 37.53 187.64 

300 1,200 50 10 0.23023 37.53 375.28 

300 1,200 50 20 0.23023 37.53 750.55 

This theoretical thermal investigation indicates that the change in the temperature of the biological 

load is dependent on the properties of the applied pulses. Our computation highlights that the short 

duration and lower repetition frequency of the nsPEFs delivered ensures nonthermal energy is delivered 

into the buffer solution, and therefore into the D283 cells [8]-[9]. Table 4.3 indicates that the maximum 

temperature rise the cells experience within the cuvette is 37.53 mᵒC. It indicated that the cells 

experienced a temperature rising of 0.75 ᵒC in a second. This is when the most effective PEFs of 20x 

300 ns pulses with 50 Hz repetition frequency are applied thus resulting in non-thermal irreversible 
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permeabilization of the D283 medulloblastoma cells. Therefore, it can be assumed that no heat is 

dissipated away from the surrounding environment (air, material, equipment etc.). 

 

 

Fig. 4.12. Maximum mean rate of temperature rise ∆Tmax the cell line load experiences when exposed to 1, 5, 10 and 20 

pulsed electric fields of 100 ns, 200 ns and 300 ns in duration 

The cuvette is designed to have a characteristic impedance of 50 Ω to absorb all the incident power 

or minimise reflections of the applied pulsed electric fields. When the peak amplitude of the electric 

field is 1200 V, and the pulse duration is 300 ns the peak power into a 50 Ω load impedance is 288 kW. 

If 288 kW is delivered to the cuvette for 300 ns then 8.64 mJ of energy is delivered into the load.  The 

volume of fluid in the cuvette is 55 ml and 8.64 mJ of energy will increase the temperature of 55 ml of 

the D283 cell line suspended in water by 37.53 mK. 

It is assumed the applied PEFs only heat the cell line within the cuvette and not the walls of the 

cuvette. The surface area of the perspex walls is 142 mm2 and has a thermal conductivity of 0.21 

W/m/K.  Therefore, a temperature gradient of 0.07 K/mm would carry away all the heat from one pulse 

through the walls in a second. The repetition rate of the pulses applied is 50 Hz and therefore the 

temperature of the load within the cuvette would not increase in the allotted time between each pulse. 

If the thickness of the walls is 5 mm, then there would be about a third of a degree Kelvin across the 

walls [1]. All the fluid in the cuvette is less than 0.5 mm from a cuvette wall. 
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The temperature in the centre of the fluid in the cuvette is unlikely to rise more than one degree 

Kelvin, and this depends to a large extent on the heat transfer from the cuvette to the surroundings, 

which is affected by such things as the material of the holding brackets, the contact area and the amount 

of movement in the surrounding air. 

To further demonstrate the absence of thermal effects, the temperature of the buffer contained in 

the electroporation cuvette was measured using a fibre optic probe (LumaSense OEM Modules, optic 

fibre dimensions 0.3 mm). The probe was directly placed between the electrodes before (1 min), during 

and after (1 min) of exposure to the pulsed fields. The worst-case exposure condition in bio-experiments 

of 20 pulses of 1,200 V field amplitude with 300 ns duration at a pulse repetition frequency of 50 Hz 

was used for this demonstration. As shown in Fig. 4.13, no macroscopic temperature increase was 

observed. Over three independent data acquisitions, the temperature measurement result indicated there 

was no significant increase in the D283 load temperature, thus reinforcing the numerical calculation 

and heat transfer via the cuvette argument presented previously. 

 
Fig. 4.13. Temperature trend within the electroporation cuvette electrodes before during and after 300 ns pulsed electric 

fields delivery. Bars represent standard deviation of the measurement over three independent acquisitions. 

The thermal investigation of the applied nsPEFs confirms that the irreversible permeabilization (or 

neutralization) of the D283 Medulloblastoma cells that are enriched in cancer stem cells occurs when 

exposed to twenty pulsed electric fields of 300 ns in duration PEF with an amplitude of 1,200 V field 
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amplitude (or electric field strength of 1.2 kV/mm) with a repetition frequency of 50 Hz has no thermal 

effect on the cell line or would be bulk tissue load. 

4.8. Conclusion 

This chapter investigated the application of 100 ns to 300 ns PEFs with an amplitude of 1 kV or 

higher delivered into in-vitro loads. Verification and valuation of the ability of the slow nsPEF 

electroporation system to deliver nsPEFs onto cell lines, enriched in cancer stem cells have also been 

presented in this chapter.  

The initial in-vivo investigation intended to gain preliminary data on the application of nsPEFs on 

cell lines that are heavily enriched in cancer stem cells before to the pre-clinical investigation of nsPEFs 

on bulk tissue is to be conducted. The results obtained indicate that the push-pull configuration of 

suitable power metal-oxide-semiconductor field-effect transistors (MOSFETs) for the generation of the 

nsPEFs is a suitable topology to achieve well-controlled nonthermal irreversible nanosecond 

electroporation (or neutralization), of cancerous cell line samples enriched in cancer stem cells. This 

indicates that nanosecond electroporation offers the possibility to become a favourable and novel 

clinical therapeutic energy source to displace traditional cancer treatment approaches and to shift 

treatment focus to targeting the cancer stem cells as highlighted in Fig. 2.2. Furthermore, this shift is 

made possible due to recent advances in semiconductor technology. In particular with the introduction 

of silicon carbon (SiC) MOSFETs.   

The slow nsPEF electroporation system developed in this work was proven to be a very useful 

instrument that enabled microbiologists to conduct useful research on cancer stem cells. The ability of 

the electroporation system to provide a wide variety of pulse width, repetition frequencies, number of 

pulses, and amplitudes that can easily be adjusted by the user is of interest to the microbiologist in the 

area of cancer cell research. This versatile electroporation system is attractive as it supports a wide 

range of pulse protocols to determine the optimal PEF parameters for successful nonthermal 

neutralization of cancer cells and cancer stem cells.  

The output from the electroporation system designed and developed in this work was impedance 

matched to the bulk applicator (cuvette with 50 Ω buffer solution and cuvette holder), delivering 

symmetrical electric field pulses with minimal ringing and overshoot into the biological load. 

The overall system, including the generator, the cuvette housing unit, and buffer solution was used 

to successfully permeabilise D283 cells. It was demonstrated that more than 70% of the cell population 

were deemed to be permeabilized when 20 pulses of 200 ns duration (or longer), were delivered into 

the bulk load. Furthermore, a viability study, following permeabilization indicated that the majority 

(80%) of the D283 cell line population became irreversibly permeabilized when 20 pulses of 300 ns are 

delivered.  
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Further analysis indicated that the initial in-vitro investigation based on the application of 20x 300 

ns PEFs from the slow nsPEF electroporation system successfully permeabilised 90 % of the cell 

population and 80 % of the population were irreversible permeabilised in a non-thermal manner. The 

increase in cell line temperature was measured and calculated to be 751 m°C and the maximum power 

of 432 mW was delivered into the load for this in-vitro nsPEF application. This indicated that even with 

the longer (300 ns) pulses, the effect was nonthermal. 

Therefore, the primary in-vitro investigation of nsPEFs resulted in nonthermal neutralization of 

cancerous cell line, medulloblastoma D282, and this provides confidence that the new slow nsPEF 

electroporation system will successfully perform nonthermal ablation of bulk tissue, thus offering a 

viable solution to selectively destroying tumours within the human body. 

The vision is that this compact nanosecond electroporation system will be used in clinical practice 

for targeted nonthermal neutralization of cancer stem cells and treatment of bulk tumours to offer a 

viable alternative cancer treatment solution, shifting from traditional cancer treatments such as 

chemotherapy and radiotherapy to an alternative and less traumatic solution. 

4.9. Future Work 

Before the slow nanosecond pulsed electric field electroporation system can be considered as an 

alternative cancer treatment for clinical applications, further investigation into the effects this energy 

has on cells and bulk tissue is required. This includes a portfolio of evidence to showcase safety and 

efficiency. For this to happen, electrosurgical instruments to harness and deliver this energy in a clinical 

environment are required. Following a pre-clinical investigation, clinical protocols will be generated to 

enable clinical use. At this stage, a full design history file will need to be put in place, together with the 

relevant documentation required for a quality management system that complies with ISO 13485 [10], 

and Food and Drug Administration (FDA) 510(k) clearance [11]. 

For this to become a reality and for nanosecond electroporation to be used to improve patient 

outcomes significant work will require both engineering development and clinical investigation fronts. 

4.9.1. Engineering Development 

The current electroporation system developed in this work can deliver 100 ns to 300 ns PEFs with 

amplitude in excess of 1 kV, into a load impedance of 50 Ω. One goal for the future is to develop an 

electroporation system capable of producing PEFs of amplitude in excess of 1 kV with user programmed 

in the pulse durations of between 100 ns and 100 µs and repetition frequency from 1 Hz to 50 Hz across 

a range of impedance loads from 10 Ω to 300 Ω. This would produce an electroporation system that 

would be capable of opening up the nanopores of cell lines and causing nonthermal ablation of bulk 

tissue loads in the nanosecond electroporation and microsecond time regime. Traditional 
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electroporation systems use microsecond pulses, so this system would enable combined ns and µs 

pulsed electric fields to be delivered. 

Since this work, there have been further developments of higher voltage, faster switching 

MOSFETs that are now available commercially that would be better suited for this application. These 

new devices also have lower input capacitance and lower drain-source resistance (RDS(on)) on values, 

thus reducing the current required to charge up the input capacitance for faster switching (𝑖 = 𝐶
𝑑𝑉

𝑑𝑡
).   

In the future, it may also be necessary to include a dynamic impedance matching circuit to match 

the energy from the generator into various tissue/bulk tissue loads. This could be a key feature when 

bulk tissue with a range of impedance is used as the load. 

4.9.2. Cell line Investigation  

The current slow nsPEF electroporation system is sufficient to further investigate the effect of 

nsPEFs on the D283 cell line as well as similar cell line populations, provided that the impedance of 

the load is 50 Ω or higher [6].  

The next electroporation systems to be developed based on this topology would need to provide 

the ability to investigate the effect of nsPEF on various cell line populations that have a range of 

impedances without the need for a buffer solution. This could significantly advance and support further 

nsPEF-based investigations into cell line populations that could benefit the fields of regenerative 

medicine, electrochemotherapy and therapeutics.  

One future cell line investigation work is to use an alternative dye to YOPRO-1. YOPRO-1 is a 

large molecular dye compared to others available and could highlight that electro-permeabilization or 

generation of nanopores occurs using shorter pulses or using a smaller number of pulses. This could be 

considered as future cell line investigatory work. Indeed, one interesting possibility highlighted in the 

literature reviewed in the literature search is that nsPEFs activate ion transport channels allowing for 

the movement and uptake of small ions. Ions such as Calcium (Ca), Sodium (Na), and potassium (K). 

These could be investigated using smaller dyes and specific cell markers such as Fluo4 to monitor 

cellular uptake and activation of ion channels.  

Additional work that could be carried out is a verification of the nonthermal aspect of the work. 

The literature search also suggested that microthermal heating at the cellular level can be maintained 

by examining the fluorescence of Rhodamine B dye [8]-[9]. 

4.9.3. Pre-clinical investigation 

For nsPEF to be considered as an alternative cancer treatment and part of the Creo medical advance 

energy platform in the future one must investigate the effect of nsPEFs on bulk tissue in a clinical 
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environment. As the nanosecond electroporation (nsEP) work carried out in this research has been at a 

cellular level, future investigation of nsPEF on bulk tissue should be conducted in a pre-clinical 

environment on bulk tissue. Future work would include repeating this initial investigation on bulk tissue 

in an ex-vivo setting, rather than the current cell line, in an in-vitro setting. This would be essential to 

transition from in-vitro to a clinical in-vivo environment.  

Ongoing pre-clinical investigations including termination and survival studies would be required 

to fully understand and determine the effectiveness of nsPEFs as a clinical treatment on various organs 

associated with the human body.   

Future work on clinical applications of nsPEF requires to be driven by a clinician, who fully 

understands the clinical needs and anatomic system.  Therefore, a clinical road map for integrating the 

possible clinical applications of nsPEFs and identifying the clinical needs that will determine the future 

works. This work can be done to a certain extent using the current electroporation system developed in 

this research, whilst a more robust electroporation system is being developed. 

4.9.4. Summary 

In conclusion, the next iteration of the compact nsPEF electroporator could significantly open the 

field of nsPEF research and the possibility of in-vitro and in-vivo applications is limitless. A versatile 

generator is attractive to microbiologists, researchers, and clinicians.  

The topology designed and developed in this work provided a versatile nsPEF generator that 

enabled preliminary microbiological investigation of nsPEF on the D283 Medulloblastoma cell line to 

be conducted. The conclusion from the microbiological investigation was successful permeabilization 

of D283 cells with more than 70% of the cell population was permeabilized when 20x 200 ns pulses 

with an electric field strength of 1.2 kV/mm were delivered. A viability study following the 

permeabilization investigation indicated that D283 cell lines were irreversibly permeabilized as cell 

viability and morphology were reduced when 20x 300 ns PEF with an electric field strength of 1.2 

kV/mm were delivered. The cell permeabilization and viability investigation demonstrated that 20x 300 

ns pulses with an electric field strength of 1.2 kV/mm enable targeted nonthermal ablation or 

neutralization of cancer stem cells in addition to normal cancer cells.  

The vision is that the next development following the future work highlighted above will lead to a 

commercially available cost-effective compact nanosecond electroporation system unit that can form a 

part of an advanced energy electrosurgical system to achieve controlled and targeted nonthermal 

neutralization of cancer stem cells to offer viable alternative cancer treatment.  

This initial investigation suggests that the cellular effect of exposure to nsPEFs offers advantages 

over conventional µs electroporation. This not only includes additional potentials for cell manipulation 
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and control of cell physiology and clinical effects. It can be concluded that nanosecond-pulse effects 

include calcium release, ion channel activation, and apoptosis induction on a cellular level [12]-[15]. It 

is believed that this is due to the shorter pulse duration. 

It has also now been demonstrated in a recent pre-clinical, on bulk tissue, that the nanosecond 

pulses reduce cardiac and muscular impact. These findings were verified though looking at 

Electrocardiography (ECG) and measuring muscular contraction during pre-clinical trials in Chapter 6. 

Chapter 4 References  

[1] Bio-Rad Laboratories, “Gene Pulser/MicroPulser Electroporation Cuvettes, 0.1 cm gap #1652089.” Bio-rad.com. 

http://www.bio-rad.com/en-uk/sku/1652089-genepulser-micropulser-electroporation-cuvettes-0-1-cm-gap (accessed 

Dec. 2017) 

[2] TDS5000B Series Digital Phosphor Oscilloscope, Tektronix Inc, 2002. [Online]. Available: 

https://download.tek.com/manual/061433105web.pdf 

[3] PPE5kV High Voltage Probe User's Manual, LeCroy, 2018. [Online]. Available: 

https://cdn.teledynelecroy.com/files/manuals/ppe_5kv_user_manual.pdf 

[4] M. Kenaan et al., “Characterization of a 50-Ω Exposure Setup for High voltage Nanosecond Pulsed Electric Field 

Bioexperiments,” in IEEE Trans on Biomed Eng, vol. 58, no. 1, pp. 207-214, Jan. 2011, doi: 

10.1109/TBME.2010.2081670. 

[5] A. Silve, R. Vezinet and L. M. Mir, “Nanosecond-Duration Electric Pulse Delivery In Vitro and In Vivo: Experimental 

Considerations,” in IEEE Trans on Instrum and Meas, vol. 61, no. 7, pp. 1945-1954, July 2012, doi: 

10.1109/TIM.2012.2182861. 

[6] M. Caterina et al., “Protocol for CD133 cell surface staining (Antibodyanti-Human CD133 130-098-826 MACS),” 

ENEA, Rome, Italy, Zenodo1157784, Jan. 2018. Accessed: Feb. 2018. [Online]. Available: 

https://zenodo.org/record/1157784#.YcsrYmjP2Ul  

[7] Logos Biosystems, “LUNA-II™ Automated Cell Counter.”  www.logosbio.com. /luna-ll/?ckattempt=1 (accessed Feb. 

2018) 

[8] S. Kohler et al., “Experimental Microdosimetry Techniques for Biological Cells Exposed to Nanosecond Pulsed Electric 

Fields Using Microfluorimetry,”in IEEE Trans on Microw Theory and Techn, vol. 61, no. 5, pp. 2015-2022, May 2013, 

doi: 10.1109/TMTT.2013.2252917. 

[9] D. Moreau et al., “Rhodamine B as an optical thermometer in cells focally exposed to infrared laser light or nanosecond 

pulsed electric fields,” in Biomed Opt Express, vol. 6, no. 10, pp. 4105-4117, 2015, doi: 10.1364/BOE.6.004105.  

[10] ISO, “ISO 13485:2016.” www.iso.org. https://www.iso.org/standard/59752.html. (accessed Dec. 2018)  

[11] U.S. Food and Drug Administration. “510(k) Clearances” www.fda.gov. https://www.fda.gov/medical-devices/device-

approvals-denials-and-clearances/510k-clearances. (accessed Dec. 2018) 

[12] A. Denzi et al., “Microdosimetry in Biomedical Applications: Importance of Realistic Models at the Cellular and 

Subcellular Levels,” presented at the EMF-Med 2018., Split, Croatia, Sept 10th – 13th, 2018, pp. 40–41. 

[13] C. Consales, et al., “Oxidative and Epigenetic Effects of Ultra-short Pulsed electric Fields on Neuronal-like Cells,”. 

presented at the EMF-Med 2018., Split, Croatia, Sept 10th – 13th, 2018, pp. 78–79. 

[14] C. Merla et al., “Nanosecond pulsed electric fields modulate Ca2+ fluxes in SH-SY5Y neuroblastoma cell line,” presented 

at the EMF-Med 2018., Split, Croatia, Sept 10th – 13th, 2018, pp. 80–81. 

[15] S. Botha et al., “Long term control of cytosolic calcium oscillations in Mesenchymal Stem Cells using repeated electric 

pulses,” presented at the EMF-Med 2018., Split, Croatia, Sept 10th – 13th, 2018, pp. 83–84 

http://www.bio-rad.com/en-uk/sku/1652089-genepulser-micropulser-electroporation-cuvettes-0-1-cm-gap


 

 
117 

CHAPTER V. FAST NSPEF ELECTROPORATION SYSTEM – 

TECHNICAL DESIGN  

5.1. Introduction 

This chapter describes the design, development, and evaluation of the fast nanosecond 

electroporation system that forms the second part of this work. This system was originally intended to 

be evaluated by microbiologists at the Italian National Agency for new technologies, energy and 

sustainable economic development (ENEA) for preliminary in-vitro investigation of nanosecond pulsed 

electric field (nsPEF) effects on Medulloblastoma cell lines, which were enriched in Cancer Stem Cells 

(CSCs).  The fast nsPEF electroporation system was a key part of a multidisciplinary collaboration 

supported by the European Union’s Horizon 2020 Framework. This programme was called the 

Semiconductor-based Ultrawideband Micromanipulation of CAncer STEm Cells (SUMCASTEC) [1]. 

Because of the restrictions that aroused from the Coronaviruses-19 pandemic and the 

SUCMASTEC timeline, the Medulloblastoma cell-lines investigation and system evaluation by 

microbiologists at ENEA did not materialise. Alternatively, the fast nsPEF electroporation system was 

used to investigate the effects of nsPEFs on bulk tissue in a preclinical environment at the Barcroft pre-

clinical investigation facility in Cambridge. 

This nanosecond electroporation system was developed for preliminary in-vitro investigation 

studies of nsPEFs, of between 10 ns and 300 ns pulse duration with amplitudes in excess of 1 kV (or 

electric field strength in excess of 1 kV/mm) and rise time less than 2ns. Ultimately, this system was to 

be used for preliminary investigation of the effect of nsPEFs on bulk tissue. 

Following discussions with microbiologists, clinical researchers, and advisors as part of the 

SUMCASTEC research program and beyond, it was highlighted that there is an absence of 

commercially available nanosecond electroporation systems to investigate the effects of nsPEFs on 

cancerous bulk tissue and cell lines [2]. 

The agreed set of requirements for the fast nsPEF electroporation system by the SUMCASTEC 

consortium was as follows [2]: 

➢ Fast Pulsed Electric Field Electroporation system requirements: 

➢ Load impedance: 50 Ω; 

➢ Pulse duration: 10 ns – 100 ns; 

➢ Amplitude: 1 kV+; 

➢ Repetition frequency: 1 Hz – 50 Hz; 

➢ Number of pulses: 1 – 50; 
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The fast nsPEF electroporation system developed in this work is based on the relatively slow 

charging and rapid discharging of an open circuit coaxial transmission line (charged line) through a 

stack of avalanche transistors operating as a fast-switching element. The nsPEF duration is directly 

dependent on the length of the charged line, whilst the maximum nsPEF amplitude and transition time 

are dependent on the number of avalanche transistors that are stacked in series. The timing control for 

the system was managed by an external trigger signal from a commercially available pulse generator. 

The repetition frequency is limited by the associated charging time of the charged line [3]-[4]. 

5.2. Charged Line Technique  

A charged line can be used as a technique to generate symmetrical rectangular pulses by charging 

a length of coaxial transmission line, that is open-circuited at the distal end, with a characteristic 

impedance of Z0 and an associated time delay of T to a voltage level of VCC, through a high impedance 

resistor, RC, and then discharged into a load, ZL, through a fast-switching element [5]-[6]. 

This method produces a rectangular pulse with a duration that is equal to twice the associated delay 

time, 2T, of the transmission line, and an amplitude of half the peak voltage level the transmission line 

was charged to, 
𝑉𝐶𝐶

2
, provided that the load impedance, ZL, is equal to the transmission lines 

characteristic impedance, Z0, (ZL = Z0), and the high impedance resistor, RC, is much larger than the 

transmission lines characteristic impedance (RC >> Z0). This topology is illustrated in Fig. 5.1 [5]-[6]. 

The transition times (rise and fall times) of the rectangular pulse generated across ZL are 

determined by the switching element. Traditionally, a mechanical relay i.e., a mercury-wetted relay 

switch or a spark gap switch was used in conjunction with a charged line for pulse generation. Whilst 

the length of the transmission line determines the pulse duration (or pulse width) and the maximum 

repetition frequency is determined by how fast the line can be charged through the high impedance 

resistor, RC. As 𝑉0 = 𝑉𝐶𝐶 (1 − 𝑒
𝑡

𝜏), were 𝜏 = RcCd. The maximum amplitude of the generated pulsed 

electric fields (PEFs) is limited by the maximum voltage breakdown of the switching element and the 

transmission line used [6]. 

The delay time associated with a transmission line is determined by the relative permittivity, εr, of 

the dielectric material within the coaxial line and its length [5]-[6]. The delay (T) is found using equation 

(5.1) below: 

𝑇 =
𝑙√𝜀𝑟

𝑐
 (5.1) 

were T is the delay time associated with the line, l is the length of the line, εr is the relative 

permittivity of the dielectric material of the coaxial transmission line and c is the speed of light in a 

vacuum (2.99x108 m/s).  
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(a) 

 

(b) 

 

Fig. 5.1. Principle of an open-circuit transmission line technique for the generation of rectangular pulses (a) Basic circuit 

in principle (b) voltage waveform across the charged line (red) and across the load (ZL) (green) [6]. 

The distal end of the transmission line is an open circuit, and the proximal end of the transmission 

line is connected to a direct current (dc) voltage source, through a high impedance resistor, RC. The 

transmission line acts as a charged line (or a capacitor), with a total capacitance of Cd (5.2). When the 

switching element is open (‘OFF’), the line is slowly charged up, from 0 V to the dc voltage level, VCC, 

through the high impedance resistor RC. It can be said that the line is fully charged in a time frame that 

is approximately five times the line charging time constant, 5τ =5 RCCd (5.3). 

𝐶𝑑 = 𝑙 𝐶𝑙 (5.2) 

𝜏 = 𝑅𝐶𝐶𝑑 
(5.3) 
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where Cd, is the total capacitance of the delay line (F) and can be calculated by multiplying the 

length of the line, l, by capacitance per meter, Cl (F/m) given on the datasheet of the coaxial line used. 

τ is the time constant, and RC is the impedance of the high-value resistor or charging resistor (Ω). 

When the switching element is closed (‘ON’), the charge stored in the line begins to be discharged 

through the load (ZL). At this point, a voltage step travels through the line. As the distal end of the 

transmission line mimics an open circuit, this voltage step is reflected and travels back down the line 

towards the load [5]-[6]. 

This results in a pulse being generated at the load with a duration that is twice the associated time 

delay (T) of the length of the charged line, thus the duration of the pulse generated across the load is 

2T, as indicated by Fig. 5.1 and equation (5.4). The pulse width generated is directly proportional to the 

length of a transmission or coaxial line used. 

Pulse duration =  2𝑇 =
2𝑙√𝜀𝑟

𝑐
 (5.4) 

where T is the delay due to the length of the line, l is the length of the line, εr is the relative 

permittivity of the dielectric material of the coaxial transmission line and c is the speed of light in a 

vacuum (2.99x108 m/s). 

For efficient application, one end of the transmission line must mimic an open circuit. Producing 

a reflection coefficient (Γ) of +1 at the distal end of the line. The impedance of the high impedance 

resistor (RC) must be substantially greater than the characteristic impedance of the transmission line 

(Z0). The length of the line required to generate a specific pulse width can be reduced if the dielectric 

constant of the dielectric associated with the transmission line is increased (5.4) [6]. This reduction is 

proportional to the square root of the dielectric material. i.e., 𝑇 ∝ √(𝜀𝑟). 

The maximum repetition frequency of the PEF is limited to the time it takes for the open-circuit 

transmission line to be slowly charged to a voltage level through the high impedance resistor (RC). To 

charge the line to 99% of the dc power supply voltage (VCC) the charging time is five times greater than 

the associated time constant (τ) of the topology. The time constant (τ) is determined by the high 

impedance resistor (RC) value and the associated total capacitance of the transmission line (Cd) (5.3) 

[5]-[7],[9]-[10]. Therefore, the maximum repetition frequency characteristics associated with the PEF 

generated by this topology are limited to a value of approximately 
1

5𝜏
: 

𝑓 =
1

𝑇
=

1

5𝜏
=

1

5𝑅𝐶𝐶𝑑
=

1

5𝑅𝐶𝑙𝐶𝑙
 (5.5) 

where f is the repetition frequency, T is the period or repetition rate of the nsPEFs, τ is the 

associated time constant, RC is the high impedance resistor value, Cd is the total capacitance of the delay 

line, Cl is the capacitance per meter of a transmission line and l the transmission line length. 
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5 𝜏 (=RCCd) is the time constant of the circuit for the line to be charged to 99 % of VCC as 𝑉 =

𝑉𝐶𝐶 (1 − 𝑒−
𝑡

𝜏 ) =  𝑉𝐶𝐶 (1 − 𝑒−
5𝑅𝐶𝐶𝑑

𝜏  ) =  𝑉𝐶𝐶 (1 − 𝑒
−

5𝑅𝐶𝐶𝑑
𝑅𝐶𝐶𝑑  ) = 𝑉𝐶𝐶(1 − 𝑒−5 ) = 𝑉𝐶𝐶(1 − 6𝑚) =

𝑉𝐶𝐶0.99 = 99 % of VCC. 

The amplitude and shape/reflection of the incident pulse across a load (ZL) is determined by the 

relationship between the characteristic impedance of the transmission line (Z0) and the impedance of 

the incident load (ZL). This phenomenon can be described using low-frequency (circuit theory) and 

high-frequency microwave theory [5]-[8]. 

5.2.1. Low Frequency Theory 

In low frequency or dc terms, the relationship between the characteristic impedance of the 

transmission line, Z0, and the incident load, ZL, function as a potential divider between the VCC supply 

voltage and ground and determines the incident PEF amplitude [5]-[6], [11]-[13]. This relationship is 

demonstrated in Fig. 5.2 and the following equation. 

𝑉𝐿 = (
𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 (5.6) 

where Z0 is the characteristic impedance of the charged line, ZL is the load impedance, VCC is the 

supply voltage (and is also the voltage level the charged line is charged to), and VL is the amplitude of 

the nsPEF across the load. 

 
Fig. 5.2. Principle of an open-circuit transmission line technique [6] and its potential divider equivalent circuit 

From (5.6), the larger the load impedance is in comparison to the characteristic impedance of the 

charged line the larger the incident pulse amplitude across the load will be. If ZL was much larger than 

Z0 (Z0 << ZL) the amplitude of the PEF would be very similar to the voltage level the charged line is 

charged to, VCC. The issue that arrives when making this the case is that the voltage reflection will occur 

(this is addressed in the next section). 
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5.2.2. High Frequency (Transmission Line Theory) 

Since the pulsed fields are in the nanosecond time regime, and associated transition times in the 

sub-nanosecond time regime, high-frequency microwave theory needs to be considered. The 

relationship between the characteristic impedance of the transmission line (Z0) and the incident load 

(ZL) determines the reflection coefficient (5.7), and therefore the shape of the pulse generated across 

the load.   

Γ =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
=

𝑉−

𝑉+
 (5.7) 

where Γ is the reflection coefficient, Z0 is the characteristic impedance of the transmission line, 

and ZL is the load impedance. V+ is the incident wave and V- is the reflected wave. 

The reflection coefficient (Γ) is a parameter that describes how much of a wave is reflected by an 

impedance discontinuity along the transmission line. It is equal to the ratio of the amplitude of the 

reflected pulse to the incident pulse, as illustrated in Fig. 5.3 [5]-[6]. 

(a) 

 

(b) 

Fig. 5.3.  Incident and reflected pulse across a load dependent on the relationship between the load and charged line 

impedance ratio (a) ZL = Z0, Γ = 0 (b) ZL ≠ Z0, Γ ≠ 0 

For the generation of a single symmetrical rectangular PEF with no reflection, the load impedance 

must match the characteristic impedance of the charged line. Γ = 0 when ZL = Z0. A reflection coefficient 

value differing from 0 will cause a second reflected pulse at the load. The extent, or amplitude, of the 

reflected pulse is dependent on the load impedance and the characteristic impedance of the transmission 
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line. The closer the load impedance is to the transmission line characteristic impedance the smaller the 

amplitude of the reflection will be. 

5.2.3. Incident Pulsed Electric Fields Across the Load 

The shape and amplitude of the PEFs across a load are dependent on the relationship between the 

characteristic impedance of the transmission line and the load impedance due to the low (5.6), and high 

(5.7) frequency components within the nsPEF generated and the charged line topology. 

For the generation of a single nsPEF, a system reflection coefficient of zero must be achieved. This 

is achieved when the characteristic impedance of the transmission line is the same as the load impedance 

at all frequencies, i.e. 𝑍𝐿 = 𝑍0, therefore  Γ =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
=

𝑍𝐿−𝑍𝐿

𝑍𝐿+𝑍𝐿
=

0

2𝑍𝐿
= 0. The resultant PEF amplitude 

across a load would be half of the dc power supply voltage (VCC).  This is the situation required for the 

generation of a single incident nsPEF with minimum reflection. i.e., 𝑉𝐿 = (
𝑍𝐿

𝑍𝐿+𝑍0
)𝑉𝐶𝐶 = (

𝑍𝐿

𝑍𝐿+𝑍𝐿
) 𝑉𝐶𝐶 =

(
𝑍𝐿

2𝑍𝐿
) 𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
. 

5.3. Avalanche Mode Transistors 

For the generation of fast symmetrical PEFs in the nanosecond regime, avalanche mode transistors 

were identified as the fast-switching element which could provide a fast transition time (rise time) in 

the sub-nanosecond range. Literature indicates that transistors operating in avalanche mode, or 

avalanche transistors, can be used as a high-speed switching element to generate sub-nanosecond rise 

times down to 300 picoseconds (ps) [9]. Combining avalanche transistors with the operation of the 

charged line technique discussed is a possible solution for a nsPEF electroporator system that can 

produce high voltage nsPEFs, with transition times in the sub-nanosecond time regime. 

5.3.1. Avalanche Mode Operation 

When driving a conventional transistor in its avalanche region the operating voltage/current must 

be carefully controlled to avoid latch-up. Under some conditions, operating a transistor in the avalanche 

region can result in permeant damage to the device. However, operating a transistor correctly in its 

avalanche mode can result in fast high voltage/current switching [6], [10]-[12]. 

Avalanche mode operation utilises the negative-resistance characteristics of a transistor in its 

voltage – current (V – I) or collector-emitter voltage (VCE) – collector current (IC) curve [9]. The VCE – 

IC operation curve of a basic avalanche mode operation for an NPN transistor circuit given in Fig. 5.4 

was achieved by operating a transistor in its common-emitter circuit topology [6], [10]-[12].  

Initially, IBR = K1 is a small reverse current which holds the transistor at operating point B, as 

shown in Fig. 5.4. If a positive trigger voltage is applied at the trigger input shown in the circuit inset 
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in Fig. 5.4, the transistor switches ‘ON’. The base current is then reduced to zero and the operating point 

shifts from point B to Point A’ on the IB = 0 curve. The rapid speed at which the transistor shifts from 

point B to A’ is the main attraction of utilising avalanche mode operation as a fast-switching element 

[10]. When the trigger voltage is switched ‘OFF’, the operating point of the transistor shifts from point 

A’ to A and remains at operation point A [10]. The switching operation of an avalanche mode transistor 

has two stable states, operation point A and B. To return to operating point B it is necessary to apply a 

sufficient reverse current to allow only one stable condition. A small negative trigger signal 

accomplishes this, as indicated by IBR = K2 [10]. 

 

Fig. 5.4.   Collector-emitter voltage (VCE) – collector current (IC) load curve line for an avalanche mode switch operation of an 

NPN transistor in a common-emitter circuit topology [10] 

Because of the instability issues associated with the negative resistance region of a transistor in 

avalanche mode, avalanche mode circuits are normally alternating current (ac) coupled. A thorough 

characterisation of a transistor’s avalanche region is necessary to properly utilise a transistor operation 

in avalanche mode for the application as a fast-switching element [10]. 

5.3.2. Avalanche Breakdown Theory 

Avalanche breakdown occurs when a reverse bias is applied to a semiconductor PN junction, which 

produces a large electric field and accelerates mobile charge carriers through impact ionization within 
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the crystal lattice. Mobile charges, such as electrons are accelerated by the electric field across the PN 

junction and move through the crystal lattice in the depletion region of the PN junction. These 

accelerated electrons gain energy as they eventually collide with atoms within the lattice. If the electrons 

gain sufficient energy before the collisions, they will disrupt the atomic bonds of the atom they collide 

with and release electrons. This is known as impact ionization. Upon releasing an electron, a hole is 

simultaneously generated in the lattice. Now there are freely moving and accelerated particles within 

the crystal lattice and each freely moving and accelerated particle may participate in the impact 

ionization process. This creates an ‘avalanche’ effect of charged particles and results in a large current 

flowing through the junction [6], [10], [13]. 

As this effect occurs at high electric fields and high carrier velocities, recombination can be 

neglected, and the effect is regenerative. This process can be described by a multiplication factor, M. 

The multiplication factor can be defined as the number of electron-hole pairs produced per carrier 

entering the depletion layer. Miller [13] described the behaviour of the multiplication factor through the 

reverse junction voltage (5.8): 

𝑀 =
1

1 − (
𝑉

𝐵𝑉𝐶𝐸𝑆
)
𝑚 

(5.8) 

Where V is the applied voltage (or reverse junction voltage), m is the empirically determined 

constant that is dependent on the semiconductor material used for the transistor, and BVCES is the 

avalanche breakdown voltage (or collector-emitter breakdown voltage) of the transistor. The breakdown 

voltage is the voltage level where the multiplication factor, M becomes infinite [6], [10], [13]. 

Fast low-current switching can allow voltages up to the avalanche breakdown voltage (BVCES) to 

be employed with circuits that consists of a capacitive load and delay/charged lines. Circuits using 

avalanche breakdown transistors should be defined with the worst-case circuit conditions such as high 

temperatures, minimum turn ‘OFF’ drive, maximum collector supply voltage, and loads that produce a 

load line that is inductive in shape. 

5.3.3. Operation of a Single Avalanche Mode Transistor Circuit  

The operation of a single avalanche mode transistor circuit, shown in the circuit inset in Fig. 5.4, 

is illustrated by the negative resistance region in the VCE – IC breakdown curve as shown in Fig. 5.5. 

This operational mode of a transistor in its avalanche breakdown region is regenerative.   

At operating point D in Fig. 5.5, the available reverse base current to the transistor is constant and 

the collector supply voltage or the collector-emitter voltage (VCE) is in the region of the transistor’s 

breakdown or avalanche breakdown voltage (BVCES) and the emitter junction of the transistor is 
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reversed biased. As the collector supply voltage (VCE) is close to the avalanche breakdown voltage 

(BVCES) the multiplication factor (M) is large [10]. 

 

Fig. 5.5. Load line for the operation of a single avalanche mode transistor circuit [10] 

In summary, a small current is injected into the emitter terminal, causing the emitter junction to 

become forward biased. When the injected current reaches the collector junction, it has been multiplied 

by a factor of M, the multiplication factor. The base current is held at a constant value and therefore the 

increase of the collector current results in a similar increase of the emitter current as the voltage supply 

(VCC) cannot store current. This regenerative process continues as the current builds up; the collector 

voltage decreases, which in turn decreases M. This build-up progresses gradually until an equilibrium 

condition is reached. This condition is the operating point A, as shown in Fig. 5.5, where regeneration 

is no longer possible. The operating point of the transistor will remain at point A until an external 

trigger/signal is applied to cause the operating point to move back to point D. Therefore, the operation 

of a single avalanche mode transistor circuit exhibits bistable operation, moving regeneratively from 

operating point D to A, and A to D depending on an applied external trigger signal [10]. 

The operation of a single avalanche mode transistor circuit can be described in more detail by 

considering three operating points (A, B and D) intersecting a load line with the transistor characterises 

shown in Fig. 5.5. Investigating the potential stability of these points is of great importance when 
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considering the application of the device. The stability of a static operating point can be found by 

representing the circuits by its equivalent model and finding their natural resonant frequencies. If any 

frequency corresponds to a growing transient, the operating point is unstable because any disturbing 

signals will grow in time. This will cause the circuit operation to move in the direction of the disturbing 

signal until a stable point is found [10]. 

Using pole-zero theory, the natural resonant frequency of the transistor circuit can be found by 

inspecting the equivalent circuit. The equivalent circuit consists of three passive components connected 

in parallel. Two resistors, rA and ZL and a capacitor CA and can be determined by equation (5.9) below. 

𝑆 = −
𝑔 + 𝐺

𝐶𝐴
 (5.9) 

where S pole location determines if the circuit is stable or unstable, CA is the internal avalanche 

capacitance, g is the avalanche conductance (𝑔 =
1

𝑟𝐴
) and G is the load conductance, (𝐺 =

1

𝑍𝐿
), where 

rA is the avalanche resistance and ZL the load impedance [10]. 

If the value of S is negative, the pole is on the left-hand side of the complex S plane and the 

avalanche transistor operation is stable. On the IE = 0 A curve, the operation is stable as the value of 

both g and CA are positive. However, in the region where IC > M ICB, both g and CA are negative and to 

have a stable operation and for S to be a negative value, the load resistance, ZL, must be larger than the 

avalanche resistance, rA (ZL > rA). The point where ZL = rA is the boundary between the stable and 

unstable operation of the single avalanche mode transistor circuit. At point A in Fig. 5.5, the circuit is 

stable and ZL > rA, while on operating point B in Fig. 5.5, ZL < rA and the circuit is unstable. These 

characteristics of the avalanche region are typical of a group of negative resistive devices. These are 

called open circuit stable devices, which are stable at any point under the condition where ZL → ∞ [10]. 

The switching time of an avalanche mode transistor is independent of the load resistance due to 

the inter-relationship of the behaviour of the internal avalanche capacitance (CA) and its VCE – IC 

characteristic. The switching time, (or the rise time) is the time it takes to move from point D to point 

A, as shown in Fig. 5.5. The mathematical expression for the rise time is extremely complex and is not 

of significant value for a circuit designer and is generally not provided on an avalanche mode transistor 

datasheet. The fall time is the reverse of the current build-up or the decay of the current which is the 

time it takes to move from point A to point D, as shown in Fig. 5.5. [10]. 

5.3.4. Load Lines in the Avalanche Region  

The mechanisms of a simple avalanche circuit are expressed in more detail in Fig.5.7 in comparison 

to Fig. 5.5. The operation of a simple avalanche circuit starts at point A in Fig. 5.6, where IBR = 1 mA. 
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To trigger the circuit, the avalanche resistance is higher than the load impedance (rA>ZL). This condition 

can be achieved in two ways [10]. 

 

Fig. 5.6. Collector-emitter voltage vs collector current characteristic curves and load lines in the avalanche region [10] 

The first condition involves lowering the base current, causing the operating point at point A to 

become unstable (ZL < rA). Once the transistor is in its negative resistance region, the base current is 

restored to 1 mA, where the only stable operating point is at point B, as shown in Fig. 5.6. However, if 

the trigger is still present at the end of this switching time, the operation will be at point B’ [10]. 

The second condition is when the collector voltage could be increased, causing the load line to 

shift from point A to A”. At this point, ZL < rA, and the circuit will be triggered. Again, the stable point 

will be at point B, as seen in Fig. 5.6 when the trigger is removed or at B” with the trigger present [10]. 

To turn the avalanching transistor ‘OFF’, or traverse to point A, the condition ZL < rA must be met 

again. This can be met by the inverse of either of the methods described above. This is achieved by 

increasing IBR, which would move the operating point to D’ or VCC could be lowered below the 
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avalanche breakdown voltage (BVCES), which would move the operating point to point D”, as seen in 

Fig. 5.6. Both D’ and D” operating points are unstable points, which would cause the circuit to trigger 

in the direction of the disturbance and the operation would move back to point A [10]. 

The operation of the circuit follows must lie on the load line. The analysis assumes that the device 

can be represented by a single non-linear resistance in parallel with a non-linear capacitance. 

5.3.5. Design Considerations 

Transistor Selection  

When selecting a transistor to operate efficiently and non-destructively in its avalanche region, the 

characteristics of the transistor must be understood. The primary characteristics are the collector-emitter 

breakdown voltage, the ‘ON’ state voltage and the mean power the device can dissipate [9]. 

Avalanche transistors are bipolar junction transistors that can be operated in the region of their 

collector-current and collector-to-emitter voltage characteristics beyond their collector-to-emitter 

breakdown voltage. This is the avalanche breakdown region. Transistors not specifically designed for 

avalanching can have reasonably consistent avalanche properties. An example of this was found by the 

inventor Jim Williams in 1991 when operating a 2N2369 transistor in its avalanche breakdown region 

to produce nsPEF through avalanche breakdown with rise times of 350 ps or less, using a 90V power 

supply [14].  

Avalanche transistors are specifically designed to operate in the avalanche breakdown region to 

produce avalanche breakdown pulses with rise times in the sub-nanosecond region [15]. Examples of 

transistors that have been designed and proven to operate in their avalanche region are identified in 

Table 5.1. 

Table 5.1. Avalanche transistors characteristics  

Part 

Number 

Max. Collector-

Emitter Breakdown 

Voltage, BVCES (V) 

Min. operation 

Collector-Emitter 

Voltage, VCEO (V) 

Emitter-Base 

Breakdown 

Voltage, BVEBO (V) 

Max Continuous 

Collector Current, 

IC (mA) 

hFE 

Transition 

Frequency 

(MHz) 

References 

2N2369 40 15 4.5 200 40-120 >500 [16] 

FMMT411 80 15 7 600 100 40 [17] 

FMMT413 150 50 6 100 50 150 [18] 

FMMT415 260 100 6 500 25 40 [19] 

FMMR416 315 100 7 500 100 40 [20] 

FMMT417 320 100 6 500 25 40 [19] 

ZTX415 260 100 6 500 25 40 [21] 

Collector-emitter breakdown voltage or avalanche breakdown voltage (BVCES) is the main 

transistor characteristic that determines the operation of an avalanche breakdown transistor as a fast 

switch for the generation of high voltage nsPEFs. To obtain a high voltage pulse, the transistor must 
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have a high BVCES. If the power supply or the voltage between the collector and the emitter of the 

transistor exceeds the transistor's avalanche breakdown voltage it would permanently breakdown the 

transistor to a point where the device could not recover. 

Another important parameter to consider is the minimum voltage required for avalanche operation. 

Below this minimum collector-emitter voltage, VCEO, the device has the switching characteristic of a 

device operating in a non-avalanche mode. VCEO is measured when the transistor's base terminal is left 

open circuit, with a base current, IB = 0, and emitter current, IE = 0. This ‘starting’ voltage is dependent 

on the external circuitry around the device. For a simple single capacitor arrangement, this point is seen 

to vary and is shown on an avalanche transistor datasheet as the minimum starting voltage as a function 

of capacitance. 

The datasheet for the particular avalanche transistor can provide the necessary operating circuit 

and characteristics. This includes the minimum voltage required for avalanche operation as a function 

of capacitance for different drive currents and the minimum starting voltage as a function of drive 

current. The rate of change of drive current is relevant to an avalanche transistor operating as a fast-

switching element. A lower starting voltage may be achieved by using a faster changing drive current 

[6], [9]-[10], [16]-[21]. 

The ‘ON’-state characteristic of an avalanche transistor is an important characteristic to consider. 

This characteristic defines the maximum avalanche current (IUSB), or the current passed in the secondary 

breakdown condition, and it illustrates an avalanche transistor’s capability of producing a high 

avalanche current. The datasheets show the maximum peak current as a function of pulse width for a 

sinusoidal-like pulse of an avalanche transistor [19]. The curve showing the ‘ON’-state characteristic 

of an avalanche transistor highlights the reliability testing or lifetime test of a Diode Incorporated 

avalanche transistor. 

The lifetime test for a diode-incorporated avalanche transistor FMMT415 indicates the device can 

produce current pulses of up to 60 A peak and 10ns pulse width for over 4 x 1011 times without failure 

[19]. Curve 2 and curve 3 also indicate the lifetime or operation till failure. The second curve for the 

FMMT417 transistor indicates the transistor can operate 107 times until failure (curve 2), and 103 times 

until failure, (curve 3) [9]. See datasheet for FMMT417 avalanche transistor in Appendix V [9]. The 

avalanche current is again illustrated in the datasheet IUSB v temperature for a typical device, showing 

its temperature dependency for specific operating conditions [16]-[21]. 

5.4. Final Topology 

A nsPEFs can be generated by using an avalanche transistor in conjunction with a charged storage 

method, such as a charged line that is an open circuit at its distal end. This is commonly known as a 

delay-line pulse generator and is an effective circuit for generating either a positive or negative 
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symmetrical rectangular pulse with controllable pulse durations. Fig. 5.7 illustrates the basic circuit for 

such a pulse generator. This circuit can be set up to generate PEFs with a pulse width in the nanosecond 

regime of positive polarity with respect to the circuit's ground plane. However, a negative pulse can 

also be obtained by slight modification to the circuit [3]-[4], [6], [9]-[10]. 

 
Fig. 5.7. A charged-line pulse generator with a single avalanche transistor as the switching element 

5.4.1. Circuit Operation 

The circuit shown in Fig. 5.7 utilizes a single avalanche transistor (Q1) as a fast-switching element 

in conjunction with an open-circuit transmission line that operates as a delay line. Initially, all supplies 

to the circuits are ‘OFF’, (0 V at the voltage power supply (VCC)) and the operating point of the transistor 

and the circuit is at Point A in Fig. 5.8. 

When the voltage supply (VCC) is switched ‘ON’, the high Q storage element (the open circuit 

transmission line) is charged to VCC, through a high impedance resistor (RC). When a critical voltage is 

reached (Point B in Fig. 5.8), where the final bias voltage equals the collector-emitter breakdown 

voltage of the transistor (VCC ≈ BVCES), the transistor exhibits a negative resistance which causes the 

transistor to experience avalanching (electron-hole regeneration). During this period the current through 

RC can be neglected and the operating point moves to Point C as shown in Fig. 5.8. 
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Fig. 5.8. Static characteristic of an avalanche transistor in a delay-line pulse generator [10]. 

The switching transient from Point B to C in Fig. 5.8 resembles the switching operation of a 

switching element closing in a charged line technique topology, as seen in Fig. 5.1. During this 

switching a fall time is observed within the transmission line, from the maximum voltage level (VCC ≈ 

BVCES) to half the maximum voltage level (
𝑉𝐶𝐶

2
≈

𝐵𝑉𝐶𝐸𝑆

2
), and a positive rise time is observed across 

the load as seen in Fig. I.4 and Fig. 5.1. 

When this transient reaches the open-circuit end of the line, in time T (the accosted delay time of 

the transmission line), it is reflected down the line towards the collector of the transistor, giving a total 

associated delay time of 2T, and a pulse is generated across the load (ZL) with a width/duration of 2T. 

This results in the discharge of the charged transmission line, from half the maximum voltage level 

(
𝑉𝐶𝐶

2
≈

𝐵𝑉𝐶𝐸𝑆

2
) to 0 V after a time of 2T. Following the discharge of the line the operation of the circuit 

moves from Point C to Point D in Fig. 5.8 [3]-[4], [6], [9]-[10]. This description is illustrated in Fig. I.4 

and Fig. 5.1. The amplitude and shape of the pulse depend on the relationship between the load (ZL) 

and the characteristic impedance of the transmission line (Z0).  

Point D is an unstable point that causes regeneration and moves the operating point to E. 

Reflections may occur along the transmission line due to discontinuities along the line and at the load. 
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The reflection is minimized if the value of ZL equals Z0. This operation cycle of the circuit is 

continuously repeated from Point E→B→C→D→E until the supply voltage VCC is at a level below the 

transistor collector-emitter breakdown voltage, BVCES [3]-[4], [6], [9]-[10].  

5.4.2. Circuit Analysis 

The high impedance resistor used to charge the line (RC) has a value that is significantly larger than 

the load resistor (ZL) and the characteristic impedance of the charged line (Z0). The time it takes for the 

line to charge to the voltage level VCC depends on the value of RC and the total capacitance of the delay 

line (Cd). The higher the value of RC and/or the Cd the longer the charging time and the lower the 

possible repetition frequency capability of the circuit. The time constant of the circuit, 5τ = RCCd as the 

line is charged to 99% of VCC. This was previously illustrated by equation (5.5). The repetition 

frequency is related to the time it takes for the charged transmission line to discharge and then recharge 

through, RC, from points E→B→C→D→E, as shown in Fig. 5.8. 

The delay time associated with a transmission line is determined by the relative permittivity of the 

dielectric material (εr) of the coaxial line and the length of the line. This was previously illustrated in 

equation (5.4). 

The maximum output voltage is limited by the breakdown voltage of the avalanche transistor, 

BVCES – VαM. Where BVCES is the collector-emitter breakdown voltage of the transistor and VαM is the 

collector-emitter breakdown voltage when αM = 1. The voltage VαM in comparison to BVCES is small 

and can be neglected. Therefore, the amplitude of the nsPEF across a load (ZL) can be estimated as: 

𝑉𝐿 =
𝑍𝐿

𝑍𝐿 + 𝑍0
𝐵𝑉𝐶𝐸𝑆 ≈

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑉𝐶𝐶 (5.10) 

Comparing equations (5.6) to (5.10), the collector-emitter breakdown voltage of the transistor, 

BVCES replaces VCC, in (5.6). The reasoning for this is if the voltage level within the charged line (VCC) 

over exceeds the collector-emitter breakdown voltage (BVCES) of the transistor will experience a 

destructive breakdown. If this voltage level is below the collector-emitter breakdown voltage of the 

transistor, then the circuit will not produce a pulse. For the circuit to operate the voltage across the delay 

line (VCC) must match the collector-emitter breakdown voltage, (BVCES) of the transistor as illustrated 

by Fig. 5.8. 

This indicates the avalanche transistor switching operation is sensitive to the voltage across the 

transmission line and that its operation is a balancing act between the destructive and nondistinctive 

avalanching of the transistor for the generation of nsPEF. 
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The relationship between the transmission line and load impedance can be modelled as a simple 

potential divider and so the voltage across the line is given by equation (5.11). The peak current (IP) 

across the load during the discharging of the transmission line can be determined by (5.12) 

𝑉𝐿𝑖𝑛𝑒 =
𝑍0

𝑍𝐿 + 𝑍0
𝐵𝑉𝐶𝐸𝑆 ≈

𝑍0

𝑍𝐿 + 𝑍0
𝑉𝐶𝐶 (5.11) 

𝐼𝑃 =
𝐵𝑉𝐶𝐸𝑆

𝑍𝐿 + 𝑍0
≈

𝑉𝐶𝐶

𝑍𝐿 + 𝑍0
 (5.12) 

Where IP is the peak current, BVCES is the collector-emitter breakdown voltage of a transistor, VCC 

is the voltage level the line is charged to, ZL is the load resistor and Z0 is the characteristic impedance 

of the line. 

The extent of the reflections following the incident pulse across the load can be explained using 

microwave transmission line analysis considering the concept of reflection coefficients.  

Table 5.2 demonstrates how the relationship between the load impedance (ZL) and transmission 

line characterise impedance (Z0) influences the reflection coefficient and amplitude of the nsPEFs 

generated across a load and the discharge waveform seen on the charged transmission line. 

Table 5.2. Influences of the load impedance and charged line characterise impedance has on the amplitude and reflection 

characterise of the generated nsPEF. 

ZL and Z0 relation nsPEF Amplitude Reflection Coefficient, Γ 

ZL >> Z0 ~ 𝐵𝑉𝐶𝐸𝑆 − 𝑉𝛼𝑀 1, large, reflected pulse (staircase effect) 

ZL = Z0 
𝐵𝑉𝐶𝐸𝑆 − 𝑉𝛼𝑀

2
 0, no reflection and a single nsPEF is generated. 

ZL << Z0 ~ 0 - 1, large, reflected pulses of alternating polarities 

This circuit analysis concludes that the amplitude and shape, or associated reflections, of the 

nsPEFs across a load (ZL) are influenced by the relationship between the load and the transmission line 

impedance (Z0). A nsPEF, with zero reflection, is obtained when ZL = Z0, and its associated pulse 

amplitude would be 𝑉𝐿 =
𝐵𝑉𝐶𝐸𝑆

2
≈

𝑉𝐶𝐶

2
. 

As discussed, the selected avalanche transistor characteristics determine the generated rise time 

and the maximum pulse amplitude of the PEF that can be generated. A key component in determining 

the amplitude is the collector-emitter breakdown voltage (BVCES) of the transistor. 

5.4.3. Operation Cycle Control 

Operating continuously from Point E→B→C→D→E, as shown in Fig. 5.8, will happen if the 

transmission line is charged to the transistor’s collector-emitter breakdown voltage (BVCES). This 

voltage level is a specific level that varies slightly from one transistor to the next. 
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The repetition frequency of the nsPEFs generated is associated with the time taken for the charged 

transmission line to reach its final voltage (VCC) which is also the transistor’s collector-emitter 

breakdown voltage (BVCES), VCC ≈ BVCES. If the final bias voltage exceeds the transistor’s collector-

emitter breakdown voltage the transistor can be damaged permanently, and no more pulses will be 

generated.   

The current operation implies that there is very limited control over when, how many and the 

repetition frequency between each nsPEF generated by this circuit. The only method of control is by 

charging the transmission line to the specific ‘biting point’ voltage which is the transistor's collector-

emitter breakdown voltage (BVCES). 

5.4.4. Component Selection 

From the circuit analysis and operation cycle, it’s clear that the selection of critical components 

used, such as the avalanche transistor and the transmission line dictate the operation of the circuit and 

therefore the parameters of the nsPEFs generated. 

The transmission line is a crucial component to the successful operation of this topology to generate 

nsPEFs of 10 ns to 100 ns duration, with amplitudes in excess of 1 kV. In the embodiments discussed 

in this work, a coaxial cable is used as a transmission line. Three key parameters were required for a 

coaxial cable to perform as a charged transmission line for this application. These were: breakdown 

voltage of > 10 kV, attenuations of < 0.2 dB/m at the highest frequency within the pulse (1 GHz+) and 

a characteristic impedance of 50 Ω. 

The characteristic impedance of the line is an important parameter considered in the development 

of the fast nsPEF electroporation system since it was required to apply the nsPEF across a cell-line 

population with an impedance of approximately 50 Ω. The circuit operation and analysis indicate that 

to generate a nsPEF with minimum reflection, the characteristic impedance of the transmission line 

should match the load impedance (5.7). Therefore, a coaxial line with a characteristic impedance of 50 

Ω must be utilised. Additionally, (5.6) suggests that if this condition is met, the amplitude across the 

load will be half the collector-emitter breakdown voltage of the transistor. For the generation of nsPEFs 

with amplitudes in excess of 1 kV, the charged transmission line will therefore contain voltages in 

excess of 2 kV. Therefore, the higher the coaxial cable breakdown voltage the better. 

A coaxial transmission line with acceptable attenuation at high frequency, in the GHz range is also 

required. This is because of the high-frequency components associated with the nsPEF. The frequency 

content within the pulse can be represented in the frequency domain as a sine function. The maximum 

frequency content within the nsPEF is related to the rise time of the nsPEF.  



Chapter V. Fast nsPEF Electroporation System – Technical Design 

 

 
136 

Rise time (tr) is the time required for a pulse to rise from 10 per cent (0.1) to 90 per cent (0.9) of 

its steady value or amplitude. Rise time can be defined as 

𝑡𝑟 = 𝑡2 − 𝑡1 (5.13) 

where t1 is the time at which the output of the system under analysis is at 10 % (0.1VL) of the 

steady-state value, and t2 is the time at which the output is at 90 % (0.9VL) of the steady-state value. 

This is illustrated in Fig. 5.1. 

A rise time of 350 ps has been achieved from avalanche transistors. Which holds a frequency 

component/ bandwidth of 1 GHz. 

In this topology, an avalanche transistor is used as a switching element, in conjunction with a 

charged transmission line, the components and circuit layout must consider frequency components of 1 

GHz and above, which is in the microwave frequency region (300 MHz to 300 GHz). Therefore, 

microwave circuit design techniques need to be considered [5], [7], [22]. 

Transmission Line 

In addition to the key requirement of the voltage and frequency capability of a transmission line, 

the dielectric constant and the capacitance per unit meter of the line are important parameters that 

determine the characteristics of the nsPEFs. The pulse width is determined by the transmission line 

dielectric constant and the length (5.4), and the total capacitance of the line determines the repetition 

frequency of the nsPEFs (5.5). The higher the dielectric constant of the material separates the two 

conductors that make up the transmission line, the short the physical transmission line length that is 

required [5], [7], [22].  

There are several transmission line geometries including coaxial lines, planar lines, microstrip, 

strip line, coplanar lines and suspended strip lines [5], [7], [22]. For fast prototyping of the fast nsPEF 

electroporation system, a coaxial transmission line was implemented.  

A wide range of coaxial transmission lines was investigated for implementation and a flexible 

RG214 coaxial double shielded with black PVC jacket cable was selected as the transmission line of 

choice with the following electrical specifications: nominal impedance of 50, capacitance of 101 pF/m, 

a maximum operating frequency range of 11 GHz, attenuation of 24.5 dB/100m (0.245 dB/m) at 1 GHz, 

66 % velocity of propagation, and maximum operating voltage of 3.7 kVRMS, and can withstand voltages 

of up to 10 kVRMS. 

Considering the RG214 coaxial cable electrical characteristics and the equations (5.4) and (5.5), 

the length of the RG214 cable required to generate the required width of nsPEF and the maximum 

repetition frequency (Hz) can be determined. Table 5.3 illustrates the estimated figures for an RG214 

coaxial cable.  
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Table 5.3. Estimated nsPEF parameters calculated from the RG214 cable specifications 

Required Pulse 

Width, 2T (ns) 

Line 

Length, l 

(m) 

Impedance, 

Z0 (Ω) 

Total 

Capacitance, 

𝑪𝒍𝒊𝒏𝒆 (pF) 

Max Repetition, 

frequency  

𝟓𝑹𝑪𝑪𝑫 

Max Repetition 

frequency, f  

(Hz) 

Dielectric 

Constant 

𝜺𝒓 

10 1 50 100.98 504.90 μs 1980.59 2.25 

50 5 50 504.90 2.52 ms 396.12 2.25 

100 10 50 1,009.80 5.05 ms 198.06 2.25 

… … … … … … … 

170 17 50 1,716.66 8.58 ms 116.50 2.25 

… … … … … … … 

200 19.98 50 2,019.60 10.10 ms 99.03 2.25 

300 29.98 50 3,029.40 15.15 ms 66.02 2.25 

To verify the estimated nsPEF that will be produced with an RG214 cable, a vector network 

analyser (VNA) was used. The VNA is capable of using inverse Fourier transforms to convert swept 

frequency measurements for the device under test (the RG214 coaxial cable) into the time domain. 

Fig. 5.9. shows the experimental set-up that includes a VNA to measure the associated delay time 

within a coaxial cable. The time difference between the two peaks shown in the time domain display of 

the VNA, shown in Fig. 5.10, indicates the duration of the nsPEF that would be generated, which is 

twice the associated time delay of the length of the RG214 cable. The distance between these peaks is 

the associated delay for a signal to travel from the distal end of the calibrated test and measure (CTM) 

cable connector to the VNA’s S11 port (the calibration plane) to the distal end of the open-ended coaxial 

line and back to the distal end of the CTM cable. This indicates the pulse duration of the nsPEF 

generated with the associated coaxial cable.  

The first peak, indicated by ∆1 in Fig. 5.10, indicates the connection between the S11 measurement 

port of the test and measurement cable and the coaxial cable. This indicates one end of the coaxial cable 

that is connected to the distal end of the calibrated CTM cable. The second peak seen, indicated as ∆2 

in Fig. 5.10, is the reflected signal the VNA records at is after the signal has travelled along the coaxial 

cable and reflected back at the open distal end (impedance = ∞). Subtracting the largest time stamp 

from the smallest (∆2 – ∆1 in Fig. 5.10) gives twice the associated delay (2T) of the line under test. 2T 

indicates the pulse width of the nsPEF that would be generated by implementing a charged line in 

conjunction with an avalanche transistor as the switching element. 

Fig. 5.10(a) shows that a PEF of approximately 13.6 ns in duration (∆2 – ∆1 = 13.768 ns – 200 ps 

= 13.568 ns) would be generated with a 1 m length of an RG214 cable. Fig. 5.10(b) shows that a PEF 

of 203.12 ns in duration would be generated with a 20 m length of RG214 cable. From these results, 

the associated pulse width using RG214 cable can be estimated as 10 ns per meter length of cable. 
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Fig. 5.9. Vector network analyser set-up to measure the associated delay time and pulse width of a coaxial cable. 

 
 

(a) (b) 

Fig. 5.10. Vector network analyser measurement of the electrical length, or twice the associated delay time (2T) of a 

RG214 coaxial cable of (a) 1 m and (b) 20 m in length. 

Avalanche Transistor as a Fast Switch 

Selecting a suitable avalanche transistor is crucial for the successful implementation of a nsPEFs 

generator that can produce an amplitude in excess of 1 kV and pulse duration in the order of 10 ns to 

100 ns. For this to be achieved an avalanche transistor with sub-nanosecond rise times and collector-

emitter breakdown voltage in excess of 1 kV is required. 

Table 5.1. catalogues transistors that are purposely manufactured to operate in their avalanche 

mode of operation. The three transistors considered to be the most appropriate candidates were: 

2N2369, FMMT415 and the FMMT417 devices. These three-avalanche transistors were investigated 
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with the following lengths of RG214 coaxial cable: 1 m, 5 m, and 17 m that produced associated pulse 

durations (2T) of 10 ns, 50 ns and 170 ns respectively. 

Fig. 5.7 illustrates the test circuit used to test the performance of the three avalanche transistors 

and determine the breakdown voltage for the devices to avalanche. Thus, verifying the topology of 

combining an open circuit coaxial transmission line technique, as a charge line, with an avalanche 

transistor as a fast-switching element to produce nsPEFs in the range of 10 ns to 100 ns and above, with 

transition times less than a nanosecond across a 50 Ω load. 

The value of the resistor used to charge the line (RC) was 1 MΩ [34] and the voltage supply used 

was a Fluke 410B dc power supply [35]. The power supply (VCC) was increased to slowly charge the 

open circuit coaxial transmission line through RC until the transistor’s avalanche breakdown voltage 

(BVCES) was achieved.  

Fig. 5.11. illustrates the nsPEF generated across a 50 Ω load by implementing the three 

aforementioned avalanche transistors (FMMT417, FMM415 and 2N2369) with a length of RG214 

coaxial transmission of 17 m, where the distal end was an open circuit. This figure shows that the three 

transistors have a collector-emitter breakdown voltage, BVCES, greater than specified in their respective 

datasheet (Table 5.1). 

 

Fig. 5.11. Measured pulsed across a 50 Ω load by implementing a transmission line length of 17 m in conjunction with a 

FMMT417, FMMT415 and 2N2369 avalanche transistor (left-hand y-axis) and the charged line voltage to cause collector-

emitter breakdown of the transistors (dotted line, right-hand y-axis) 
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Fig. 5.11. indicate that the FMMT417 avalanche transistor has the highest collector-emitter 

breakdown voltage (BVCES) of around 360 V. As the FMMT417 has the highest collector-emitter 

breakdown voltage and produced a nsPEF with the highest amplitude of ~ 140 V. This figure also 

suggests that the FMMT417 has a faster transition time (rise and fall times) in comparison to the 

FMMT415 and 2N2369 avalanche transistors. It is also demonstrated that a 17 m length of charged line 

produced a 170 ns pulse width which aligns with the theory presented.  

The measured pulses shown in Fig. 5.11 indicate minimum pulse reflection. A small neglectable 

reflection following the incident pulse can be observed, but this would not affect the result. The 

amplitude of the nsPEFs was approximately half the voltage level required to avalanche the transistors. 

In conclusion, the FMMT417 avalanche transistor is the best-suited avalanche transistor to operate 

as the fast-switching element with a charged line for the application of generating nsPEFs. This is 

because of their high collector-emitter breakdown voltage in comparison to the other avalanche 

transistors investigated in this work. Additionally, their SOT-23 surface mount package enables very 

low inductance, which reduces pulse ringing and oscillation designed circuit [9]. 

Microstrip Lines 

Due to the high-frequency component associated with the fast pulses microwave circuit design 

techniques were used in the layout of the generator. A microstrip line was used to develop the circuits 

associated with the fast pulse generator. A microstrip circuit design enables components in the high-

frequency path, such as the FMMT417 transistors, and connectors, to be connected without reflections 

using 50 Ω microstrip lines fabricated along a microwave substrate [5], [7], [22].  

This ensures a 50 Ω impedance is maintained from the charged coaxial transmission line through 

the analogue circuit of an avalanche transistor, or stack of avalanche transistors, to the 50 Ω load. This 

design technique is seen in high-speed digital circuits such as fast emitter-coupled logic (ECL) or ECL 

in picoseconds (ECL-ps). 

Microstrip lines are fabricated where a conductor is separated from a ground plane by a dielectric 

layer, known as the substrate, as shown in Fig. 5.12. In microstrip lines, the width of the line (W), the 

distance of separation between the line and the ground plane (H), the dielectric constant of the substrate 

material (εr) and to a lesser degree the thickness of the line determine the characteristic impedance (Z0) 

of this transmission line. Therefore, the impedance of the microstrip circuit can be determined by 

adjusting the width of the strip line and the height of the dielectric substrate (H). 

For a microstrip line, the electromagnetic field exists and propagates both through the substrate 

material and, to a lesser degree the surrounding air, as seen in Fig. 5.13. This gives rise to a principle 

known as an effective dielectric constant. This slightly alters the required geometry for a given 
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microstrip line as would be calculated using the dielectric constant given in the datasheet for the material 

[5], [7], [22]. 

 

Fig. 5.12. A microstrip line printed circuit board structure [7] 

  
(a) (b) 

Fig. 5.13. Simulation of a microstrip structure showing its (a) Electric-Field and (b) Magnetic-Field lines [7] 

The microstrip line circuits for this work were designed and built on an FR-4 (standard printed 

circuit board (PCB)) substrate. The dielectric constant (εr) for FR4 ranges from 3.8 to 4.8. Calculation 

of the effective dielectric constant (εeff) and characteristic impedance (Z0) of the microstrip lines have 

been considered in many publications and are discussed in detail in [23], where a homogeneous medium 

which represents air, and the substrate regions are calculated. The effective dielectric constant is usually 

somewhere between the dielectric constant of air and that of the substrate material. These calculations 

slightly vary depending on the ratio of the line width (W) and the substrate thickness (H) as shown in 

equations (5.14) to (5.17). 
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Considering equations (5.14) and (5.17) W is the width of the microstrip line, H is the separation 

distance between the line and the ground plane, εeff is the effective dielectric constant of the structure, 

εr is the dielectric constant of the substrate material, and Z0 is the impedance of the structure. 

Fig. 5.14 presents a plot of the effective dielectric constant (εreff) and characteristics impedance 

(Z0) against line width (W) for a substrate thickness (H) of 1.50 mm and a dielectric constant (εr) using 

equations (5.14) to (5.17). It can be seen that the ratio H/W changes the effective dielectric constant, 

εeff, and the impedance of the microstrip structure, Z0. The microstrip line for the boards developed in 

this work uses an FR4 substrate that has a dielectric constant of 4.7, and the separation between the line 

and the ground plane is 1.5 mm [24]. The graph given in Fig. 5.14 indicates that a microstrip line width 

of 2.75 mm would produce a microstrip line of 50 Ω characteristic impedance. 

 

Fig. 5.14. Characteristic impedance and effective dielectric constant variation with line width for structure where H = 

1.50 mm and εr =4.7. 

Equations (5.14) to (5.17) and Fig. 5.15 show theoretically and practically that a microstrip line 

width of 2.60 mm on a substrate with a dielectric constant of 4.7 and separation between the line and 

the ground plane of 1.5 mm will produce a microstrip line of 51.56 Ω. This was verified by fabricating 

the line and testing using a VNA. 

The performance of the circuit can be hindered by inadequate PCB layout. The underside of the 

board was a full ground plane and the SMA connectors were carefully soldered to the board with a gap 

of ≤ 0.25 mm gap between the tab of the SMA connector and the start of the microstrip line (this 

prevents breakdown). The use of surface-mount packaged components, such as the FMMT417 SOT-23 
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package, minimises stray inductance. This enables low inductance designs with minimum reflection 

and minimum risk of oscillation to be implemented [9]. 

Therefore, the circuit design for generating fast nanosecond pulsed electric fields using an open-

circuit coaxial transmission line in conjunction with an avalanche transistor, or stack of transistors, was 

populated on a microstrip line-based PCB. A microstrip line of 2.75 mm width was implemented to 

ensure 50 Ω impedance is maintained from the charged coaxial transmission line through the analogue 

circuit, to the 50 Ω load. 

 
(a) (b) 

Fig. 5.15. (a) Fabricated microstrip line on a FR4 substrate material (b) corresponding vector network analyser Smith 

Chart result  

5.5. Simulation  

LTSpice simulation package was used to verify the slow charging and rapid discharging of an open 

circuit coaxial transmission line through a stack of avalanche transistors operating as a fast-switching 

element for the generation of the nsPEF. LTSpice simulation package can mathematically predict the 

behaviour of the circuit if an appropriate spice model for the transistor (or other critical components) is 

available [25]. 

5.5.1. FMMT417 Avalanche Transistor 

A third-party spice netlist file that contains the subcircuit definitions for the FMMT417 avalanche 

transistors was found [26]. It is possible in LTSpice IV to implement a component from a third-party 

spice netlist file [27]-[28]. This netlist was used in the LTSpice simulations as the FMMT417 avalanche 

transistor used in the simulation schematic for the generation of high voltage nsPEFs.   

LTSpice is a SPICE-based analogy electronic circuit simulator known to simulate components in 

their linear operation, while avalanche transistors operate in a non-linear fashion in practice. To fully 

understand and appreciate the complexity of the netlist Spice model of the FMMT417 from Diodes 

Incorporated there is a need to simulate the netlist Spice model [25].  
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Through studying the netlist Spice model for the FMMT417, shown in Fig. 5.16(a), an equivalent 

circuit for this Spice model was created. The equivalent circuit for this device model is illustrated in 

Fig. 5.16(b). From studying the netlist file and its equivalent circuits, it can be determined that sub-

components within the Spice model are modelled, or mathematically interpreted, to behave in a linear 

fashion. This is indicated in the netlist Spice file with the code lines starting with ‘.model’. These lines 

suggest that the FMMT417 operates with different characteristics under four different collector-emitter 

or breakdown voltage (‘Bv’) conditions. These are indicated below: 

• ‘.model DZ20 D Is=1E-15 Bv=20 Ibv=100u’ 

• ‘.model DZ200 D Is=1E-15 Bv=200 Ibv=100u’ 

• ‘.model DZ350 D Is=1E-15 Rs=0.1 Bv=350 Ibv=100u’ 

• ‘.model DZ500 D Is=1E-15 N=10 Bv=500 Ibv=100u’ 

This netlist model for the FMMT417 gives a collector-emitter ON-resistance (Ron) of 3 Ω when 

the FMMT417 operates as a switch in simulation. This is indicated by the R(on) values of the switches, 

and R6 in the FMMT417 equivalent model. The R(on) for the FMMT417 can be neglected when 

operating in the avalanche breakdown mode. 

• ‘.model SMOD1 VSWITCH Roff=1e10 Ron=0.1 Voff=4.3 Von=4.6’ 

• ‘.model SMOD2 VSWITCH Roff=1e3 Ron=1.0 Voff=4.5 Von=9’ 

• ‘.model SMOD3 VSWITCH Roff=1e10 Ron=0.1 Voff=20 Von=25’ 

• ‘R_R6          10 11  2’ 

From the net file list file for the FMMT417, it can be seen that the Spice model will operate as a 

fast-switching element with a transition time of 1.3 ns, as indicated by the spice statement: ‘+TF =1.3E-

9’. 

To verify these assumptions made from the FMMT417 netlist file, the Spice model was simulated 

to investigate the LTSpice operation and linear collector-emitter voltage (VCE) vs collector current (IC) 

characteristic. Fig. 5.17(a) illustrates the LTSpice simulation schematic used to gain the FMMT417 VCE 

vs IC curves that are shown in Fig. 5.17(b), and Fig. 5.17(c). Fig. 5.17(c) illustrates the complete 

FMMT417 collector-emitter voltage (VCE) vs collector current (IC) curves, which include its saturation, 

active, and its breakdown region. Fig. 5.17(b) highlights the breakdown characteristic region of the 

simulated FMMT417.  

The FMMT417 LTSpice Spice VCE vs IC, characteristic curves shown here demonstrate that the 

FMMT417 spice model can be modelled mathematically in a piecewise linear fashion. In reality, the 

avalanche region of a transistor behaves in a non-linear manner. In this model, it shows that the 

collector-emitter breakdown voltage for the FMMT417 is 350 V. At VCE = 350 V the collector current 

increases with a rapid change in current from a minimum change in voltage along the current y-axis 
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plane to a collector current value of ∞ A. In reality, if the voltage drop across the FMMT417 exceeds 

that of the FMMT417 collector-emitter breakdown voltage, the transistor will undergo destructive 

avalanche breakdown and permanently damage the transistor. 

 
(a) 

 
(b) 

Fig. 5.16. (a) FMMT417 netlist file [26] (b) and its netlist equivalent circuit 
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(a) (b) 

(c) 

 
Fig. 5.17. FMMT417 LTSpice spice collector-emitter voltage vs collector current characteristic (a) schematic (b) avalanche 

breakdown region of the characteristic curve for the range of collector-emitter voltage from 340 V to 352 V (c) complete 

characteristic curve collector-emitter voltage from 0 V to 360 V 

5.5.2. Final Simulated Designated Design 

The final simulation topology includes the charged line and the FMMT417 transistor as a fast 

nanosecond switching element. Fig. 5.18 shows the LTSpice schematic for the operation of the 

relatively slow charging and rapid discharging of the open-circuited transmission line section with a 

single FMMT417 avalanche transistor operating as a fast-switching element for the generation of 

nsPEFs. The simulation used a model for a transmission line with a characteristic impedance of 50 Ω 

and an associated time delay (T) of 50 ns.  

Fig. 5.19 shows the simulated voltage waveforms across the load (ZL) (blue) and the voltage along 

the charged line (red) for the circuit given in Fig. 5.18. Fig. 5.19 illustrates the 100 ns PEF generated 

across a 50 Ω load, which is twice the 50 ns associated delay time (T) of the transmission line. These 
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simulations are for a single avalanche transistor switch. The amplitude of the nsPEF is approximately 

170 V, which is approximately half the voltage of the fully charged line. This demonstrates that the 

FMMT417 avalanche transistor switch does not affect the pulse duration. The number of nsPEFs 

generated and their repetition frequency is determined by the trigger signal across the base-emitter of 

the FMMT417, which uses a 1:1 pulse transformer, as seen in Fig. 5.18. The 1:1 high-frequency pulse 

transformer is an important component in the fast nanosecond pulse circuit. 

 

Fig. 5.18. LTSpice simulation schematic for the final topology with a single FMMT417 transistor 

Following a closer look at Fig. 5.19(a), a small reflection following the incident pulse is observed 

when along the line. From the analysis of the spice model for the FMMT417, it was observed that the 

FMMT417 has an ON-resistance of 3 Ω. Therefore, from a reflection coefficient standpoint, there is a 

mismatch as the total impedance at the load side is 53 Ω (ZL (50 Ω) + R(on) (3 Ω))) in comparison to the 

50 Ω characteristic impedance of the transmission line. For a reflection coefficient of 0, the total 

impedance at the load would need to be 47 Ω. This is validated in Fig. 5.19(b) by the symmetrical nsPEF 

with no reflection along the line when load impedance ZL is 47 Ω. 

For a microwave circuit to have a zero reflection coefficient (Γ = 0) to prevent reflected voltages 

(and currents) at the boundary between two impedances, the total load impedance (ZL) must be the same 

as the characteristic impedance of the transmission line (Z0). In this circuit, Z0 = 50 Ω and ZL must take 

into account the ON-resistance of the avalanche transistors i.e., ZL = ZL' where ZL'=Z0 - Ron. When a 

number of avalanche transistors (n) are stacked together to increase the overall breakdown voltage of 

the circuit (or the amplitude of the fast nsPEF), the total value of R(on) must be taken into account. 

Therefore, the load impedance for a circuit with zero reflection coefficient can be calculated by the 

below equation. 

𝑍𝐿  =  𝑍0 − 𝑛𝑅(𝑜𝑛) (5.18) 

Where ZL is the load impedance required for a circuit with a zero reflection coefficient (Γ = 0), Z0 

is the characteristic impedance of the transmission line, n is the number of avalanche transistors that are 

stacked in series, and R(on) is the ON-resistance of a single transistor used.  

Because of the effects of the ON-resistance of the FMMT417 and the adjustment required to the 

load impedance for zero reflection, this affects the amplitude of the nsPEF. Therefore, the amplitude of 

the nsPEF is reduced due to the additional impedance of nR(on). This can be thought of as an additional 
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resistor in a potential divider network of three resistors. These resistors are the load impedance, (ZL), 

the characteristic impedance of the charged line (Z0) and the total ON-resistance of the stacked 

transistors, nR(on). Thus, the amplitude of the nsPEF in simulation can be calculated by (5.19). 

𝑉𝐿 = (
 𝑍𝐿

 𝑍𝐿 + 𝑛𝑅𝑜𝑛 + 𝑍0
)𝑉𝐶𝐶     = (

 𝑍𝐿

 𝑍𝐿 + 𝑛3Ω + 𝑍0
)𝑉𝐶𝐶 (5.19) 

Where VL is the amplitude of the nsPEF across the load, ZL is the load impedance, Z0 is the 

characteristic impedance of the transmission line, n is the number of avalanche transistors that are 

stacked in series, R(on) is the ON-resistance of a single transistor used, n is the number of avalanche 

transistors that are stacked in series, and VCC is the voltage across the charged coaxial transmission line. 

This demonstrated that in simulation the value of the load impedance needs to be reduced by a 

factor of 3 times the number of FMMT417 transistors that are stacked in simulated as the value of their 

R(on) is 3 Ω. In practice, this value may be smaller (see the datasheet Appendix IV [19]). The amplitude 

of the nsPEF is less than the theoretical value of 
𝑉𝐶𝐶

2
 the more FMMT417 transistors that are stacked. 

This observation is reflected in Table 5.4. 

Because of the linear spice model of the FMMT417, its avalanche occurs at exactly 350 V, with 

an infinite collector current. Fig. 5.19(c) shows that the avalanche transistor does not experience a 

destructive breakdown in simulation, even when a 1,000 V is placed across its collector and emitter 

terminal. 

Table 5.4. nsPEF calculated amplitude due to R(on) of the FMMT4717 spice model  

Number of 

stacked 

transistors, n 

Voltage 

along the 

charged 

line, n350  

Total impedance 

of the stacked 

transistors, 

nR(on) (Ω) 

Impedance of 

the load for  

𝚪 = 𝟎 (Ω) 

characteristic 

impedance of 

charged line, Z0 

(Ω) 

nsPEF 

amplitude 

with R(on)=3 

Ω (V) 

nsPEF 

amplitude if 

R(on) = 0 Ω 

(V) 

1 350 3 47 50 164.5 175 

2 700 6 44 50 308.0 350 

3 1050 9 41 50 430.5 525 

4 1400 12 38 50 532.0 700 

5 1750 15 35 50 612.5 875 

In reality, if the collector-emitter voltage exceeds the FMMT417 breakdown voltage, to an extreme 

such as 1,000 V, the transistor would experience a destructive breakdown. The LTSpice model for the 

FMMT417 limits the maximum voltage drop across the device to 350 V. Therefore, the transistor does 

not experience a destructive breakdown in simulation. Because of this piecewise linear model for the 

FMMT417, the Spice model is not realistic. However, the FMMT417 spice model provides a basic 

model for the transistor and enables the rest of the circuit to be modelled to provide a first order 

understanding of the operation of the overall circuit, which includes the relatively slow charging and 
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rapid discharging of a transmission line through a stack of avalanche transistors operating as a fast-

switching element for the generation of nsPEF.  

 

(a) 

 

 

 

(b) 

 

(c) 

 

 

Fig. 5.19. Simulated voltage along the 50 Ω charged line (blue waveform) and across the load (red waveform) with a load 

impedance (ZL) of (a) 50 Ω (b) 47 Ω and (c) 50 Ω load with additional measured voltage level along the charged line 

increased from 350 V to 1 kV (green waveform). 
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Fig. 5.20. illustrates the operation of stacking five FMMT417 avalanche transistors to form the 

fast-switching elements to increase the nsPEF amplitude across the load (ZL). Because of the 3 Ω ON-

resistance associated with the FMMT417 spice model a 35 Ω load impedance (50 Ω – (5 x 3 Ω)) 

provides a reflection coefficient of zero. The resultant waveforms observed in Fig. 60(b) supports 

equation (5.18) and in LTSpice simulation a 35 Ω load produces a system with no reflection.  

(a) 

 

(b) 

 

Fig. 5.20. (a). LTSpice simulation schematic the charged line technique with a stack of five FMMT417 transistors operating 

as a fast-switching element. (b) measure simulation voltage signal along the transmission line (blue waveform) and across 

the 35 Ω load (red waveform) 
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Fig. 5.21. Voltage drop across the lowest stack transistor (Q1) (bottom – pink waveform) to the highest stacked transistor 

(Q5) (top-green waveform) in a switching element consisting of five avalanche transistors. 

Comparing the amplitude of the nsPEF across the load (ZL) from Fig. 5.19(b) and Fig. 5.20(b) 

demonstrates that by increasing the number of FMMT417, that are stacked as a switching element, the 

amplitude of nsPEF generated is increased as one would expect.  

Fig. 5.21 illustrates that the voltage across the charged line is dropped evenly across each of the 

stacked FMMT417 transistors. The waveform and the amplitude of the voltage drop across each 

transistor collector and emitter terminals in the stack are identical. This is illustrated in Fig. 5.21. from 

the voltage drop across the bottom transistor in the stack (Q1) to the voltage across the highest stacked 
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transistor in the stack (Q5) in a switching element consisting of five avalanche transistors as shown in 

Fig. 5.20(a).Fig. 5.22(a) is an alternative schematic of Fig. 5.20(a), where the load within the schematic 

has been relocated. The 35 Ω load has been relocated from being placed between the lowest FMMT417 

transistor, Q1, in the stack, and the ground plane (as shown in Fig. 5.20(a)), to be between the outer 

conductor of the transmission line and ground plane of the system, as shown in Fig. 5.22(a). 

The resultant nsPEF generated in Fig. 5.22(b) is identical to the nsPEF waveform seen in Fig. 

5.20(b) with regards to the amplitude, duration and waveform. The only difference is the polarity of the 

pulse, where it can be seen that the polarity is negative. This demonstrates that by moving the location 

of the load from across the emitter of Q1 and ground to across the proximal end (outer conductor) of the 

transmission line to ground the polarity of the nsPEF is changed from a positive to a negative polarity 

nsPEFs. 

(a) 

 

(b) 

 
Fig. 5.22. (a) LTSpice simulation schematic of a charged line technique with five stacked FMMT417 avalanche transistors 

operating as a fast-switching element to producing a negative pulsed electric field (b) measure simulation voltage signal 

along the transmission line (blue waveform) and across the load (red waveform) 
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Summary 

This simulation work confirms that stacking avalanche transistors as a switching element along 

with a charged transmission line that is an open circuit at the distal end can generate fast nsPEFs with 

a wide range of amplitude, duration, and polarity. This simulation work validates that the pulse duration 

of the nsPEFs produced is determined by the length of the transmission line. The amplitude of the nsPEF 

and associated reflection coefficient of the circuit is determined by the impedance relationship between 

the transmission line's characteristic impedance (Z0) and the load impedance (ZL), which must take into 

account the ON-resistance of each device stacked (R(on)). The amplitude of the nsPEF is limited by the 

collective collector-emitter breakdown voltage of a single device (BVCES) But the transistors can be 

stacked to produce an amplitude of nBVCES, where ‘n’ is the number of transistors in the stack. 

The rise times of the nsPEFs are determined by the characteristics of the switching element and 

therefore by the avalanche breakdown characteristics. The transition times for the nsPEFs are identical 

regardless of the number of transistors that are stacked. A trigger, or a control signal, determines when 

the pulses are produced. The duration of the trigger, or the control signal, must be longer in duration 

than the duration of the nsPEF generated to allow the charged line to be fully discharged. 

A positive nsPEF can be generated when the load is placed between the lowest stacked transistor, 

Q1, emitter terminal and ground plane. A negative nsPEF can be generated when the load is placed at 

the proximal end of the transmission line between its outer conductor and the ground plane of the circuit. 

This LTSpice simulation work supports the topology for generating high voltage fast nsPEF using 

avalanche transistors and an open circuit transmission line meets the requirement for the fast nsPEF 

electroporation system given in Section 5.1. The results presented from this simulation subsection are 

comparable with the true measured nsPEF and operation of the circuit in practice. 

It must be emphasised that these simulation results do not truly represent the practical operation of 

the avalanche transistor but provide a first-order representation of the operation of the circuit developed 

for the fast nsPEF electroporation system. This is mainly because of the mathematical spice model 

representation used for the FMMT417 provided by the manufacturers and its operation within the 

LTSpice simulation software. 

5.6. Verification and Validation of the final Topology 

The goal is to build and test the fast nsPEF electroporation circuit simulated in the previous section 

that can deliver nsPEFs of durations between 10 ns and 100 ns, and amplitude in excess of 1kV, across 

a 50 Ω load. The design is based on the slow charging and rapid discharging of a coaxial transmission 

line, through a stack of avalanche transistors that operate as a fast-switching element. This circuit has 

been discussed in the previous section. 
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For this work, FMMT417 avalanche transistors are used as a fast-switching element. The 

FMMT417 has a collector-emitter breakdown voltage (BVCES) of 320 V, and collector-emitter voltages 

(VCEO) of 100 V, with literature reporting that these devices can produce transient times of 300 ps when 

avalanched [14]. By controlling the voltage drop across the FMMT417 device to be between its 

collector-emitter voltages of BVCES and VCEO, it is possible to dictate when the transistor experiences 

non-destructive avalanching. Where BVCES is the breakdown voltage across the transistor’s collector-

emitter terminals with the base and emitter terminals shorted together, and VCEO is the voltage across 

the transistor’s collector-emitter terminals with the transistors base terminal left open-circuit, with 0 A 

base and emitter currents (IB and IE) [3]-[4], [9]-[10]. 

The circuit illustrated in Fig. 5.7 is the final topology with a 1 MΩ resistor used as the high 

impedance charging resistor (RC) [29]. An RG214 coaxial cable of specific lengths is used as the open-

circuited coaxial transmission line with a characteristic impedance (Z0) of 50 Ω and a dielectric constant 

(εr) of 2.3 [30]. A single FMMT417 avalanche transistor with its base and emitter terminals connected 

and no external control trigger signal applied to the base terminal is used as the fast-switching element. 

The results reported in this verification and validation section have been conducted on a resistive 

load (ZL) of 50 Ω unless stated otherwise. The measured voltage waveforms presented in this work were 

captured in real-time using a Tektronix TDS5054B-NV Oscilloscope [31] with a bandwidth of 1 GHz 

and a LeCory PPE 5 kV high voltage probe with a bandwidth of 400 MHz and a pulse input capacitance 

of < 6 pF [32]. To minimize pulse reflection all the circuits were constructed using a 50 Ω microstrip 

line fabricated using FR4 board [24]. The voltage supply used was a Fluke 410B dc power supply [33]. 

5.6.1. Single FMMT417 Operation 

The avalanche transistors breakdown curve given in Fig. 5.8 can be used to help describe the 

operation of the design given in Fig. 5.7. 

Initially, the fast switch is ‘open’ and is ‘OFF’. This is Point A in Fig. 5.8. When the high voltage 

dc supply is applied, the high-Q transmission line is charged to the high voltage level (VCC) through the 

high impedance 1 MΩ resistor (RC). This slowly charges the charged coaxial transmission line 

exponentially, at a rate determined by the CR time constant of the circuit (𝑉𝑚𝑎𝑥 = (1 − 𝑒−
𝑡

𝜏)). At a 

time of 5 CR (5τ), the line is charged to 99 % value of VCC. Time constant CR is determined by the total 

capacitance of the charged line (Cd) and the 1 MΩ value of RC. 

When the transmission line is charged to the critical voltage, Point B in 5.16., which is the 

collector-emitter breakdown voltage (BVCES) for the FMMT417 avalanche transistor, VCC ≈ BVCES ≈ 

320 V, the transistor exhibits negative resistance. This causes the transistor to experience avalanching 
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(electron-hole regeneration). During this period, the current through RC can be neglected, and the 

operation point moves from Point B to Point C in Fig. 5.8. 

This moves the operating point from Point B to C on the FMMT417 avalanche transistor 

breakdown curve (Fig. 5.8). At this point, a fall time is observed at the transmission line non-open 

circuit distal end. This occurs as the voltage held on the line is quickly discharged through the 

avalanching FMMT417 transistor switch. At this point, a positive rise time is also observed at the load, 

as previously illustrated in Fig. 5.1.   

The transient on the line reaches the open-circuit distal end of the transmission line in a time T 

(5.1). When the transient reaches the open-circuit distal end of the line, it is reflected back down the 

line with the same polarity towards the collector of the transistor. The time it takes for the transient to 

propagate down the line and back is 2T, as a pulse of width 2T is produced across the load (ZL). The 

amplitude and shape of the nsPEF depend on the relationship between the characteristic impedance of 

the transmission line (Z0) and the load impedance (ZL) as shown in equations (5.6) and (5.7), as 

discussed. 

In this example, both the load and the transmission line have an impendence of 50 Ω. This should 

generate a symmetrical pulse of duration 2T with an amplitude that is approximately half the voltage 

level of the charged line, where the charged line is charged to a voltage equal to the collector-emitter 

breakdown voltage, (VCC = BVCES). Therefore, the amplitude of the nsPEF generated should be half the 

collector-emitter breakdown voltage (BVCES) of the FMMT417, 𝑉𝐿 =
𝑉𝐶𝐶

2
=

𝐵𝑉𝐶𝐸𝑆

2
≈ 160 V. Generating 

a nsPEFs will result in the discharge of the charged line from its voltage level VCC of BVCES ≈ 320 V to 

half its voltage level for a time of 2T and then to a lower voltage level that is dependent on when the 

line is charged, i.e., when the switch is re-opened. This will change the operating point of the circuit 

from Point C to Point D in Fig. 5.8. 

Point D is an unstable operating point that causes regeneration as a negative resistance is 

experienced by the avalanche transistors. This would push the operation point of the transistor from D 

to Point E, where the switch can be said to be in the ‘OFF’ state and no nsPEF is observed. If the high 

voltage power supply unit (PSU) is still on, and unadjusted, then the charged line is slowly re-charged 

to a voltage level VCC of BVCES ≈ 320 V. Once the charged line is recharged to BVCES, then the operation 

cycle of the circuit can be repeated from Point E→B→C→D→E, in Fig. 5.8, based on the voltage level 

across the charged line. 

This cycle is repeated until the voltage level across the charged line (VCC) falls below the 

FMMT417 transistors collector-emitter breakdown voltage (BVCES ≈ 320 V). When this occurs, no 

nsPEF is produced and the circuit is ‘OFF’. 
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In conclusion, this circuit operation would result in the generation of a nsPEF across a load with a 

duration of twice the delay time, 2T, with minimal pulse reflections. The amplitude is approximately 

half the avalanche collector-emitter breakdown voltage of the transistor (
BVCES

2
≈

320

2
≈ 160 V). The 

number of nsPEFs generated will be continuous until the voltage on the line drops to a voltage level 

that is below the collector-emitter breakdown voltage (BVCES) of the transistor. The repetition frequency 

associated with the nsPEFs is dependent on the total capacitance of the charged line and its length. The 

longer the transmission line, the longer the nsPEF duration will be, and the longer the associated 

charging time of the transmission line and the lower the repetition frequency, or greater the time 

between pulse generation. 

Fig. 5.23. shows the measured nsPEF across a 50 Ω load with a length of RG214 of 1 m, 5 m, and 

17 m, with associated delay time (T) of 5 ns, 25 ns and 85 ns respectively. A charged line length of 1 

m, 5 m, and 17 m produced nsPEFs of 10 ns, 50 ns and 170 ns respectively.  

All three pulses generated across the 50 Ω load, in Fig. 5.23 have identical sub-nanosecond rise 

times. This emphasizes that the characteristic of the avalanche transistor defines the transition times of 

the topology and that sub-nanosecond rise times are achievable. It is known that the avalanche 

transistors can switch with a transition time of 300 ps and associated bandwidth of 1 GHz. The LeCroy 

PPE 5 kV high voltage probe has an associated system bandwidth of 400 Mz (2.5 ns) and this limits 

what can be measured in practice [39]. 

 

Fig. 5.23. Measured pulsed electric field across a 50 Ω load, by implementing a 17 m (blue), 5 m (green) and 1 m (red) 

line length with a single FMMT417 avalanche transistor. 

The amplitude of the nsPEFs is limited by the FMMT417 transistor’s collector-emitter breakdown 

voltage (BVCES). When the charged line is charged to the approximate value of the FMMT417 transistor 

collector-emitter breakdown voltage (BVCES), of around 320 V, the transistor experiences avalanching. 
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If the charged line voltage level exceeds the transistor’s BVCES value, it can inflict permanent damage 

on the transistor. This provides an approximate voltage level that the RG214 cable can be charged up 

to in practice to initiate avalanching and nsPEF generation using this circuit. 

Fig. 5.24. demonstrates the voltage level VCC across the charged line. A supply voltage of ~340 V 

initiates avalanching and the generation of the nsPEFs. As discussed, Fig. 5.23 show that nsPEFs of 

~140 V amplitude are observed across the 50 Ω load with all three-line lengths. This amplitude is almost 

half the voltage that initiates the avalanche breakdown of the transistor of ~340 V. The relationship 

between Fig. 5.23 and Fig. 5.24 illustrates the basic operation of a charged/delay line generator shown 

in Fig. 5.1. 

 

Fig. 5.24. Measured result of the fall time or discharge of the charged line with various charged line lengths of 17 m 

(blue), 5 m (green) and 1 m (red) with a single FMMT417 avalanche transistor delivered into a 50 Ω load. 

Considering the 170 ns PEF shown in Fig. 5.23, a reflected pulse of approximately 20 V of identical 

duration (170 ns) directly follows the initial 140 V, 170 ns PEF. In theory, as both the transmission line 

and load have an impedance are 50 Ω the reflection coefficient is expected to be 0 and no pulse reflection 

should be observed following the initial pulse.  The amplitude of the reflected pulse is 20 V, this follows 

the initial 140 V amplitude PEF. This implies that a reflection coefficient (Γ) of 0.14 (
𝑉−

𝑉+ =
20

140
) is 

produced. Because of the 0.14 voltage reflection coefficient associated with the circuit, a nsPEF with 

an amplitude of 140 V is observed rather than the predicted amplitude of 170 V (
𝐵𝑉𝐶𝐸𝑆

2
=

340

2
). This 

can be analysed by adapting equations (5.6) and (5.10) to contain the reflection coefficient (Γ) as 

indicated below. 

𝑉𝐿 =
𝑍𝐿

𝑍𝐿 + 𝑍0
𝐵𝑉𝐶𝐸𝑆 =

𝑍𝐿

𝑍𝐿 + 𝑍0
𝐵𝑉𝐶𝐸𝑆(1 − Γ) ≈

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑉𝐶𝐶(1 − Γ) (5.20) 
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𝑉𝐿 =
𝐵𝑉𝐶𝐸𝑆

2
(1 − Γ) =

340

2
(1 − 0.14) = 170 x 0.86 = 146.2 V 

Where 
𝐵𝑉𝐶𝐸𝑆

2
  is the estimated nsPEF amplitude if the transmission line (Z0) and the load impedance 

(ZL) are identical, and Γ is the reflection coefficient. Appling (5.20) to the result observed in Fig. 5.23, 

an estimated nsPEF amplitude of 140 V is produced. It should be noted that this is the same as the 

amplitude of the incident nsPEF observed in Fig. 5.23. 

Figures 5.25, 5.26 and 5.27 show the measured voltage level/signal across the charged line or 

across the collector-emitter of the FMMT417 avalanche transistors, when the nsPEFs were produced.   

Fig. 5.24 shows that the voltage level along the charged line falls from the transistor’s collector-

emitter breakdown voltage, 360 V, to a voltage level of 200 V over a period of 2T. This voltage occurs 

when a nsPEF is delivered across a representative load. This is highlighted further in Fig. 5.26. After a 

time period of 2T, the voltage level across the charged line and the load drops to a voltage level of ~ 

0V.   

Following this, the charged line is slowly recharged to the transistor’s collector-emitter breakdown 

voltage (Vcc = BVCES). This is indicated in Fig. 5.25. This switching operation is then repeated (Point 

E→B→C→D→E in Fig. 5.8). The cycle of charging and discharging the coaxial transmission line is 

demonstrated in Fig. 5.25. The repetition frequency of the nsPEF is proportional to the time elapsed 

between successive avalanching of the FMMT417, and this is dependent on the time to charge the line. 

 

Fig. 5.25. Measured voltage level across a charged line of 17 m (blue), 5 m (green) and 1 m (red) in length with a single 

FMMT417 avalanche transistor and a 50 Ω as a load.  

The capacitance of the RG214 coaxial cable used in the design is 100.98 pF per meter. Since the 

velocity of propagation in RG214 cable is 66% of the speed of light (c = 3x108 m/s), the velocity of the 

wave propagation along the cable will be 1.98x108 m/s. Therefore, the length of RG214 required to 
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produce a 10 ns pulse is 
10x10−9s x 1.98x108𝑚/𝑠

2
 = 0.99 m. This means that the capacitance (Cd) will be 

0.99 m x 100.98 pF/m = 100 pF. Therefore, the time to charge the line through a 1 MΩ resistor will be 

100 pF x 1 MΩ x 5 = 0.5 ms. Therefore, the maximum pulse repetition frequency will be approximately 

2 kHz. This will reduce as the length of the pulse increases.  

Fig. 5.25 shows the voltage across a 1 m, 5 m and 17 m transmission line with a 1 MΩ charging 

resistor. This corresponds to repetition frequencies of 2.5 kHz (0.4 ms), 588 Hz (1.7 ms) and 179 Hz 

(5.6 ms) respectively. Fig. 5.26 confirms that using an avalanche transistor with a charged line is a 

stable technique to produce nsPEFs with sub-nanosecond rise times. 

 
Fig. 5.26. Principle of charged line technique for the generation of rectangular pulsed electric fields with an avalanche 

transistor as the switching element. Showing the voltage across the FMM7417 transistor (green) and across the 50 Ω load 

(blue) 

Summary 

It has been shown that a fast pulse can be implemented based on an FMMT417 avalanche transistor 

and an open-circuit coaxial transmission line of various lengths. Pulses of 10 ns, 50 ns and 170 ns 

duration can be generated with an amplitude of up to 140 V using one transistor. 

Adaptation of this topology was required to meet the requirement for a fast nsPEF electroporation 

system. An increase in the amplitude of the nsPEFs and control of when the number and the repetition 

frequency between the nsPEFs was needed. Once these features were implemented, this made this 

topology a viable and desirable nsPEF electroporation system circuit for use in biomedical applications. 

This work justifies the adaptations required to this topology for the development of a high voltage fast 

nsPEF electroporation system. 
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5.6.2. Stacking FMMT417 transistors to Produce Higher Voltage Pulses 

It is possible to arrange avalanche transistors in series to enable higher voltage PEFs to be 

generated. This is shown in Fig. 5.27. 

This involves stacking multiple FMMT417 avalanche transistors in series to generate a total 

voltage step of more than a kilovolt. A system to generate a pulse with a high current can be configured 

by stacking the avalanche transistors in parallel, but this is not a requirement for the pulses developed 

in this work. Using this arrangement, an increase in the voltage amplitude is observed [3]-[4], [9]-[10], 

[14]. 

Each transistor in the stack has its base and emitter terminal connected and is linked to the collector 

terminal of the next transistor in the stack. The base-emitter terminals of the lowest transistor (Q1) in 

the stack are connected via a 1:1 pulse transformer. This is also illustrated in Fig. 5.27. The emitter 

terminal of the lowest transistor in the stack (Q1) is connected to the load (ZL). The transformer supplies 

the trigger or control signal to the base terminal of Q1. The significance of the transformer is described 

in a later subsection, ‘5.3.3. Triggering Control’. The collector of the highest transistor in the stack (Qn) 

is connected to the charged line at the proximal end. 

 

Fig. 5.27. Pulsed electric field circuit utilizing a charged line technique using a stack of avalanche transistors as the fast-

switching element and controlled by an external trigger signal across the base-emitter of Q1 using a 1:1 pulse transformer. 
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In theory, the amplitude of the pulse across the load increases linearly with each additional 

transistor in the stack. The maximum voltage level that can be placed across the charged line before a 

transistor or transistors in the stack experience permeant breakdown is VCCmax 

𝑉𝐶𝐶𝑚𝑎𝑥
= 𝑛 𝐵𝑉𝐶𝐸𝑆 (5.21) 

And the voltage drop across each transistor can be calculated by  

𝑉𝑑𝑟𝑜𝑝 =
𝑉𝐶𝐶𝑚𝑎𝑥

𝑛
 (5.22) 

where VCCmax is the maximum voltage the transmission line can be charged to before transistor 

breakdown occurs, BVCES is the breakdown voltage of each transistor, Vdrop is the voltage dropped 

across a transistor in the series stack, and n is the number of transistors that are stacked. As the 

transistors are stacked in series, the current through each transistor is identical. The power is dissipated 

evenly across each transistor: 

𝑃𝑑𝑖𝑠 = 𝑉𝑑𝑟𝑜𝑝 I (5.23) 

where Pdis is the power that is dissipated by each transistor in the stack, and I is the current flowing 

through the transistors. 

If the transistors are matched the voltage drop is shared equally across each of the transistors in the 

stack. This voltage drop should not exceed the collector-emitter breakdown voltage for the transistor. 

Therefore Vdrop = BVCES. The maximum voltage that a stacked FMMT417 transistor arrangement can 

withstand is given by equation (5.21), and the maximum amplitude of the nsPEFs generated is given by 

equation (5.24). 

𝑉𝐿𝑚𝑎𝑥
=

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑛𝐵𝑉𝐶𝐸𝑆 (5.24) 

where n is the number of transistors that are stacked in series, BVCES is the collector-emitter 

breakdown voltage of each transistor, and VLmax is the maximum amplitude of the nsPEF that can be 

generated across the load (ZL). Z0 is the transmission line characteristic impedance and ZL is the load 

impedance. 

Through stacking avalanche transistors, the voltage level across the transmission line (VCC) and 

the maximum pulse amplitude that can be generated across a load (VLmax) is dependent on the number 

of avalanche transistors that are stacked in series (n), and the collector-emitter breakdown voltage of 

the selected transistor (BVCES). This is assuming that the transistors that are stacked are matched. It 

should be noted that the maximum amplitude of the PEF is also dependent on the breakdown voltage 

of the coaxial cable used. 
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It is known that an avalanche transistor can be operated and controlled in a precise manner if the 

voltage drop across each transistor is between the BVCES and VCEO collector-emitter voltages for the 

transistor. Where BVCES is the breakdown voltage, with the base and emitter terminals shorted together 

(the maximum collector-emitter operating voltage for avalanche). VCEO is with the transistors base 

terminal left open-circuit, with 0 A base and emitter currents (IB and IE) (the minimum collector-emitter 

operating voltage for avalanche).  [3]-[4], [9]-[10]. 

The minimum voltage level a charged line needs to reach in a stacked avalanche transistor topology 

for a controlled non-destructive avalanche switching (VCCmin) can be found using equation (5.25). The 

minimum nsPEF amplitude that can be generated from a stacked transistor topology (VLmin) is given by 

equation (5.26). 

𝑉𝐶𝐶𝑀𝑖𝑛
= 𝑛 𝑉𝐶𝐸𝑂 (5.25) 

𝑉𝐿𝑀𝑖𝑛
=

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑛𝑉𝐶𝐸𝑂 

(5.26) 

where VCCmin is the recommended minimum voltage level for a charged line to successfully control 

the non-destructive avalanching of an avalanche transistor following exposure to a trigger signal. VLmin 

is the minimum amplitude of a nsPEF that can be generated across a load, n is the number of transistors 

that are stacked in series, and VCEO is the collector-emitter breakdown voltage (with the base of the 

transistor left in an open-circuit). 

The amplitude of nsPEF is dependent on the relationship between the transmission line 

characteristic impedance (Z0) and the load impedance (ZL) of the load voltage is 𝑉𝐿 =
𝑍𝐿

𝑍𝐿+𝑍0
𝑉𝐶𝐶. The 

estimated amplitude of the nsPEF for the overall system with no reflection occurring is when Z0 = ZL 

and the resulting pulse amplitude across the load VL is 
50

50+50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
. 

For the FMMT417 transistor to operate as a controlled switching element, the voltage drop across 

its collector-emitter junction should lie between its avalanche breakdown voltages BVCES and the 

collector-emitter voltage VCEO. 

So,  𝐵𝑉𝐶𝐸𝑂 < 𝑉𝐶𝐶 > 𝑉𝐶𝐸𝑆 100 <  𝑉𝐶𝐶 > 32 

For a stack of FMMT417 avalanche transistors to operate as a controlled switch the voltage across 

the charged line, or charged voltage, should not exceed VCCmin or VCCmax. The value of VCCmin 

and VCCmax voltages for FMMT417 transistors are as follows: 

𝑉𝐶𝐶𝑚𝑎𝑥
= 𝑛𝐵𝑉𝐶𝐸𝑆 = 𝑛 320 𝑉𝐶𝐶𝑚𝑖𝑛

= 𝑛𝑉𝐶𝐸𝑂 = 𝑛 100 

𝑉𝐶𝐶𝑚𝑖𝑛
< 𝑉𝐶𝐶 > 𝑉𝐶𝐶𝑚𝑎𝑥

 , 𝑛𝑉𝐶𝐸𝑂 < 𝑉𝐶𝐶 > 𝑛 𝐵𝑉𝐶𝐸𝑆 , 𝑛 100 <  𝑉𝐶𝐶 > 𝑛 320 
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If the charged line is charged to a voltage level that exceeds VCCmax, then the voltage drop across 

each transistor would exceed the collector-emitter breakdown voltage (BVCES) and causes destructive 

avalanching of the transistors in the stack. Resulting in the permeant destruction of the FMMT417 

devices. 

If the charged voltage is below VCCmin then the voltage drop across each transistor is below its 

VCEO, and non-destructive avalanching of the transistors in the stack will not occur, with or without a 

trigger signal. 

If the voltage along the charged line is between the VCCmin and VCCmax, the voltage drop across each 

transistor is between their BVCES and VCEO values. These voltage levels would allow the transistors to 

avalanche non-destructively by applying a trigger control signal to the lowest transistor in the stack 

(Q1). This would provide an ideal condition for the trigger signal to initiate the generation of the nsPEFs 

and control the repetition frequency between each nsPEF generated. 

The estimated maximum and minimum amplitudes of the pulsed electric fields are: 

𝑉𝐿𝑚𝑎𝑥
= 𝑛

𝐵𝑉𝐶𝐸𝑆

2
= 𝑛

320

2
= 𝑛160 𝑉𝐿𝑚𝑖𝑛

= 𝑛
𝐵𝑉𝐶𝐸𝑂

2
= 𝑛

100

2
= 𝑛50 

This assumes that the transmission line characteristic impedance (Z0) is equal to the load 

impedance (ZL) i.e., zero reflection voltage (Γ = 0). 

Table 5.5. exemplifies the maximum and minimum voltage limits for controlled non-destructive 

avalanching of stacked transistors, and the associated nsPEF amplitude that would be generated across 

a load with a specific number of stacked transistors. 

Table 5.5. The maximum and minimum charged line voltage level and pulse amplitude that could be achieved with a specific 

number of transistors stacked as a switching element. Assuming that Z0 = ZL. 

Number of transistors VCCmax (V) VCCmin (V) VLmax (V) VLmin (V) 

𝒏 𝑛𝐵𝑉𝐶𝐸𝑆 𝑛𝐵𝑉𝐶𝐸𝑂 𝑛160 𝑛50 

1 320 100 160 50 

2 640 200 320 100 

3 960 300 480 150 

5 1,600 500 800 250 

… … … … … 

7 2,240 700 1,120 350 

… … … … … 

10 3,200 1,000 1,600 500 

20 6,400 2,000 3,200 1,000 

Example: if ZL = Z0 = 50 Ω, BVCES (VCES) for a typical FMMT417 is 320 V and VCEO is 100 V 

(from the datasheet for a FMMT417 [27]) and n = 10; 
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𝑉𝐿𝑚𝑎𝑥
=

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑛𝐵𝑉𝐶𝐸𝑆 =

50 Ω

50 Ω + 50 Ω
 x 10 x 320 V =

50 x 10 x 320

100
= 1,600 V 

𝑉𝐿𝑀𝑖𝑛
=

𝑍𝐿

𝑍𝐿 + 𝑍0
𝑛𝑉𝐶𝐸𝑂 =

50 Ω

50 Ω + 50 Ω
 x 10 x 100 V =

50 x 10 x 100

100
= 500 V 

The circuit shown in Fig. 5.27 operates as follows. Initially, all the stacked avalanche transistors 

are in their ‘OFF’ state. When a positive trigger signal is applied to the base of Q1, via a pulse 

transformer, Q1 is turned ‘ON’ and places its collector voltage near ground potential. Q1 essentially acts 

as a short circuit and the collector current flows through the transistor collector and the load (ZL) which 

is grounded. This then results in a voltage drop across the second lowest avalanche transistor in the 

stacked (Q2). Thus, creating the desired condition for the overvolting of Q2, which causes Q2 to 

avalanche in a non-destructive manner. This enables the transistor to turn ‘ON’, and places Q2’s 

collector terminal near ground potential. 

This creates a sequential ‘knock-on’ effect on the next transistor in the chain (Q3) resulting in its 

overvolting. Each stage (or transistor) in turn switches ‘ON’ and “sees” an even greater over voltage 

that exceeds its avalanche transistor breakdown voltage (BVCES). This ‘knock-on’ effect causes all of 

the transistors in the chain to avalanche in a non-destructive manner, from the lowest avalanche 

transistor in the chain (Q1) to the final avalanche transistor in the series chain (Qn). Qn’s collector 

terminal is connected to the proximal end of the coaxial delay line. 

When Qn is turned ‘ON’ and experiences non-destructive avalanching, a fast rise time is produced 

at the load (Point B to C in Fig. 5.8, avalanche transistor VCE–IC breakdown curve) allowing the charged 

line to discharge through the chain of stacked avalanche transistors and across the load (ZL). This results 

in a pulse with a width of 2T and a maximum pulse amplitude of 
𝑛𝐵𝑉𝐶𝐸𝑆

2
  to be generated across the load 

(ZL) if Z0=ZL. 

If the voltage across the charged line matches, or slightly exceeds the value of VCCmax, then the 

voltage drop across each of the transistors matches their breakdown voltage (BVCES). This causes all 

the avalanche transistors in the chain to experience destructive avalanching. The result is the generation 

of a nsPEF across the load of 2T in duration and amplitude of VLmax, in a continuous circuit operation. 

Where the pulse repetition frequency timing characteristic will not be dictated by the trigger signal into 

Q1 but by the associated charging time of the transmission line used (5.5). This operation is identical to 

the operation described in subsection 5.5.1. 

Fig. 5.28 demonstrates that stacking multiple avalanche transistors in series produces the desired 

pulse amplitude across the load (ZL). The measured nsPEF across a 50 Ω load is shown in Fig. 5.29. 

The set-up used an RG214 transmission line with a characterised impedance of 50 Ω with line lengths 

of 1 m, 5 m and 170 m. With every FMMT417 avalanche transistor added to the stack, the measured 
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amplitude of the nsPEF across the load increased by an estimated voltage of 140 V. As discussed, this 

is approximately half the value of the FMMT417 breakdown voltage (
𝑉𝐶𝐸𝑆

2
). 

(a) 

 

(b) 

 

(c) 

 
Fig. 5.28. Measured pulsed electric fields across a 50 Ω load with a single (1), 5, 6, 7, 8 and 10 avalanche transistors stacked as 

the switching element and a transmission line length of (a) 1 m (2T = 10 ns), (b) 5m (2T = 50 ns), and (c) 17 m (2T = 170 ns). 
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The nsPEFs measured across the 50 Ω load shown in Fig. 5.28 have comparable rise and fall times 

regardless of the duration of the pulse and the number of transistors stacked to create the fast-switching 

element. 

 

Fig. 5.29. Measured pulsed electric fields across a 50 Ω load with a single and 10 avalanche transistors stacked as the 

switching element accompanied by a transmission line length of 1 m (2T = 10 ns), 5m (2T = 50 ns), and 17 m (2T = 170 

ns). 

Fig. 5.30 also shows the pulses produced by a single and 10 transistors as a switching element. 

Except for some variation in amplitude, overshoot and ringing the pulses are the same.   

Fig. 5.31. illustrates that stacking 20 FMMT417 avalanche transistors with a 1 m length of RG214 

transmission line produces a 10 ns PEF with an amplitude of 2,500 V and a transition time of less than 

one nanosecond, across a 50 Ω load. With each additional transistor added to the stack, the stray 

inductance present in the circuit increases. Stray inductance can slow the rise time of the nsPEF. 

The rationale for selecting the FMMT417 transistor was due to the high collector-emitter 

breakdown voltage of 320 V, its low inductance of 2.5 nH and the availability in a surface mount SOT23 

package [27]. Additionally, the surface mount SOT23 package and microstrip PCB layout adopted 

allow for a compact stacking layout, which further reduces unwanted stray inductance. The use of 

microstrip PCB and surface mount avalanche transistors was purposely employed to reduce stray 

capacitance and inductance to maximise the number of transistors that could be used to create the fast 

switch without pulse degradation.  

Nevertheless, there will be a point where the rise time of the nsPEF generated from this topology 

will be greater than a nanosecond because of the influence of additional stray inductance presented with 

each transistor added. Future design considerations to overcome this drawback could be to place a 

capacitor in parallel with each transistor, or a set of transistors to add capacitance to each stage(s) to 

counteract the effect of FMMT417 2.5 nH inductance effect. 
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(a) 

 

 

(b) 

 

(c) 

 

Fig. 5.30. Overlayed Measured pulsed electric fields across a 50 Ω load with a single transistor (blue waveform) and 10 avalanche 

transistors stacked (red waveform) as a switching element accompanied by a transmission line length of (a) 1 m (2T = 10 ns) (b) 5m 

(2T = 50 ns), and (c) 17 m (2T = 170 ns) 



Chapter V. Fast nsPEF Electroporation System – Technical Design 

 

 
168 

Nevertheless, there will be a point where the rise time of the nsPEF generated from this topology 

will be greater than a nanosecond because of the influence of additional stray inductance presented with 

each transistor added. Future design considerations to overcome this drawback could be to place a 

capacitor in parallel with each transistor, or a set of transistors to add capacitance to each stage(s) to 

counteract the effect of FMMT417 2.5 nH inductance effect. 

 

Fig. 5.31. Measured pulsed electric field across a 50 Ω load with 20 avalanche transistors stacked as the switching 

element accompanied by a transmission line length of 1m (2T = 10 ns) 

The value of the capacitor that can be placed in parallel with each transistor to compensate for its 

stray inductance can be found by 

𝐶 =
𝐿

𝑍2
 (5.27) 

L is the collector-emitter inductance of an avalanche transistor and Z is the impedance requirement 

of the microstrip PCB. 

In this situation, a 50 Ω impedance (Z) must be maintained throughout the circuit from the 

characteristic impedance of the charged line (Z0) through the microstrip PCB to the 50 Ω load (ZL). 

The collector-emitter inductance of the FMMT417 avalanche transistor is 2.5 nH. Therefore, a capacitor 

of 1 pF, 𝐶 =
𝐿

𝑍2 =
2.5𝑛

502 = 1𝑝𝐹, in parallel with each stacked transistor would counteract the 2.5 nH 

collector-emitter inductance of the FMMT417 avalanche transistor. A capacitor can be placed across a 

specified number of transistors and the value of this capacitor can be calculated by 

𝐶 = 𝑛
𝐿

𝑍2
 (5.28) 

where n is the number of avalanche transistors the capacitor will be placed in parallel across. 
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This subsection investigated the possibility of stacking avalanche transistors to increase the 

amplitude of the nsPEF. It showed that it is possible to generate a nsPEF with amplitude in excess of 1 

kV by stacking seven avalanche transistors. A switching element designed with 20 transistors stacked 

in series can produce a nsPEF with an amplitude of 2.5 kV. 

The nsPEFs produced with multiple transistors had similar timing characteristics, including 

transition times and pulse width. The transition times achieved were below a nanosecond, suggesting 

that the total impedance of the multiple transistors does not affect the transition time of the nsPEFs. 

Additional capacitors were not used in the design to counteract the stray inductance created by the 

FMMT417 surface mount packages. 

For future pre-clinical and clinical applications (Chapter 6), the voltage amplitude is limited to 

1,500 V due to the breakdown voltage of microwave cables, such as the SUCOFROM_86_CT [43] for 

non-invasive surgery and associated international standards for medical devices (ISO 13485). The 

SUCOFROM_86_CT and its associated connectors have a maximum operating voltage of 1,500 V and 

this sets the maximum pulse amplitude that can be produced. Because of this limitation, ten avalanche 

transistors are the best implemented in the final nsPEF system. This is because a stack of ten transistors 

(n=10) can provide the necessary nsPEFs amplitude in excess of 1 kV with a range of pulse widths from 

10 ns to 170 ns as illustrated in Fig. 5.28, Fig. 5.29 and Fig. 5.30. 

5.6.3. Triggering Control 

The circuit implemented in Fig. 5.7 operates through the relatively slow charging and rapid 

discharging of an open circuit coaxial transmission and has no means of controlling the timing 

characterises. Timing characterises such as when the pulses will be produced, the number of pulses in 

a burst, and the repetition frequency. The only timing characterises that could be controlled was the 

duration of the nsPEF. When the voltage on the charged line reached the collector-emitter breakdown 

voltage (nBVCES) the generation of nsPEF began. This operation was continuous until the voltage level 

of the charged line was below the avalanche transistor's breakdown voltage, or when the voltage 

exceeded the transistor’s breakdown voltage. 

During this continuous cycle of operation, the repetition frequency of the nsPEFs is associated with 

the time constant it takes for the charge line to charge to the transistor BVCES level following the 

avalanche transistor’s non-destructive avalanching. The associated repetition frequency or charging 

time is associated with the total capacitance of the line and the resistor in the charging circuit (RC). This 

provides a limitation in the current circuit, in that the repetition frequency is dependent on the time 

constant, or charging time, of the cable implemented. This implies that a unique repetition frequency is 

given for a specific length of transmission line and associated nsPEF duration. This is highlighted in 

Fig. 5.25. The operation of this circuit as it stands requires a precise ‘biting point’ relationship between 
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the voltage level across the transmission line and the breakdown voltage of the avalanche transistor to 

switch the system ‘ON’. This is highlighted in Table 5.6. 

Table 5.6. ‘Single FMMT417 Operation’ circuit operation depending on the voltage across the coaxial transmission line 

(VCC) relationship with the collector-emitter breakdown voltage of an avalanche transistors (BVCES)  

VCC and BVCES 

Relationship 

Descriptive comment 

VCC ≈ BVCES Non-destructive avalanching of transistors. Continuous avalanching of transistor and nsPEF 

generation. (Point E→B→C→D→E in Fig. 5.8) across a load, at a repetition frequency that is 

dependent on the charged line charging time.  

VCC < BVCES No nsPEF will be generated. Avalanche breakdown voltage not reached  

VCC > BVCES Avalanche transistor will experience a destructive avalanching. Transistor permanently destroyed and 

no further nsPEF is produced. 

For a fast nsPEF electroporation system to support nanosecond electroporation, and other nsPEF-

related research, there is a need for a system that can be controlled to deliver a specific number of 

nsPEFs at a required repetition frequency when required.  

Triggering the base terminal of the lowest stacked transistor, as shown in Fig. 5.27, is a technique 

to control the switching characterises of a transistor and the time characteristics of the generated nsPEF 

[3]-[4], [9]-[10].  

Applying a voltage signal, or trigger signal, directly to the base terminal of a transistor allows the 

transistor to operate like a switch. When sufficient base-emitter voltage (VEBO) is applied, the transistor 

is switched ‘ON’. This causes a non-destructive avalanche breakdown between the collector and emitter 

terminal of an avalanche transistor, driving the collector to emitter voltage to 0 V. The maximum VEBO 

or emitter-base breakdown voltage (BVEBO) rating of the FMMT417 avalanche transistor is 6 V [19]. 

When the collector-emitter voltage is driven to 0 V, the transistor acts as a short circuit, or a closed 

switch and the current flows through the transistor to the load.  

Applying this external trigger signal drives the FMMT417 transistor into a non-destructive 

avalanche mode, resulting in a fast rise time in the collector current which produces a pulse across the 

load with a sub-nanosecond rise time. This triggering signal makes it possible to control when the 

transistor is switched ‘ON’ and therefore dictates the number of pulses produced, and the repetition 

frequency of the pulses. The amplitude, duration, and shape (reflection) parameters of the pulses are 

determined by the length of the line and the relationship between the transmission line characteristic 

impedance (Z0) and load impedance (ZL) [3]-[4], [9]-[10].  

The repetition frequency and the number of nsPEFs produced would be identical to the repetition 

frequency and the number of trigger control signals across the base and emitter terminals of the first 

transistor (Q1). 
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 For the successfully controlled triggering and non-destructive avalanching of a transistor, and the 

generation of nsPEF, certain conditions must be met. The first condition is that the maximum emitter-

base voltage (VEBO) rating of the FMMT417 avalanche transistor must not be exceeded [19]. The VEBO 

rating of the FMMT417 is 6 V. Therefore, a 5 V trigger signal or a transistor-transistor logic (TTL) 

signal would be sufficient to trigger non-destructive avalanching of the transistor. 

The voltage level across the charged line must be between the collective collector-emitter 

breakdown voltages of the transistors nBVCEO < VCC > nBVCES [3]-[4], [9]-[10]. 

The pulse duration of the triggering pulse must be longer in duration than the duration of the nsPEF 

generated, and therefore longer than twice the associated delay time of the charged line used (2T). This 

switching condition provides sufficient time for the charged line to fully discharge [3]-[4], [9]-[10]. The 

maximum nsPEF duration of the fast nsPEF electroporation system aims to deliver is 300 ns. To meet 

this condition, the duration of the trigger control signal should be longer than the incident pulse across 

the load. A 600 ns will be sufficient to allow substantial time for the charged line to fully discharge 

whilst the avalanche transistor experiences non-destructive avalanching. 

The repetition frequency of the trigger signal is limited to the repetition frequency that is associated 

with the charging time of the line (5.5), which is approximately 
1

5𝜏
. This condition will allow sufficient 

time for the charged line to charge to the high voltage PSU voltage level (VCC). This will allow for the 

nsPEFs with the maximum possible pulse amplitude to be generated.  

Fig. 5.32 illustrates how a trigger signal is applied to the system to initiate nsPEFs generation. The 

trigger signal is applied to the transistor via a 1:1 transformer, with the secondary coil output of the 

transformer between the base and emitter terminals of the transistor. This isolates the voltage between 

the trigger signal source and the potentially high voltage nsPEF circuit. Additionally, it reduces 

unnecessary noise/interference that could be feedback without distorting the signal shape of the trigger 

signal. With the inclusion of the transformer, the 5 V TTL trigger signal applied between the transistor’s 

base and emitter terminals will be floating and not affected by the current through the transistor during 

switching. 

Considering the requirement to trigger non-destructive avalanching within the fast nsPEF 

electroporation system, the amplitude of the trigger signal is limited to 5 V. This is because of the 6 V 

maximum VEBO rating of the FMMT417.  For a 300 ns PEF, a 30 m RG214 cable would be required, 

and in combination with a 1 MΩ charging resistor (RC) the charging time of the cable is estimated to be 

~15 ms (66 Hz). Therefore, a nsPEF with a repetition frequency from 1 Hz to 50 Hz can be generated 

efficiently by the system without compromising the charging time of the open circuit transmission line. 
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Fig. 5.32. Developed switching element consisting of a stack of ten (n=10) avalanche transistors operating as a fast-

switching element with a 1:1 pulse transformer 

The timing characteristics of the nsPEF generated from the fast nsPEF electroporation system will 

be synchronised and identical to the timing characteristics of the trigger pulse. This trigger signal will 

govern when, how many and the repetition frequency of the nsPEFs generated. This trigger signal was 

produced by using a 'Quantum Composers 9520 Series Pulse Generator' [34]. 

For the implementation, a 1:1 pulse transformer was placed between the base and emitter terminal 

of Q1 (as shown in Fig. 5.27), and the PCB is shown in Fig. 5.32 to mount the stack of avalanche 

breakdown transistors to minimise external inductance. 

Fig. 5.33. and Fig. 5.34 show the measured voltage signal across the charged line or the voltage 

level at the highest stacked transistor (Qn) collector terminal. These figures illustrate the slow charging 

and rapid discharging that occurs across the charged line. The rapid discharge seen in these figures (Fig. 

5.33 and Fig. 5.34) indicates when a nsPEF is generated across the load. The time between these 

discharges indicates the repetition rate/frequency of the nsPEF generated, which is T. The repetition 

frequency is the inverse of this repetition rate, 𝑓 =
1

𝑇
. 

Fig. 5.25 illustrates that nsPEFs are produced when the breakdown voltage of the transistor is 

reached without a trigger signal.  

Fig. 5.33 demonstrates that a trigger signal can effectively manipulate the operation of the system 

and the triggering of an avalanche transistor, or a stack of avalanche transistors as a fast-switching 

element. The discharge of the charged lines occurred at a repetition rate of 20 ms, or a repetition 

frequency of 50 Hz, with a wide variety of charged line lengths and nsPEF durations. Therefore, the 

nsPEF are generated with a repetition frequency of 50 Hz that emulates the trigger control signal 

repetition frequency. This triggering effect is identical no matter the number of transistors that are 

stacked to form the switching element. Therefore, it has been shown that by implementing a trigger 
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signal under certain circuit parameters the number and the repetition frequency of the PEFs can be 

controlled. 

Fig. 5.25 and Fig. 5.33. show the comparison of the nsPEF generated across a 50 Ω load with a 

single FMMT417 transistor operating as the switching element in a self-generating operational mode 

and a stack of ten FMMT417 as a switching element, operating with a trigger signal with a repetition 

frequency from 50 Hz (20 ms) to 1 kHz respectively. 

(a) 

 

(b) 

 
Fig. 5.33. Measured voltages across the charged line with a length of 1 m, 5 m, and 17 m with a stack of (a) three (n = 3) 

and (b) five (n =5) FMMT417 transistors operating under non-destructive avalanche mode (VCEO < VCC > BVCES) with a 

trigger signal of 5 V, 600 ns pulse width with a repetition frequency of 50 Hz (period: 20 ms) across a 50 Ω. 

Fig. 5.33 and Fig. 5.34 verify that a trigger signal, which complies with the non-destructive 

avalanching previously mentioned, allows for a method of controlling when, how many and the 

repetition frequency of the nsPEF generated. It also reinforces that the number of transistors stacked 

dictates the nsPEFs amplitude and the length of the charge lines determines the nsPEFs duration. 
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(a) 

 
(b.i) 

 
(b.ii) 

Fig. 5.34. Measured voltages from the fast electroporation system with a stack of ten (n=10) FMMT417 operating under 

non-destructive avalanche mode with a charged line length of 1 m and a trigger control signal with a repetition frequency 

(rate/period) of 50 Hz (20 ms), 200 Hz (5 ms), 500 Hz (2 ms) and 1 kHz (1 ms) (a) across a 50 Ω load (b) across the 

charged line with a x-axis scale of (i) 5 ms per division (ii) 1 ms per division. 
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Fig. 5.34(a) illustrates the measured 10 ns PEFs across a 50 Ω load that was generated with a stack 

of ten avalanche transistors in conjunction with a 1 m charged line that is operating with a trigger control 

signal with repetition frequencies of a 50 Hz (20 ms), 200 Hz (5 ms), 500 Hz (2 ms) and 1 kHz (1 ms). 

This figure demonstrates that an identical 1 kV nsPEFs of 10 ns duration is generated across a 50 Ω 

load when the fast nsPEF electrorotation system is driven with various trigger repetition frequencies. 

These repetition frequencies are 50 Hz (20 ms), 200 Hz (5 ms), 500 Hz (2 ms) and 1 kHz (1 ms). 

Fig. 5.34(b) illustrate the measured voltage across the charged line. The discharging of the line in 

these waveforms corresponds to when a nsPEF is generated and the associated repetition frequency. It 

suggests that the repetition frequency of the nsPEF (or the rate at which the charged line can be charged 

and discharged) is identical to the repetition frequency of the trigger signal connected between the base 

and emitter terminals of the lowest stacked FMMT417 (Q1). 

The charging time of a 1 m charged line is ~0.4 ms as demonstrated in Fig. 5.25, Fig. 5.34, and 

Fig. 5.35. This is independent of the repetition rate of the trigger signal. This charging time corresponds 

to the time it takes for the voltage to rise from the discharged state back to the ~2600 V. The trigger 

signal repetition rate/frequency should not exceed the charging time of the charged line. As the charging 

time of the 1 m line is 0.4 ms, it was possible to generate a 1.2 kV, 10 ns PEF at a repetition rate of 1 

ms, or a repetition frequency of 1 kHz. This is evidenced in Fig. 5.34.    

In conclusion, Fig. 5.33 and Fig. 5.34 demonstrate that the trigger signal and its repetition 

frequency do not affect the charging time of the charged line, the amplitude or the duration of the 

nsPEFs generated. The trigger signal only dictates when, the number of pulses, and the repetition 

rate/frequency of the nsPEFs generated. 

 This is true if the following four conditions are met. Firstly, the base-emitter voltage of the 

transistor is not exceeded (BVEBO). Secondly that the voltage drop across each transistor is between its 

collector-emitter voltage of VCEO and BVCES. Thirdly, the duration of the trigger signal is larger than the 

duration of the nsPEF that will be generated. Finally, the trigger signal repetition rate is less than the 

charging time (5τ) of the charged line in question. 

For the developed fast nsPEF electroporation system developed in this work a trigger signal of 5 

V amplitude and duration of 600 ns was sufficient to trigger avalanche switching of the stack of ten 

FMMT417 transistors. A 1 kV nsPEFs with durations ranging between 10 ns to 300 ns can be generated 

with a repetition frequency range between 1 Hz and 50 Hz. For the generation of nsPEFs, in excess of 

1 kV in amplitude, with repetition frequencies in excess of 50 Hz, the charging time of the line used 

must be carefully considered. 
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5.6.4. Pulse Formation and Reflections 

Figure 5.36 and 5.37 demonstrates the effect the relationship between the load impedance (ZL) and 

the charged line characteristic impedance (Z0) has on the nsPEF generated. Fig. 5.36 compares the 

nsPEFs generated across a 50 Ω and a 100 Ω load with an RG214 transmission line with a characteristic 

impedance of 50 Ω. 

The amplitude and reflection of the PEFs observed across a 50 Ω load are lower in companion to 

the nsPEFs measured across a 100 Ω load. With a 50 Ω load, the nsPEFs have neglectable reflection, 

since the reflection coefficient associated with the system is zero, as ZL = Z0. This is because Γ =

𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
=

𝑍𝐿−𝑍𝐿

𝑍𝐿+𝑍𝐿
=

0

2𝑍𝐿
= 0.  

 
(a) 

 
(b) 

Fig. 5.35. Measured pulsed electric fields with five (n=5) stacked avalanche transistors with a 50 Ω charged line of 1 m, 

5m and 17 m in length with a load impedance of (a) 50 Ω (b) 100 Ω  
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The amplitude of the nsPEFs seen in Fig. 5.35(a) are identically at an amplitude of 533 V. This 

amplitude is approximately half the voltage level of the charged line before triggering since ZL = Z0. 

This is because 𝑉𝐿 = (
𝑍𝐿

𝑍𝐿+𝑍0
)𝑉𝐶𝐶 = (

𝑍𝐿

2𝑍𝐿
)𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
= ~

1100

2
= ~550 ≈ 533.  

In comparison, the amplitude of the nsPEFs across a higher load impedance of 100 Ω is higher, at 

700 V. A ~200 V secondary nsPEF of identical duration is observed following this initial pulse. The 

amplitude of the nsPEFs seen in Fig. 5.36(a) is higher because of ZL > Z0. This is because 𝑉𝐿 =

(
𝑍𝐿

𝑍𝐿+𝑍0
)𝑉𝐶𝐶 = (

100

100+50
)𝑉𝐶𝐶 =

2

3
𝑉𝐶𝐶 = ~

2

3
1100 = ~733 ≈ 700. And the reflection coefficient of this 

system in this scenario is  
1

3
. This secondary nsPEF is a reflection of the incident pulse a since ZL ≠ Z0, 

with a reflection coefficient of 1/3. Γ =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
=

100−50

100+50
=

1

3
 causing a voltage of ~200 V to be reflected 

back along the charged line. The reflected secondary pulse is approximately ~233 V, 
1

3
 the amplitude of 

the 700 V incident pulse (700 x 
1

3
≈ 233). This is observed in Fig. 5.35 and Fig. 5.36. 

 

Fig. 5.36. Comparison of the measured pulsed electric field waveform with a charged line of 17 m and a stack of 5 

avalanche transistors as the switching element with a load impedance of 50 Ω (green) and 100 Ω (blue) 

These waveforms validate the theory in terms of the main/incident pulse and the reflected pulse 

produced as a function of time. The theory is highlighted in Table 5.7.  

In conclusion, this section illustrated that the system design is load impedance sensitive and 

confirms the microwave theory associated with the design [5]. For the generation of nsPEFs with zero 

reflection, in future, it is best to attempt to use impedance matching techniques to match the impedance 

of the charged line to the impedance of the load due to the nature of the pulses. Broadband matching 

networks will be required. 
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Table 5.7. Effect of the load and charged line impedance relationship has on the pulsed electric fields amplitude and the 

systems reflection coefficient 

Figure 
Load Impedance, 

ZL (Ω) 

Characteristic impedance 

of charged line, Z0 (Ω) 

Reflection 

coefficient,  𝚪 

nsPEF amplitude in respect to the 

voltage level of charged line, VL (V) 

Equation ZL Z0 Γ =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 𝑉𝐿 = (

𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 

5.38(a) 50 50 0 0.5 𝑉𝐶𝐶      (
1

2
𝑉𝐶𝐶) 

5.38(b) 100 50 0.333,     (
1

3
) 0.666 𝑉𝐶𝐶 ,   (

2

3
𝑉𝐶𝐶) 

5.6.5. Pulse Polarity 

Revisiting the fundamental topology for generating nsPEFs that there are two current loops present 

within the circuit design, as shown in Fig. 5.37. The placement of the load within a current loop, current 

loop two, results in the generation of nsPEFs of either a positive or negative polarity. 

 

Fig. 5.37. Analysis of two current loops. Using current loop 1 (blue) and current loop 2 (red) associated with the charged 

line in conjunction with a stack of avalanche transistors implemented as the fast-switching element. 

Fig. 5.37 illustrates the two current loops within the circuit. The first current loop, current loop 

one, will be a small current flow that charges the transmission/charged line via the high impedance 
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resistor (RC). When the transistor stack is switched ‘ON’ by the triggering pulse, the energy stored in 

the charged line is released as a high current around the current loop two and generates a nsPEF across 

a load (ZL). Up to this point, the load has been positioned between the lowest transistor (Q1) emitter 

terminal and the ground plane of the system. This has produced a nsPEF with a positive polarity [3]-

[4], [9]-[10].  

By manipulating the high current flow, that is current loop two, and repositioning load (ZL) from 

being placed between the lowest transistor (Q1) emitter terminal and ground to a new position between 

the outer conductor of the charged line and ground. In this situation, the polarity of the nsPEF is 

reversed. The placement of the load within the second current loop changes the polarity of the nsPEF. 

A negative nsPEF is generated when the load is placed within the loop as illustrated in Fig. 5.38. 

 
Fig. 5.38. Circuit for the generation of a negative polarity pulsed electric fields 

The general characterises of the nsPEF produced across the load in figures 5.38 and 5.39 are 

identical, except for the pulse polarity of the pulses. These characteristics include pulse duration, 

transition times (rise and fall time), repetition frequency and amplitude. This is because these 

characteristics are determined by the external factors already discussed [3]-[4], [9]-[10].  

The duration of the nsPEFs is determined by the line length (l) and dielectric constant (εr) for the 

line (5.4). The amplitude and the reflection associated with the incident pulse are determined by the 
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values of the load impedance (ZL) and the characteristic impedance of the transmission line (Z0) and the 

voltage level the line is charged to (VCC) as shown in equations (5.6) and (5.7). The higher the number 

of transistors stacked the higher the amplitude of the pulse generated.  

The control over when the nsPEFs are generated, the number of PEFs generated and the repetition 

frequency between each pulse is determined by the trigger signal applied across the base-emitter 

terminals of Q1, via a 1:1 pulse transformer. This can only occur when the voltage level across the 

charged line is between the voltage levels of nVCEO and nBVCES.  

Fig. 5.39 shows the bench test circuit implemented for the fast nsPEF electroporation system. A 

stack of ten avalanche transistors operates as the fast-switching element to produce a nsPEF with 

amplitudes in excess of 1 kV. The polarity of the nsPEFs is dependent on which output connector the 

load is connected to. This can be seen in Fig. 5.39. For positive nsPEFs, the load is connected as shown 

in Fig. 5.39(b). For negative nsPEFs, the load is connected as shown in Fig. 5.39(c). 

(a) 

 

 
 

(b) (c) 

Fig. 5.39. The bench testing circuit showing the stack of ten (n = 10) avalanche transistors to generate pulsed electric fields 

(a) The modular design of the avalanche switch methodology (b) with a load located to generate a positive nsPEF (c) with 

a load located to generate a negative nsPEF. 

Fig. 5.40 demonstrates that the placement of the load within the circuit that forms as part of the 

high current loop two determines the pulse polarity of the nsPEF. Fig. 5.40(a) shows the measured 

nsPEFs across the load (ZL) in the circuit shown in Fig. 5.37. Fig. 5.40(b) shows the measured nsPEFs 

across the load (ZL) in the circuit shown in Fig. 5.38. Comparing the nsPEFs shown in Fig. 5.40, it can 

be seen that the pulses have identical characteristics except for the polarities of the pulses generated. It 

is seen that the nsPEFs in Fig. 5.40(b) is the mirror image of nsPEF in Fig. 4.43(a). This is created 

solely by changing the location of the load within the second current loop. In conclusion, it has been 
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demonstrated that the placement of the load within the circuit current loop two only affects the polarity 

of the nsPEF. 

 

(a) 

 

(b) 

Fig. 5.40. Measured pulsed electric fields across a 50 Ω load with a stack of ten transistors with a 1 m, 5 m and 17 m 

charged lines and the 50 Ω load located to generate a (a) positive (Fig. 5.37) or (b) negative polarity pulses (Fig. 5.38) 

5.6.6. Simultaneous Generation of Positive and Negative Going Pulses. 

The current loops within the design illustrated in Fig. 5.37 can be further manipulated to create a 

nsPEF system that can produce positive and negative polarity pulses simultaneously. The operation of 

this circuit is identical to the unipolar designs for generating a negative or a positive polarity nsPEFs. 

This section describes the generation of a pulse between negative and positive voltages so that the pulse 

may be split into positive and negative going parts relative to earth.  None of the voltage steps is larger 

than the step available with the normal pulse.  
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The basic topology for this operation is shown in Fig. 5.41(a). It consists of a switch (S), which is 

the stack of avalanche transistors, a load (ZLΣ) that has positive and negative going parts relative to the 

earth (ZLPos and ZLNeg), a charged/transmission line, a charging resistor (RC) and power supply (VCC) 

that does not necessarily need an earth/ground to work. The earth can be placed anywhere within the 

circuit, but in this design, the earth placement is shown in Fig. 5.41(b). The earth has been added in the 

middle of the load in Fig. 5.41(a), with positive (ZLPos) and negative (ZLNeg) going parts relative to the 

earth of the power supply (VCC). This essentially splits the load impedance (ZLΣ) into two load 

impedances that are labelled as ZLPos and ZLNeg for the simultaneous generation of positive and negative 

polarity nsPEFs across ZLPos and ZLNeg respectively. 

The load ZLΣ in Fig. 5.41(a) is the sum of the loads ZLPos and ZLNeg (ZLΣ = ZLPos + ZLNeg). A positive 

polarity PEFs is observed across load ZLPos that is located between the emitter terminal of the lowest 

stacked transistor (Q1) and the ground plane. ZLPos is the positive going part relative to earth. A negative 

polarity PEFs is observed across load ZLNeg that is located between the outer conductor of the 

transmission line and the ground. ZLNeg is the negative going part relative to earth. 

The three potential differences within the circuit can be identified as VLPos, VLNeg and VLΣ (VLΣ = 

VLPos + VLNeg). This results in three possible nsPEFs that can be obtained from this topology 

simultaneously. A positive nsPEF with an amplitude of VLPos is observed across the load ZLPos (positive 

going part relative to earth). A negative nsPEF with an amplitude of VLNeg is observed across the load 

ZLNeg (negative going part relative to earth). A nsPEF with an amplitude of VLΣ is observed across the 

total load of the system (ZLΣ) between the lowest stacked transistor (Q1) emitter terminal and the outer 

conductor of the transmission line. The potential differences within the circuit for the three nsPEF to be 

observed across the loads (ZLΣ, ZLPos and ZLNeg) as described are shown in Fig. 5.42. Therefore if 

𝑍𝐿𝑃𝑜𝑠 = 𝑍𝐿𝑁𝑒𝑔 then 𝑉𝐿𝑃𝑜𝑠 = 𝑉𝐿𝑁𝑒𝑔 = 𝑉𝐿 and 𝑉𝐿Σ = 𝑉𝐿𝑃𝑜𝑠 − −𝑉𝐿𝑁𝑒𝑔 = 2𝑉𝐿. 

Equation (5.6) can be adapted to calculate the amplitude of nsPEF observed across the three 

potential differences across the whole load, the positive and negative parts within the circuit that are 

VLΣ, VLPos, and VLNeg and as shown in Fig. 5.42.  

𝑉LΣ =
𝑍LΣ

𝑍LΣ + 𝑍0
𝑉𝐶𝐶 = 𝑉𝐿𝑃𝑜𝑠 + 𝑉𝐿𝑁𝑒𝑔 (5.29) 

𝑉𝐿𝑃𝑜𝑠 =
𝑍𝐿𝑃𝑜𝑠

𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔
𝑉LΣ =

𝑍𝐿𝑃𝑜𝑠

𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔 + 𝑍0
𝑉𝐶𝐶 =

𝑍𝐿𝑃𝑜𝑠

𝑍LΣ + 𝑍0
𝑉𝐶𝐶 (5.30) 

𝑉𝐿𝑁𝑒𝑔 =
𝑍𝐿𝑁𝑒𝑔

𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔
𝑉LΣ =

𝑍𝐿𝑁𝑒𝑔

𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔 + 𝑍0
𝑉𝐶𝐶 =

𝑍𝐿𝑁𝑒𝑔

𝑍LΣ + 𝑍0
𝑉𝐶𝐶 

(5.31) 
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The total load impedance of the circuit (ZLΣ) is the sum of the positive load (ZLPos) and negative 

load (ZLNeg), ZLΣ = ZLPos + ZLNeg. The reflection coefficient (Γ) in equation (5.7) can be rewritten as 

(5.32) for this system for the generation of positive and negative polarity nsPEFs simultaneously. 

Γ =
𝑍LΣ − 𝑍0

𝑍LΣ + 𝑍0
=

(𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔) − 𝑍0

(𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔) + 𝑍0
 (5.32) 

 

(a) 

 

(b) 

 

Fig. 5.41. Circuit design for the simultaneous generation of nsPEF of positive and negative polarity pulse (a) basic topology 

as a switch and a potentiometer load (ZLΣ) that made of a postie and negative going parts (ZLPos and ZLNeg ) and no earth/ground 

plane (b) with three loads (ZLΣ, ZLPos and ZLNeg) and an earth/ ground. 
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Essentially ZLΣ and VLΣ are identical to ZL and VL seen in the unipolar pulse circuits generated 

previously. Considering equations (5.29) to (5.32), three nsPEFs could be outputted from this circuit 

design. This depends on the potential difference taken across the system. For the generation of nsPEFs 

with zero reflection, the total load impedance (ZLΣ) across the system should equal the characteristic 

impedance of the charged line (Z0). If ZLΣ = Z0 then Γ =
𝑍LΣ−𝑍0

𝑍LΣ+𝑍0
==

𝑍0−𝑍0

𝑍0+𝑍0
=

0

2𝑍0
= 0. This would result 

in the amplitude of the nsPEFs across the load (ZLΣ) being half the voltage level the line is charged to 

(VCC). If ZLΣ = Z0 then 𝑉LΣ =
𝑍LΣ

𝑍LΣ+𝑍0
𝑉𝐶𝐶 =

𝑍0

𝑍0+𝑍0
𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
. The operation and characters of the nsPEFs 

measured across the load ZLΣ, between the emitter terminal of Q1 and the outer conductor of the charged 

line, is identical to the generation of nsPEF with the circuit shown in Fig. 5.27.  

 

Fig. 5.42. The potential differences VLPos, VLNeg and VLΣ across the loads ZLPos, ZLNeg and ZLΣ.  

If the load impedance of ZLPos and ZLNeg are identical (ZLPos = ZLNeg), and the total load (ZLΣ) 

matches the characteristic impedance of the charged line (Z0), i.e., ZLΣ = Z0, the reflection coefficient 

(Γ) of the circuit will be 0. The amplitude of the nsPEFs across ZLPos and ZLNeg will be identical and is 

calculated to be a quarter of the voltage level the line is charged to (VCC) or half the amplitude of the 

nsPEF across ZLΣ. 

If ZLΣ = Z0 and ZLPos = ZLNeg =  
𝑍𝐿Σ

2
=

𝑍0

2
 . Therefore 𝑉LΣ =

𝑍LΣ

𝑍LΣ+𝑍0
𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
, 𝑉𝐿𝑃𝑜𝑠 =

𝑍𝐿𝑃𝑜𝑠

𝑍LΣ+𝑍0
𝑉𝐶𝐶 =

𝑍0
2

𝑍0+𝑍0
𝑉𝐶𝐶 =

𝑉𝐶𝐶

4
 , and 𝑉𝐿𝑁𝑒𝑔 =

𝑍𝐿𝑁𝑒𝑔

𝑍LΣ+𝑍0
𝑉𝐶𝐶 =

𝑍0
2

𝑍0+𝑍0
𝑉𝐶𝐶 =

𝑉𝐶𝐶

4
.  This reinforces that the amplitude of the 

nsPEFs across ZLΣ (VLΣ) is the sum of the amplitude of the nsPEFs across both loads ZLPos and ZLNeg. 

𝑉LΣ = 𝑉𝐿𝑃𝑜𝑠 + 𝑉𝐿𝑁𝑒𝑔 =
𝑉𝐶𝐶

4
+

𝑉𝐶𝐶

4
=

𝑉𝐶𝐶

2
. 

The difference between the amplitude of VLPos and VLNeg is dependent on the impedance ratio 

between ZLPos and ZLNeg. The relationship between these two load impedances (ZLPos and ZLNeg) behaves 
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as a potential divider or two halves of a potentiometer across the total load impedances (VLΣ). This is 

illustrated in Fig. 5.43.  

(a) 

 

(b) 

 

Fig. 5.43. Equivalent circuit of the topology of generating a positive and negative polarity pulsed electric fields as a (a) 

potential divider with a transmission line characteristic impedance (Z0), the total load impedance, (ZLΣ) and the loads ZLPos 

and ZLNeg. (b) example when ZLΣ = Z0 and ZLPos = ZLNeg = 
𝑍𝐿Σ

2
 

Fig. 5.44. shows the developed bench test circuit for the fast nsPEF electroporation system with a 

board mount power supply unit (the FS40) and capacitor bank for the charging of the charged line for 

the simultaneous generation of a positive and negative polarity nsPEFs across two loads ZLPos and ZLNeg. 

The stack of ten avalanche transistors operates as the fast-switching element that can produce nsPEFs 

in excess of 1 kV across the total load (ZLΣ, between the emitter terminal of Q1 and the outer conductor 

of the charged line) or the simultaneous generation of a positive and negative nsPEF across loads ZLPos 

and ZLNeg respectively with an amplitude in excess of 500 V in amplitude. 

Fig. 5.45 shows the three nsPEFs that can be generated simultaneously from the circuit in Fig. 

5.42. These three nsPEFs are taken from specific potential differences within the current loop or 

potential difference/probing location within the circuit, as shown in Fig. 5.43. This figure shows the 

measured nsPEFs generated across the loads ZLΣ, ZLPos and ZLNeg with a 50 Ω RG214 transmission line 
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of 17 m, 5 m and 1 m in length. The impedances of loads ZLPos and ZLNeg were 25 Ω and therefore the 

impedance of ZLΣ was 50 Ω (ZLΣ = ZLPos + ZLNeg = 25 Ω + 25 Ω). 

(a) 

 

(b) 

 

Fig. 5.44. The bench testing circuit of the fast electroporation system circuit (a) Switching circuit with two 25 Ω loads 

ZLPos and ZLNeg (b) Switching circuit with the high voltage power supply unit (FS40) and capacitor bank printed circuit 

board. 

Fig. 5.45 validates the theory shown in Fig. 5.43(b) from equations (5.29) to (5.32) as the three 

nsPEFs observed across ZLΣ, ZLPos and ZLNeg have identical timing characteristics (pulse widths and 

transition times). This is because the charged line length determines the pulse width and the stack 

avalanche transistors operating as a switch determine the transition times. 

Secondly, there is a minimal reflection of the three incident pulses measured across ZLΣ, ZLPos and 

ZLNeg as the impedance of ZLΣ and the characteristic impedance of the transmission line (Z0) are the 

same, thus the reflection coefficient of the circuit/system is zero (Γ = 0). i.e., Z0 = ZLΣ = ZLPos + ZLNeg, 

50 Ω = 50 Ω = 25 Ω + 25 Ω.  
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(a) 

 

(b) 

 

(c) 

 

Fig. 5.45. Measured pulsed electric fields across the three different potential difference within the circuit shown in Fig. 

5.42. With load values of ZLΣ = 50 Ω (red), ZLPos = 25 Ω (blue), and ZLNeg = 25 Ω (green) overlayed with the measured 

nsPEF across a 50 Ω load in circuit shown in Fig. 5.27 (black) with a stack of ten (n =10) avalanche transistors and a 50 Ω 

transmission line of (a) 17 m, (b) 5 m and (c) 1 m in length. 

Finally, Fig. 5.45(a) shows that the nsPEF measured across VLΣ (between the emitter terminal of 

Q1 and the outer conductor of the transmission line) in Fig. 5.42 is identical to the nsPEF measured 
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across a single load ZL of 50 Ω, implemented between the emitter terminal of Q1 and the ground, to 

generate a single positive polarity nsPEF across the load, as seen in Fig. 5.27. Additionally, the 

amplitude across ZLPos and ZLNeg are identical but of opposite polarity, and the potential difference of 

the circuit (VLΣ) or amplitude across ZLΣ is equivalent to VLPos – – VLNeg (VLPos + VLNeg), or twice the 

amplitude of the VLPos and VLNeg. 

Fig. 5.46 compares shows the measured nsPEFs generated across the loads ZLΣ, ZLPos and ZLNeg 

with a 50 Ω RG214 transmission line 17 m in length. The impedances of loads ZLPos and ZLNeg in this 

figure were 50 Ω and the impedance of ZLΣ was 100 Ω (ZLΣ = ZLPos + ZLNeg = 50 Ω + 50 Ω). The timing 

characteristics of the nsPEFs in Fig. 5.46, the duration and transition times of the nsPEF and their 

amplitudes across both ZLPos and ZLNeg are identical. 

(a) 

 

(b) 

 

Fig. 5.46. Three load values of ZLΣ = 100 Ω (red), ZLPos = 50 Ω and ZLNeg = 50 Ω with a stack of ten (n =10) avalanche 

transistors and a 50 Ω transmission line of 17 m (a) the circuit and theoretical pulsed electric field waveforms across the 

loads (b) measured pulsed electric field across ZLPos (blue) and ZLNeg (green) in practice 
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Comparing the nsPEF shown in Fig. 5.46 with Fig. 5.45 there is a reflection associated with the 

nsPEFs in Fig. 5.46. This reflection is seen as the reflection coefficient (Γ) in this circuit is  
1

3
, because 

the impedance of ZLΣ is 100 Ω and the characteristic impedance of the transmission line (Z0) is 50 Ω. 

Γ =
𝑍LΣ−𝑍0

𝑍LΣ+𝑍0
=

100−50

50+50
=

50

150
=

1

3
.  

The amplitude of the nsPEF measured across both ZLPos and ZLNeg are higher in Fig. 5.46 than in 

Fig. 5.45 because their load impedance value is higher (50 Ω > 25 Ω) within the same circuit (identical 

50 Ω coaxial transmission line, charged voltage (VCC = 2000 V) and the number of stacked transistors). 

For the nsPEF measured in Fig. 5.45 the value of ZLPos and ZLNeg is 25 Ω and the value for ZLΣ is 50 Ω 

and their associated nsPEFs amplitudes were 500 V across ZLPos and ZLNeg, and 1000 V across ZLΣ. For 

the nsPEF measured in Fig. 5.45 the value of ZLPos and ZLNeg is 50 Ω and the value for ZLΣ is 100 Ω and 

their associated nsPEFs amplitudes were 750 V across ZLPos and ZLNeg, and 1500 V across VLΣ. 

In conclusion, the nsPEF electroporation system developed is capable of generating three nsPEFs 

simultaneously. These three nsPEFs are taken from specific potential differences within the current loop 

of the topology as shown in Fig. 5.42. The identified potential differences or ‘loads’ within the circuit 

are ZLΣ, ZLPos and ZLNeg. The load ZLΣ can be thought of as a load or a potentiometer between the emitter 

terminal of Q1 and the outer conductor of the transmission line that is composed of a positive and 

negative parts that are ZLPos and ZLNeg. Its impedance is the combined impedance of both ZLPos and ZLNeg 

i.e., ZLΣ = ZLPos + ZLNeg. ZLPos is the impedance/load between the emitter terminal of Q1 and the ground 

of the system and ZLNeg is the impedance/load between the outer conductor of the transmission line and 

the ground of the system. 

The timing characteristics of the nsPEF across ZLΣ, ZLPos and ZLNeg are identical. The pulse width 

is determined by the transmission line length and transition times by the switching characters of the 

stack of avalanche transistors. The reflection coefficient and the amplitude of the nsPEFs that are 

measured across ZLΣ, ZLPos and ZLNeg of the system are dependent on the value of the characteristic 

impedance of the transmission line (Z0) and ZLΣ. These are highlighted in Table 5.8. 

Future work is required to progress this design for the system to apply a burst of positive polarity 

nsPEFs followed by a negative polarity nsPEFs, with a specified predetermined intermission between 

the positive and negative polarity pulses across a load, bulk tissue or cuvette of cell line population. 

These would be defined as bipolar pulses. A possible solution to generate bipolar pulses is to implement 

a transmission line of specific time delay that determines the intermission time between the application 

of a positive and negative polarity PEF as both pulses are currently generated simultaneously in this 

current topology. 
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Table 5.8. The principle of simultaneous generating three nanosecond pulsed electric fields  

 
𝒁𝑳𝜮 

Reflection Coefficient 

of the circuit, Γ 

Amplitude of nsPEF 

across 𝒁𝑳𝑷𝒐𝒔 (V) 

Amplitude of nsPEF 

across 𝒁𝑳𝑷𝑵𝒆𝒈 (V) 

Amplitude of nsPEF 

across 𝒁𝑳𝜮 (V) 

Equation 𝑍𝐿𝑃𝑜𝑠 + 𝑍𝐿𝑁𝑒𝑔 Γ =
𝑍LΣ − 𝑍0

𝑍LΣ + 𝑍0
 

𝑍𝐿𝑁𝑒𝑔

𝑍LΣ + 𝑍0
𝑉𝐶𝐶 

𝑍𝐿𝑁𝑒𝑔

𝑍LΣ + 𝑍0
𝑉𝐶𝐶 

𝑍LΣ

𝑍LΣ + 𝑍0
𝑉𝐶𝐶

= 𝑉𝐿𝑃𝑜𝑠 + 𝑉𝐿𝑁𝑒𝑔 

𝒁𝑳𝑷𝒐𝒔 =

𝟐𝟓 𝜴, 

𝒁𝑳𝑵𝒆𝒈 = 𝟐𝟓 𝜴 

25 Ω + 25 Ω =

50 Ω, 

50 − 50

50 + 50
= 0 

25

50 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

4
 

25

50 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

4
 

50

50 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

2
 

𝒁𝑳𝑷𝒐𝒔 =

𝟓𝟎 𝜴, 

𝒁𝑳𝑵𝒆𝒈 = 𝟓𝟎 𝜴 

50 Ω + 50 Ω =

100 Ω, 

100 − 50

50 + 50
=

1

3
 

50

100 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

3
 

50

100 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

3
 

100

100 + 50
𝑉𝐶𝐶 =

2𝑉𝐶𝐶

3
 

𝒁𝑳𝑷𝒐𝒔 = 𝟏𝟐. 𝟓𝜴 

𝒁𝑳𝑵𝒆𝒈 = 𝟏𝟐. 𝟓𝜴 

12.5 Ω +

12.5 Ω = 25 Ω, 

25 − 50

25 + 50
= −

1

3
 

12.5

25 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

6
 

12.5

25 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

6
 

50

50 + 50
𝑉𝐶𝐶 =

𝑉𝐶𝐶

3
 

5.7. The Fast Electroporation System 

This final architecture comprises the slow charging of an RG214 coaxial cable, through a 1 MΩ 

resistor (RC) that is rapidly discharging through a stack of ten FMMT417 avalanche transistors operating 

as a fast-switching element. This final constructed fast nsPEF electroporation system meets the agreed 

set of requirements given by the SUMCASTEC consortium outlined in section 5.1. The unit can 

generate a specified number of nsPEFs of duration between 10 ns and 100 ns, with a range of repetition 

frequency from 1 Hz to 50 Hz, with amplitudes in excess of 1kV, across a 50 Ω load. It was 

demonstrated from bench testing that stacking twenty (n = 20) FMMT417 avalanche transistors in series 

can produce 10ns PEF with amplitudes as high as 2.5 kV 

This final system generates symmetrical nsPEFs by charging a 50 Ω RG214 coaxial transmission 

line, of a specific length, which is an open circuit at its distal end, through a high impedance 1 MΩ, to 

a specified voltage level (VCC) between the voltage levels nVCEO and nBVCES. The length of the RG214 

line determines the pulse width of the nsPEF. An RG214 coaxial line-based generator produces a pulse 

of approximately 10 ns per 1 m of line length. The charged line is then rapidly discharged through a 

stack of ten (n =10) FMMT417 avalanche transistors to generate a nsPEF with sub-nanosecond 

transition times across the load. A nsPEF is generated when a 5 V, 600 ns trigger signal is applied to 

the lowest stacked transistor base terminal via an isolated 1:1 pulse transformer. This trigger signal 

dictates when the pulse is generated, the number of pulses and the repetition frequency of the high 

voltage nsPEFs generated from the fast nsPEF electroporation system. 
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5.7.1. Avalanche Switching Microstrip Circuit Module 

The stacking of ten (n = 10) FMMT417 avalanche transistors was implemented for the 

implementation of the final fast nsPEF electroporation system. The estimated amplitude of the PEF 

across the load (VL) is given by: 

𝑉𝐿 = (
𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 ≈ (

𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑛𝐵𝑉𝐶𝐸𝑆 

For the stack of ten avalanche transistors to operate as a controlled switch the voltage across the 

charged line must be between the values of nVCEO < VCC > nBVCES. For a stack of ten (n = 10) FMMT417 

avalanche transistors to operate as a controlled switch must be between the values of 1000 V < VCC > 

3200 V. The maximum amplitude of nsPEF that can be produced across a 50 Ω load (VLMax) is given 

by: 

𝑉𝐿𝑀𝑎𝑥 = (
𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 = (

50

50 + 50
)3200 =

3200

2
= 1600 𝑉 

The RG214 coaxial cable used for the delay line has a high operating voltage of 4 kV and 

attenuation of 0.245 dB/m (24.5 dB/100m) at 1 GHz) [33]. The RG214 cable uses Polyethylene (PE) 

as the dielectric with a dielectric constant of 2.25. This conveniently provides an approximate pulse 

duration of 10 ns per meter. Cutting a length of open circuit RG214 cable to generate a nsPEF of specific 

duration can be found by: 

pusle width = 2𝑇 = 2
𝑙√𝜀𝑟

𝑐
=

𝑙√2.25

3x108
 (

𝑚

𝑚/𝑠
) ≈ 𝑙 1x10−8𝑠 

where l is the length of the line. For a 10 ns pulse, l = 1 m. 

The FMMT417 transistor, RG214 coaxial cable and a 1:1 gate pulse transformer are the critical 

components for the generation of the fast nsPEF electroporation system. Because of the microwave 

frequency components associated with the transition times of the nsPEFs generated and the importance 

of impedance matching between the 50 Ω transmission line characteristic impedance (Z0) and the load 

(ZL) the components were mounted on a 50 Ω microstrip line PCB design developed for the avalanche 

switching circuit module. 

The avalanche switching microstrip circuit module is designed with a ground-plane technique with 

the distance between each stacked FMMT417 component kept as short as possible. SOT23 packages 

were used to minimise stray inductance.  

All the PCB circuit modules for the fast nsPEF electroporation system were fabricated by Euro 

Circuits [35]. ‘FR-4 Improved’ dielectric material with a dielectric constant of 4.04 and thickness of 
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1.55 mm was used to fabricate the circuit [36]-[37]. From the equations given in section 5.4.5.3, a 

microstrip line of width 3.04 mm was used to produce a 50 Ω line. 

Fig. 5.47 illustrates the microstrip PCB design for the avalanche switching module for the fast 

nsPEF electroporation system. The dimension of the microstrip pads to enable the devices to be 

connected are designed to minimise the distances between each transistor in the stacked line. These 

dimensions were selected after studying the FMMT417 datasheet [19], in particular, its SOT23 package 

outline dimensions and suggested pad layout. The distance between each solder pad is 1.20 mm, which 

is the outline dimension of the SO23 package body and the distance between the collector, emitter and 

base terminals. The microstrip line width of 3.04 mm, produced a microstrip line with a characteristic 

impedance of 50 Ω, which was marginally larger than the FMMT417 SOT23 package width of 3.00 

mm (max). These dimensions are illustrated in Fig. 5.47(d). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 5.47. The avalanche switching microstrip layout (a) Eagle printed circuit board software board design - red top layer, 

blue bottom layer (b) computer aided design model of the top layer of the printed circuit board design populated with the 

FMMT417s devices (c) computer aided design model of the bottom layer of the printed circuit board (d) labelled computer 

aided design model and dimensions of the printed circuit board top layer. 
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For the circuit to be capable of producing a voltage amplitude in excess of 1.5 kV, HN-connectors 

were used as their operating and breakdown voltage is sufficiently higher than N-connectors (up to 5 

kV) [55]-[56]. The left HN-connector port is an input port for the user to connect an RG214 coaxial line 

of a specific length to the fast nsPEF electroporation system. This provides flexibility for the user to 

select the desired nsPEF duration.  

The two other HN-connector ports (centre and right-hand connectors) are output ports. The middle 

flange HN-connector in Fig. 5.48 is the output port, where a negative nsPEF is generated and the 

remaining port is where a positive nsPEF is generated. The outer conductor of the HN-connectors for 

the charged line input and negative nsPEF output (left and centre ports) are connected and isolated away 

from the ground plane/chassis of the system. 

The inner conductor of the centre HN-connector port, for the generation of a negative nsPEF, and 

the outer conductor of the right HN-connector port, for the generation of positive nsPEF are connected 

to the ground plane of the system and the chassis of the module. The inner conductor of the third port 

is where the positive nsPEF is output and is soldered to the microstrip line connected to the emitter of 

the lowest stacked transistor, Q1. This is shown in Fig. 5.48. 

Fig. 5.48 illustrates how the avalanche switching microstrip circuits module appears when 

populated with the relevant HN-connectors, gate drive transformer and stack of FMMT417 transistors. 

As seen in Fig. 5.48, the output from the secondary coil of a 1:1 isolated pulse transformer is 

soldered onto the microstrip line across the lowest stacked transformer (Q1) base and emitter terminals. 

The primary coil of the 1:1 gate drive transformer is attached to a two-pin edge connector. This allows 

for an easy connection to be made to an external pulse generator that can provide the necessary 5 V, 

600 ns trigger signal to control the switching circuit and the operation of the fast nsPEF electroporation 

system.   

5.7.2. High Voltage Circuit Module  

For the generation of the nsPEFs with amplitudes in excess of 1 kV, the charged line needs to be 

charged to a voltage level that is in excess of 2,000 V. The maximum voltage the transmission line can 

be charged to is 3,200 V. If the voltage level exceeds 3,200 V, the voltage drops across each of the ten 

FMMT417 would exceed their collector-emitter breakdown voltage (BVCES) value of 320 V. If this 

occurs, the stack transistors will experience a permanent breakdown. For the trigger signal to be 

effective in manipulating the ‘ON’/‘OFF’ timing of the nsPEFs, the voltage drop across each transistor 

should not exceed their collector-emitter breakdown voltage value of BVCES and VCEO. Therefore, the 

maximum and minimum voltage level the transmission lines can be charged to are nBVCES (10 x 320 = 

3200 V) and nVCEO (10 x 100 = 1000 V), for the generation of a 10 ns to 300 ns PEFs with a maximum 

amplitude of 1600 V and a repetition frequency of 50 Hz onto a 50 Ω load. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 5.48. computer aided design model of the avalanche switching microstrip circuit printed circuit board module fully 

populated (a) top layer view (b) bottom layer view (c) side view (d) Labelled diagram of the populated avalanche switching 

microstrip circuits. 

Table 5.9. shows the power supply requirements necessary to maintain the nsPEFs required for 

this work. In terms of the dc voltage required for the generation of 1600 V across a 50 Ω load, a power 

supply of 3200 V, 204 kW and 64 A is required (see equation 5.36). But the nsPEFs are pulsed for a 

maximum duration of 300 ns and these pulses are generated every 20 ms seconds (50 Hz). Therefore, 

we can calculate the power supply requirement by taking into account the average time the nsPEFs will 
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be generated. Looking at these pulse parameters the maximum average time the nsPEFs will be 

generated each second is 15 µs. This is the maximum pulse width (300 ns) multiplied by the number of 

pulses per second (50).  Therefore, for the generation of 1,600 V amplitude pulses across the 50 Ω load, 

a power supply of 3,200 V, 3.07 W and 960 µA would suffice. 

Table 5.9. High voltage power supply maximum requirements for the fast nsPEF electroporation system 

Maximum Power supply parameter Value Unit 

DC Voltage, V 3,200 V 

Current, I 64 I 

Power, P 204,800 W 

Load impedance, 𝒁𝑳 50 Ω 

Pulse width, t 300 ns 

Repetition frequency, f 50 Hz 

maximum average ‘ON’ time, t 15 µs 

Average Voltage, V 3,200 V 

Current, IAv 960 µI 

Power, PAv 3.07 W 

Capacitance bank, C 597 nF 

𝑃𝐷𝐶 = 𝑉𝐼𝑑𝑐 =
𝑉2

𝑍𝐿
 (5.33) 

𝑃𝐴𝑣 = 𝑃𝑑𝑐𝑓𝑡 = 𝑉𝐼𝐴𝑣 = 𝑉𝐼𝑑𝑐𝑓𝑡 (5.34) 

Where V is dc voltage, Idc is dc current, IAv is the average current, Pdc is dc power, PAv is the average 

power, f is repetition frequency, t is the pulse duration and ZL is the load impedance (50 Ω). 

It is required to add a capacitor across the power supply to charge back up to 3200 V in 19.9997 

ms (20 ms). If the maximum drop in the voltage across the generation of the 300 ns pulses i.e., 32 V 

(∆V) then the capacitance required can be found using equation (5.35). Where the capacitance required 

to replenish or recharge the power supply is 597 nF. 

𝐶 =
𝑡

𝑍𝐿 ln (
𝑉
𝑉0

) 
 

(5.35) 

where V0 (3200 V) is the voltage output from the high voltage power supply unit, V is the voltage 

after a 1% drop (3168 V, V0 – ∆V, 3200 V – 32 V), t is the pulse duration and ZL is the load impedance 

(Z0). 

𝐶 =
𝑡

𝑍 ln (
𝑉
𝑉0

) 
=

300x10−9

50 ln (
3168
3200) 

= 596.99 𝑛𝐹 
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Following a review of various high voltage power supplies, the XP-Power 10 W FS40 isolated 

proportional dc to high voltage dc converter was identified as the best option (see the datasheet for FS40 

in Appendix IV [38]). The output voltage is proportional to the input voltage, from turn-on to maximum 

output voltage, enabling easy control of the high voltage supply rail. The maximum output voltage is 4 

kV, and the maximum current is 2.5 mA. This satisfies the requirement of 960 mA to replenish the 

charge in the 597 nF capacitor. 

The relationship between the low voltage input and the high voltage output associated with the 

FS40 unit is linear. A 12 V input produces a 4 kV output, and a 6 V input produces a 2 kV output.For 

the output of the FS40 to be limited to 3.2 kV, the input voltage was limited to 4.2 V. 

Input 12 𝑉 = 100% = 4𝑘𝑉 

3.2𝑘𝑉

4𝑘𝑉
= 80%,   ∴ 12 𝑉 ∗ 0.8 = 9.6 𝑉 

Additional features of the FS40 PSU include an internal input over-voltage and over-temperature 

protection and an enable/disable function. The protection circuits are powered by the +5 V logic input 

voltage terminal. A +5 V (TTL) signal to the control terminal of the device will disable the high voltage 

output [38]. 

Two 1 μF capacitors are connected across the FS40 high voltage PSU. The role of this capacitor 

bank is to maintain a constant dc value by removing the power supply ripple. A high impedance resistor, 

of value 3.3 MΩ, is placed across each of the 1 μF capacitors. The role of these resistors is to discharge 

the capacitors when the power supply is turned ‘OFF’ i.e., remove the electric charge stored in the 

power supply 1 μF capacitors when the PSU is disabled/turned ‘OFF’. This eliminates the possibility 

of residue charge within the capacitors causing an electric shock. 

The two-pin edge connector intends to provide a connection for the input control voltage, 0 V to 

9.6 V, to control the isolated output voltage of 0 V to 3.2 kV. 

The three-pin edge connector provides the input and output signals to control the FS40. This 

includes a +5 V logic input to the FS40 for the PSU to operate a 5 V/0 V switch signal to control the 

PSU ‘OFF’ and ‘ON’ on demand, and a 5 V for ‘OFF’ and a 0 V for ‘ON’ operation. Error output from 

the FS40 sixth pin can indicate when an over-temperature and/or shutdown error occurs when a high 

TTL (5 V) signal is present at this terminal. 

5.7.3. Construction Build 

The completed build of the fast nsPEF electroporation system is shown in Fig. 5.49. HN connectors 

HN1, HN2 and HN3 are the outputs from the system. HN1 is the input port for the RG214 coaxial 
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transmission line of a specific length. HN2 delivers negative going pulses and HN3 delivers the positive 

going pulses.  

For the completion of a fast nsPEF electroporation system, the modular design in Fig. 5.49 needs 

to be housed in a chassis. This will produce a complete fast nsPEF electroporation system to be used 

for in-vitro and in-vivo investigations. The final developed fast nsPEF electroporation prototype system 

is demonstrated in Fig. 5.53. 

(a) 

 

(b) 

 

(c) 

 
Fig. 5.49. The complete fast electroporation system modular designs printed circuit board computer aided design (a) top 

view (b) bottom view (c) labelled diagram 

Front Panel  

The front panel of the fast nsPEF electroporation system consists of three HN-connector ports, the 

negative and positive nsPEFs output and the charged line input port, as is shown in Fig. 5.50. The outer 

conductor of both the charged line input and negative nsPEF output ports is connected with a conductive 

copper plate and isolated from the chassis and the ground plane of the system. This isolation is provided 

by a 3D-printed plastic structure, thus making the outer conductors of this two HN-connector (HN1 and 

HN2) at a floating potential. The relevance of this floating potential to the rest of the system determines 

whether a negative nsPEF is generated in a unipolar or simultaneously with a positive polarity pulse 

format. To protect the user from this floating potential, a 3D insulated housing surrounds the negative 

nsPEF output and charged line input ports.  
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Fig. 5.50(b) shows the arrangement of the front panel for the generation of positive nsPEFs from 

the system in retrospect to the ground plane. In Fig. 5.50(b), a short-circuit compatible HN-connector 

is placed at the negative nsPEF port (HN2). This connects the outer conductor of the negative nsPEF 

output and charged line input to the ground plane of the system. 

(a) 

 

(b) 

 

(c) 

 

Fig. 5.50. The front panel of the fast electroporation system (a) annotated computer aided design (b) orientation to 

produce a positive polarity pulsed electric field (c) orientation to produce a negative polarity pulsed electric field 

 Fig. 5.50(c) shows the arrangement of the front panel for the generation of negative nsPEFs from 

the system in retrospect to the ground plane. In Fig. 5.50(c), a short-circuit compatible HN-connector 

is placed at the positive nsPEF port (HN3). This connects the inner conductor of the positive nsPEF 

output to the ground plane of the system. Fig. 5.51 shows how each HN-connector on the front panel is 

connected.   

Back Panel 

The back panel design of the fast nsPEF electroporation system is shown in Fig. 5.52. The purpose 

of the system's back panel is to feed the necessary control signals to operate the fast nsPEF 

electroporation system. 
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The first pair of red and black banana connectors, on the left-hand side of the back panel in Fig. 

5.52, is connected to the 0 to 12 V two-pin edge connectors on the high voltage supply PCB. The input 

voltage into this port should be limited to 9.6 V. This input voltage controls and selects the high voltage 

dc output from the FS40 power supply/high voltage supply PCB within the system. 

 

Fig. 5.51. Circuit for the fast electroporation system showing indicating the output connections on its front panel.  

The ‘OFF’/‘ON’ button operates the ‘OFF’/‘ON’ operation of the system. When the button is 

switched into the ‘OFF’ position, a 5 V / TTL high signal is applied to the FS40 and disables the high 

voltage output. 

 
Fig. 5.52. The back panel computer aided design of the fast electroporation system 
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The second pair of red and black banana connectors requires a 5 V input. This 5 V supply provides 

5 V to the FS40 for operation and powers the fault monitor circuit within the FS40 high voltage PSU. 

This 5 V also prides 5 V to the enable/disable terminal used to switch ‘OFF’ the unit. The yellow port 

is the error output pin from the system. If a high TTL signal is measured from this port, it indicates an 

error on the FS40 module. This error signal shuts down the FS40 module and the overall system. 

The final input port is labelled the trigger input. This port is connected to the primary winding of 

the input isolation 1:1 pulse transformer. This input terminal allows an external control signal of 5V, 

600 ns in duration with a specific repetition frequency to trigger the lowest stacked avalanche transistor 

(Q1) into a controlled non-destructive avalanching. 

Bill of Materials 

Table 5.10 gives the bill of the material (BoM) for the key components required to implement and 

build the fast nsPEF electroporation system shown in Fig. 5.53. Table 5.10 highlights that the overall 

cost of the critical components required to build the system is £693.76. The charged line and the ten 

avalanche transistors account for approximately 50% of the overall cost.  The cost of the RG214 cable 

is £10.19 per meter. The two custom-designed PCBs account for approximately 10 % of the total cost. 

Table 5.10. Bill of material of the fast nanosecond pulsed electric field electroporation system critical components (at time of 

design 2019) 

Component Distributor Stock No. Cost per Unit (£) Quantity 

2U Rack Chassis Farnell 1816035 104.29 1 

MOX97021004FVE - 

High Voltage 1 MΩ, 

20W, Resistor 

Farnell 1551410 50.73 1 

XPPower FS40 

HVDC-voltage Converter 

RS Components 123-8405 130.04 1 

FMMT417TD Avalanche 

Transistor 

Mouser 522-FMMT417TD 7.85 10 

Belden Coaxial Cable, 

RG214/U, 50 Ω, 25m 

RS Components 521-8391 254.75 1 

Avalanche switching 

microstrip printed circuit 

board 

Euro Circuits  - 33.78 1 

High voltage supply 

printed circuit board 

Euro Circuits - 41.67 1 

   Total Cost  £   693.76 

The user manual for operating and maintaining the fast nsPEF electroporation system is given in 

Appendix VII. This appendix provides information on mechanical and electrical specifications, 

instruction for use, and safety considerations surrounding the fast nsPEF electroporation system. 
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(a) 

 

(b) 

 

(c) 

 

(c) 

 

(d) 

 

Fig. 5.53. The developed fast nanosecond pulsed electric field electroporation system (a) Top view computer aided design (b) 

Top-left computer aided design view (c) the built high voltage printed circuit board module (d) The built avalanche switching 

printed circuit board module (e) the final built system 

5.7.4. Verification and Validation of the Fast nsPEF Electroporation System 

Setup 

The setup for the verification and validation of the system is illustrated in Fig. 5.54.  A Quantum 

Composers 9520 Series Pulse Generator is used to produce the trigger signal. The 9520 unit generates 

a specific number of 5 V, 600 ns trigger pulse, of specified repetition frequency, which triggers the non-

destructive avalanching of the avalanche switching. For a commercial system, the number of pulses and 
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the repetition frequency of the high voltage pulses generated across the load will be generated using an 

integrated microcontroller.   

 

Fig. 5.54. Fast nanosecond pulsed electric field electroporation system verification and validation set-up 

In this setup, a dual-channel bench PSU provides the necessary input voltages. One of the bench 

PSU outputs provides the 5 V, 1.25 A necessary to power the fast nsPEF electroporation system to 

operate the FS40 and its features. The second bench PSU channel provides the variable voltage input 

into the fast nsPEF electroporation system to control and select the high voltage level output from the 

FS40, which is the voltage level at the coaxial line that is charged. This provides flexibility in adjusting 

and selecting the amplitude of the nsPEFs generated.   

A Tektronix TDS5054B-NV oscilloscope [31] with relevant high voltage probes [32] was used to 

capture, measure, and monitor the nsPEFs generated across the load. The TDS5054B-NV scope was 

also used to monitor the charging and discharging characteristics of the charge line. The verification 

and validation work investigates the nsPEF generated by the fast nsPEF electroporation system across 

a fixed load of 50 Ω as this is representative of the planned in-vitro investigation with this system, where 

the load is made up of D283 cells suspended in a 100 µl artificial buffer whilst maintaining their natural 

biological characteristics. This is identical to the biological load protocols described in section 4.3. as 

the bulk impedance of this load is 50 Ω. 

Positive nsPEF Generation  

The first validation of the system is its capability to generate positive nsPEFs of various durations 

and with various repetition frequencies. For the fast nsPEF electroporation system to generate positive 

nsPEFs, a coaxial transmission line of a specific length needs to be attached to the charged line input. 
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A short circuit connector is attached to the negative nsPEF HN-connector output. This is illustrated in 

Fig. 5.50(b).  

Fig. 5.55 shows the positive polarity nsPEFs measured across a 50 Ω load and along the charged 

line. In this setup, a 7.5 V input signal was applied to the high voltage FS40 module to produce a 2500 

Vdc at the output. A continuous trigger signal with a repetition frequency of 50 Hz (20 ms) was also 

applied. Fig. 5.55(a) shows that with a charged line of 1 m, 5 m and 17 m pulses electric fields of 10 

ns, 50 ns, and 170 ns in duration with amplitudes of 1 kV are generated. This represents the performance 

of this modular design under bench testing conditions as illustrated in Fig. 5.41 (a).  

Fig. 5.55(b) illustrates the voltage across the charged line. The rapid discharge indicates when a 

nsPEF is generated. This discharge of the 1 m, 5 m, and 17 m lines occurs at a repetition rate of 20 ms 

(50 Hz).   

(a) 

 

(b) 

 
Fig. 5.55. Measured voltage waveform from the fast nanosecond pulsed electric field electroporation system, in positive 

nanosecond pulsed electric field mode, with various charged line lengths, 1 m, 5 m and 17 m lines with a repetition 

frequency of 50 Hz (20ms) (a) Across a 50 Ω load (b) along the charged line. 
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 Fig. 5.56(a) demonstrates that the fast nsPEF electroporation system can produce comparable 

nsPEFs of specific duration with a trigger signal input of 5 V, 600 ns duration with a range repetition 

frequency.  This figure shows the fast nsPEF electroporation system can produce high voltage nsPEFs 

of 10 ns, with a charged line length of 1m using a range of repetition frequencies from 50 Hz (20ms) to 

1,000 Hz (1 ms). The nsPEFs and the voltage across the charged line were captured simultaneously. 

This is shown in Fig. 5.56. 

 
(a) 

 
(b) 

Fig. 5.56. Measured voltage waveform from the fast nanosecond pulsed electric field electroporation system, in positive 

nanosecond pulsed electric field generation mode, with a 1 m charged line and repetition frequencies of 50 Hz (20ms), 

500 Hz (2 ms) and 1,000 Hz (1 ms) (a) across a 50 Ω load (b) across the charged line. 

Negative nsPEF Generation 

The second point of the validation work was to verify that the system can generate negative nsPEFs 

of various durations and repetition frequencies. For the fast nsPEF electroporation system to generate 
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negative nsPEFs a coaxial transmission line of a specific length needs to be attached to the charged line 

input. Additionally, a short circuit is made at the positive nsPEF HN-connector output. This is illustrated 

in Fig. 5.50(c).  

Fig. 5.57 shows the negative polarity nsPEFs delivered across a 50 Ω load and the voltage across 

the charged line. For this measurement, the control voltage on the FS40 high voltage power supply was 

7.5 V and this produced a 2500 V output from the high voltage FS40 module. Fig. 5.57(a) shows that 

with a charged line of 1 m, 5 m, and 17 m in length pulses of duration of 10 ns, 50 ns and 170 ns, with 

amplitude of 1 kV (peak-to-peak of 1 kV) were generated.  

(a) 

 

(b) 

 
Fig. 5.57. Measured voltage waveform for the fast nanosecond pulsed electric field electroporation system, producing 

negative pulses with line lengths of 1 m, 5 m and 17 m and a repetition frequency of 50 Hz (20ms) (a) across a 50 Ω load 

(b) across the charged line 

Fig. 5.57(b) illustrates the voltage level across the charged line. This demonstrates the rapid 

discharging of the line, which indicates when a nsPEF is generated and its associated repetition 



Chapter V. Fast nsPEF Electroporation System – Technical Design 

 

 
206 

frequency. The discharging of the 1 m, 5 m, and 17 m lines, and therefore the generation of the 10 ns, 

50 ns, and 170 ns PEFs respectively occur at a repetition rate of 20 ms (50 Hz). 

Fig. 5.58(a) illustrates that the fast nsPEF electroporation system can produce nsPEFs of selected 

duration with a trigger signal input of 5 V, 600 ns duration and repetition frequencies of 50 Hz, 500 Hz 

and 1 kHz. This figure shows that the fast nsPEF electroporation system can produce high voltage 

negative nsPEFs of 10 ns, with a charged line length of 1m at a range of trigger repetition frequencies 

from 50 Hz (20 ms) to 1,000 Hz (1 ms). The nsPEFs were captured simultaneously to the voltage across 

the charged line in Fig. 5.58(b). This confirms that the triggering (generation of the nsPEFs) is operating 

correctly. 

(a) 

 

(b) 

 

Fig. 5.58. Measured voltage waveforms for the fast nanosecond pulsed electric field electroporation system generating 

negative pulsed electric fields using a 1 m charged line and repetition frequencies of 50 Hz (20ms), 500 Hz (2 ms) and 

1,000 Hz (1 ms) (a) across a 50 Ω load (b) voltage across the charged line 
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The results shown in Fig. 5.57 and Fig. 5.58 show that the generation of nsPEFs with negative 

polarity is comparable to the results given in Fig. 5.55 and Fig. 5.56 for the generation and 

characteristics of positive nsPEFs. 

5.8. Conclusion  

This chapter describes the design and development of the developed fast nsPEF electroporation 

system to generate unipolar 10 ns to 300 ns PEF in excess of 1 kV in amplitude, of either positive or 

negative polarity, with a rise time of less than one nanosecond. The topology chosen is a combination 

of relatively slow charging and rapid discharging of a coaxial line through a stack of ten avalanche 

transistors, which operates as a fast-switching element. Additionally, the system can be configured to 

generate positive and negative polarised pulses simultaneously with amplitudes of more than 500 V. 

The final system is illustrated in Fig. 5.53. 

The fast nsPEF electroporation system has been verified and validated for its ability to generate 

nsPEFs of various amplitudes, duration, and repetition frequencies across a 50 Ω load. It has been shown 

that this fast nsPEF electroporation system meets the requirements outlined in Table 5.11. 

Table 5.11. Fast nanosecond pulsed electric field electroporation system requirement agreed vs achieved 

nsPEF Characteristic Requirement Agreed Achieved 

Load impedance 50 Ω 50 Ω 

Pulse Duration 10 ns – 100 ns 10 ns – 300 ns+; 

Amplitude 1 kV+ Up to 2.5 kV 

Repetition Frequency (Rate) 1 Hz (1 s) – 50 Hz (20 ms) 1 Hz (1 s) – 1 kHz (1 ms); 

Number of pulses 1 – 50 1 – continuous pulses; 

Polarity Unipolar positive PEF Unipolar positive or negative PEF 

individually or simultaneously   

The system is impedance sensitive in its operation. This is because the amplitude and the reflection 

coefficient of the system are dependent on the relationship of the total load impedance (ZL) across the 

system with the characteristic impedance of the coaxial line used (Z0). This has been proven in theory 

by (5.6) and (5.7). The amplitude of the nsPEFs generated is restricted by the number of avalanche 

transistors that are stacked in series and their collective collector-emitter breakdown voltage (nBVCES). 

This has been demonstrated in theory by (5.24). This work concludes that stacking twenty transistors 

can produce a PEF of 10 ns in duration, with an amplitude of 2.5 kV, as shown in Fig. 5.31. 

The rise and fall times of the pulses are determined by the avalanche transistors operating as the 

fast-switching element. It has been discovered from a literature search that 300 ps rise/fall time can be 

achieved by avalanche transistors. The transition times captured in this work are of the order of one 

nanosecond and this is due to the frequency response limitation of the LeCroy PPE5KV 400 MHz high 

voltage probe used for the measurements [32]. 
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Through manipulating the current loop within the circuit and placing a fixed resistor across the 

emitter and ground of avalanche transistor Q1 and the outer conductor of the coaxial line and ground a 

unipolar or simultaneous generation of negative and positive nsPEFs can be generated.  

In conclusion, the fast nsPEF electroporation system shown in Fig. 5.53 can generate well-defined 

symmetrical high voltage nsPEFs, of various polarities, with rise and fall times less than a nanosecond, 

and with a wide variety of pulse lengths and repetition frequencies. The nsPEF parameters and 

associated limitations of the fast nsPEF electroporation system are highlighted in Table 5.12. 

Table 5.12. Nanosecond pulsed electric field parameters and limitation associated with the fast nanosecond pulsed electric 

field electroporation system. 

nsPEF parameters Minimum Maximum Limitation 

Pulse Amplitude 

(V) 

 

500 

 

1,500 

 

Determined by the number of 

avalanche transistors stacked and their 

collective breakdown voltage and the 

relationship between ZL and Z0 

𝑉𝐿𝑀𝑖𝑛 = (
𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑛𝐵𝑉𝐶𝐸𝑂 𝑉𝐿𝑀𝑎𝑥 = (

𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑛𝐵𝑉𝐶𝐸𝑆 𝑉𝐿 = (

𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 

Pulse Duration 

(ns) 

10 300 + 
Determined by the co-axal charged 

line dielectric constant and length 

𝑝𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ = 2𝑇 = 2
𝑙√𝜀𝑟

𝑐
 

Repetition 

Frequency (Hz) 

1 50 + 
Limited by the charging time of the 

charged line used 

𝑓 =
1

5𝜏
=

1

5𝑅𝐶𝐶
=

1

5𝑅𝐶𝑙𝐶𝑙𝑖𝑛𝑒
 

Rise Time 300 ps, as illustrated in literature 

Reflection 

Coefficient of the 

system, 𝚪 

0 -1 or 1 
Determined by the relationship 

between ZL and Z0 

Γ =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 

This electroporation system is an instrument to enable clinicians and microbiologists to carry out 

a range of experiments and research studies. The intention of this system is to be used to investigate the 

effect of nsPEF on the D283 medulloblastoma cell population, where cells are suspended in a 50 Ω 

impedance artificial buffer. This planned investigation is identical to the investigation conducted in 

‘Chapter 4’. The planned investigations are part of the SUMCASTEC programme. Furthermore, the 

system could support future in-vitro, ex-vivo and in-vivo investigations of nanosecond pulsed electric 

field-based applications in biology and medicine. 
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5.9. Future Work 

This fast nsPEF electroporation system achieved the agreed set of requirements from the 

SUMCASTEC consortium for a system capable of producing nanosecond rise/fall times high voltage 

electric fields. The chosen topology of combining a charged line technique with an avalanche transistor-

based switch has been proven as a suitable methodology for the generation of high voltage nsPEF with 

transition time in the picosecond regime. 

This system requires future work to become a stand-alone unit with an integrated microcontroller 

and dc power supplies. Further future development for the fast nsPEF electroporation system includes 

the adaptation to be a standalone energy module and a potential alternative charged line for a variable 

length of an open-circuit transmission line to change the pulse width. 

5.9.1. Alternative Charged Lines Structures  

Fixed Delay Coaxial Line Structures  

The duration of the pulses is determined by the delay time associated with the charged line. This 

delay is proportional to the physical and electrical length of the transmission line. For the concept to 

work the distal end of the line is an open circuit. For future work, an alternative transmission line 

structure(s) could be used. 

When a specific nsPEF duration is identified that results in a beneficial clinical effect the length of 

the transmission line can be fixed. The duration of the nsPEF generated will be fixed and determined 

by the dielectric constant and length of the coaxial transmission line (5.4). 

This inbuilt fixed transmission line with a specific associated delay time can be in the form of a 

coaxial or microstrip line. Both have their associated advantages and disadvantages. Using a dielectric 

material, in a coaxial or microstrip line structure, with a larger dielectric constant (εr) would result in 

the need for a shorter physical and more compact structure. 

Microstrip transmission lines can easily be fabricated to a specific impedance and integrated onto 

the avalanche-switching microstrip circuit. The impedance of a microstrip transmission line is 

dependent on the microstrip width and the thickness of the dielectric material. This is highlighted in 

equations (5.14) to (5.17). Mechanically, a microstrip line can take up less space than a coaxial line as 

it could be implemented as any pattern fabricated on the microstrip i.e., spiral, zigzag, lines around the 

board. 
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Helical Line 

A helical line could be employed to enable the associated delay time within the structure to be 

adjusted [6], [38]. A helical line is illustrated in Fig. 5.59, where the inner conductor is placed in a 

rectangular channel or trough transmission line structure that is milled onto a rotary metal cylinder. 

 

Fig. 5.59. Helical delay line structure design [6] 

The characteristic impedance of the rectangular through transmission line is determined by the 

dimensions of the line, as indicated by equation (5.36). Equation (5.36) can be used to calculate the 

characteristic impedance (Z0) of the line.  

If d ≪  a, 𝑍0 = 60√
𝜇

𝜀
ln

4𝑏 tanh
𝜋𝑎
𝑏

𝜋𝑑
 (5.36a) 

b <<  a, 𝑍0 = 138√
𝜇

𝜀
log10

4𝑏 tanh
𝜋𝑎
𝑏

𝜋𝑑
 (5.36b) 

Where a is the distance between the centre point of the cylindrical inner conductor to the inner wall 

of the rectangular-shaped outer conductor, b is the length of the inner wall of the rectangular-shaped 

outer conductor and d is the diameter of the cylindrical inner conductor. These dimensions are illustrated 

in Fig. 5.60.  

A sliding contact can be used, that is fastened to a moving section to determine the delay associated 

with the line and therefore the pulse duration. Because of the large winding diameter of the structure, 

the behaviour of the delay line is like a homogenous line structure. For the structure shown in Fig. 5.59, 

air is used as the dielectric material, but this does not need to be the case. The main attenuation factor 
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associated with this structure is the radiation loss of the open rectangular line. Shielding the entire 

helical line will afford some reduction in the loss [6]. The design of the structure is more complex than 

a standard open-ended coaxial cable. An advantage of the helical line is the ability to adjust the electrical 

length of the line. 

 

Fig. 5.60. Wire-in semi-infinite rectangular trough transmission line design [6] 

Trombone Line 

A trombone or extendable line is another variable line design. It can be used to achieve a 

controllable time delay more conveniently and simplistically than the helical line. It consists of a length 

of coaxial lines or microstrip lines that can be physically extended. 

Fig. 5.61 illustrates a coaxial trombone line. The delay is determined by the expansion or 

compression of the transmission line. A microstrip trombone structure is a relatively simple structure. 

Sliding one microstrip across another adjusts the overall electrical length and therefore the associated 

delay of charged line.  

 

 

Fig. 5.61. Decimetre extension line or trombone-type delay line [6] 

Fig. 5.62 shows the application of a trombone line to adjust the associated delay within a charge 

line from its minimum to maximum length/associated delay [6]. 
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(a) (b) 

Fig. 5.62.  The concept of a trombone line to adjust the delay or electrical length of a charged line. (a) for minimum delay 

time (b) maximum delay time [6] 

Ferrite Lines 

Ferrite transmission lines are another method of producing a variable delay. These structures are 

influenced by the loss of the magnitude of the bias magnetising current which changes the time location 

of the leading edge of the incident pulse [6]. An example of this can be seen with a cable of 20 m length 

in which its associated delay time can be altered by 100 ns with a current alteration of 1 A. The drawback 

of a ferrite line is the temperature coefficient associated with a high current level, which leads to delay 

time instability. 

Summary  

An alternative transmission line structure needs to be investigated in future if a commercial fast 

nsPEF electroporation system is to be developed. This would reduce the need for an external input port 

and an external coaxial line. This alternative transmission line can have a variable or fixed associated 

delay time, depending on the end application of the system. 

5.9.2. Bipolar Pulse Generator  

The fast nsPEF electroporation system topology can be adapted into a system that can generate 

monopolar and bipolar pulsed electric fields. Examples of three potential topologies of utilising a 

transmission line with fast-switching elements to produce a bipolar nsPEF electroporation system are 

described below. The fast-switching elements in these examples would be a stack of avalanche 

transistors as described in this work. 

Fig. 5.63. shows a circuit to generate bipolar pulses with three identical transmission lines with a 

characteristic impedance (Z0) and associated delay time, or propagation time of T and two fast switching 

elements S1 and S2 [40]-[41]. The load (ZL) in this example would need to be twice the characteristic 

impedance (Z0) of the transmission lines for a system with zero reflection coefficient (Γ). The duration 

of the nsPEF generated across the load would be four times the associated delay time of the transmission 

lines (4T). The amplitude of the PEF is equal to the turn-on voltage. Theoretically, the ideal bipolar 

pulse waveforms are obtained when the second switching element (S2) is closed at the time of 2T after 

the first switching element (S1) is closed. 
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Fig. 5.63. Bipolar pulse generator with three transmission lines and two switching elements presented in [40] and [41] 

Fig. 5.64 shows a bipolar pulse generator consisting of a single transmission line and two switches 

[64]. Here the load impedance (ZL) is the same as the characteristic impedance (Z0) of the transmission 

line with a one-way delay/propagation time of T. 

 

Fig. 5.64. Bipolar pulse generator with a single transmission line and two switching elements presented in [42] 

Before the operation, the transmission line is charged to an amplitude of VCC as both switches (S1 

and S2) are closed. When the two switches are closed a step wave is generated from each of the switches. 

The first wave generated from S1 has an amplitude of – VCC and propagates to the right. The second 

wave generated from S2 has an amplitude of −
𝑉𝐶𝐶

2
  and propagates to the left. When the two waves pass 

the midpoint of the transmission line, a potential distribution occurs. The first wave with an amplitude 

of  −
𝑉𝐶𝐶

2
  is absorbed by the load (ZL) because of ZL=Z0 of the transmission line. The second wave is 

reflected from the S1 after a time T with an amplitude of 
𝑉𝐶𝐶

2
 as a short circuit is seen at S1 as the switch 

is now closed (Γ = −1).  

The generated pulse has a bipolar pulse width of 2T. The peak-to-peak voltage of the bipolar pulse 

is equal to the VCC. Theoretically, the ideal bipolar pulse waveforms are obtained when the two switches 

S1 and S2 are closed simultaneously. 
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Fig. 5.65 shows a topology for the generation of a bipolar nsPEF electroporation system that 

utilises a single transmission line and a single switching element [43]. The switching element is located 

between the two ends of the transmission line outers and the ground plane. For a system with zero 

reflection coefficient, the load impedance (ZL) matches the characteristic impedance of the transmission 

line (Z0) with an associated delay/propagation time of T. When the switch is closed, the left end of the 

coaxial line becomes a short circuit (𝛤 = −1) and the right side of the transmission line is connected to 

the load. Therefore, this circuit is equivalent to the circuit shown in Fig. 5.64. The generated pulse has 

a bipolar pulse width of 2T with a peak-to-peak voltage of VCC. 

(a) 

 

(b) 

 
Fig. 5.65. Single switch bipolar pulse generator circuits (b) presented in [43] 

5.9.3. Future Standalone Energy Module Development  

The current method of selecting the nsPEFs provides a flexible and responsive system for research 

purposes. The next stage is to understand the operation on in-vivo bulk tissue. Once operation on bulk 

tissue is optimised, a standardised standalone electroporation energy module can be developed. 
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This future iteration of the system would be a standalone module that includes an integrated PSU, 

a variable-length transmission line that can automatically be adjusted using an arrangement of coaxial 

switches, a microcontroller, and a graphical user interface (GUI). 

Microcontroller and Graphical User Interface 

The current fast nsPEF electroporation system timing characteristics are controlled by using a 

Quantum Composers 9520 series pulse generator [34].  

The addition of a microcontroller would provide an embedded application to integrate a GUI and 

control the system to enable automatic control of the high voltage generator, the width of the pulses and 

the repetition frequency. The basic abstract description of the behaviour of a future microcontroller 

within the next iteration of the fast nsPEF electrorotation system is shown in Fig. 5.66 and Fig. 5.67. 

With an integrated microcontroller incorporated into the system, a user of the fast nsPEF electroporation 

system can interact with a GUI.  

 

Fig. 5.66. The potential state event diagram of the future microcontroller flow chart 

 Power Supply 

Currently, a 5 V bench power supply is required for the FS40 high voltage supply. A second 

variable bench power supply that can be varied between 0 V to 9.6 V is used to adjust the dc voltage 

level on the transmission line. A future improvement would be to have a board or chassis-mounted 
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PSUs within the fast nsPEF electroporation system to eliminate the need for a bench power supply to 

operate the system. 

 

Fig. 5.67. The potential state event diagram of the future microcontroller state machine 
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CHAPTER VI. FAST NSPEF ELECTROPORATION SYSTEM – 

PRE-CLINICAL INVESTIGATION 

6.1. Introduction 

In-vivo pre-clinical testing on the fast nanosecond pulsed electric field (nsPEF) electroporation 

system was carried out at the Barcroft Animal Testing Facility, Cambridge. The goal of the preclinical 

was to evaluate the performance of the fast nsPEF electroporation system in terms of delivering nsPEFs 

into bulk liver tissue and to understand any adverse effects of the nsPEFs on the bulk tissue through 

histology. This study moves the work from the 50 Ω impedance load described in the previous chapters 

to focus on the application of fast pulsed electric fields in a real application within a pre-clinical in-vivo 

setting.   

6.2. Pre-Clinical Set-up 

The pre-clinical investigation was conducted on a porcine subject weighing approximately 65 kg. 

The subject was suitably medicated and anaesthetised by staff at the Barcroft facility. The heart rate, 

rhythm, and electrical activity in addition to oxygen saturation, Carbon Dioxide (CO2) and respiratory 

rate were measured, via an electrocardiogram (ECG) and recorded. 

The liver was accessed by a surgical incision into the abdomen. Ten separate sites on the liver were 

agreed upon for the application of a specific number of nsPEFs delivered to the site. Following the pre-

clinical testing, the subject was terminated, and the treated sites were sectioned for histological analysis. 

Fig. 6.1 shows how the nsPEF was applied to the liver via the applicator. 

 
 

(a) (b) 

Fig. 6.1. (a) Pre-clinical procedure to access the subject’s liver (b) Applicator set-up to deliver pulsed electric field onto 

the liver 

The nsPEFs energy was generated by the fast nsPEF electroporation system, described in Chapter 

5. The nsPEFs were delivered into the liver sites using a 10 mm2 parallel plate applicator structure as 

shown in Fig. 6.3. 
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The set-up for the pre-clinical study is shown in Fig. 6.2.  A positive nsPEF of 248 ns was produced 

by the fast nsPEF electroporation system and the pulses delivered into each site were captured in real-

time by a Tektronix TDS5054B-NV Oscilloscope [1] with a LeCroy PPE 5 kV high-voltage probe [2]. 

The waveform was measured across the generator's positive nsPEF output port and the ground of the 

system and not across the liver load/instrument. 

 

(a) 

(b) 

 

(c) 

 

Fig. 6.2. (a) Fast nanosecond pulsed electric field electroporation system set-up for the pre-clinical study (b) PPE 5kV High 

Voltage Probe (c) Tektronix TDS500B Digital Oscilloscope 

This setup provided the capability to verify and validate the performance of the fast nsPEF 

electroporation system to deliver nsPEFs onto bulk liver tissue loads. By capturing the nsPEF waveform 

applied to the body it is possible to calculate the electric field, the power and energy delivered into the 

liver and determine the temperature to ensure that the energy delivery is non-thermal. The method used 

to calculate these parameters is discussed later in this chapter. 

6.2.1. Liver as a model to demonstrate the extracellular effect on cells and matrix 

(collagen) 

The liver was selected for the pre-clinical study because it is easily accessed and most of the work 

carried out to date to establish electroporation parameters has been performed using the porcine liver 

model [3]-[8]. This provides referenceable data for the comparison of nsPEFs energy to microsecond 

pulsed electric fields (µsPEFs) energy delivery. Liver tumours are a prime target for this type of 

treatment along with skin, kidney, breast, and other solid organ tumours [3]-[8]. 
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The liver is accepted as the place to start to gather appropriate physiological information, including 

histopathology, which can be consistently repeated [3]-[8]. 

6.2.2. Applicator 

The applicator used a vernier calliper to accurately measure the distance between the two 

electrodes to determine the applied electric field. The electrodes comprised of a pair of square 10 mm2 

(10 mm x 10 mm) plates. This applicator is shown in Fig. 6.3. The pair of 10 mm2 electrodes produced 

a uniform electric field across the bulk tissue [9]. 

The vernier calliper provided a means to measure the thickness of bulk tissue (d) to enable the 

electric field to be determined. The coaxial cable delivering the pulsed fields to the electrodes is an 

RG214 50 Ω cable. 

 

Fig. 6.3. Parallel plate vernier calliper applicator/device 

6.2.3. Histology  

Histology was carried out to determine if the composition and structure of collagen and cellular 

effects within the liver differ after exposure to the nsPEFs. The aim of this was to support the hypothesis 

that nanosecond pulsed electric fields produce a superior clinical outcome. 

One tissue sample from each of the ten liver sites was used to produce a stained histology section 

slide. One section of each tissue was stained with Haematoxylin and Eosin and an additional section 

was stained with Picro-Sirius Red combined with Millers Elastin stain [8],[10]. 

All sections were scanned in their entirety and comments on any features of interest were noted 

and documented with representative photomicrography. This was then used to determine if the effect 
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of the applied pulses is irreversible, if any permanent cellular changes within liver tissue are observed, 

and the tolerance borders of the nsPEF delivered by the parallel plate applicator. Morphological and 

collagen/thermal effects of the nsPEF on liver tissue could also be determined [8],[10]. 

To appreciate the microscopic effects of the energy delivery it is important to consider a normal 

section of tissue as a control sample, which was the tenth site used in this pre-clinical, i.e., the tenth site 

was a control site where no nsPEF energy was applied [10]. 

For this section, Haematoxylin & Eosin stain will be referred to as H&E and Picro Sirius Red and 

Miller’s Elastin as PicMill. Haematoxylin stains the nuclei blue whilst Eosin stains the cytoplasm and 

surrounding cellular matrix pink. This allows for an in-depth analysis of the cellular morphology of the 

tissue and its reaction to the wound creation, coagulation and subsequent healing. Viewing the PicMill 

slides under polarised light causes birefringence of the collagen within the structure allowing for the 

analysis of the cellular structure. This also allows commentary on whether the energy delivery has 

altered this structure. 

6.3. Effect of nsPEF on In-vivo Bulk Tissue 

Classical electroporation is the application of controlled pulsed electric fields of around 100 µs 

pulse widths. This is now in use to perform a number of clinical procedures that have been approved 

and guidelines have been written by the National Institute for Health & Care Excellence (NICE) to 

endorse pulsed electric fields as a treatment of choice. The current clinical use of classical 

electroporation consists of two forms of treatment; irreversible electroporation (IRE) [12]-[25] and 

Electrochemotherapy (ECT) [26]-[31]. Where ECT is the combination of reversible electroporation 

with ionising or chemotherapy. The pulsed electric field treatment predominately consists of the 

following 100 µs pulsed electric field parameters. 

The intent of the preclinical is to deliver enough energy to produce IRE and ECT and steadily 

reduced this energy until no histological/cellular changes are observed. For simplification, it assumed 

that for a 240 ns pulsed electric field (PEF), with identical repetition frequency and electric field 

strength, it would require a total of 3,333 and 333,333, 240 ns pulses to achieve ECT and IRE 

respectively. The associated application time for delivering 3,333 and 33,3333 PEF of 240ns, with a 

repetition frequency (rate) of 50 Hz (20 ms), would be 67 seconds and 11 minutes and 11 seconds 

respectively. 

Table 6.2. shows the nsPEF parameters that were applied to each liver site. Pulsed electric fields 

of 248 ns in duration were applied to nine liver sites. The tenth site was a control site, where no energy 

was applied. 
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In sites one to six, the fast nsPEF electroporation system delivered a set number of 248 ns width 

pulsed electric fields at a repetition rate of 20 ms (50 Hz) with an amplitude in excess of 1 kV. At these 

sites, the electroporation system delivered the nsPEFs when triggered using the ‘Quantum Composers 

9520 Series Pulse Generator [34]’. For liver sites seven to nine, the fast nsPEF electroporation system 

was operating in its ‘continuous operation’ state, indicated by ‘*’ in Table 6.1, where no trigger pulses 

were required. 

Table 6.1. Pulsed electric field parameters for irreversible electroporation and electrochemotherapy clinical application [12]-

[31] 

Clinical 

Application 

Pulse Duration,  

t (µs) 

Number of 

Pulses, N 

Repetition Rate,  

f (Hz) 

Electric field 

Strength, E (V/mm) 

Total on-time of 

energy delivered, ton 

ECT  100 8 1 to 10,000 40 to 100 800 µs 

IRE 100 80 1 to 10,000 150 + 8 ms 

The ‘continuous operation’ state occurs when the output from the FS40 high voltage power supply 

unit (and therefore the voltage within the charged line) is equivalent to the total collector-emitter 

breakdown voltage (nBVCES) of the ten stacked avalanche transistors operating as the fast-switching 

element. In this configuration 10 x 320 V = 3200V. This continuous generation of nsPEF continues 

until the voltage level across the charged line is below the total collector-emitter breakdown voltage 

(nBVCES) of the stacked avalanche transistors. The repetition frequency of the continuous nsPEF is 

equivalent to the charging time of the coaxial line through the 1 MΩ resistor. Therefore, the nsPEFs are 

generated in a repeatable manner at a repetition rate of 5 ms (200 Hz). It is estimated that 200 pulses 

were generated by the fast nsPEF electroporation system per second under ‘continuous operation’ mode. 

The application time is when the pulses are applied to the tissue and when the voltage level across 

the charged line is equivalent to the total collector-emitter breakdown voltage of the stacked transistor 

switch. The estimated number of pulses applied to each site under this ‘continuous operation’ can be 

calculated as: 

𝑁 = 𝑓 𝑡𝑜𝑛 = 200 𝑡𝑜𝑛 (6.1) 

where N is the estimated number of pulses delivered to sites seven to nine, f is the associated 

charging frequency of the charged line (in this case 200 Hz), and ton is the application time of the pulsed 

fields. The number of nanosecond pulsed electric fields that were estimated are given in Table 6.2 and 

indicated by ‘*’.  

The values indicated by ‘+’ in Table 6.2 does not consider the potential energy and heat loss within 

the bulk liver tissue load due to natural heat dissipation within the tissue structure and the ‘cooldown’, 

or time interval between each applied pulse. The parameters presented here were calculated by 

evaluating the reflected voltage associated with the incident pulse, as shown in Fig. 6.6. The estimated 

energy delivered, and increased temperature experienced at each site is the estimated maximum values. 
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Table 6.2. Nanosecond pulsed electric field parameters applied to each liver site and calculated mean power and maximum energy delivered and calculated max mean rate temperature rise [32]-

[33] 

Site 

number 

Number of 

nsPEF, N 

nsPEF 

duration, t 

(ns) 

Repetition 

Rate (ms) 

Pulse 

Amplitude, 

V (V) 

distance between 

parallel plates,  

d (mm) 

Electric 

Field, E 

(V/mm) 

Estimated Load 

Impedance, ZL 

(Ω) 

Mean Power 

Delivered, P 

(mW) 

Maximum Energy 

Delivered, En (J) 

Max mean rate of 

temperature rise 

(K/second) 

1 500 248 20 (50 Hz) 1100 5.00 220.00 122 248 2.5 + 0.135 + 

2 1,000 248 20 (50 Hz) 1100 5.01 219.56 122 248 5.0 + 0.135 + 

3 2,500 248 20 (50 Hz) 1160 5.01 231.54 126 272 13.6 + 0.148 + 

4 5,000 248 20 (50 Hz) 1200 4.98 240.96 150 268 26.8 + 0.146 + 

5 10,000 248 20 (50 Hz) 1140 4.97 229.38 154 239 47.8 + 0.131 + 

6 500 248 20 (50 Hz) 1220 4.95 246.46 115 312 3.2 + 0.172 + 

7* 4,000* 248 5 (200 Hz) * 1460 4.93 296.15 128 1708 34.2 + 0.944 + 

8* 8,000* 248 5 (200 Hz) * 1560 4.93 316.43 140 1871 74.9 + 1.033 + 

9* 5,000* 248 5 (200 Hz) * 1620 4.93 328.60 148 1969 49.3 + 1.087 + 

10 0 0 0 0 4.92 0.00 N/A 0.00 0.00 + 0.00 + 

For site number seven the fast nsPEF electroporation system was activated for 20 seconds. As the delay line has a charging frequency of 200 Hz (200 

pulses per second) an estimated 4,000 pulses were delivered by the system into this site (N=f ton=200 x 20=4,000 pulses). For site number eight the system was 

activated for 40 seconds thus an estimated 8,000 pulses were delivered by the system into this site. For site number nine the system was activated for 25 seconds, 

thus an estimated 5,000 pulses were delivered by the system into this site. 

The amplitude of the nsPEFs delivered into liver sites seven to nine, is higher than that for sites one to six, as the fast nsPEF electroporation system is 

operating in its ‘continuous operation’ mode. In the ‘continuous operation’ mode (VCCmax = nBVCES) the voltage across the charged line is higher than in normal 

operation (nBVCEO < VCC > nBVCES). Therefore, the amplitude of the nsPEF, is s higher when the system operates in its ‘continuous operation’ mode than in 

normal operation mode. 
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The estimated electric field (6.2), load impedance (6.3), mean power (6.5) and energy delivered 

(6.6), and the mean rate of temperature rise (6.7) were calculated from knowing the distance between 

the electrode plate structure and the nsPEF parameters form the measured waveform captured by the 

oscilloscope and high voltage probe. 

The electric field, E, applied is calculated by (6.2). 

𝐸 =
𝑉

𝑑
 (6.2) 

where V is the amplitude of the incident pulse and d is the distance between the two plate or 

thickness of the bulk tissue. 

The estimated impedance of the bulk tissue, or load ZL, was calculated by equation (6.3). 

𝑍𝐿 =
Γ𝑍0 + 𝑍0

1 − Γ
 (6.3) 

where 𝑍0 is the impedance of the charged line, which is 50 Ω for the RG214 coaxial cable, and Γ 

is the reflection coefficient. The reflection coefficient is calculated in (6.4). The reflection coefficient 

is calculated from the amplitude of the incident nsPEF (forward signal), V+, and the amplitude of the 

secondary pulse (reflected signal), 𝑉−, as shown in equation (6.4). These figure where given by the 

captured nsPEF waveform across the load from the generator standpoint by utilising the oscilloscope 

and high voltage probe. The example of how the values V+ and V- are found from the captured waveform 

is shown in Fig. 6.5. 

Γ =
𝑉−

𝑉+
 (6.4) 

where 𝑉− is the amplitude of the secondary nsPEF (reflected signal) and 𝑉+ is the amplitude of the 

incident nsPEF (forward signal) from the applied pulse from the fast nsPEF electroporation system.  

The mean power can be calculated by (6.5) 

�̅� = 𝑃𝐷 (6.5) 

where the mean power, �̅�, is the power supplied to the bulk tissue load by the nsPEF produced by 

the fast nsPEF electroporation system. P is the DC Power (𝑃 =
𝑉+2

𝑍0
(1 − Γ2)) by knowing the 

amplitude of the incident pulse and the characterise impact of the charged line. And D is the duty cycle 

(𝐷 =
𝑡

𝑇
= 𝑡𝑓) that determined by the timing characterises of the nsPEF delivered.  

where V+ is the amplitude of the incident nsPEF (forward signal), 𝑍0 is the impedance of the 

charged line, Γ is the reflection coefficient of the system, t is the nsPEF duration, and T is the repetition 

rate or f the repetition frequency of the nsPEFs.  
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The total energy delivered into the bulk tissue from the 248 ns PEF delivered from the fast nsPEF 

electroporation system can be derived by the below equation 

𝐸𝑛 = 𝑁𝑃𝑡 (6.6) 

Where En is the energy delivered, N is the number of PEF applied, P is the DC Power and t is the 

pulse duration of the nsPEF (248 ns).  

Finally, the mean rate of the temperature elevation the bulk tissue experiences, ∆TMax, can be 

calculated using (6.7). This equation provides an estimate of the temperature increase experienced by 

the bulk tissue per second (K/second or °C/second). 

∆T𝑀𝑎𝑥 =
∆𝑇

𝑇
=

𝐸𝑛

𝑐𝑚 𝑇
=

𝐸𝑛

𝑐 𝜌𝑣𝑜𝑙 𝑇
=

𝐸𝑛

𝑐 𝜌 𝐴 𝑑 𝑇
 (6.7) 

where ∆T is the temperature rise per pulse (∆𝑇 =
𝐸𝑛

𝑐𝑚𝑇
) without considering temperature loss due 

to natural dissipation. En is the energy delivered into the tissue, and T is the repetition rate of the nsPEFs. 

The heat capacity (cm) is the mass (m) multiplied by the specific heat capacity (c) of the liver or other 

bulk tissue load.  

The specific heat capacity, c, of the liver is 3.6 J/g/K [35]-[36]. The mass of the liver where the 

nsPEFs are applied can be calculated by knowing the volume (vol) of the bulk tissue and the density (ρ) 

of liver. The mass, m, of each site can be calculated by knowing the volume, vol, and density, ρ, of the 

liver. 𝑚 = 𝜌 𝑣𝑜𝑙. The density (ρ) of the liver is approximately 1.02 g/cc [37]-[38]. The average heat 

capacity (cm) was found to be approximately 1.82 J/K.  

The volume, vol, of the liver load can be estimated by multiplying the application area (A) and the 

thickness of the bulk tissue (d) (𝑣𝑜𝑙 = 𝐴 𝑑). The application area, A is 100 mm2, the area of the parallel 

plate applicator (10 mm x 10 mm) and d is the liver thickness. The thickness (d) for each site is shown 

in Table 6.2.   

6.4. Histology Result 

The fast nsPEF electroporation system and associated device were able to induce irreversible (and 

possibly reversible) electroporation. This is based on the observed cellular changes within liver tissue. 

The electroporated cellular features were well demarcated from normal tissue, within close tolerance 

margins that relate directly to the sites where the instrument was positioned. Morphologically, the effect 

of treatment is limited to cells, and the collagen within the treated areas is unchanged from normal. 

The result from the pre-clinical can be summarised as follows [8], [10], [32]: 

1) All histopathological features of irreversible electroporation were seen in six out of the ten samples; 
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2) The effects were consistent throughout the samples in terms of cellular compromise; 

3) The breaching of the cytoplasmic membranes of cells within the planned treatment areas was 

obvious with the loss of integrity of those cells from the time of energy application; 

4) The treatment effects were restricted to the treatment application areas; 

5) There was no other collagen effect detected in any of the treated areas; 

6) There was no detectable heat-associated effect on collagen in any of the areas of tissue showing 

cellular compromise. This indicates a non-thermal treatment method; 

7) No apparent changes were observed on the subject’s ECG recording; 

8) No substantial and noticeable contractions and tightening/spasming of the subject muscles were 

observed; 

The detailed report on the histological effects and the overall performance of the fast nsPEF 

electroporation system are detailed in the histopathology study report [32]-[33]. 

6.4.1. Control Site, Site Number 10 

The micrographs shown in Fig. 6.4. were taken from the control site where the electroporation 

device clamp was placed in a position associated with the edge of the liver lobe. The tissue section 

examined here includes the full thickness of this control area where the clamp was applied. In the control 

case, the device clamps were placed into the liver at the same tension as in the treatment sites, but no 

energy was activated, as shown in Fig. 6.6. 

These micrographs show histologically normal tissue with no recognizable cellular changes or 

tissue alterations. The number and the distance of cells and the collagen present within the interlobular 

septae showed normal morphology and normal bi-refringence. The H&E stained and associated PicMill 

slides for the control site, site ten are shown in Fig. 6.4. 

6.4.2. Site Number 8 

Fig. 6.6 indicates the nsPEFs that were delivered into site eight resulted in the most positive 

histological outcome. The highest energy delivery was associated with this site. Additionally, the 

nsPEFs that were measured across a 50 Ω load and control (site 10) are shown in Fig. 6.5 for 

comparison. 
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Fig 6.4(a).  Liver Control, Site 10, H&E x20 Fig 6.4(c).  Liver Control, Site 10, H&E x100 Fig 6.4(e). Liver Control, Site 10, H&E x400 

   

Fig 6.4(b).  Liver Control, Site 10, PicMill x20 pol Fig 6.4(d). Liver Control, Site 10, PicMill x100 pol Fig 6.4(f). Liver Control, Site 10, PicMill x400 pol 

 

The voltage across the 50 Ω load, shown in Fig. 6.6, has minimum reflection since the 50 Ω load impedance (ZL) matches the 50 Ω impedance of the 

charged line (Z0), which results in a system reflection coefficient of approximately 0. In comparison, the voltage across the liver had a reflection since Z0 ≠ ZL. 
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Fig 6.5(a).  Liver Control, Site ten, H&E x20 Fig.6.5(c). Liver nsPEF Treated, Site eight, H&E x20 Fig.6.5(e). Liver nsPEF Treated, Site eight, H&E x400 

   
Fig 6.5(b).  Liver Control, Site ten, PicMill x20 pol Fig.6.5(d). Liver nsPEF Treated, Site eight, PicMill x20 pol Fig.6.5(f). Liver nsPEF Treated, Site eight, PicMill x400 pol 

 

Considering site number eight, 8,000 pulses of 248 ns in duration, with an incident pulse amplitude (V+) of 1,560 V, at a repetition rate of 5 ms (200 Hz) 

were applied over a period of 40 seconds. This implies that an electric field of 316 V/mm was applied across the 4.93 mm thick liver site.
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Since the incident voltage is 1,560 V, and the reflected secondary voltage is 740 V, the reflection 

coefficient is 0.47. The forward (V+) and reflected (V–) voltages of the nsPEF applied at site eight are 

shown in Fig. 6.6. This reflection coefficient suggests that the impedance of the tissue at this site is 

138.6 Ω and an estimated 74.8 J of energy was delivered into the tissue. From this, we can say that the 

bulk tissue experiences a temperature increase of 1 °C/s. This figure does not consider the expected heat 

dissipation during the time interval between each applied pulse. This calculation, in addition to the 

histological, results indicates that the application of the nsPEFs produces a non-thermal effect. 

 

Fig. 6.6. Pulsed electric field applied to sites eight (in ‘continuous operation’ mode), control site ten and across a 50 Ω 

load impedance. 

It should be noted that the energy applied at this site is larger than any energy applied at other 

tissue sites. Although the number of pulses delivered at this site, (8,000) is not as high as the 10,000, 

248 ns pulses delivered at site five, the amplitude is higher and the time interval between each applied 

pulse is shorter for site eight than for site five. 

The histological sections or micrographs shown in Fig. 6.5 compare the cellular content and the 

collagen matrix on the liver with and without exposure to the nsPEFs. Fig. 6.5 and Fig. 6.7 show that 

the affected areas are well-defined. The cells in the treated areas show well-known features of 

irreversible electroporation, including cytoplasmic membrane disruption resulting in loss of 

cytoplasmic organelles, loss of integrity of the cytoplasmic structure, some changes to the nuclear 

definition, alteration of the density of nuclear chromatin, and loss of all cellular separation. The effects 

were seen through the entire depth of the liver processed between the two plates of the applicator. This 

suggests that the instrument as configured for the applications in this study would be capable of 
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irreversibly electroporating a tumour of around 1.0 ml to 1.5 ml in volume. There was no effect 

detectable on the collagen structures in the treated area [8],[10],[32]. This is shown by comparing the 

PicMill slides at the control site in Fig. 6.5(b) and the PicMill slide at site eight in Fig. 6.5(d) and Fig. 

6.5(f). 

6.4.3. Cellular And Collagen Effects 

The electroporated cellular features were well demarcated from normal tissue, within close 

tolerance borders and related directly to the instrument application sites, as shown in Fig. 6.7. The 

electroporated site is lighter in colour with ‘empty’ nuclei features. The cellular effect is seen as a loss 

of cytoplasmic staining and “amalgamation” of cytoplasmic contents. Cytoplasmic membranes are not 

easily seen and outlining between cells is difficult to identify. Additionally, many nuclei show decreased 

nuclear content, but without detectable nuclear membrane alteration. The remaining content within 

these nuclei is appropriately stained and is appropriately in situ. This is illustrated in Fig. 6.7 [8], [10], 

[32].  The associated cellular changes in the nuclei cells strongly suggest that an irreversible 

electroporation effect has occurred and that morphologically, the effect of treatment is limited to cells. 

The nuclei of some cells were unchanged, yet they could have experienced reversible electroporation, 

as shown in Fig. 6.7(c).  

  
Fig. 6.7(a) Liver Treated H&E x20 [11] slide: P00177-01 Fig. 6.7(b) Liver Treated H&E x40 [11] slide: P00177-01 

  
Fig. 6.7(c). Liver Treated H&E x400 [11] slide: P00177-01 



Chapter IV. Fast nsPEF Electroporation System – Pre-Clinical Investigation  

 

 
231 

The cellular effect is seen as a loss of cytoplasmic staining and “amalgamation” of cytoplasmic 

contents. Cytoplasmic membranes are not easily seen, and delineation between cells is difficult to 

identify. Additionally, many nuclei show decreased nuclear content but without detectable nuclear 

membrane alteration. The remaining content within these nuclei is appropriately stained and is 

appropriately in situ.  There was no effect detectable on the collagen structures anywhere in the treated 

area. These features are shown in Fig. 6.6 and Table 6.4 [8], [10], [32]. 

6.4.4. Nanosecond vs Microsecond Pulsed Electric Fields 

During the pre-clinical, there were no clinically relevant changes observed on the subject’s ECG 

recording. A change of three beats was observed in the subject’s heart rate during the whole nanosecond 

electroporation investigation. The changes observed in the subject’s ECG status were less during this 

investigation than was observed in an endoscopic procedure investigation that was conducted on the 

same subject before this nanosecond electroporation investigation [8].   

A literature review performed to look at current products on the market in the field of classical 

electroporation, using µsPEFs highlighted the need to synchronise the pulses with the patient’s heart 

rate. Classical electroporation requires synchronisation with the patient/subject as the pulses can affect 

the patient’s cardiac rhythm (arrhythmia) [39]-[41]. This is because the electroporation threshold 

associated with 100 µs PEF is larger than the electrostatic threshold of a human body. The 

electroporation threshold is when the induced membrane voltage is exceeded due to electric stimulation 

(electric field magnitude exceeds a threshold, |E⃗⃗ | > EThEP
→ EP). While electrical stimulation is the 

artificial triggering of action potentials by the delivery of the electrical stimulation (when the gradient 

of electric field magnitude exceeds a threshold, 
∂|E⃗⃗ |

∂τ
> EThES

→ E) [39]-[43]. The need for 

synchronisation is eliminated with the application of nsPEFs due to the threshold associated with 

nanosecond electroporation is shorter than the electrostatic threshold of a human body due to the shorter 

pulse widths and higher frequency associated with nsPEFs in comparison to µsPEFs [39]-[43]. 

No noticeable contractions and tightening, or spasming, of the subject muscles were observed using 

nanosecond pulses. Muscle spasm has been observed through the application of conventional 

electroporation, and the patient normally requires muscle relaxant even, when under general anaesthesia 

[39]-[43]. This indicates another advantage of nsPEFs in comparison to µsPEFs as a clinical procedure. 

6.4.5. Nanosecond Pulsed Electric Fields vs Microwave Energy  

A comparison study was performed to compare non-thermal nanosecond pulsed field ablation to the 

application of 5.8 GHz microwave energy, using a Creo Medical thermal ablation device, compromising 

of a monopole antenna tunned to deliver microwave energy into biological tissue at 5.8 GHz over a  
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broad range of tissue impedances. The effects from this device include cellular coagulation,  and collagen degradation beyond the ablation area, in addition to 

some extravasation effect that defines the edge of the energy dissipation effects [44]-[45]. 

Table 6.3. Collagen effect comparison between nanosecond pulsed electric field and microwave energy 

Liver Control 

Study Report: 210323 EP1 (Site 2) [11] 

248 ns pulsed electric field 

Study Report: EP4 (Site 8) [11] 

5.8 GHz Microwave Energy, Study Report: 

200716 monopolar antenna [44] 

5.8 GHz Microwave Energy. Study Report: 

22.02 Creo Strasbourg (Site 39 and 42) [45] 

 

Fig. 6.8(a). PicMill x20 pol 

 

Fig. 6.9(a). PicMill x20 pol 

 

Fig. 6.10(a). PicMill x20 pol 

 

Fig. 6.11(a). Site: 39, PicMill x20 pol 

 

Fig. 6.8(b). H&E x20 

 

Fig. 6.9(b). H&E x20 

 

Fig. 6.10(b). H&E x20 

 

Fig. 6.11(b). Site: 39, H&E x20 
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With the application of sufficient nsPEF energy, morphologically speaking, the effect of nsPEFs is limited to cells and the effect was demarcated from 

normal tissue within close tolerance borders and related directly to the position of the parallel plate applicator. Concerning the effect of the energy on Collagen, 

microwave energy degrades collagen, whilst the collagen within the area treated using nsPEFs was unchanged from the normal [44]-[45].  

Table 6.3. Collagen effect comparison between nsPEF and microwave energy 

Liver Control 

Study Report: 210323 EP1 (Site 2) [11] 

248 ns pulsed electric field 

Study Report: EP4 (Site 8) [11] 

5.8 GHz Microwave Energy, Study Report: 

200716 monopolar antenna [44] 

5.8 GHz Microwave Energy. Study Report: 

22.02 Creo Strasbourg (Site 39 and 42) [45] 

 

Fig. 6.8(c). PicMill x100 pol 

 

Fig. 6.9(c). PicMill x100 pol 

 

Fig. 6.10(c). PicMill x20 pol 

 

Fig. 6.11(c). Site: 42, PicMill x20 pol 

 

Fig. 6.8(d). H&E x100 

 

Fig. 6.9(d). H&E x40 

 

Fig. 6.10(d). H&E x20 

 

Fig. 6.11(d). Site: 42, H&E x20 

 

 These findings indicate that affected cells are limited to the area of the applicator and so it can be said that nsPEFs produce precise non-thermal tissue 

effects. This conclusion is illustrated by comparing the collagen (PicMil slides) and cellular (H&E slides) micrographs given in Table 6.3 and Table 6.4. The  
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PicMil or collagen images for control shown in Fig. 6.8 are indistinguishable from the PicMil, or 

collagen micrographs shown in Fig. 6.9 following exposure of the nsPEFs to the in-vivo live model. 

Fig. 6.10 and Fig. 6.11 in Table 6.3 show the degradation of collagen following exposure to thermal 

microwave energy. 

Table 6.4. Comparison effect of nsPEF Energy vs Microwave Energy on Liver 

Observations and 

effects 

270 ns pulsed electric field with parallel plates 

applicator 

5.8 GHz Microwave with Creo Medicals 

monopolar antenna 

Collagen 
Collagen within the treated areas is unchanged 

from normal 

Degradation and ablation (Minor loss of 

brightness in the sections viewed using 

polarised light) 

Cellular Changes 
Morphologically, the effect of treatment is 

limited to cells. 
Cellular coagulation and collagen alteration 

Treatment Effect 

Cellular features were well demarcated from 

normal tissue, within close tolerance borders 

and related directly to the instrument application 

sites. 

Deep margins of the ablation effect that expands 

further than the application site. Some 

extravasation defining the edge of the energy 

dissipation effects 

Thermal Effect 
Non-thermal. Treated area temperature does not 

rise above body temperature (37 °C) 

Thermal Treated area temperature rises above 

body temperature (37 °C) to at least 46 °C 

6.5. Pulsed Electric Field Delivery into Bulk Tissue  

The fast nsPEF electroporation system developed in this work delivered pulses of 248 ns duration, 

with amplitudes in excess of 1 kV to each liver site.  

Fig. 6.12 and Fig. 6.13 show the nsPEFs delivered into each site using the fast nsPEF 

electroporation system in its normal and ‘continuous operation’ mode respectively. The profile of the 

nsPEFs delivered into each liver site was identical. This suggests the fast nsPEF electroporation system 

can deliver consistent nsPEFs into bulk tissue. 

The amplitude of the nsPEFs delivered into the bulk tissue was larger when the system was 

operating in its ‘continuous operation’ mode, i.e., 1.5 kV (as shown in Fig. 6.13), compared to 1.1 kV 

nsPEF amplitude (as seen in Fig. 6.12) when the system was operating in its normal mode of operation 

where the unit is externally triggered. This is because of the higher voltage across the charged line (VCC) 

required to operate the system in its ‘continuous operation’ mode. In the ‘continuous operation’ mode 

VCC = nBVCES while the voltage across the charged line in normal operation is between the two total 

collector-emitter voltage values i.e., nBVCEO < VCC > nBVCES. 

Taking into account the reflection of the incident 248 ns pulses, it is possible to estimate the mean 

power and energy delivered, the increase in temperature of the bulk tissue and the impedance of the 

bulk liver tissue. The results from this analysis are given in Table 6.2. 
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Fig. 6.12. nsPEF applied to sites 1 to 6 and control (site 10) with the fast nsPEF electroporation system operating in 

normal mode. 

The ability to estimate the tissue impedance based on the associated reflections from the applied 

nsPEFs could provide an extra modality for the fast nsPEF electroporation system in its next iteration. 

The next iteration of the fast nsPEF electroporation system could provide the ability to measure the 

impedance of bulk tissue as a function of non-thermal ablation to determine when cells have been 

destroyed. From observing the nsPEF waveform and associated reflection from each site, the average 

impedance of the liver tissue is calculated as approximately 134 Ω. 

From these results, it can be said that the in-vivo testing of the fast nsPEF electroporation system 

produced some very positive outcomes in terms of observed macroscopic and microscopic tissue 

effects. This system serves as an effective prototype for the continuous proof-of-concept work to 

determine clinical applications of nsPEFs as an alternative energy source; in particular as a possible 

alternative cancer treatment method. 

A suggested change for the next iteration of the fast nsPEF electroporation system is to replace the 

50 Ω co-axial delay line with a tapered microstrip line that has an associated delay time of 124 ns (2T 

= 248 ns) and impedance of approximately 134 Ω. This would result in a more compact system that 

would be desirable for clinicians as it would eliminate the need for the external 24.8 m long coaxial line 

for the generation of 248 ns. The use of a 134 Ω tapered microstrip charged line would reduce the 

reflection coefficient to produce a better match with the liver tissue load. This change would result in 
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fewer pulses required to produce the same histological effects observed in this work and a reduction in 

treatment time. 

 

Fig. 6.13. nsPEF applied to sites 7 to 9 and control (site 10) with the fast nsPEF electroporation system operating in 

‘continuous operation’ mode. 

6.6. Conclusion 

After reviewing the histopathology from the latest pre-clinical, it can be concluded that the 

application of 248 ns PEFs produced by the fast nsPEF electroporation system and associated applicator 

developed in this work was able to irreversibly (and possibly reversibly) electroporate bulk liver tissue. 

Histopathological features of irreversible electroporation were seen in six out of ten samples, and 

the histological effects were consistent throughout the samples in terms of cellular compromise. The 

study suggests that maximum energy of 10 Joules is required to cause irreversible electroporation of 

liver tissue. This indicates that the effect of irreversible electroporation is dependent on the energy 

delivered into the tissue load [42]-[43]. It may also be stated that reversible electroporation could have 

occurred in all sites where nsPEFs were applied. A method of investigating reversible electroporation 

in a pre-clinical setting is required for future evaluation of nsPEFs to identify the threshold where the 

reversible effect of the pulses becomes irreversible using nanosecond electroporation. 

Morphologically, it has been shown that the effect of treatment is limited to cells. The breaching 

of the cytoplasmic membranes of cells was restricted to the treatment application areas with obvious 

loss of integrity of those cells from the time of energy application. Collagen within the treated areas 

was unchanged from normal (control site), as shown in Table 6.3. This result indicated that there were 
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no detectable heat associated effects on the collagen in any of the areas of tissue that indicated cellular 

compromise. Therefore, it can be concluded that the irreversible electroporation demonstrated in this 

work provides a method of non-thermal tissue ablation.   

This pre-clinical work has shown that slow charging and rapid discharging of a charged line with 

a stack of avalanche transistors is a design that is capable of delivering consistent and sufficient nsPEF 

energy into a bulk tissue load. Fig. 6.12 and Fig. 6.13 illustrate this. However, these figures also show, 

as theory suggests, that the system is sensitive to load impedance, and this is highlighted by the 

associated pulse reflections that follow the incident 248 ns applied pulsed electric field. It is also 

suggested that these reflections have minimal effect on the histological outcomes from the application 

of the 248 ns pulses applied to the liver using the fast nsPEF electroporation system and associated 

device. As suggested above, the measurement of the reflected pulses may be used to provide information 

on the state of the non-thermal ablated tissue. 

This pre-clinical investigation has indicated that the load impedance of a liver bulk tissue is 

approximately 134 Ω. Therefore, for better matching to provide a reduction of the reflected voltage, 

thus effective energy delivery, a suggested adjustment is to increase the delay line impedance from 50 

Ω to 134 Ω. This may be achieved by fabricating a tapered microstrip printed circuit board (PCB) delay 

line with an associated delay time of approximately 124 ns (2T = 248 ns). 
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CHAPTER VII. SUMMARY, CONCLUSION & FUTURE WORK  

7.1. Summary 

This work contributes to the field of electroporation; in particular the generation of high voltage 

nanosecond pulsed electric fields (nsPEFs) to treat cancer. The focus of this work was on the design, 

development and validation of a slow and fast nsPEF electroporation system for potential clinical 

applications. The introduction chapter justified nsPEFs as a research topic and the motivation to 

progress the field and increase available nsPEF electroporation systems available for clinical research.  

An overview of the relevance of electroporation, both in the microsecond (µs) and nanosecond 

regime (ns), and clinical applications were presented in the second chapter. Specifically, details 

regarding electrochemotherapy (ECT), reversible, irreversible (IRE), and nanosecond electroporation 

(nsEP) were included. Additionally, a literature review of the various technologies and methods of 

generating high voltage nsPEFs was presented. The advances in high power fast switching 

semiconductor devices have been a key enabler in the development of the slow and fast nsPEF 

electroporation systems. The key considerations in selecting the appropriate technology for the 

development of the nsPEF electroporation systems were highlighted in this chapter.  

The literature search concludes that clinical applications of pulsed electric fields in a growing 

research field, especially for nanosecond pulsed electric fields. At the time of writing this thesis, no 

commercial nanosecond electroporation systems were available. Advancements in semiconductor 

power transistors have resulted in the commercial availability of electronic components that are capable 

of switching high voltages, in excess of a kilovolt (kV), with transition times in the nanosecond (ns) 

and even picosecond (ps) regime. Furthermore, advancements in microwave transmission lines and 

connectors have resulted in their capability to operate at high frequency with high voltage handling 

capability. 

The first work chapter describes the design, development and evaluation of the slow nsPEF 

electroporation system in electrical and biological terms. Chapter 3 describes the design and 

development of a push-pull configuration of a power metal-oxide-semiconductor field-effect transistor 

(MOSFET)-based electroporation system that was optimized to generate 100 ns to 300 ns pulsed electric 

fields (PEFs) with amplitudes in excess of 1 kV, across a 50 Ω load impedance. This chapter also 

contains the electrical verification and validation (V&V) of the slow electroporation system. This work 

includes the evaluation of the nsPEF electroporation system delivering energy across a 50 Ω load, as 

well as any other representative load impedances.  
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Chapter 4 describes the in-vitro investigation conducted using the slow nsPEF electroporation 

system. Investigations performed included the permeability, viability, and thermal cellular effects 

caused by the applied nsPEFs on the D283 medulloblastoma cell line population. 

The second work chapter describes the design, development and evaluation of the fast nsPEF 

electroporation system.  Chapter 5 describes the design and development of a nsPEF electroporation 

system designed to generate nsPEF of 10 ns to 300 ns in duration, with pulse amplitude in excess of 1 

kV with sub-nanosecond rise and fall times. The system design is based on the relatively slow charging 

and rapid discharging of an open circuit coaxial transmission line, through a stack of avalanche 

transistors that operates as a fast-switching element. This chapter also includes the evaluation of the 

nsPEF electroporation system performance in terms of the generation of pulsed electric fields of 

duration from 10 ns to 300 ns across a 50 Ω load impedance.  

Chapter 6 discusses the pre-clinical investigation (in-vivo study) carried out by applying 

nanosecond pulsed electric fields to bulk porcine liver. This includes histology to look at the effect on 

cells and the collagen matrix. The results indicated irreversible (and possibly reversible) cellular 

changes. This work used Haematoxylin & Eosin and Picro Sirius Red and Miller’s Elastin staining to 

investigate any morphological, collagen and cellular changes that occurred due to the nsPEFs. 

7.2. Conclusion 

The work presented in this thesis is a direct contribution to the European Union’s Horizon 2020 

Framework Program FET OPEN funded project called ‘Semiconductor-based Ultrawideband 

Micromanipulation of CAncer STEm Cells’ (SUMCASTEC). SUMCASTEC was set up to explore 

explores a radically new approach for real-time isolation (i.e., within minutes vs current 40 days) and 

neutralization of cancer stem cells. The work presented in this thesis concentrates on the neutralization 

aspects of this project. This work successfully met the specified research objectives set out at the 

beginning of the research program which was focused on the design and development of nsPEF 

electroporation systems. The primary focus of this work was to support both in-vitro and in-vivo 

investigations on the clinical effects of nsPEF on suspended cells and bulk tissue as part of 

SUMCASTEC. The nsPEF electroporation systems aimed to neutralize or treat, aggressive brain 

tumours, in particular Glioblastoma and Medulloblastoma, through the delivery of nsPEF energy in a 

non-thermal manner. This was achieved.   

Slow nsPEF Electroporation System 

The slow nsPEF electroporation system design was operated through the fast-switching of Silicon 

Carbide (SiC) power MOSFETs in a push-pull configuration. Chapter 3 demonstrated that the system 

could produce a specific number of nsPEFs from 100 ns to 300 ns in duration, with amplitudes in excess 
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of 1 kV, at various repetition frequencies across 50 Ω and above load impedances. The key parameters 

associated with the slow nsPEF electroporation system are highlighted in Table 7.1.  

The slow nsPEF electroporation system enabled data on D283 Medulloblastoma cell populations 

suspended in a 50 Ω cell line environment to be obtained. The initial results indicated that the SiC 

MOSFETs connected in a push-pull configuration for the generation of nsPEF are able of controlled 

non-thermal irreversible nanosecond electroporation, or neutralization, of cancerous cell-line 

populations that are enriched in cancer stem cells when 20x 300 ns PEFs of 1.4 kV/mm were delivered. 

Table 7.1. The slow nanosecond pulsed electric field electroporation system pulse parameters 

Parameters Minimum Maximum Determined by 

Pulse Duration       

(ns) 
80 1,000 

the gate driving signal from the microcontroller and driver 

circuit 

Amplitude            

(V) 
250 1,400 the FS40 high voltage power supply unit 

Repetition Rate 

(Hz) 
1 50 

the gate driving signal from the microcontroller and driver 

circuit 

The Number of 

Pulses Generated 
1 

1,000 or 

continuous 

the gate driving signal from the microcontroller and driver 

circuit 

Rise / Fall Time 

(ns) 
35 

the MOSFETs rise time and gate-source current available to 

charge the gate-source and gate-drain capacitors  

Fast nsPEF Electroporation System 

The fast nsPEF electroporation system design is based on the relatively slow charging and rapid 

discharging of an open circuit coaxial transmission line through a stack of avalanche transistors 

operating as a fast-switching element. Work chapter II showed that the system can produce a user-

specified number of nsPEFs from 10 ns to 300 ns in duration, with amplitudes in excess of 1 kV, at 

various repetition frequencies up to 1 kHz (limited by the transmission line length used) across a 50 Ω 

load impedance. The key parameters associated with the fast nsPEF electroporation system are 

highlighted in Table 7.2. This work showed that a 10 ns PEF with an amplitude of 2.5 kV was generated 

by stacking 20 transistors configured as a fast-switching element.  

The fast nsPEF electroporation system was shown to be suitable for delivering high voltage 

nanosecond pulsed electric fields into porcine liver tissue in an in-vivo preclinical setting. The pre-

clinical performed as a part of this work confirmed that the system has potential beneficial clinical usage 

due to the demonstrated ability to selectively destroy cells without causing damage to the collagen 

matrix within bulk tissue. This system was able to non-thermally irreversibly (and possibly reversibly) 

electroporate in-vivo cells, causing associated cellular changes within liver tissue. The electroporated 

cellular features were well demarcated from normal tissue and regions of cellular apoptosis-related 

directly to the instrument application sites. Morphologically, the effect of treatment was limited to cells 
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and the collagen within the treated areas was unchanged from normal, therefore indicating non-thermal 

ablative effects. 

Table 7.2. The fast nanosecond pulsed electric field electroporation system pulse parameters 

Parameters Minimum Maximum 
Incremental 

increase 
Determined by 

Pulse Duration (ns) 10 300 10 the transmission line length 

Amplitude (V) 100 2,500 100 
the number of avalanche transistors in the 

stack 

Repetition Rate 

(Hz) 
1 1,000 1 

the charging and discharging times 

associated with the coaxial line 

The Number of 

Pulses generated 
1 

1,000 or 

continuous 
1 the input trigger signal 

Polarity 
Positive, negative or simultaneous generation of 

positive and negative pulses 

the location of the load between the charged 

line and the ground plane of the system 

Rise / fall time (ns) < 1 
The avalanching time associated with the 

FMMT417  

The conclusion from developing the slow and fast nanosecond pulsed electric field electroporation 

systems and the associated biological investigations carried out to date using these systems is that circa 

1kV nanosecond duration pulsed electric fields have the potential to non-thermally ablate cancerous 

tumours. Histological evidence from the pre-clinical studies indicates advantages over microsecond 

pulsed electric fields (µsPEF) and other traditional treatment options. 

This work has provided the necessary evidence for Creo Medical Ltd to conduct a future study to 

demonstrate the feasibility of nsPEF energy modules as a means of non-thermal clinical treatment for 

cancers. Future work aims to build upon the tangible proof of concept work carried out through this 

research. The non-thermal aspect of the nsPEF systems has the potential to lead to the development of 

an electrosurgical system and devices for use in routine clinical practice to treat deep-seated tumours in 

difficult-to-access anatomical locations or sensitive structures that are sensitive to elevated 

temperatures. Organs such as the brain, head and neck, lung, pancreas, bladder and so forth are possible 

organs that could benefit.  

In conclusion, the slow and fast nsPEF electroporation systems developed in this work were proven 

to be useful instruments in the field of nsPEF research. By supporting a wide range of energy delivery 

protocols (pulse width, repetition frequency, number of pulses, and amplitude) it was possible to define 

the optimal pulsed electric field parameters for successful non-thermal neutralization of cancer cells 

and cancer stem cells. 
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7.3. Future Work 

To become a commercial system, or a system that could be used to carry out a clinical study on 

human tissue, these prototype systems, the slow and fast nsPEF electroporation system requires further 

development. 

At the time of designing and developing the slow nsPEF electroporation system, Wolfspeeds’s 

C2M1000170D SiC power MOSFETs driven by Toshiba’s TLP352 photocouplers were the best-suited 

components for the generation of the nanosecond pulsed electric fields. Advancements in 

semiconductor technology since this work have resulted in the availability of alternative power 

MOSFETs with faster rise times and lower drain-source ON-resistance, and higher current gate drivers 

to efficiently drive said MOSFETs. An example of these devices is Infineon’s IMBF170R650M1 SiC 

MOSFET and the 1ED3124MU12H isolated gate driver integrated circuit. Replacing the 

C2M1000170D SiC MOSFETs and the TLP352 Photocouplers with these components with minimal 

circuitry adaptation would result in the possibility of optimizing the slow nsPEF electroporation system 

to generate higher voltage pulses with faster rise and fall times.  

Suggested future work for the fast nsPEF electroporation system includes implementing a 

microcontroller, graphical user interface (GUI), internal power supply units (PSUs) and integration of 

a variable, or fixed, transmission line or delay line design within the unit. Following analysis of the 

histological effect of the application of a 248 ns pulsed electric fields of 1.2 kV in amplitude into liver 

tissue, a fixed microstrip charged line with an associated delay time of 125 ns (generation of pulses of 

250 ns in duration) and characteristic impedance of 130 Ω would be best suited for next iteration of the 

fast nsPEF electroporation system for pre-clinical and clinical evaluation. 
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APPENDICES 

Appendix I - Review of Fast High Voltage Pulse Circuits 

a) Marx Generators 

The Marx generator topology is an example of a high voltage pulser. Originally, it was designed 

to test high voltage components used in power grids. The circuit produces high voltage pulses from a 

low-voltage direct current (dc) supply. This topology has been adopted for pulsed electric field (PEF) 

generation [1]-[7].  

Technology Structure and Operation 

Marx topology shown in Fig. I.1, is based on stacking stages of circuits comprising an energy 

storing capacitor (C) a resistor (R) and a switch (S) in series. The stages are charged in parallel from a 

dc power supply (VCC) and discharged in series across a load (ZL) when the switches are triggered [1]-

[7]. 

 
Fig. I.1 Marx generator topology for pulsed electric field generation [1] 

The novelty of the Marx generator is to generate a high voltage source and the nanosecond pulsed 

electric field (nsPEF) timing parameters of the design would be selected by the switching element 

implemented. The switches used in the Marx topology can consist of a range of switch types, varying 

from relays to semiconductor-based switches. One popular switch choice used in Marx generator is the 

spark gap switch, yet semiconductor switches are becoming more popular. The capacitors are fully 

discharged, creating a decaying capacitive discharge PEF, where the PEF current and voltage are high. 

For this design, the pulse repetition frequency is in the order of several hertz (Hz) as the circuit relies 

on the charging time of the capacitors at each stage [1]-[7]. 

The output voltages are determined by the breakdown voltage of the switching element 

implemented and the number of stages. The charging voltage can reach tens or possibly hundreds of 

kilovolts (kV), allowing a PEF of high amplitude in the kV range, as high as 50 to 100 kV to be 

produced. However, devices in the range of 1 to 6 kV are common in the application of electroporation 

(EP) [1]-[7]. 
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The Marx topology shown in Fig. I.1, can be adapted to produce bipolar pulses. Bipolar nsPEF 

generation provides another nanosecond electroporation (nsEP) research and clinical application 

opportunity. The Marx can be enhanced by a half-bridge and/or full-bridge topology for the generation 

of bipolar nsPEF, as shown in Fig. I.2 [1]-[7].  

In both cases, the half and full-bridge topology can produce positive and/or negative PEFs. 

However, the half-bridge topology has limitations in operation with capacitive-type loads. The increase 

in the number of switches in a full-bridge design provides additional operational flexibility similar to 

the direct capacitor discharge topology in Fig. I.1. To improve the pulse control, and amplitude, several 

half-bridge or full-bridge pulse forming circuits can be stacked in a modular approach using the Marx 

generator topology to enable the generation of bipolar pulses with higher voltage amplitude [28], [1]-

[7]. Nonetheless, the capacitor discharge of a Marx circuit, in a traditional half or full-bridge design 

limits the switching dynamics and pulse repetition frequency of the PEFs generated to the 

microseconds.  

The operation of a Marx-generator in conjunction with a half-bridge circuit is seen in Fig. I.2(a). 

A positive pulsed electric field will appear across the load by operating switch S1, and an inverse pulse 

would be produced through the operation of switch S2. The timing specification of the nsPEF generated 

would be determined by the switching element implemented.  

The general concept of a Marx-generator in a full bridge circuit, as seen in Fig. I.2(b), alternates 

the polarity of the pulse across the load (ZL) by operating two switches at a time. A positive pulsed 

electric field will appear across the load by the operation of switches S1 and S4. The polarity of the 

voltage across the load will be changed to a negative polarity y operating S2 and S3 simultaneously. The 

timing specification of the nsPEF generated would be determined by the switching element 

implemented with identical transition (rise and fall times) times. An example of a potential switching 

element for Marx generator designs is the use of Metal-Oxide-Semiconductor Field-Effect Transistors 

(MOSFETs).  

  

(a) (b) 

Fig. I.2. Marx generator topology for bipolar pulsed electric field generation (a) half-bridge (b) full bridge [1]. 
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The power is dissipated, and the voltage is dropped across each switching stage in a Marx bank 

configuration is dependent on the breakdown voltage of the switching element used. With a MOSFET 

switching element, the maximum voltage and power at each stage of the Max generator, Fig. I.3(a), 

would be limited to a MOSFETs drain-source breakdown voltage (BVDS). An example of the voltage 

drops and power dissipation of a Marx generator with a switching element of various specifications can 

be shown below in Fig. I.3(b) to Fig. I.3(d).  

 

(a) 

   

(b) (c) (d) 

Fig. I.3. A switching element in a Marx bank generator (a) basic circuit and equivalent circuit with various circuit 

specification parameters (b) R(on) = 2 Ω, ZL = 100 Ω (c) R(on) = 0.1 Ω, ZL = 100 Ω (d) R(on) = 2 Ω, ZL = 10 Ω 

Table I.1. illustrates the power dissipation and the voltage drop across each component, the load, 

(ZL) and the switching elements (R(on)). The lower the load impedance the lower the amplitude across 

the load and the higher the voltage drop across the switching element (Vdrop) and therefore the power 

that needs to dissipate by the switching element. In retrospect with a switching element, the change in 

the ON-resistance of a switching element (R(on)) or drain-source ON-resistance of a switching element 

such as a MOSFET (RDS(on)) or has minimum changes in the voltage across the load (compare Fig. I.3(b) 

to Fig. I.3(c)), yet it significantly increases the voltage drop and power dissipated across the switching 

element.  
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Table I.1. Power dissipation and voltage drop across a switching element in a max generator topology and with various 

circuit load (ZL) and ON-resistance (R(on)) 

Circuit VCC (V) ZL (Ω) R(on) (Ω) VL (V) ID (A) PL (W) Vdrop (V) Pdis (W) 

Fig 2.14 (b) 100 100 2.0 98.04 0.98 96.12 1.96 1.92 

Fig 2.14 (c) 100 100 0.1 99.90 1.00 99.80 0.10 0.10 

Fig 2.14 (d) 100 10 2.0 83.33 8.30 694.44 16.67 138.89 

where the voltage drop across a switching element is 𝑉𝑑𝑟𝑜𝑝 = (
𝑅(𝑜𝑛)

𝑍𝐿+𝑅(𝑜𝑛)
)𝑉𝑐𝑐. The power dissipated 

across a switching element is 𝑃𝑑𝑖𝑠 =
𝑉𝑑𝑟𝑜𝑝

2

𝑅(𝑜𝑛)
. The voltage dropped across a load (ZL) is 𝑉𝐿 =

(
𝑍𝐿

𝑍𝐿+𝑅(𝑜𝑛)
)𝑉𝑐𝑐. The current through a load is 𝑖𝑑 =

𝑉𝐿

𝑍𝐿
. And the Power dissipated across a load is 𝑃𝐿 =

𝑉𝐿
2

𝑍𝐿
= 𝑖𝑑𝑉𝐿. Were VCC is the power supply voltage at that Marx single stage, Vdrop is the voltage drop 

across a switching element, R(on) is the ON-resistance of the switching element, ZL is the load 

impedance, Pdis is the power dissipated across the switching element, VL is the voltage across the load, 

id is the current through the circuit and PL is the power dissipated by the load. 

b) Charged Transmission Line 

Charging and discharging of a transmission line can form the basis of a pulse-forming circuit. This 

is a common type of circuit topology for the generation of high voltage nsPEF with durations less than 

100 ns duration.  

Technology structure and operation 

The nsPEF is generated through the discharging of a transmission line that functions as a storage 

element. A rectangular pulse is formed by the discharging of an open-ended delay line, such as a coaxial 

transmission line cable, of a specific length (l) and associated delay time (T), and characteristic 

impedance (Z0) through a switch (S) that determines the rise-time of the PEF generated [1]-[2], [8]-

[13]. 

The principle of discharging a charged transmission line to generate nsPEF is illustrated in Fig. 

I.4.  In operation, a transmission line, that is open-circuited at its distal end, is charged to the level of 

the power supply (VCC) through a high impedance resistor (RC). A rectangular nsPEF is generated by 

discharging the charged open-circuit transmission line through a load (ZL) by closing a switching 

element (S) that has no switch bouncing or is a mercury-wetted relay. Closing the switching element 

produces a symmetrical pulse across the load with an amplitude of VL, which is half the value of the 

voltage the charged line was charged to (
𝑉𝐶𝐶

2
) of a duration that is twice as large as the associated delay 

time of the transmission line (2T). This is true providing that the characteristic impedance of the 

transmission line (Z0) matches the load impedance (ZL) i.e., Z0 = ZL, and that the charging resistor (RC) 
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is much greater than the characteristic impedance of the transmission line (Z0) i.e. (RC >> Z0). To ensure 

that Z0 dominates the value of Z0 is 50 Ω and Rc is 1 M Ω. Therefore, the total impedance is 𝑍Σ =

𝑅0𝑍0

𝑅0+𝑍0
=

50 x 1x106

50+1x106 =
50𝑥106

~106 ≈ 50Ω.  

  
(a) (b) 

Fig. I.4. Principal operation of generating pulsed electric fields through the discharging of a charged transmission line (a) 

pulse forming circuit (b) pulsed electric fields waveform principle [1] 

The transition time of the nsPEF depends primarily on the properties of the switching element [1].  

𝑇 =
𝑙√𝜀𝑟

𝑐
 (I.1) 

A transmission line associated delay time, T, is dependent on the transmission lines length (l) and 

the dielectric constant (εr) of the dielectric used to separate the two conductors that form the 

transmission line. Where c is the speed of light (3x108 m/s). 

The nsPEF amplitude and shape rely on the matching between the characteristic impedance of the 

transmission line (Z0) and the load impedance (ZL). The pulse shape is dependent on the voltage 

reflection coefficient (Γ) between Z0 and ZL (I.2). While the amplitude is dependent on the potential 

divider relationship between Z0 and ZL (I.3) [130]. Fig. I.5 demonstrates the equivalent circuit 

relationship between Z0 and ZL resulting in equations (I.2) and (I.3). 

Γ =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
 (I.2) 

𝑉𝐿 = (
𝑍𝐿

𝑍𝐿 + 𝑍0
)𝑉𝐶𝐶 (I.3) 

where Γ is the voltage reflection coefficient, Z0 the characteristic impedance of the transmission 

line, ZL is the load impedance, VCC is the voltage the transmission line is charged to from a power supply 

unit, and VL is the voltage across the load. 
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Fig. I.5. Equivalent circuit representing the relationship between the characteristic impedance of the transmission line (Z0) 

and load impedance (ZL) in a charged transmission line topology 

Technology limitations 

The main limitation of this configuration is the requirement for the impedance match between the 

load impedance and impedance of the charged lines (ZL = Z0) to generate symmetrical square nsPEFs 

with no reflections and the maximum amplitude of the PEF is limited to 
𝑉𝐶𝐶

2
 [1]-[2], [8]. 

Firstly, a biological cell line load is of a low impedance, approximately 10 Ω, while the impedance 

of a coaxial transmission line is typically 50 Ω or 75 Ω [132]. With a 50 Ω transmission line and cell 

line load of 10 Ω, the associated reflection coefficient would be −
2

3
(=

10−50

10+50
= −

40

60
). Therefore, an 

impedance matching solution is needed to overcome this reflection to prevent 
2

3
 of the PEF to be 

reflected, and only 
1

3
 of the voltage to be exerted across the cell line load. A solution to overcome this 

is to change the transmission line impedance. This can be done through the implantation of a microstrip 

line design as a charged line or the use of multiple coaxial lines connected in parallel, i.e., five 50 Ω 

transmission lines would provide a total charged line characteristic impedance value of 10 Ω. 

Additionally, changing the geometry of the coaxial line i.e.  increasing the diameter of the cable 

conductor could produce a coaxial charged line characteristic impedance value of 10 Ω as indicated by 

equation (I.4) [1]-[2], [8]. 

𝑍0 = √
𝐿

𝐶
=

138

√𝜇𝑟𝜀𝑟
log (

𝑏

𝑎
) (I.4) 

where εr is the relative dielectric constant, μr is the relative permeability, a is the outside radius of 

inner conductor of the coaxial cable and b is the inside radius of outer conductor of the coaxial cable. 

C and L are the capacitance and inductance of the coaxial cable respectable. 
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Secondly, literature suggest that the impedance of the biological load reduces during pulse 

delivery. This indicates that with each nsPEFs applied onto the biological load could possibly change 

the associated refection, and therefore the nsPEF waveforms delivered over time. At best, only half of 

the power supply input into the circuit will be transferred across the load, thus a large efficiency and 

power loss is seen.  

c) Blumlein 

Technology structure and operation 

Blumlein is a further development on the basic single charged line topology [1]-[2], [8]-[13]. The 

topology consists of a variable high voltage power supply (VCC) a high impedance charging resistor 

(RC) two identical transmission lines, T1 and T2, and a fast-switching element, (S). This is shown in Fig. 

I.6. This topology operates in two parts. First, a charging phase and secondly a discharging phase. 

During the charging phase, the switch (S) is turned ‘OFF’ and the transmission lines, T1 and T2, are 

charged to the voltage level of the voltage power supply (VCC). The nsPEF is generated during the 

discharging phase when the switch is turned ‘ON’, and the transmission lines are discharged to the load 

(ZL) at the output [1]-[2], [8]-[13]. 

 
Fig. I.6. Blumlein generator topology for the generation of symmetrical pulsed electric field [1] 

The pulse duration of the nsPEF generated is twice the associated delay time, or electrical length, 

of the transmission lines (T) and its amplitude, equals the value of VCC. The nsPEF shape is reliant on 

the impedance ratio between the load impedance (ZL) and the impedance of the transmission lines (Z0). 

For zero reflection, the load impedance (ZL) requires to be twice the impedance of the transmission 

lines (Z0) which is the total characteristic impedance of both transmission lines T1 (Z01) and T2 (Z02). 

The reflection coefficient (Γ) for a Blumlein topology is given by equation (I.5) [1]-[2], [8]-[13]. An 

adaptation of equation (I.2). 

Γ =
𝑍𝐿 − 𝑍0

𝑍𝐿 + 𝑍0
=

𝑍𝐿 − (𝑍01 + 𝑍02) 

𝑍𝐿 + (𝑍01 + 𝑍02)
 (I.5) 

where ZL is the load impedance, Z01 is the characteristic impedance of the transmission line T1, and 

Z02 is the characteristic impedance of the transmission line T2. 
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Topology limitations 

The limitation of this circuit is the requirement for impedance matching between the load 

impedance and total characteristic impedance of the transmission lines T1 and T2 (ZL = Z0 = Z01 + Z02). 

This situation is identical to the charged line topology, as biological cell line load is of low impedance 

of approximately 10 Ω, while coaxial transmission line impedance is typically 50 Ω or 75 Ω value [14]. 

Therefore, impedance matching between the transmission line and load is essential to reduce reflection. 

Methods to overcome this have been discussed previously in the technology limitation section of the 

charged transmission line technique. 
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Appendix II - Review of Fast Switches to Create Pulsed Electric Fields 

a) Mercury Wetted Relay Switches 

Traditional mechanical switches are undesirable for the generation of fast pulses in the nanosecond 

regime as their contact tends to bounce and cause undesirable multiple pulses and pulse ringing. If the 

contacts are wetted with mercury, the electric contact is retained on the bounce and multiple undesired 

pulses are prevented. The contacts are wetted with mercury by feeding mercury from a reservoir to the 

contacts through capillary action for mercury wetted relay switches [1]-[6].  

Technology structure and operation 

Fig. II.1 is an example of Schintlmeisters mercery wetted relay [1]. The mercury reservoir is heated 

to 110 °C, causing mercury vapour to be deposited on the relay switch contacts. To suppress reflections 

and minimise the rise time during switching, the switching element must be coaxially incorporated into 

the conduction path. 

 
Fig. II.1. Schintlmeisters mercury wetted relay topology. Cross section through a coaxial vibrating switch with mercury 

wetted contacts [1]. 

The inner conductor and the vibrating read are constructed from steel. Opposite magnetic poles are 

induced across the contact gap by a magnetic alternating field that is produced by the driving coils. This 

results in the contact closing with the cycle of the field due to the magnetic attraction. The strength and 

frequency of the magnetic field are selected for a smooth reliable vibration of the relay. Other examples 

of mercury wetted relays can be found in [3], [5] and [6].  

A mercury-wetted relay can be utilized in a double-pulse discharge line generator topology as seen 

in Fig. II.2.  This has been demonstrated by Gnoth [130]. The principle of operation is where a pulsed 

electric field (PEF) is produced by a charged line T1, where the PEF duration is twice the charged line 

associated delay time, 2T1. The generated pulse utilises the theoretical operation of a charged 
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transmission line topology. The double-pulse discharge design differs from the conventional single 

charge transmission line because the generated PEF is transmitted through a diode (D) to the load (ZL) 

and an open-circuit delay line, L2. The second transmission line, T2, reflects the incident pulse, causing 

a second pulse to arrive at the load, at a time 2T2, if T2 > T1. When a diode is replaced with a valve to 

separate the two open circuit transmission lines, T2 and T1, a negative PEF is generated [1]. 

 
Fig. II.2. Double pulse charged line generator topology with a mercery wetted relay [1] 

Technology limitations 

The PEF amplitude and polarity of this switch are determined by the direct current (dc) supply 

voltage (VCC) and the pulse width is determined by the length of the charged line (T1). The limitation is 

that this form of switching cannot be triggered with a time delay by an external trigger pulse. Therefore, 

a low pulse repetition rate is achieved, i.e., between 50 to 500 Hz, and this is dependent on the 

mechanical construction of the mercury-wetted relay.  

One issue of using this switching technology is the toxic effects surrounding the application of 

mercury. Minimal exposure to mercury can cause serious health problems and toxic effects on a person, 

such as on the: nervous, digestive, and immune systems, and on organs such as the lungs, kidneys, skin 

and eyes. Mercury is considered by the World Health Organization (WHO) as one of the top ten 

chemicals or groups of chemicals of major public health concern [8]. Because of the health risk 

surrounding this technology wetted relays have been obsolete and through technological and material 
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advancement has been replaced by solid state relays. This would only be a concern if the sealed glass 

tube fractures. 

b) Spark Gap Switch 

Spark gaps can be used to produce nanosecond pulses of a high current or voltage through the 

discharging of a charged transmission line or a bank of capacitors. Generally, the delay and rise time of 

the output pulses from spark gaps are less than 1 ns (~350 ps) and ~ 5 ns respectively [1], [9]-[11].  

Technology structure and operation 

Spark gap switches consist of a pair of electrodes with gas in the centre between the electrodes. 

Normally, the switch is an ideal open circuit status, as shown in Fig. II.3(a)). When a significant voltage 

or electric field is set up across the electrodes, a spark occurs in the gas between the electrodes, as shown 

in Fig. II.3(b). If a sufficient current is available, arcing occurs across the spark channel occurs. This 

arc turns the switch status from an open circuit (‘OFF’) to a short-circuit (‘ON’), as the voltage travels 

between the electrodes via arcing [1], [9]-[11]. 

   
(a) (b) 

Fig. II.3. Layout of a spark gap switch (a) ‘OFF’ - open circuit state (b) ‘ON’ - short circuit state [9] 

High voltage nanosecond pulsed electric fields (nsPEFs) can be generated by spark gap(s) when 

implemented in a circuit topology such as Marx-banks or Blumlein. The amplitude of the nsPEFs is 

controlled by adjusting the spark gap electrode spacing or the gas/dielectric between the electrodes. The 

larger the gap the larger higher the voltage required for arcing to occur, and the larger the pulse 

amplitude. In addition, the larger the breakdown voltage of the gas between the electrodes the higher 

the voltage required for arching to occur, and the larger the nsPEF amplitude [1], [9]-[11].  

The principle of a spark gap generator is illustrated in Fig. II.4. A transmission line, T1, is charged 

through a high impedance resistor (RC) and discharged by a spark gap switch, S1, which is triggered by 

a negative pulse through an auxiliary electrode. The pulse produced by the transmission line and spark 

gap, passes through a second transmission line, T2, to the pulse sharpening spark gap switch, S2, which 

receives an overvoltage on the arrival of a pulse from the first spark gap switch, S1. This results in a 
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very short rise time of the output pulse, amounting to less than 1 ns across the load ZL. The pulse 

sharpening effect of the rise time is illustrated in Fig. II.4(b). The steep slopes produced by the pulse 

sharpening gap switch, S2, operate on the gas over-pressure and have a capacitance sharping effect, 

apart from the pulse forming line, T1, that corresponds to a correction capacitance [1].  

 
(a) 

 
(b) 

Fig. II.4. Nanosecond pulsed electric field generator with an isolated over-voltage spark gap with pulse sharping 

technique a) schematic b) waveform [1] 

If there was no sharpening gap switch, where S1 was in series between the load (no S2), the current 

rise-time would depend on the RC-time constant of the load and transmission line capacitance. With 

the sharpening gap in the circuit, the full voltage appears across the spark gap switch, S2, before it 

breaks down. When the gap does break down the full voltage appears across the load almost 

instantaneously, decreasing the current rise time, thus sharpening the rise time across S2 and the load 

as seen in Fig. II.4(b) [1], [9]-[11]. 

This method of producing high voltage nsPEFs has been described in the literature [12]. In several 

instances, laser pulses were used to trigger the spark gap switches used in the Marx-style generator 

topologies to obtain high voltage pulse amplitudes [12].  
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c) Diode Base Switching  

Technology structure and operation 

Diode-based switches operate similar to the Blumlein topology as both concepts include a high 

voltage dc power supply (VCC) a high impedance resistor (RC) a switch (S) and a charging and 

discharging phases. In comparison to the Blumlein, the diode opening circuit consists of a CL-resonant 

circuit comprising of inductors, L1 and L2, and capacitors, C1 and C2, and a stack of diodes, DX, as 

shown in Fig. II.5 [1], [13]-[16]. 

  

(a) (b) 

Fig. II.5. (a) Diode based switch generator topology for generation of high voltage pulsed electric fields (b) Basic CL 

circuit [1] 

During the charging phase, the switch (S) is turned ‘OFF’ and the high voltage power supply (VCC) 

charges capacitor C1 through a charging resistor (RC) to the voltage level of VCC. In the discharge phase, 

the switch is turned ‘ON’, and the CL oscillators (C1L1and C2L2) oscillate. The circuit can act as an 

electrical resonator, storing energy oscillating at the circuit's resonant frequency due to the CL circuit 

within a diode-based switch generator topology Fig. II.5(a). Energy is stored in the capacitor, in an 

electric field, and is depending on the voltage across it. The energy stored in a capacitor is 𝐸 =
1

2
𝐶𝑉2. 

In contrast, an inductor stores energy in its magnetic field and is depending on the current. The energy 

stored in the inductor is 𝐸 =
1

2
𝐿𝐼2. Where E is the energy stored, C is the capacitance, L is the 

inductance, V is the voltage, and I is the current across the respective component. The resonant 

frequency, f, or oscillation of the circuit is 𝑓 =
1

2𝜋√𝐿𝐶
. 

The nsPEF across the load (ZL) is formed by a diode stack (DX) that rapidly interrupts the current 

of the oscillator in the third quarter of the period and transfers it into the load (ZL). The diode-based 

switch pulse generator circuit is designed so that the reverse current in the diode is much higher than 

the forward current and that the depleting of the stored charge ends at the highest reverse current. 

Therefore, the induced current and voltage is very high across the load [1], [13]-[16]. 
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Technology limitations 

The main limitation of this topology is that the inductor cores are used in the LC oscillators, and 

these cores get easily saturated and limit the switching capability. A higher current is achieved with a 

saturable-core inductor for the LC oscillator as an alternative substrate to an air-core inductor, but this 

limits the switching speeds [1]. 

The advantage of a diode-based switch is that the electrical components are more accessible as the 

power supply does not generate the maximum output amplitude. Additionally, the switch does not need 

to withstand the whole nsPEF amplitude and does not affect the pulse transition and pulse width of the 

nsPEF generated. However, this advantage provides a complex generator design [1]. 

d) Thyristor Switch  

Technology structure and operation 

The structure of a thyristor is based on four layers of alternating p-type and n-type materials, i.e., 

forming a PNPN arrangement, with three terminals known as an anode, a cathode, and a gate as shown 

in Fig. II.5(a). The outer p-type material is the anode terminal whilst the outer n-type is the cathode 

terminal [1],[17]-[18]. A control terminal, named the gate, is in the p-type material next to the cathode 

as illustrated in Fig. II.5(a). Similar to other semiconductor-based technology, silicon is a popular 

material used for thyristors, yet other variants have been developed with silicon carbide (SiC), gallium 

nitride (GaN), diamond, etc. Each variant provides specific advantages in terms of thermal conductivity 

as well as a high voltage and current capability, and high operation frequency [1],[17]-[18]. 

The level of doping between the N and P layers of a thyristor varies. This is highlighted in Fig. 

II.5(b). The cathode N+ layer is the heaviest doped, whilst the P layers of the anode and gate are the 

next heavily doped. The lowest doped layer is the central N- layer, which is also the thickness layer. 

The level of doping and the thickness of the doping layer determines the breakdown voltage of a device 

with a thinner central N- layer providing a lower breakdown voltage [1],[17]-[18]. 

 

  
(a) (b) (c) 

Fig. II.5. Thyristors structures (a) basic (b) fabrication (c) equivalent circuit [153] 
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The operation of thyristors can be explained in terms of a latching switch as its equivalent circuit. 

This model consists of two back-to-back transistors, one a PNP and the other an NPN, which forms a 

positive feedback loop, as shown in Fig. II.5(c). The output of the first transistor, TR1, (base of the p-

type transistor) feeds into the input of the second transistor TR2, (collector of the n-type). In turn, the 

output of the second transistor (base of the n-type) feeds into the input of the first (collector of the p-

type) transistor. This results in the total current gain of the device exceeding one, and therefore when a 

current starts to flow it accumulates until both transistors are in saturation [1],[17]-[19]. 

When a voltage is applied across a thyristor, no current flows as neither transistor, TR1 and TR2, is 

conducting and there is no complete path across the device. When a small current is applied to the 

thyristor gate electrode this will turn ‘ON’ TR2, causing the collector of TR2 to fall towards the voltage 

on the emitter or the cathode of the thyristor. When this occurs, current will flow through the base of 

TR1 and turn this transistor ‘ON’. Again, this will try to pull the voltage on the collector of TR1 towards 

its emitter voltage. This will cause current to flow in the emitter of TR2, causing its ‘ON’ state to be 

maintained. Therefore, a small trigger pulse on the gate is required to turn the thyristor ‘ON’. Once 

switched ‘ON’, the thyristor can only be turned ‘OFF’ by removing the supply voltage [1],[17]-[19]. 

A thyristor is a bistable switch with a low-impedance ‘ON’ state and a high impedance ‘OFF’ state. 

Its static characteristics are shown in Fig. II.6. Region O-A of the thyristor is the forward blocking state, 

A-B is the negative resistance region, and region B-C is the forward conducting state. Region O-D is 

the reverse blocking state, and D-E is the reverse breakdown state [19]. There is only a single ‘ON’ 

state, the conducting state (region B-C), but there are two ‘OFF’ states. The forward blocking ‘OFF’ 

state (region O-A) and reverse blocking ‘OFF’ state (region O-D). The gate terminal can switch the 

thyristor from the forward blocking ‘OFF’ state to the forward conducting ‘ON’ state, but cannot 

operate in the reverse order, from the forward conducting ‘ON’ state to the forward blocking ‘OFF’ 

state [19].  

Thyristors can be employed as the switching element within the nsPEF generation topologies such 

as the transmission line and Blumlein. Thyristors can be triggered by a positive pulse to the control grid 

at a repetition frequency of up to 10 kHz. With small hydrogen-filled thyratrons, pulsed electric fields 

with a pulse width of a couple of nanoseconds, and amplitudes up to 1 kA and 20 kV respectably have 

been reported in the literatures [1],[17]-[19].  

Fig. II.7 shows a typical thyristor that can be incorporated into a transmission line pulse topology. 

An open transmission line, T1, with an impedance characteristic of Z0 and associated time delay of T is 

connected to the thyristor anode circuit. The line is charged to the voltage supply level of VCC. The 

transmission line, T1, is discharged through load, ZL, after the thyristor is turned on using a trigger 

signal. This arrangement produces a symmetrical PEF of duration that is twice as long as the T1-

associated delay time, i.e., 2T. The relationship between load (ZL) and the transmission line 
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characteristic impedance (Z0), and the associated delay time of the transmission line (T1) effect on the 

generated PEF amplitude and shape is the same as the description of the charged transmission line 

technology, a previous subsection of this chapter. If T1 is replaced by a capacitor, an exponentially 

decaying pulse is produced across the load (ZL) [20]-[21]. 

 
Fig. II.6. Static characteristics of a thyristor [19]. 

Fig. II.7 shows a typical thyristor that can be incorporated into a transmission line pulse topology. 

An open transmission line, T1, with an impedance characteristic of Z0 and associated time delay of T is 

connected to the thyristor anode circuit. The line is charged to the voltage supply level of VCC. The 

transmission line, T1, is discharged through load, ZL, after the thyristor is turned on using a trigger 

signal. This arrangement produces a symmetrical PEF of duration that is twice as long as the T1-

associated delay time, i.e., 2T. The relationship between load (ZL) and the transmission line 

characteristic impedance (Z0), and the associated delay time of the transmission line (T1) effect on the 

generated PEF amplitude and shape is the same as the description of the charged transmission line 

technology, a previous subsection of this chapter. If T1 is replaced by a capacitor, an exponentially 

decaying pulse is produced across the load (ZL) [20]-[21]. 
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Fig. II.7. Thyristor incorporated in a transmission line pulser circuit for pulsed electric field generation [1] 

Placing a capacitor Cc, of approximately 10 pF between the anode of the thyristor and the ground, 

as illustrated in Fig. II.7, reduces the rise and fall time of the output pulse. Capacitor Cc causes a higher 

current to flow through ZL as it acts as a short circuit at switching and reduces the influence of the 

parasitic capacitance when the thyristor is switched. Additionally, the rise time can be reduced by using 

a pulse-shaping gap topology [1].  

Technology limitations during operation 

The delay time between the trigger signal and the output nsPEF could be a drawback of using a 

thyristor as a switch. This is because of the ionising time required to produce a delay between triggering 

and generating a nsPEF across a load. This time delay is dependent on the ionisation time, the thyratron 

geometry, and the operating voltages [151]-[154]. These delays can affect the repetition frequency of 

the nsPEF. Therefore, a precise triggering circuit for efficient timed pulse generation is required. This 

precise triggering circuit would need to consider the internal delay of the thyristor operation between 

the trigger input and nsPEF generation.  

e) Bipolar Junction Transistor (BJT) Switch 

Bipolar Junction Transistors (BJTs) are current-controlled devices or current-controlled switches, 

consisting of three regions, the collector, base, and emitter, where a small base current produces a large 

collector-emitter current. 
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Technology structure and operation 

 

(a) 

 

 

(b) 

 

 
Fig. II.8. (a) NPN and (b) PNP bipolar junction transistor configuration [25] 

A bipolar junction transistor is made from two p-n junctions with either two n-regions (NPN 

transistor) or two p-regions (PNP transistor) forming a common region, the base. The majority carriers 

of the emitter diode consist of holes in PNP transistors and electrons in NPN transistors as shown in 

Fig. II.8 [19], [22]-[25]. 

Technology characteristics 

Transistor switching circuits generally fall into three basic device characteristics, depending on 

their operating mode. These modes are saturation, current active region, and avalanche mode, and are 

determined by the portion of the transistor output characteristics curve utilised. The operating regions 

for transistor switching modes are shown in Fig. II.9. For all modes, the switch-off conditions are 

characterized by an excursion of the load line into the cut-off region of the transistor. The operating 

mode is determined by the dc biasing arrangement which normally determines the operating points [19], 

[22]-[25]. 

Saturation Mode operates similar to a mechanical switch. In its ‘OFF’ condition, the current 

through the switch is extremely small. In its ‘ON’ condition, the transistor is driven into the saturation 

region that is distinguished as both the collector and emitter are injected into the base, and the transistor 

displays a virtual short circuit between its emitter and collector terminals [19], [22]-[25].  
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The bipolar junction transistor can produce high voltage outputs since the power dissipation is 

small in both the ‘OFF’ and the ‘ON’ conditions when the BJT is driven and its saturation or the base 

current is zero. When a transistor is driven into saturation mode its switching speeds are limited by the 

BJT’s storage delay time [19], [22]-[25].  

 
Fig. II.9. Operation region for switching modes of a transistor [19] 

The circuits shown in Fig. II.10(a) and (b) are normally used for pulse/switching in saturation mode 

configuration.  In this arrangement, the load (ZL) is placed across the collector-emitter terminals of the 

BJT, and the load is virtually short-circuited when the resistor is ‘ON’. When the transistor is ‘ON’, its 

output represents a virtual open circuit across the load. The load current approaches the limit value of 

𝑖𝑑 =
𝑉𝐶

(𝑅𝐶+𝑍𝐿)
 [19], [22]-[25]. 

The voltage across the load (ZL) is dependent on the ratio of ZL and RC. When the transistor is in 

an ‘OFF’ position (high-level signal into the transistor base for a PNP transistor) a voltage of VL 

(= (
𝑍𝐿

𝑍𝐿+𝑅𝐶
)𝑉𝐶𝐶) is seen across the Load. When the transistor is switched ‘ON’ (low-level signal into 

the transistor base for a PNP transistor) the transistor represents a short circuit across the load and no 

voltage is across the load. nsPEFs can be generated across the load by interpreting the switching 

mechanism of the transistor in its saturation mode [19], [22]-[25]. 

If a clamping diode D is included, as seen in Fig. II.10(b), a constant output level can be achieved. 

When the transistor is in its ‘ON’ state and represents a short circuit across the load, the diode does not 
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affect the performance of the circuit. If the load voltage attempts to exceed the value of VK, the diode 

becomes conductive and clamps the output voltage to a value of Vk + VD, where VD represents the 

forward diode drop which is normally around 0.7 V [19], [22]-[25]. 

  
(a) (b) 

Fig. II.10. (a) Saturated model of a transistor as a switching circuit (b) with clamp diode included [1] 

Theoretically, it is possible to design the circuit so that the condition exists for all anticipated values 

of ZL, as the output voltage will vary from virtually zero (transistor in saturation) to a fixed value 

(transistor in cut-off).  This principle is dependent on the values of RK and RB for the correct ‘ON’ and 

‘OFF’ conditions of the transistor to be met. The saturated voltage and input voltage of the transistor 

and its base leakage current in the ‘OFF’ condition must be known [19], [22]-[25]. 

A key drawback of the saturation mode operation is the storage delay time. There is an undesirable 

delay time between the change of the input voltage and the response of the transistor collector current. 

This delay is due to the overdrive, or excess base current that is used to drive the transistor into 

saturation. The excess base current results in an accumulation of stored charge in the base and/or 

collector, which must be removed before the collector current can change [19], [22]-[25]. 

Current Mode (Transition) operates a transistor in a current mode eliminates the storage delay 

time and allows the transistor to act as a high-speed switch. In a current mode circuit, shown Fig. 

II.11(a), a voltage source (VEE) produces a current flow through a diode (DE) and resistor (RE). A voltage 

drop across the forward-biased diode appears between the emitter of the PNP transistor and the ground. 

A slightly positive signal on the base of the transistor places the transistor in its cut-off state. A negative 

signal on the base turns the transistor ‘ON’ and therefore the diode if ‘OFF’, and therefore not 

conducting [19], [22]-[25]. 

With the transistor in the cut-off, the current, IE (
𝑉𝐸𝐸

𝑅𝐸
) flows through the diode (DE); with the 

transistor turned on, current IE flows into the emitter of the transistor. If the value of VCC and ZL are 

selected to limit the collector current, IC (
𝑉𝐶𝐶

𝑍𝐿
), and this current is greater than the emitter current, IE 

(
𝑉𝐸𝐸

𝑅𝐸
), then the collector current cannot enter the saturation region. This current mode of operation 
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eliminates transistor saturation, which removes the storage time as a speed limiting factor [19], [22]-

[25]. 

  
(a) (b) 

Fig. II.11. Current mode (a) basic circuit (b) circuit to generate complementary pulse outputs [1] 

An enhanced more versatile current mode circuit that provides complimentary (out of phase) output 

signals simultaneously as shown in Fig. II.11(b). This arrangement provides additional advantages to a 

high speed by reducing the storage time. These include excellent dc stability, high noise immunity due 

to common mode noise rejection and non-critical transistor parameters. The disadvantage of this circuit 

is it requires a larger number of transistors in comparison with the single transistor circuit [19], [22]-

[25]. 

The complementary output topology of a current mode circuit consists of replacing the diode, in 

Fig. II.11(a), but the circuit operates similarly to when the diode is used. When the second transistor, 

PNP2 (in Fig. II.11(b)), is conducting the emitter will have potential across the base-emitter voltage 

(VB–VE), VBE. When the emitter is positive, the input signal at the base of PNP1, V0, must be VBE–VT 

to keep PNP1 in a cut-off condition. VT is the threshold voltage [19], [22]-[25]. 

As input signal V0 becomes negative, the emitter current divides between the two transistors (PNP1 

and 2) until V0 has a value of VBE – VT. At this point, the emitter will be at a potential of VT, causing 

the ground-base transistor (PNP2) to cut off and permitting all current from VEE to flow through the 

base-emitter junction of PNP1 [19], [22]-[25]. 

The output voltage, +e0, from PNP2 is in phase with the input signal, V0, while -e0, the output of 

PNP1 is 180° out of phase of e0 and V0. Thus, producing a simultaneous complementary output signal 

from a current mode circuit topology of transistors PNP1 and PNP2 connected in differential mode [19], 

[22]-[25]. 
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Avalanche Mode operates a transistor in the common-emitter breakdown region utilizes the 

negative-resistance characteristics of the bipolar junction transistor. A basic avalanche mode circuit for 

a PNP transistor and its associated operating curves is illustrated in Fig. II.12 [19].  

 

 
(a) (b) 

Fig. II.12. Avalanche mode (a) basic circuit (b) load line operation [19] 

Initially, a small reverse current holds the transistor operating point at Point B, where IBR = K1. If 

a negative trigger voltage is applied, the base current is reduced to zero, and the operating point of the 

transistor shifts to Point A’ on the IB = 0 curve, in Fig. II.12(b). The extreme transition speed with which 

the transistor does this is the main attraction of the avalanche mode operation as a fast switch. When 

the trigger pulse resides, the operating point shift to point A in Fig. II.12(b) and remains at this operating 

level. The switch has two stable states. To return to the ‘OFF’ state, Point B, it is necessary to apply 

sufficient reverse current to allow only a single stable condition. A small positive trigger signal 

accomplishes this, as indicated by IBR = K2 [19], overcome by alternating current (ac) coupling the input 

signal and so this arrangement has no use in logic systems [19], [22].    

Technology limitations 

Saturated and current mode transistors have further limitations in comparison to transistors 

operating in avalanche mode for the generation of high voltage nsPEFs. With a saturated transistor, the 

maximum switching speed from ‘ON’ to ‘OFF’ is limited by the charge storage time. The drawback of 

this arrangement is the safe operation area (SOA) of the transistor. The duration, voltage and current of 

the pulse are limited due to the high-power dissipation when transistor is working in its linear operating 

region [19], [22].    

Avalanche mode differs from the normal transistor as they operate at a much higher breakdown 

collector voltage. Breakthrough between collector and emitter causes an avalanche-type current rise, 

which is equivalent to a transient switching time of ~300 ps. Avalanche mode operation of bipolar 

junction transistors is the preferred operating mode for high voltage nsPEF generation [19], [22].    
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f) Metal-Oxide-Semiconductor Field-Effect Transistor Switch 

Metal-oxide-semiconductor field-effect transistors (MOSFETs) are voltage-controlled devices, 

consisting of three terminals: gate, source, and drain. There are three types of MOSFET: the depletion-

enhancement, enhancement and junction mode. Each of which is either p-channel or n-channel. The 

power version of the n-channel enhancement MOSFET is commonly used to implement switching 

circuits and is therefore explored in detail and used in this work. 

Structure and operation 

MOSFETs generally have a vertically oriented structure with a source, gate, and drain of 

alternating p-type and n-type doping. Enhancement mode MOSFETs do not conduct when there is no 

voltage across the gate-source voltage terminals (VGS = 0). Each device is made up of several thousand 

cells, similar to that shown in Fig. II.13, where the n+ pn- n+ n+ pn- n+ structure forms the bias of an n-

channel enhancement mode device [25]-[27]. In operation, the charge carriers enter the channel from 

the source and exit through the drain. The channel width is controlled by the voltage on the gate 

electrode which is located between the source and drain. It is insulated from the channel using an 

extremely thin layer (e.g., <1 nm) of metal oxide [25].  

 

 

Fig. II.13. A single cell of an n-channel enhancement power metal-oxide-semiconductor field-effect transistors [25].  

The doping of the n+ end layers is large. The p-type middle layer channel is established between 

the source and drain. The n- layer is the drift region and determines the drain-source breakdown voltage, 

BVDS, of the device [25]-[27]. A vertical structure enables a short channel to be implemented, resulting 

in a small gate-source threshold voltage (VGS(th)). There is no injection of minority carriers into the body 

region (p-type middle layer) via the gate terminal as the gate is isolated from the body by an insulator 

layer. Traditionally, the insulating layer consisted of silicon dioxide but recent advancements in material 
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science have resulted in the layer being constructed of SiC and GaN. Applying a voltage that biases the 

gate positive, with respect to the MOSFET’s source, will convert the silicon surface beneath the gate 

oxide into an n-type layer/channel, thus connecting the source to the drain and allowing a drain current, 

id, to flow [25]-[27]. 

The number of gate-source regions connected electrically in parallel determines how current will 

flow for a given gate-source voltage, while the geometric shape of the source regions influences the 

drain-source on-state resistance (RDS(on)). RDS(on) should be kept as small as possible for other devices to 

dissipate minimum power [25]-[27]. 

The on-state resistance affects the power the MOSFET must dissipate. The importance for the 

RDS(on) to be as small as possible is highlighted in Fig. II.14, and Table II.1.   

Table II.1. illustrates the power dissipation and the voltage drop across a MOSFET with a different 

on-state resistance value of 0.1 Ω and 2 Ω, with a load, ZL, values of 10 Ω and 100 Ω. The lower the 

on-state resistance of a MOSFET is the lower the power the MOSFET must dissipate and the voltage 

that is dropped across it. This implies that a larger PEF amplitude would be excreted on a load. 

Therefore, a MOSFET operating as a high voltage switch, with a low drain-source on-state resistance 

(RDS(on)) the more desirable the MOSFET and the less power it requires to dissipate when switching.  

Table II.1. Power dissipation and voltage drop across a metal-oxide-semiconductor field-effect transistors when switching a 

100 V supply with various load (VL) and ON-resistance (RDS(on)) values 

Example VCC (V) ZL (Ω) RDS(on) (Ω) VL (V) id (A) PL (W) Vdrop (V) Pdis (W) 

1 100 100 2.0 98.04 0.98 96.12 1.96 1.92 

2 100 100 0.1 99.90 1.00 99.80 0.10 0.10 

3 100 10 2.0 83.33 8.30 694.44 16.67 138.89 

4 100 10 0.1 99.01 9.90 980.30 0.99 9.80 

The figures in Table II.1 for the power dissipation and voltage drop across the MOSFET were 

calculated. The voltage drop across the MOSFET can be calculated by 𝑉𝑑𝑟𝑜𝑝 = (
𝑅𝐷𝑆(𝑜𝑛)

𝑍𝐿+𝑅𝐷𝑆(𝑜𝑛)
)𝑉𝑐𝑐. The 

power dissipated across the MOSFET can be calculated by 𝑃𝑑𝑖𝑠 =
𝑉𝑑𝑟𝑜𝑝

2

𝑅𝐷𝑆(𝑜𝑛)
. The voltage drop across a 

load is 𝑉𝐿 = (
𝑍𝐿

𝑍𝐿+𝑅𝐷𝑆(𝑜𝑛)
)𝑉𝑐𝑐 and the current through a load is 𝑖𝑑 =

𝑉𝐿

𝑍𝐿
. Finally, the power dissipated 

across a load is 𝑃𝐿 =
𝑉𝐿

2

𝑍𝐿
= 𝑖𝑑𝑉𝐿.  

Where VCC is the power supply voltage at that Marx single stage, Vdrop is the voltage drop across a 

switching element, RDS(on) is the ON-resistance of the switching element, ZL the load resistance, Pdis is 

the power dissipated across the switching element, VL the voltage across the load ZL, id is the current 

through the circuit and PL is the power dissipated by the load ZL. 
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Fig. II.14. Basic metal-oxide-semiconductor field-effect transistors switching circuit to produce pulses. 

The input gate voltage controls the flow of the current between the drain and source output 

terminals. The output characteristics: drain current, id, as a function of drain-source voltage (VDS) with 

the gate-source voltage (VGS) as a parameter, are illustrated in Fig. II.15 for an n-channel enhancement 

device. When used as a switch in a power application, the MOSFET traverses the id – VDS characteristics 

from cut-off through the active (saturation) region, to the ohmic region as the device is turned ‘ON’, 

and back again when turned ‘OFF’. The device is in its cut-off region when the gate-source voltage is 

less than the threshold voltage (VGS(th)). When in cut-off the device is an open circuit and must hold off 

the power supply applied to the circuit. The drain-source breakdown voltage (BVDS) must be larger than 

the applied drain-source voltage to avoid breakdown [25]-[27]. 

When the device is driven by a high VGS, it will be operating in the ohmic region, where VDS is 

small. The condition for operating in this region is given by equation (II.1). In the active (saturation) 

region the drain current (id) is independent of the drain-source voltage (VDS) and depends solely on the 

value of the gate-source voltage (VGS). In this region, the channel is said to be in pinch-off and the 

device can be used to provide a reliable constant current source [25]-[27]. 

VGS − VGS(th) > VGS > 0 (II.1) 

When operating in this region the drain current is given by equation (II.2).  

𝑖𝑑 = μnCox

Wgate

2Lchannel
(VGS − VGS(th))

2
(1 − λVDS) (II.2) 

where VGS is the gate-source voltage, VGS(th) is the gate-source threshold voltage. μn is the inversion 

layer majority carrier mobility (in cm2V-1s-1), Cox is the capacitance due to the gate oxide layer,  Wgate 

is the gate width and Lchannel is the channel length. The λ term is the channel length modulation 
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parameter which describes the spread of the pinch-off region into the channel (reduces in length when 

VDS is increased). When λ is multiplied by VDS this gives the drain-source resistance, RDS(on) [25]-[27]. 

 
Fig. II.15. Output characterises of a power metal-oxide-semiconductor field-effect transistors [26]. 

At the boundary between the ohmic and active regions, VGS – VGS(th) = VDS. The slope of the 

transconductance curve 
𝑖𝑑

𝑉𝐺𝑆
 is approximately constant for high drain currents, thus giving a constant 

transconductance, gm, value for the device. As shown in Fig. II.16 [25]-[27]. 

 

Fig. II.16. Metal-oxide-semiconductor field-effect transistors transconductance curve [26] 
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Limitations on the use of MOSFET as a high voltage fast switch  

Latch-up causes high-power dissipation within the device, which can lead to thermal damage. This 

occurs when the MOSFET goes into saturation. As the length of the MOSFET body is short to minimise 

the ON-resistance (RDS(on)) the gain of the device can be high. If the base was left to float, the breakdown 

voltage (BVDS) would be reduced and the base-emitter voltage (VBE) of the bipolar junction transistor 

within the MOSFET, (as seen in Fig. II.13) and becomes significantly faster in terms of turning the 

device ‘ON’, as the MOSFET goes into saturation. When the BJT, within the MOSFET, is ‘ON’ it 

cannot be turned ‘OFF’, as the base is not accessible. Interrupting the drain current flow is the only 

method of switching the BJT ‘OFF’. To prevent the BJT from being turned ‘ON’, the p-body is shorted 

to the source. This results in a parasitic diode between the drain and the source of the MOSFET. With 

the body short circuit, the BJT can be turned ‘ON’ if the device is turned ‘OFF’ very quickly, thus 

slowing the fall time, or turn ‘OFF’ edge of the peak is required to ensure this does not happen when 

switching ‘OFF’ the MOSFET  [25]-[27]. 

MOSFET devices have a maximum gate-source voltage (VGSmax) that must not be exceeded. This 

factor is determined by the gate thickness of the oxide layer and the magnitude of the applied electric 

field. Once the drain-source breakdown voltage (BVDS) is exceeded, the breakdown of the gate oxide 

will occur, and the MOSFET is permanently damaged  [25]-[27]. The maximum drain-source voltage, 

or breakdown voltage, must not be exceeded as this is the largest voltage that the device can hold off 

without avalanche breakdown of the drain-body PN junction occurring.  

When designing a switching circuit that uses MOSFETs it must be ensured that the parameters 

above are not exceeded, and that the device is operated within the SOA. To summarise, three features 

that determine the SOA are the maximum drain current, id, the internal operating junction temperature 

(TJ) (governed by the power dissipation in the device), and the drain-source breakdown voltage (BVDS) 

[25]-[27]. 

MOSFETs can be designed in a push-pull or full bridge amplifier configuration for the generation 

of bipolar pulses and as a means of doubling the amplitude of the pulse and quadrupling the power. 

g) Insulated-Gate Bipolar Junction Transistor Switch 

Structure and operation 

An Insulated-Gate Bipolar Junction Transistors (IGBJTs) is a functional integration of a MOSFET 

and bipolar junction transistor in a monolithic form. The IGBJT combines the attributes of the insulated 

gate technology of a MOSFET and the output performance characteristics of a conventional BJT with 

no integral diode. An IGBJT is capable of handling large collector-emitter currents with virtually zero 

gate current drive. The key attributes associated with the IGBJT include the high input impedance input 
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and high switching speeds of a MOSFET, and the low saturation voltage of a bipolar transistor [18], 

[25], [28].  

IGBJTs have three terminals, a collector, gate, and emitter as shown in Fig. II.17. It can be repented 

as an n-channel MOSFET integrated with a p-type transistor in a Darlington-type configuration as 

shown in Fig. II.17(b). Its collector to emitter terminals is associated with a conductive path which 

passes a current that is controlled by the gate terminal [18], [25], [28]. 

  
(a) (b) 

Fig. II.17. Insulated-gate bipolar junction transistor (a) circuit symbol (b) equivalent circuit [25] 

IGBJTs are mainly used in power electronics applications, such as inverters, converters, and switch 

mode power supplies, where the demands of the solid-state switching device are not fully met by power 

BJTs and MOSFETs. The IGBJT combines the low conduction loss of a BJT with the high switching 

speed of a power MOSFET, thus these devices are ideal for use in power electronics applications [18], 

[25], [28]. 

The forward blocking operation of the IGBJT is identical to a power MOSFET, but they have a 

much lower “on-state” resistance, or ON-resistance (RDS(on)). Therefore, the I2R power dissipation 

associated with the bipolar output structure for a given switching current is much lower than that of a 

MOSFET. As a voltage-controlled switch, the IGBJT has similar current and voltage ratings to that of 

a BJT, but the inclusion of an isolated gate in the IGBJT indicates a smaller continuous current is 

required. But the capacitance associated with the isolated gate has to be changed which can lead to the 

requirement of a large transient current for switching [18], [25], [28]. 

The IGBJT is a unidirectional voltage-controlled device and a small voltage on the gate is required 

to maintain current conduction through the device, from its collector to its emitter. The operation of the 

gate drive circuit is like that of a MOSFET.  IGBJTs are turned ‘ON’ and ‘OFF’ by a control/trigger 

signal to their gate terminal. Applying a positive input voltage signal across the gate and emitter will 
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turn the device ‘ON’ and keep the device in the ‘ON’ state. While a zero or negative voltage signal 

would turn the IGBJT switch ‘OFF’ [18], [25], [28]. 

The advantages of IGBJTs are their capability of handling large currents and voltages, with a low 

drain-source ON-resistance (RDS(on)) and a simple drive circuit. This makes IGBJTs a good candidate 

for moderate speed, high voltage applications such as pulse width modulated (PWM), variable speed 

control and switch-mode power supplies. 

Technology limitations 

High-current and high voltage IGBJTs offer greater power gain, higher voltage operation and lower 

input losses, but they have lower switching speeds in comparison to other semiconductor power devices. 

This is the key limitation of IGBJTs for the generation of nsPEF. The output pulse rise time for high 

voltage IGBJTs has been said to be in the hundreds of nanoseconds regime, with the minimum rise time 

reported as 52.4 ns [28]. 

Appendix I References 

[1] W. Meiling and F. Stary, Nanosecond pulse techniques. Gordon and Breach: New York, 1968. 

[2] C. P. Hancock, et al., “Characterisation of magnetic pigment dispersions using pulsed magnetic fields,” IEEE Trans. on 

Magn., vol. 32, no. 5, pp. 4037-4039, 1996, doi: 10.1109/20.539255. 

[3] C. P. Hancock, “Chapter VI – Fast Pulsed Field System,” in Pulsed Field Systems for Analysing the Switching Processes 

in Particulate Recording Media. Ph.D. dissertation, University of Wales, Bangor, 1995, pp. VI.1 – VI.48 

[4] J. T. L. Brown and C. E. Pollard, “Mercury contact relays,” in Elect. Eng., vol. 66, no. 11, pp. 1106-1109, Nov. 1947, 

doi: 10.1109/EE.1947.6443831. 

[5] R. Garwin, “A Pulse Generator for the Millimicrosecond Range,” Rev. of Scientific Instrum., vol. 21, no. 11, pp. 903-904, 

1950, doi: 10.1063/1.1745458.  

[6] J. Yguerabide, “Generation and Detection of Subnanosecond Light Pulses: Application to Luminescence Studies,” Rev. 

of Sci. Instrum., vol. 36, no. 12, pp. 1734-1742, 1965.  

[7] M. Rebersek et al., “Blumlein Configuration for High-Repetition-Rate Pulse Generation of Variable Duration and Polarity 

Using Synchronized Switch Control,” IEEE Trans. Biomed. Eng. vol. 56, no. 11, pp. 2642–2648, 2009. 

[8] World Health Organization, “Mercury,” World Health Organization, Geneva, Switzerland, 2021. Accessed: Jan 2021. 

[Online]. Available: https://www.who.int/ipcs/assessment/public_health/mercury/en/.  

[9] R. Standler, “Technology of Fast Spark Gaps,” Defense Technical Information Center, 1989. 

[10] R. A. Pastore et al., “Ultra fast, high rep rate, high voltage spark gap pulser,” in Digest of Technical Papers. Tenth IEEE 

Int. Pulsed Power Conf., 1995, pp. 435-440 

[11] A. McDonald et al. “High voltage, nanosecond switch,” Proc. of the IEEE, vol. 53, no. 11, pp. 1739-1740, 1965.  

[12] A. Guenther and J. Bettis, “Laser Triggered Switching,” Laser Interaction and Related Plasma Phenomena, pp. 131-172, 

1971.  

[13] Gygi and F. Schneider, “A nanosecond Pulse Generator of 200 kV Amplitude,” in CERN Eur. Org. for Nucl. Res., CERN 

64-46, electrical 4th Nov. 1964. 

[14] M. Behrend et al., “Pulse generators for pulsed electric field exposure of biological cells and tissues”, IEEE Trans. on 

Dielectrics and Elec. Insul., vol. 10, no. 5, pp. 820-825, 2003.  



Appendices 

 

 
v 

[15] A. Kuthi et al., “Nanosecond pulse Generator using fast recovery diodes for cell electromanipulatio,” IEEE Trans. on 

Plasma Sci., vol. 33, no. 4, pp. 1192-1197, 2005.  

[16] T. Tang et al., “Diode based switch based nanosecond high voltage pulse generators for biological and medical 

applications,” IEEE Trans. on Dielectrics and Elect. Insul., vol. 14, no. 4, pp. 878-883, Aug, 2007. 

[17] P. Atkinson, Thyristors and their applications, London: Mills and Boon, 1972. 

[18] V. Khanna, Insulated gate bipolar transistors (IGBT), New York: Wiley, 2003. 

[19] W. D. Roehr, Switching Transistor Handbook, Motorola Inc., 1975. 

[20] D. Miklavcic, Handbook of Electroporation, Cham: Springer International Publishing, 2020. 

[21] Lewis and F. Wells, Millimicrosecond pulse techniques. London: Pergamon Press, 1959. 

[22] R. Shea, Transistor circuit engineering, New York: Wiley, 1957. 

[23] L. A. Morugin and G. V. Glebovich., Nanoseconds impulse technique, Soviet Radio, Moscow, 1964. 

[24] N. Mohan et al., Power electronics: converters, applications and design, Wiley, 1989 

[25] C. P. Hancock, Pulsed Field Systems for Analysing the Switching Processes in Particulate Recording Media, Ph.D. 

dissertation, University of Wales, Bangor, 1995. 

[26] B. Baliga, Advanced Power MOSFET Concepts, Springer Science & Business Media, 2010. 

[27] R. Warner and B. Grung, MOSFET theory and design, New York: Oxford University Press, 1999. 

[28] S. Castagno et al., “Analysis and Comparison of a Fast Turn-On Series IGBT Stack and High voltage-Rated Commercial 

IGBTS,” IEEE Trans. on Plasma Sci., vol. 34, no. 5, pp. 1692-1696, 2006.  

 

 

 



Appendices 

 

 
w 

Appendix III - C2M1000170D Silicon Carbide Power metal-oxide-semiconductor field-effect transistor (MOSFET) 

Datasheet 

  

https://docs.rs-online.com/32ab/0900766b8145b5a3.pdf
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Appendix IV - FS Series (FS40) Isolated proportional dc to HV dc Converters Datasheet 

 

https://docs.rs-online.com/fc91/0900766b8157210d.pdf
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Appendix V - FMMT415 | FMMT417 npn avalanche transistor in SOT23 Datasheet 

 

 

https://www.diodes.com/assets/Datasheets/FMMT415.pdf
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Appendix VI - User manual of the slow nanosecond pulsed electric field (nsPEF) electroporation system 
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Appendix VII - User manual of the fast nanosecond pulsed electric field (nsPEF) electroporation system 
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