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ABSTRACT 

A great interest has been devoted to the study of nonlinear transmission lines 
(NLTLs) for radiofrequency (RF) generation since they have been used with 
great success in RF generation by producing a train of oscillatory waves along 
the line and at its output. There are two configurations of NLTLs. The first one is 
a dispersive line consisting of LC sections with nonlinear components, and the 
second one is a continuous ferrite loaded non-dispersive line generally biased 
by an axial magnetic field, known as gyromagnetic line. In this thesis, the focus 
of the study is on the second one, since gyromagnetic lines can operate in a 
broader frequency range (0.4 up to 2.0 GHz) with higher conversion efficiency 
(20.0 %) when compared to lumped NLTLs limited up to 300.0 MHz with less 
than 10.0 % of efficiency, because of their dielectric losses and stray 
impedances on line structure.  Different models have been used along the years 
by several authors with different approaches to study the gyromagnetic 
phenomenon by means of numerical simulations based on analytical models to 
predict the precession movement of the electron magnetic dipole of the 
ferrimagnetic material. Thus, the goal of this thesis is to analyze the 
gyromagnetic NLTL behavior through the effects on the line operation by 
changing its parameters. The novelty herein is to use Spice simulations based 
on LC lumped line models to study continuous gyromagnetic NLTLs in addition 
to numerical simulations usually employed, focusing on the pulse rise time 
compression and RF generation caused by magnetic dipole precession. 
Different models are studied by comparing Spice simulations with 
corresponding results from numerical simulations and experiments found in the 
literature. Finally, an experimental set-up is described for a 20-cm gyromagnetic 
line loaded with NiZn ferrite beads to validate with data the proposed method 
based on Spice simulations. Finally, it is expected that such Spice techniques 
can be used in the design of these continuous lines for RF applications in space 
and mobile defense platforms of compact size. 

 

Keywords: Gyromagnetic lines. Ferrite. NLTL. RF generation. Space 
applications. 
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SIMULAÇÃO E CARACTERIZAÇÃO EXPERIMENTAL DE LINHAS DE 

TRANSMISSÃO NÃO LINEARES GIROMAGNÉTICAS PARA PROSPECTIVA 

APLICAÇÃO AEROESPACIAL 

 

RESUMO 

Um grande interesse tem sido dedicado ao estudo de Linhas de Transmissão 
Não Lineares (LTNLs) para geração de radiofrequência (RF), uma vez que têm 
sido utilizadas com grande sucesso na geração de RF produzindo um trem de 
ondas oscilatórias ao longo da linha e em sua saída. Existem duas 
configurações de LTNLs, a primeira é uma linha dispersiva constituída por 
seções LC com componentes não lineares, e a segunda é uma linha não 
dispersiva e contínua, utilizando ferritas geralmente polarizadas por um campo 
magnético axial, conhecida como giromagnética. Nesta tese, o foco do estudo 
é na segunda linha, uma vez que ela pode operar em uma faixa de frequência 
mais ampla (0,4 a 2,0 GHz) com maior eficiência de conversão (20,0 %) 
quando comparada a LTNLs discreta que é limitada a 300,0 MHz com menos 
de 10,0 % de eficiência, por causa de suas perdas dielétricas e impedâncias 
parasitas na estrutura da linha. Diferentes modelos têm sido utilizados ao longo 
dos anos por vários autores com diferentes abordagens para estudar o 
fenômeno giromagnético por meio de simulações numéricas baseadas em 
modelos analíticos para prever o movimento de precessão. Assim, o objetivo 
desta tese é analisar o comportamento de LTNLs giromagnéticas através dos 
efeitos na operação da linha mudando seus parâmetros. A novidade aqui é 
usar simulações Spice com base em modelos de linha LC para estudar as 
linhas giromagnéticas contínuas, além de simulações numéricas normalmente 
empregadas, com foco na compressão do tempo de subida de pulso e geração 
de RF causada pela precessão do campo magnético. Diferentes modelos são 
estudados comparando-se simulações Spice com resultados correspondentes 
de simulações numéricas e com experimentos encontrados na literatura. 
Finalmente, um arranjo experimental para uma linha giromagnética de 20,0 cm 
usando contas de ferrita NiZn foi implementado para validar com dados 
experimentais o método proposto baseado em simulações Spice. Finalmente, 
espera-se que tais técnicas de simulação Spice possam ser usadas na 
concepção destas linhas contínuas para aplicações de RF no espaço e em 
plataformas móveis de defesa de tamanho compacto. 

 

Palavras chave: Linhas giromagnéticas. Ferrita. LTNL. Geração de RF. 
Aplicações Espaciais. 
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1. INTRODUCTION 

The cost of satellite launching has a direct relation with its weight (heavier, more 

expensive the effective cost), and consequently, the emerging of new 

technologies and materials used in satellite design supports the development of 

compact and more reliable materials, driving to more efficient and cheaper 

systems [1]. Nowadays, to establish communication between a satellite and a 

ground station, electronic tubes (such as Traveling Wave Tubes - TWTs) are 

used as final amplifiers in the communication link, with excellent results so far 

[2].  

A great interest has been devoted to the study of Nonlinear Transmission Lines 

(NLTLs) for RF generation and radiation. The two well-known configurations of 

NLTLs are dispersive lines consisting of sections with nonlinear components, 

and a continuous non-dispersive line known as the gyromagnetic line. Both 

configurations have the same principle of operation based on the sharpening of 

the input pulse, related to the dielectric permittivity variation with voltage for 

discrete lines and the magnetic permeability dependence on current for the 

gyromagnetic lines. 

The LC discrete lines and continuous non-dispersive lines are conceptually 

different. Gyromagnetic NLTLs can produce a very broad frequency spectrum, 

with RF conversion efficiency of about 20% starting from 400 MHz and 

exceeding frequencies of 2.0 GHz [3], [4], [5], [6] and [7] for potential 

applications in satellite communications, which require operating frequencies at 

least in the S-band range. On the other hand, nonlinear LC lines operate at 

lower frequencies around 1.0 GHz [8] in the case of inductive lines with 

saturated inductors, being even worse with ceramic dielectrics, which limit their 

application in frequencies up to 250-300 MHz [9], [10]. Although Seddon [8] has 

achieved efficiencies of the order of 20% with LC inductive lines at 1.0 GHz, 

surely the efficiency of capacitive LC lines is far less than 10% because of 

dielectric losses.  
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The focus of this thesis is on gyromagnetic lines since this line is capable of 

generating stronger pulse oscillations at higher frequencies than the discrete 

lines, in addition to having higher RF conversion efficiency. Another advantage 

of the gyromagnetic lines in relation to the dispersive dielectric NLTLs is the 

stronger nonlinearity of the ferrite-based inductance when compared to the 

nonlinearity of the nonlinear ceramic capacitance or reverse-biased varactor 

diodes [11]. 

Katayev in 1966 [12] gave a basic mathematical description of the pulse 

sharpening effect on ferrite-loaded lines, and was the first to explain the 

phenomenon extensively. Later after Katayev’s publication, Weiner in 1981 [13] 

published a paper describing a simplified theory of sharpening based on 

Katayev’s explanations. In 1991, Pouladian-Kari et al. [14] used an inductive 

nonlinear discrete LC transmission line to model continuous gyromagnetic lines. 

Such a model was used to calculate the reduction on the rise time at the output 

of the line caused by the decrease of the ferrite magnetic permeability. 

Pouladian-Kari et al. [15] also developed a frequency-enhanced model and 

compared it with Katayev’s [12] and Weiner’s [13] to obtain an improved 

configuration for predicting the rise time compression on the output pulse in a 

loaded coaxial transmission line. The main difference between Weiner’s [13] 

and Pouladian-Kari et al.’s [14], [15] models is that in the latter RLC branches 

are added in parallel with the line capacitance of the LC ladder network model 

to include the precession of the magnetic moment caused by the presence of 

the magnetic axial bias in this case. Dolan [16] pointed out that the model 

proposed by Pouladian-Kari et al. [14], [15] is incomplete, since the addition of 

RLC resonant branches does not include the direct representation of the 

magnetic precession of the ferrite and the values are selected arbitrarily, being 

an ad-hoc solution. So far, the best way to simulate these lines seems to be 

through the method proposed by Dolan [16] in 2000, since he used it to 

simulate the output response of a line with azimuthal and axial biases. In this 

model, the authors used an equivalent circuit based on elements of a discrete 
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LC transmission line in series with instantaneous voltage sources determined 

by the change in the magnetization flux of the ferrite. In this model, the sources 

represent the induced voltages along the line during the magnetization phase 

due to the change in the magnetic moment. Thus, Dolan’s model is more 

complete, since it correctly takes into account the effect of ferrite magnetic 

precession caused by the presence of the axial bias.  

This thesis explores and quantifies the characteristics of gyromagnetic NLTLs 

based on previous work, to achieve in the future a RF generation system of 

compact size, which will be also efficient and cheaper. For this, experimental 

analysis will be performed and compared with the circuit simulations for 

validation of the method and interpretation of the results, aiming at a new 

approach to model the gyromagnetic line. In summary, the models available in 

the literature study the gyromagnetic line by means of experimental results or 

numerical analysis, reinforcing the contribution of this thesis since, for the first 

time, a model for simulating gyromagnetic nonlinear transmission lines in the 

Spice platform is proposed. This technology also presents great prospects for 

space and defense applications (satellites, aircrafts, etc.). 
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2. OBJECTIVES 

In this thesis, the study of gyromagnetic nonlinear transmission lines using 

simulations is proposed to verify the feasibility of the equivalent LC circuit 

models, in order to design and build an experimental line. The main contribution 

of this thesis is the simulation of this type of transmission line using LT-Spice 

simulation models for the first time. 

The specific goals of the work proposed are given below: 

 Spice and numerical simulations of the gyromagnetic NLTL based on the 

models proposed by Weiner [13], Pouladian-Kari [14], Pouladian-

Kari/Shapland [15] and Dolan [16].  

 The use for the first time of graphical interface programs in the Windows 

environment, such as LT-Spice that eases the circuit simulation of the 

equivalent models for the gyromagnetic line.  

 Comparison of the simulation results obtained with those found in 

references [13], [14], [15] and [16], already mentioned. 

 Determination of which computational method (numerical or Spice) is 

more efficient considering handling, accuracy, and simulation time.  

 Evaluating which model better represents the magnetic precession 

phenomenon of ferrites, considering its effect on the output rise time and 

oscillation frequency.  

 Validation of computer methods by comparison between experimental 

and simulation results when the gyromagnetic effect takes place. 

A summary of the models used as the basis for comparing results and the 

method of validation of this thesis are shown in Table 2.1. 
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Table 2.1. Summary of the models used in this thesis. 

Reference Author Year Contribution 

[13] Weiner 1981 Described a simplified theory of sharpening 

based on Katayev’s explanations. 

[14] Pouladian 1989 
RLC branches added in parallel with the 

capacitor to simulate the precession 

oscillation. 

[15] Pouladian/

Shapland 

1991 RLC branches with varying values along the 

line (linearly graded bias). 

[16] Dolan 2000 Voltages sources in series with the linear 

inductor (axial bias). 

 

Source: Author’s production. 

 

It is expected that this thesis offers a suitable solution for simulating 

gyromagnetic lines using Spice software (LT) of easier manipulation to predict 

the operation device rather than numerical solution to differential equations of 

the electrical network. 
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3. THEORETICAL BACKGROUND 

This chapter gives the principle of operation of NLTLs and describes their main 

properties for applications in space systems. For this, satellite and its 

telecommunication subsystem will be discussed and, next, the radiofrequency 

spectrum and Traveling Wave Tubes (TWTs) will be presented. Nonlinear 

transmission lines are also presented showing the two types, the lumped LC 

and the gyromagnetic continuous lines. Circuit models will be analyzed and 

studied. In particular there will be explained the numerical analysis and spice 

model concepts, since both methods are used for validation of the results. 

Finally, the advantages of using gyromagnetic lines will be shown, to justify the 

focus of our research on this subject by ending with the state of the art of the 

main studies about gyromagnetic lines in recent years. 

 

3.1. Satellite Specifications 

The satellite is one of numerous devices designed with the purpose to explore 

space. These vehicles are designed considering their objective and the 

environment where they have to operate, that is, depending on their purpose 

their specifications will change completely from one mission to another. 

Spacecraft are conceptually divided into two parts: the payload and the 

platform, which includes the necessary parts to carry out the launching and to 

manage the payload operation [1]. 

The platform of artificial satellites is divided into several subsystems for the 

engineering design work, assembly and testing. Usually the subsystems are 

divided as [1], [17], [18], [19], [20], [21] and [22]: 

 Attitude and orbit control: controls the pointing of the satellite in space; 

 Power supply: provides the energy required for the subsystems; 
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 Telecommunication: sends and receives data allowing monitoring of the 

operation and the command of the satellite; 

 Board management: processes the satellite internal data, the information 

received on Earth and sent to the ground stations; 

 Structures and mechanisms: provide the mechanical and movement 

support for the parts of the satellite. They also offer protection against 

vibration during the launching and against radiation in orbit; 

 Thermal control: keeps the equipment within its nominal range of 

temperature; 

 Propulsion: provides the thrust needed to control the attitude and orbit of 

the satellite. 

Some factors that affect the satellite specification should be considered such as 

[1], [17], [18], [19], [20], [21] and [22]: 

 Size and weight: usually proportional to the requirements associated with 

the payload and life of the mission (mostly related to the fuel and electric 

power).  

 Required power: proportional to the demand of the payload, being limited 

by weight and size; 

 Data transfer rate: associated with the mission, being limited by the 

power processing, on-board data storage, and system capability of 

ground transmission; 

 Communication systems: associated with the payload and mission, being 

limited by the availability of ground stations; 

 Pointing: also associated with the payload and mission, being limited by 

cost and mass; 
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 Number of satellites: associated with the mission, revisiting requirements 

and is limited by cost; 

 Altitude: associated with the payload and mission and limited by the 

launcher and the mass of the satellite; 

 Coverage: associated with the mission and limited by the orbit and the 

range field of the payload; 

 Schedule of the passes around the globe: associated with the mission; 

 Operations: associated with the level of autonomy of the satellite, being 

limited by the availability of communication, personnel and cost. 

 

3.1.1. Temperature Effects  

One of the important factors that needs to be taken into account is the NLTL 

response when subjected to extremes of temperature in order to understand 

operational performance of transmission lines in the space environment.  Bragg 

[23] performed several tests of a coaxial line using ferrites considering possible 

operational values, i.e. varying the temperature from -20.0°C to 150°C to check 

output signal at high voltage operation. These tests considered shots with 

incident pulse amplitudes of 40 kV for a 19 kA/m axial magnetic bias using a 30-

cm line length. 

Figure 3.1 [23] shows the output pulse amplitude, frequency and number of 

oscillations varying in the -20 ºC/150°C temperature range. For extreme values 

at -20.0°C and 150°C, the pulse amplitude was highly impaired demonstrating 

the poor precession operation (low number of oscillations and VMD), while at 

other temperatures within this range, the pulse peak amplitude, number of 

oscillations and VMD have higher values demonstrating better performance. 
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Figure 3.1. Gyromagnetic line output signals showing better performance between 0 
and 100°C. 

 

 

 

 

 

 

 

Source: [23]. 

 

In Figure 3.2 Bragg demonstrated that the frequency decays with the increase 

in temperature for different incident pulse amplitudes (30kV, 40 kV and 50 kV).  

Figure 3.2. Bragg’s frequency response to different temperatures. 

 

 

 

 

 

 

 

Source:[23]. 
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From these results, ferrites demonstrate strong temperature dependence, 

influencing the precession movement that induces frequency oscillations on the 

output pulse. High temperatures make difficult the precession movement of the 

electron spin because of the magnetic domains agitation and, therefore the 

oscillations tend to stop. Elevated temperature in the ferrites can occur due to 

the heating generated by the pulse repetition rate and resistive losses in the 

solenoid. This observation is important as in space applications temperature is 

a critical parameter. For instance, satellites receive solar radiation at certain 

periods (reaching extremely high temperatures) and at other ones are eclipsed 

(reaching very low temperatures). The system should be able to support abrupt 

temperature changes without affecting the reliability of the signal transmitted.  

 

3.1.2. Telecommunications Subsystem 

Telecommunications subsystems must ensure information exchange between 

ground stations and space vehicles through the following functions:  

 Tracking: determines the position and the motion of the satellite by using 

data about their angular positions and speed; 

 Telemetry: encodes the measurement of the sensors for digital data 

transmission; 

 Command: receives, verifies and executes commands for remote control 

of functions, configuration and motion of the satellite. 

The basics concepts for this subsystem are:  determination of the satellite state 

by telemetry transmitted via RF, acting on the satellite through telecommands 

transmitted by the ground segment. Determination of the orbit by the ranging of 

the distance between the satellite and the station, calculating the satellite radial 

velocity related to the station, and the orientation of the antenna. Determination 

of the satellite attitude, that is, the orientation of the satellite in space obtained 
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from onboard sensor data (part of the Attitude Control Subsystem) [1], [17], [18], 

[19], [20], [21], and [22].  

The RF range is allocated for space operation for instance in the                               

S band (Telecommand in 2025-2120 MHz and Telemetry in 2200-2300 MHz) 

according to the ITU (International Telecommunication Union) [24]. 

 

3.2.  Radiofrequencies for Telecommunications 

In the last decade, the number of satellites in orbit has increased considerably 

as a result of the advance of technologies to the design of space vehicles. 

Hence, in order to meet the mission requirements nowadays a broader 

frequency range is needed. As a consequence, the spectrum usage is a very 

important requirement, so that the interference with other bands like military, 

commercial, etc. can be avoided. In this case, the frequency range of interest is 

between 300.0 MHz and 30.0 GHz, and its classification is shown in Table 3.1 

[24]. 

The radiofrequency part of the electromagnetic spectrum, located between 3.0 

kHz and 300.0 GHz (see Table 3.2), has been used mainly in civilian 

telecommunications (radio, TV, mobile phone), military, and satellite 

communications. The bands used are UHF (Ultra High Frequency), SHF (Super 

High Frequency) and EHF (Extremely High Frequency). Other devices operate 

at these frequencies range, for example industrial and medical systems, 

microwave ovens, etc. [24]. The application, classification and its abbreviation, 

and the spectrum used are shown in Table 3.2, where LC discrete lines 

generally operate in VHF for radar application for example, and gyromagnetic 

lines in UHF for some satellite applications. 
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Table 3.1. Frequency range for satellite application [24]. 

Radar Bands Frequency Application 

P 
300.0 MHz – 

1.0 GHz 
Radar application (SAR) 

L 
1.0 – 

2.0 GHz 

Mobile Satellite Service (MSS), UHF TV, 

terrestrial microwave and studio television 

links, cellular phone. 

S 
2.0 – 

4.0  GHz 

MSS, Digital Audio Radio Service (DARS) 

and deep space research. 

C 
4.0 – 

8.0  GHz 

Fixed Satellite Service (FSS), fixed service 

terrestrial microwave. 

X 
8.0 – 

12.5  GHz 

FSS, military communication, DARS feeder 

links, terrestrial fixed service, Earth 

observation satellites. 

Ku 
12.5 – 

18.0  GHz 

FSS, Broadcast Satellite Service (BSS) 

microwave terrestrial fixed service. 

K 
18.0 – 

26.5  GHz 

BSS, FSS, microwave terrestrial fixed 

service, local multichannel distribution 

service (LMDS) 

Ka 
26.5 – 

40.0  GHz 

FSS, microwave terrestrial fixed service, 

LMDS, Intersatellite links (ISL), satellite 

imaging. 

 

Source: Author’s production. 
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Table 3.2. Frequency spectrum classification. 

 

Source: Author’s production. 

 

 

3.2.1. Synthetic Aperture Radar 

Radar satellites are used in remote sensing to provide data and information for 

different applications as for example climate change, deforestation detection, 

development of urban areas, mobility, forecast of natural disasters (hurricanes, 

tsunamis, volcanoes, etc.) and in the military area [25], [26] and [27]. Its 

operation is based on radar which comprises basically a transmitter, receiver, 

antenna and electronic system to process and record data. The transmitter 

generates a succession of pulses in the microwave range in a regular interval, 

transmitted by an antenna directed for a specific target. When the target is 

reached by this electromagnetic wave, part of the wave is absorbed and part is 

reflected. The portion that is reflected back to the antenna has different return 

and time intensities, which depend on the type of target and its distance in 

relation to the antenna. The frequency range used for SAR pulse emission is in 
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the microwave range, which occupies a large band in the frequency spectrum 

from 300.0 MHz to 300.0 GHz. 

 

3.3. Traveling Wave Tubes 

Traveling Wave Tubes (TWTs) are used in the frequency range 300.0 MHz – 

50.0 GHz, and with a capability of power generation from watts to megawatts. 

Their application can be very wide, as for example radars, final high power 

amplifiers in electronic warfare with the goal of transmitting RF pulses and as 

drivers for other devices such as crossed-field amplifiers. In particular, TWTs 

are largely used as final amplifiers in satellite communications [2]. One example 

of the great reliability of this device is the X-band TWT implemented on the 

Voyager I satellite, which was designed as a backup device in case of failure of 

the solid-state amplifier. The failure occurred and the X-band TWT is still in 

operation after 28 years in space [28]. TWTs are amplifiers and they need a low 

power RF seed source. The schematic of a traveling wave tube with the most 

important components is shown in Figure 3.3 a) and b). Conceptually, the 

electron gun, electron beam, and collector have the similar designs for all 

TWTs. However, there are substantial differences in the RF circuits. Despite 

these differences, the TWTs operate under the same working principle [28]. 

An alternative way of reaching the same RF generation produced by the TWTs1 

to establish communication between the ground station and satellite, could be 

the use of NLTLs (explained in the next subsection) as gyromagnetic lines are 

all solid-state and of compact size not requiring heating filament and vacuum. 

 

                                                      
 
1
 In this thesis, TWTs are used as comparison basis instead of Solid State Amplifiers (SSA) 

because the power generated by SSA devices is very low (tens of watts) while TWTs and 

gyromagnetic lines operate at tens of kilowatts. 
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Figure 3.3. Traveling wave Tube a) Inner/structure view  b) Outside view. 

 

 

 

 

 

 

 

 

Source: [30], [31]. 

 

 

3.4. Nonlinear Transmission Lines 

Nonlinear Transmission Lines (NLTLs) have been used with success to produce 

High Power Microwave (HPM) oscillations in recent years [32]. These lines are 

interesting due to their compact structures, with high power at high frequency 

operation [33]. The main property of NLTLs is the nonlinear material employed 

in the device as nonlinear dielectrics [34] or magnetic [35] medium where the 

latter has been shown to be more efficient [36] to-date. A brief description using 

both dielectric and magnetic materials is given in the next subsections (3.4.1 

and 3.4.2). 

To understand the nonlinear effect of the line when an input pulse is injected 

onto the line, to a first approximation the dispersive effect is disregarded [37], 
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[38]. When the input pulse is injected, it propagates along the line length with a 

velocity defined by 

 

                    𝑣 =
1

√𝜇𝜀
                                (3.1)                           

 

where 𝜇 is the magnetic permeability and 𝜀 is the electrical permittivity. 

However, if the dielectric of the line is nonlinear, for example, ceramic materials, 

during the pulse propagation in this medium, the higher portion of the voltage 

pulse will travel faster than the leading edge since 𝜀 decreases as the voltage 

increases. Then, the line delay is bigger for the parts of the pulse of lower 

intensity [39]. Analogously, this same compression effect can be obtained by 

the use of nonlinear magnetic materials, since the permeability (µ) of these 

materials decreases with the current increase, as for ferrite for example [40]. 

Each one of these methods can be used for generation of very fast output 

pulses with high power levels [41], [42].  

 

3.4.1. Nonlinear Discrete LC lines 

The discrete LC lines also referred to as a Nonlinear Lumped Element 

Transmission Line (NLETL), consists of periodic sections of nonlinear inductors 

and/or capacitors, where a square input pulse injected onto the line will be 

submitted to the dispersion effect, and subsequently modulated and 

decomposed into a series of solitons (oscillatory pulses – see Figure 3.4). The 

reason for this is due to the NLTL working principle based on a balance 

between two characteristic line properties: dispersion and nonlinearity. 

Transmission lines built with discrete elements are responsible for the 

dispersion effect and the elements used as varicap diodes, ceramic capacitors 
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and/or saturated inductors are responsible for the characteristic of nonlinearity 

of the line [42]. Generally, as variable capacitors a network of varactor diodes is 

used (because of the excellent nonlinear characteristic of the junction 

capacitances) [44] or ceramic capacitors (whose capacitance have an inverse 

relation with the voltage) [45]. Another possibility is the construction of an 

inductive line with variable L as reported by Seddon et al. [8], using cross-link 

capacitors between the sections to help the compensation of the dispersive 

effect by the line nonlinearity. The properties of the line lead to the characteristic 

formation of a soliton. Nonlinearity and dispersion act together to provide the 

high-frequency oscillations along the line, which can be used to irradiate RF 

through an antenna matched to the line output. As illustrated in Figure 3.4, a 

NLETL can be used to convert a rectangular input pulse into a train of 

oscillatory pulses [9], [46], [47], [48]. 

 

Figure 3.4. Input pulse and output waveform on a dispersive NLTL. 

 

 

 

Source: Author’s production. 

 

For the nonlinear effect, the line needs at least one of the components with 

nonlinear behavior (capacitors with the capacitance varying with the applied 

voltage 𝐶(𝑉) or inductors whose inductance varies with to the current 𝐿(𝐼)). For 

dispersion, the line periodicity provides this effect [49], [50], [51]. The line 

schematic is a cascade network of LC sections that can be implemented 

according to four different settings as shown in Figure 3.5.  
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The first two settings in Figure 3.5 are capacitive lines, and the difference 

between them is that the first Figure 3.5 (a) built with varactor diodes is suitable 

only for low voltage operation, while the second one Figure 3.5 (b) built with 

ceramic capacitors is for high voltage operation. The third configuration Figure 

3.5 (c) is an inductive line, and in this case nonlinear inductors are used. The 

last one Figure 3.5 (d) is a hybrid line, where both nonlinear components 𝐿(𝐼) 

and 𝐶(𝑉) are used. 

 

Figure 3.5. The different possible settings for the discrete nonlinear LC line a) 
Capacitive line for low voltage operation, b) Capacitive line for high 
voltage operation, c) Inductive line, d) Hybrid line. 

 

 

 

Source: Author’s production. 

 

To induce soliton formation (further explained in 3.4.1.1) along the line, a 

nonlinear dielectric dispersive lumped line is used, where the phase velocity is: 

 

 𝑣𝑝ℎ =
1

√𝐿𝐶(𝑉𝑚𝑎𝑥)
      (3.2) 

where 𝐿 and 𝐶(𝑉𝑚𝑎𝑥) are respectively the linear inductance per section and the 

nonlinear capacitance per section. As the line is dispersive the rise time will be 
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limited approximately by the inverse of the line Bragg cutoff frequency given by 

[52]:  

𝑓𝑐0 =
1

𝜋√𝐿𝐶(𝑉𝑚𝑎𝑥)
.                                      (3.3)                                                                     

 

The accurate calculation of the pulse rise time reduction at the output is difficult 

to achieve due to the line nonlinearity and the dependence of the phase velocity 

on frequency in dispersive lines. However, an estimate can be made by 

calculating the difference between the propagation times of the portion of the 

pulse with lower amplitude and its peak. Therefore, for the lower portion of an 

input pulse propagating along a linear line, the delay is given approximately by:  

 

𝛿1 = 𝑛 √𝐿𝐶0,      (3.4) 

 

where 𝑛 is the number of sections of the line. While for the peak of the 

propagating pulse the delay is equivalent to:  

 

𝛿2 = 𝑛 √𝐿𝐶(𝑉𝑚𝑎𝑥),     (3.5) 

 

and therefore, according to Figure 3.6 the rise time reduction of the output pulse 

is given by [52]: 

 

∆𝑇 = 𝛿1 − 𝛿2 = 𝑡𝑟𝑖 − 𝑡𝑟𝑜 = 𝑛(√𝐿𝐶0 − √𝐿𝐶(𝑉𝑚𝑎𝑥))  (3.6) 
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where 𝑡𝑟𝑖 and 𝑡𝑟𝑜 are the input and output rise times, respectively. 

 

Figure 3.6. Compression of the output pulse in a NLTL. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

From the parameters 𝑡𝑟𝑖 and 𝑡𝑟𝑜 in Figure 3.6, the following relations can be 

derived: 

 

𝑡𝑟𝑖 + 𝛿2 = 𝑡𝑟𝑜 + 𝛿1,                     (3.7) 

 

which gives:  

 

𝑡𝑟𝑜 = 𝑡𝑟𝑖 − Δ𝑇               (3.8) 

 

when 𝑡𝑟𝑖 > ∆𝑇, there occurs the output pulse compression. On the other hand, 

when 𝑡𝑟𝑖 ≤ ∆𝑇, the shock wave rise time cannot drop to zero, since in this case 



22 
 

it is limited by the line cutoff frequency 𝑓𝑐0 because of the lumped line 

dispersions and, thus 𝑡𝑟𝑜(𝑚𝑖𝑛) ≅
1

𝑓𝑐0
=  𝜋√𝐿𝐶(𝑉𝑚𝑎𝑥) (see (3.3)). Therefore, above 

this frequency the energy cannot propagate, generating a series of narrow 

pulses (solitary waves) along the line and at its output, as the output pulse can 

no longer be compressed.  

Thus, with relation to the ∆𝑇 and 𝑡𝑟𝑖 parameters: 

 𝑡𝑟𝑖 ≤ ∆𝑇: the dispersion compensates the nonlinearity (soliton formation); 

 𝑡𝑟𝑖 > ∆𝑇: the nonlinearity overcomes the dispersion (output pulse 

sharpening). 

The properties of the line corresponding to the characteristics of soliton 

formation (nonlinearity and dispersion) acting together allows the appearance of 

high frequency oscillations along the line as shown in Figure 3.7. 

 

Figure 3.7. Soliton formation. 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 
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3.4.1.1. Solitons 

Solitons are solitary waves that propagate in the medium without changing its 

shape and velocity over a long period and distance. They were noticed for the 

first time by John Scott Russell in 1834, while he was observing a boat in an 

Edinburgh (Scotland) channel. He verified that, when the boat was suddenly 

stopped, there appeared a big wave with rounded and well defined shape that 

propagated with constant velocity through the channel. After this observation, 

Russell performed several laboratory experiences generating solitary waves by 

plunging a weight on one end of a long receptacle filled with water that 

simulated shallow channels, as in his first observations of solitary waves. During 

these experiments, Russell observed that the larger the wave amplitude, the 

larger the propagation velocity. In Figure 3.8 are shown six different times 

during the propagation of two solitary waves in the same medium [51]. It is 

possible to observe that the solitary wave with smaller peak is slower and 

overpassed by the one with higher peak that is also faster, which is in 

agreement with Russell’s observations [53], [54], [55]. 

Another fact observed by Russell in 1844 is that in collisions, solitary waves 

retain their characteristics (see Figure 3.8, where two waves collide and, after 

the shock, keep propagating with the same shape before the interaction). In the 

same way demonstrated in Figure 3.8, in one of his experiments Russell 

created two solitary waves with different velocities and observed that the faster 

wave reached, interacted and exceeded the slower wave in such a way that 

after the process, both remained intact [53]. 
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Figure 3.8. Solitons collision and conservation of the waves showing normalized 
amplitudes as function of position at given normalized times. 

Source: [51]. 

 

 

3.4.2. Basic Concepts of Gyromagnetic Lines 

Gyromagnetic NLTLs generate microwaves induced by the damped 

gyromagnetic precession of the magnetic moments in the ferromagnetic 

material, and thus, are used as compact, solid-state, RF sources [56]. The 

output frequency of a NLTL can be adjusted by controlling the bias magnetic 

field applied externally and by the amplitude of incident voltage pulse [57]. The 
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output power is determined by the intrinsic properties of the ferromagnetic 

material and by the transmission line dimension [36].  

The principle of operation of the gyromagnetic line is based on the sharpening 

of the output pulse in relation to the input pulse, caused by the dependence of 

the magnetic permeability of the material on the current applied [58]. As the 

current pulse propagates down the line the magnetic permeability decreases 

with the current amplitude. Thus, the crest of the pulse will travel faster than its 

portion of lower amplitude since the propagation velocity in a nonlinear 

magnetic medium is given by: 

 

𝑣𝑝 =
𝑐

√𝜀𝑟𝜇𝑟(𝐼)
,             (3.9) 

 

where c is the speed of light in vacuum, 𝜇𝑟(𝐼) is the relative magnetic 

permeability that varies with the current 𝐼 and 𝜀𝑟 is the relative electrical 

permittivity.   

As the leading edge of the input pulse with higher amplitude travels faster than 

the portion of smaller amplitude, the emerging output pulse is sharpened. In this 

case, the pulse rise-time reduction at line output can be estimated as [51]: 

 

∆𝑇 = 𝜋(√𝐿𝐶 − √𝐿𝑠𝑎𝑡𝐶)                            (3.10) 

 

where 𝐿 is the coaxial line inductance far from saturation,  𝐿𝑠𝑎𝑡 is the saturated 

inductance of the coaxial line, and 𝐶 is the coaxial line capacitance. 



26 
 

The pulse rise time reduction is limited by the switching characteristics of the 

ferrite due to the time it takes to switch from one state to another on the B-H 

curve (see Figure 3.9) of the material, which is related to the relaxation 

frequency of the magnetic material [11]. 

 

Figure 3.9. B-H curve of a magnetic material. 

 

 

 

 

 

 

Source: Author’s production. 

 

 

3.4.2.1. Types of Bias 

The coaxial line can be biased in two different ways, using azimuthal bias (as 

seen in Figure 3.10 (a)) for pulse compression or axial bias (as seen in Figure 

3.10 (b)) for efficient RF generation from magnetic precession. For pulse 

compression, the line is biased by a DC current flowing through the inner 

conductor so that the ferrites are saturated in the opposite direction to that when 

a current pulse is injected onto the line, also known as azimuthal bias shown in 

Figure 3.10 (a). Indeed, pulse compression occurs even if the lines are not 

biased, as long as a reset pulse is applied to degauss the line before the arrival 

of the next current pulse. For RF generation the axial bias is used as in Figure 
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3.10 (b) where the total effective field is twisted as the azimuthal field generated 

by the current pulse injected onto the line is superimposed on the axial field.  

 

Figure 3.10. Types of bias a) azimuthal and b) axial. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

Another way of improving the pulse compression with a rise time smaller than 

1.0 ns consists of biasing the line by an axial field as shown in Figure 3.10 (b) 

produced with the use of permanent magnets or a solenoid, as demonstrated in 

Figure 3.11. 
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Figure 3.11. Continuous line with magnetic material used for pulse compression. 

 

Source: Author’s production. 

 

By introducing axial bias into the line, the precession effect of the magnetic 

moments in the ferrite must be considered, since it causes oscillations in the 

amplitude of the output pulse [59]. On the other hand, for azimuthal bias, this 

effect is neglected. A detailed explanation for this precession effect is also 

illustrated in Figure 3.12. 

As shown in Figure 3.12, assuming that the line is immersed in an axial 

magnetic field 𝐻, as soon as a current pulse 𝐼 is injected, the magnetic moment 

𝑀 of the ferrite, initially aligned along the axis, interacts with the azimuthal field 

generated around the conductor, saturating and leading to pulse compression. 

At the same time, because of the magnetic torque, a precessional motion of the 

magnetic moment in high frequency with a damping factor 𝛼 occurs which 

depends on the characteristics of the ferrite. 
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Figure 3.12.  Precession of the magnetic moment M in ferrites. 

 

 

 

 

 

 

Source: Author’s production. 

 

The magnetic precession motion in ferrites takes place along the line as soon 

as the current pulse propagates, inducing high-frequency oscillations. These 

oscillations appear superimposed on the amplitude of the output pulse with a 

similar shape to that of the input pulse, but with a reduced rise time.  

 

3.4.2.2. Basics of Ferrimagnetism  

Magnetism is a result of the alignment of regions in the material known as 

magnetic domains. Ferromagnetic materials exhibit parallel alignment of 

moments resulting in the magnetization even in the absence of an externally 

applied magnetic field. In these elements, the magnetic moments are aligned in 

the same direction to produce strong permanent magnets (see Figure 3.13 (a)). 

On the other hand, for ferrimagnetic materials the magnetic moments are in 

opposite directions as shown in Figure 3.13 (b) and they can be magnetized 

with the influence of an external magnetic field [60]. 
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Figure 3.13.  Alignment of (a) Ferromagnetic and (b) Ferrimagnetic materials. 

 

 

 

 

 

 

Source: Author’s production. 

 

The magnetic properties of a material are related to the existence of magnetic 

dipole moments, which arise primarily from the electron spin. The magnetic 

dipole moment of an electron due to its spin is given by: 

 

�⃗⃗� =
𝑞ℏ

2𝑚𝑒
= 9.27 × 10−24 𝐴 − 𝑚2   (3.11) 

 

where ℏ is Planck’s constant divided by 2𝜋,  𝑞 is the electron charge, and 𝑚𝑒 is 

the mass of the electron [60]. Considering that an electron has a spin angular 

momentum given in terms of Planck’s constant as: 

 

𝑠 =
ℏ

2
           (3.12) 

and the vector direction of the angular momentum 𝑠  is opposite to the direction 

of the spin magnetic dipole moment �⃗⃗�  as shown in Figure 3.14.  
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Figure 3.14. Spin magnetic dipole moment and angular momentum vectors for a 
spinning electron. 

 

 

 

 

 

 

 

 

 

 

Source: [60]. 

 

The ratio of the spin magnetic moment to the spin angular momentum is a 

constant known as the gyromagnetic ratio: 

 

𝛾 =
𝑚

𝑠
=

𝑞

𝑚𝑒
= 1.759 ×

1011𝐶

𝑘𝑔
.   (3.13) 

 

Then, the vector relation between the magnetic moment and the angular 

momentum is 
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�⃗⃗� = −𝛾𝑠 ,     (3.14) 

 

where the negative sign is due to the fact that these vectors are oppositely 

directed. When a magnetic bias field 𝐻0
⃗⃗ ⃗⃗  = �̂�𝐻0 is present, a torque occurs on 

the magnetic dipole: 

 

�⃗� = �⃗⃗� × 𝐵0
⃗⃗⃗⃗ = 𝜇0�⃗⃗� × 𝐻0

⃗⃗ ⃗⃗  = −𝜇0𝛾𝑠 × 𝐻0
⃗⃗ ⃗⃗  .  (3.15) 

 

Since torque is equal to the time rate of change of angular momentum 

 

𝑑𝑠 

𝑑𝑡
=

−1

𝛾

𝑑�⃗⃗⃗� 

𝑑𝑡
= �⃗� = 𝜇0�⃗⃗� × 𝐻0

⃗⃗ ⃗⃗  .   (3.16) 

 

Finally, the motion of the magnetic dipole moment �⃗⃗�  is given by 

 

𝑑�⃗⃗⃗� 

𝑑𝑡
= −𝜇0𝛾�⃗⃗� × 𝐻0

⃗⃗ ⃗⃗  .   (3.17) 

 

 

3.4.2.3. LLG equation 

The Landau Lifshitz Gilbert equation, better known as the LLG equation since 

1954 is the modified version of the original Landau-Lifshitz equation dated from 
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1935 that describes the precession movement of the magnetization 𝑀 in ferrites 

[61], [62]. This equation is used to model the behavior in the time domain of 

magnetic elements due to the presence of a magnetic field. The LLG equation 

describes the rotation of the magnetization in response to torques. Figure 3.15 

illustrates its working principle where the damped magnetic motion of 

precession is given by the dashed trajectory [63].  

 

Figure 3.15. The dynamics described by the LLG equation, in which the magnetization 
M precesses around H with damping. 

 

 

 

 

 

 

Source: [63]. 

 

The vectors �⃗⃗� × �⃗⃗�  in red, and �⃗⃗� ×
𝜕�⃗⃗⃗⃗� 

𝜕𝑡
 in blue stand, separately, for the 

magnetic precession and damped motion, respectively, which combined give 

the dashed trajectory in Figure 3.15. The trajectory of the spiral magnetization is 

drawn under the simplified assumption that the field 𝐻 is a combination of the 

bias field plus the field generated by a current pulse through the NLTL in the 

𝑟, 𝜃, 𝑧 directions. The movement of the magnetization vector �⃗⃗�  is described by 

the LLG equation as [64]: 
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𝜕�⃗⃗� 

𝜕𝑡
= 𝛾𝜇0�⃗⃗� × �⃗⃗� −

𝛼

𝑀𝑠
𝜇0�⃗⃗� ×

𝜕�⃗⃗� 

𝜕𝑡
                       (3.18)  

 

where 𝐻 is the axial magnetic field vector, 𝑀𝑠 the saturation magnetization, 𝜇0 is 

the magnetic permeability of vacuum, 𝛾 = 1.76 × 1011(𝑟𝑎𝑑 𝑠−1 𝑇−1) is the 

gyromagnetic ratio of the electron,  and 𝛼 is the precession damping constant, 

which depends on the material. The first term on the right of the LLG equation 

represents the precessional motion, while the second one represents the 

dissipative factor of the oscillating movement. This equation is in the form 

proposed by Gilbert, whose dissipative term differs from the original expression 

described by Landau and Lifshitz (LL) as 

 

       
𝜕�⃗⃗� 

𝜕𝑡
= 𝛾𝜇0�⃗⃗� × �⃗⃗� −

𝛼𝛾𝜇0

𝑀𝑠
�⃗⃗� × (�⃗⃗� × �⃗⃗� ).        (3.19) 

 

As demonstrated in Appendix A.2 when the dissipation coefficient becomes 

𝛼 <<  1, equations (3.18) and (3.19) become equivalent.  

Thus, considering only the dissipative term in (3.19), this equation reduces to 

(see Appendix A.2): 

 

𝜕�⃗⃗� 

𝜕𝑡
≅ −

𝛾𝜇0

(1+𝛼2)

𝛼

𝑀𝑠
[�⃗⃗� × (�⃗⃗� × �⃗⃗� )].                      (3.20)  

 

Using the vector identities below: 
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𝑎 × (𝑏 × 𝑐) = 𝑏(𝑎 ∙ 𝑐) − 𝑐(𝑎 ∙ 𝑏),                                  (3.21) 

 

and noting that �⃗⃗� . �⃗⃗� = 𝑀2 and �⃗⃗� × �⃗⃗�  in Figure 3.15 is in the azimuthal direction 

(3.20) can be simplified as: 

 

𝜕�⃗⃗� 

𝜕𝑡
≅ −

𝛾𝜇0

1+𝛼2

𝛼

𝑀𝑠
[�⃗⃗� (�⃗⃗� ∙ �⃗⃗� ) − �⃗⃗� (�⃗⃗� ∙ �⃗⃗� )]    (3.22) 

 

𝜕�⃗⃗� 

𝜕𝑡
= −

𝛾𝜇0𝛼

(1+𝛼2)𝑀𝑠
[(�⃗⃗� (�⃗⃗� ∙ �⃗⃗� ) − �⃗⃗� 𝑀2)].    (3.23) 

 

By using cylindrical coordinate, the rate of change of azimuthal magnetization is 

recast in the form: 

 

𝑑𝑀𝜃

𝑑𝑡
=

𝛾𝜇0𝛼

1+𝛼2
𝑀𝑠 (1 −

𝑀𝜃
2

𝑀𝑠
2)𝐻𝜃 =

𝑀𝑠

𝑆
𝜇0 (1 −

𝑀𝜃
2

𝑀2)𝐻𝜃 ,          (3.24)  

 

where |�⃗⃗� | = 𝑀𝜃 and |�⃗⃗� | = 𝐻𝜃 are respectively the magnetic moment and the 

magnetic field applied in the azimuthal direction, where the switching constant, 

S, in (3.24) is expressed as a function of the gyromagnetic ratio and the 

damping factor by: 

 𝑆 =
1+𝛼2

𝛼
𝛾−1 = (

1

𝛼
+ 𝛼)𝛾−1 .             (3.25) 
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The demagnetizing field due to the application of the current pulse 𝐼 cancels the 

initial magnetic moment during the switching interval in the reverse transition of 

the ferrite magnetization, passing from −𝑀𝑆 to +𝑀𝑠. This switching interval 

depends on the applied magnetic field 𝐻 and on the switching constant S which 

in turn derives from the ferrite characteristics such as: 

 

 𝜏 =
𝑆

(𝐻−𝐻𝑐)
,     (3.26) 

 

where 𝐻𝑐 is the coercive field (Figure 3.7). The switching time 𝜏 can reach less 

than 1.0 ns (in the range of hundreds of ps) depending on the intensity of the 

applied field and on the constant S. Equation (3.26) assumes that magnetic 

switching time is inversely proportional to the magnetic field applied onto ferrites 

with azimuthal bias only. 

On the other hand, with axial bias, magnetic precession takes place and 

calculation of the precession frequency becomes a key issue when designing 

gyromagnetic NLTLs. One way of doing that is to simplify the original equation 

(3.19) by neglecting the dissipation term, which transforms into 

 

𝜕�⃗⃗� 

𝜕𝑡
= 𝛾𝜇0�⃗⃗� × �⃗⃗�  .                                     (3.27)                

 

By assuming transverse electromagnetic mode (TEM) propagation in the 

gyromagnetic coaxial line, the set of telegraphist equations along axis z for the 

voltage V and current I can be written as 
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𝑑𝐼

𝑑𝑧
= −𝐶𝑜

𝑑𝑉

𝑑𝑡
                                          (3.28) 

 

𝑑𝑉

𝑑𝑧
= −

𝑑∅

𝑑𝑡
= −

𝑑(𝐿𝐼)

𝑑𝑡
                                  (3.29) 

 

where Φ is the flux, C0 is the line capacitance per meter, and L is the total line 

inductance per meter. Coupling the LLG magnetization to the TEM mode 

equation (3.29) becomes: 

 

𝑑𝑉

𝑑𝑧
= −𝐿0

𝑑𝐼

𝑑𝑡
− 𝜇0(𝑏 − 𝑎)

𝑑𝑀

𝑑𝑡
                                   (3.30) 

 

where L0 is the air or saturated line inductance per meter and b and a are 

respectively the outer and inner radii of the ferrite. The magnetic field H is a 

sum of two components: the azimuthal component Hθ generated by the current 

pulse I and the axial z-component (Hz=H0) associated with the external bias and 

with the gyromagnetic resonant frequency (𝜔0 = 𝛾𝐻0). The azimuthal field can 

be calculated as a function of the current pulse amplitude such as 𝐻𝜃 =

𝐼 𝜋(𝑏 − 𝑎)⁄  and the magnetization variation in the transverse direction z can also 

be neglected such that 𝑑𝑀 𝑑𝑡 =⁄ 𝑑𝑀𝜃 𝑑𝑡⁄ . Using these three equations and 

supposing that the azimuthal magnetic field produced by the high voltage pulse 

applied does not change the magnitude of the magnetization but only its 

direction because of rotational movement around H (that is, |�⃗⃗� | = 𝑀𝑠 for a 

saturated ferrite), Romanchenko reported in [64] that the center frequency of 

oscillations superimposed on the amplitude of the pulse voltage propagating 

along the line can be given by: 
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𝑓𝑐 = 
𝛾

4𝜋
𝜇0𝐻𝜃√1 +

𝜒𝑀𝑠

𝜇0√𝐻𝜃
2+𝐻𝑍

2
,      (3.31) 

 

where χ is the ferrite filling factor of the NLTL. Neglecting the first term “1” in the 

square root as the second is normally much bigger and for Hz>>Hθ one obtains: 

          

    𝑓𝑐 ≈ 
𝛾

4𝜋
𝜇0𝐻𝜃√

𝜒𝑀𝑠

𝜇0𝐻𝑧
 .                                            (3.32) 

 

Equation (3.32) shows that the gyromagnetic NLTL strongly depends on the 

amplitude of the incident pulse and on the static magnetic bias. As it can be 

confirmed in several papers [64],[65] the NLTL performance trend indicates that 

the center frequency decreases with the static magnetic field and increases with 

the input pulse amplitude because of the azimuthal field produced, which is also 

according to (3.32). The explanation for this phenomenon is due to the TEM 

mode wave that propagates down the coaxial line coupled to the azimuthal 

magnetic field generated by the incident pulse. If the static magnetic bias 

increases, the rotating azimuthal M field component decreases, lowering the 

frequency of oscillations. On the contrary, if the incident pulse increases the 

azimuthal M contribution increases, raising the frequency.  

 

3.5. Models to be Studied 

The existing theories behind the pulse sharpening effect in ferrite-loaded lines 

were first explained extensively by Katayev [12] in 1966, who gave a basic 

mathematical description of the concept. Three decades later, Weiner [13] in 

1989 produced an article describing a simplified theory based on Katayev’s 
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explanations. In 1989, Pouladian-Kari et al. [14] developed a frequency-

enhanced model to improve the model for the rise time compression of the 

output pulse proposed by Weiner to predict the magnetic precession in ferrites. 

Then, Pouladian-Kari and Shapland [15] in 1991 used this model to compare 

with experimental results using two different settings of axial bias field (constant 

and linearly graded). Finally, Dolan [16] in 2000 proposed a better model than 

from Pouladian for simulating the pulse compression precession effect, using a 

linear transmission model with voltages sources in series with the line linear 

inductor.  

 

3.5.1. Weiner’s Model 

Weiner [13] used a ferrite transmission line, which is uniformly magnetized in 

the transverse direction to the propagation path. A transmission line without 

ferrite, with impedance 𝑍0, is connected to the input terminals of the ferrite line. 

A pulse with rise time 𝑡𝑟 is incident onto the ferrite line. The polarity of the pulse 

magnetic field is opposite to that of the magnetization. As a result, a spin 

reversal process will be initiated, and the pulse will see large RF line impedance 

𝑍𝑓 with high inductance as well as a resistive component caused by dissipation 

in ferrite. However, the ferrite line will not continually appear with large 

impedance, as the line goes into saturation with the shock wave front caused by 

the current pulse. As shown in Figure 3.16, as this process continues, the spin 

saturation front propagates along the length of the ferrite. 

Weiner’s model was the first one to be studied and analyzed in this thesis. For 

the calculation of the distributed parameter of ferrite coaxial line, Weiner [13] 

used an analytical model that considers the effect of the shock wave 

propagating along the line, showing the reversal region of the magnetic moment 

in the ferrite, which evolves according to Figure 3.16.  
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Figure 3.16. Propagating front showing the reverse transition region moving along the 
line.  

 

 

 

 

 Source: Author’s production. 

 

Figure 3.17 shows the equivalent circuit of the transmission line according to 

the proposed model. Eventually, the initial part of the ferrite line will reach 

saturation. When this happens, the high impedance suddenly drops to the 

saturated impedance, chosen equal to 𝑍0, the input impedance according to 

Weiner’s model [13]. 

 

Figure 3.17. Equivalent circuit of the ferrite line proposed by Weiner. 

 

Source: Author’s production. 
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Based on the conventional theory of transmission lines and the flow relations in 

the ferrite, the magnetic flux per meter in the transmission line is increased 

substantially by the nonlinear term of magnetization 𝑀𝜃 as: 

 

Φ = 𝐿0𝐼 + 𝜇0 ∫ 𝑀𝜃(𝑟)𝑑𝑟
𝑏

𝑎
,                                     (3.33) 

 

where 𝜇0 = 4𝜋 × 10−7 𝐻/𝑚 is the magnetic permeability of vacuum, and 𝑏 and 𝑎 

are the ferrite outer and inner radii. If the difference between 𝑎 and 𝑏 is not 

large (see Figure 3.18), it can be assumed that the magnetization is not 

dependent on ferrite radius and (3.33) can be given by: 

 

Φ = 𝐿0𝐼 + 𝜇0(𝑏 − 𝑎)𝑀𝜃,                                            (3.34) 

 

where 𝐿0 is the linear inductance of the line in H/m, which for a coaxial line is: 

 

𝐿0 =
𝜇0

2𝜋
ln (

𝑏

𝑎
).                                                        (3.35) 

 

From (3.34) the corresponding flux variation is given by: 

 

∆Φ =
𝐿0∆𝐼

∆𝐼
+

𝜇0(𝑏−𝑎)∆𝑀𝜃

∆𝐼
= 𝐿0∆𝐼 + 𝐿𝑓∆𝐼,                      (3.36) 
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where 𝐿𝑓  is the contribution to the inductance of the line arising from the reverse 

transition during the magnetization phase. Since the magnetic moment ∆𝑀𝜃 =

2𝑀𝑠 in gauss, the inductance 𝐿𝑓 obtained from (3.36) must be adjusted by the 

factor 4𝜋 as: 

 

𝐿𝑓 =
𝜇0(𝑏−𝑎)∆𝑀𝜃

∆𝐼
,                     (3.37) 

 

where ∆Mθ = 8πMs (gauss), then     

 

𝐿𝑓 =
32𝜋2(𝑏−𝑎)𝑀𝑠

∆𝐼
× 10−7 𝐻/𝑚,                          (3.38) 

 

where 𝜋(𝑏 + 𝑎) = 𝑙 is the average magnetic path. Equation (3.38) can be 

written as 𝐿𝑓 =
32𝜋2(𝑏−𝑎)𝑀𝑠

𝐻𝜃𝑙
× 10−7 𝐻/𝑚. The radii 𝑎 and 𝑏 are given in meter. 

Since 𝐻𝜃 is the circumferential field caused by the current pulse 𝐼 as: 

 

𝐻𝜃 =
∆𝐼

𝑙
=

𝐼

𝜋(𝑏+𝑎)
 .                                                 (3.39) 
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Figure 3.18. Gyromagnetic line showing the a) Ferrite bead shape used in the b) 
Coaxial Line. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

The distributed resistance in the line during the magnetization phase can be 

calculated as: 

2𝑅𝑓 =
∆𝛷𝑚 ∆𝑡⁄

∆𝐼
=

32𝜋2(𝑏−𝑎)𝑀𝑠

𝜏∆𝐼
× 10−7 .         (3.40) 

 

Using (3.26), (3.40) becomes:  

 

                                                      
 
2
 Taking into account that 𝜏 =

𝑆

(𝐻−𝐻𝑐)
, when 𝐻𝑐 ≪ 𝐻, than 𝜏 =

𝑆

𝐻𝜃
, where 𝐻𝜃 =

Δ𝐼

𝜋(𝑏+𝑎)
=

Δ𝐼

𝑙
. Replacing 

these values in the 𝑅𝑓 equation, we have that 𝑅𝑓 =
32𝜋2(𝑏−𝑎)𝑀𝑠

𝑆

𝐻𝜃
𝐻𝜃𝑙

. Once one includes the average magnetic 

path 𝑙 in both parts of the fraction 𝑅𝑓 =
32𝜋2(𝑏−𝑎)𝑀𝑠𝑙

𝑆

𝐻𝜃
𝐻𝜃𝑙2

.  Thus, considering that 𝑙 = 𝜋(𝑏 + 𝑎), 𝑅𝑓 =

32𝜋3(𝑏−𝑎)(𝑏+𝑎)𝑀𝑠

𝑆𝑙
2 . 
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3𝑅𝑓 =
32𝜋3(𝑏2−𝑎2)𝑀𝑠

𝑆𝑙2
× 10−7        Ω/m.                             (3.41) 

 

In the model proposed by Weiner [13] (3.38) and (3.41) represent the main 

equations, together with the linear inductance expression (given by (3.35)) and 

the linear capacitance given by:   

 

𝐶0 =
2𝜋𝜀0

ln( 
𝑏

𝑎
)
 ,                                                   (3.42) 

 

where the linear capacitance is assumed to be constant during the reverse 

phase transition. 

On the other hand, with initial axial magnetic bias field, it is possible to analyze 

in the LL [49] equation the magnetization vector in Cartesian coordinates, which 

provides: 

 

𝜕𝑀𝑥

𝜕𝑡
=

𝛾

1+𝛼2
𝜇0 [𝑀𝑦𝐻𝑧 −

𝛼

𝑀𝑠
𝑀𝑧𝐻𝑧𝑀𝑥]                                (3.43) 

 

𝜕𝑀𝑦

𝜕𝑡
=

𝛾

1+𝛼2
𝜇0 [−𝑀𝑥𝐻𝑧 −

𝛼

𝑀𝑠
𝑀𝑧𝐻𝑧𝑀𝑦]                          (3.44) 

 

                                                      
 
3
 See in Appendix A.3 the detailed derivation of the Landau-Lifshitz equation in Cartesian coordinates. 
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𝜕𝑀𝑧

𝜕𝑡
=

𝛾

1+𝛼2
𝜇0 [−

𝛼

𝑀𝑠
𝑀𝑧

2𝐻𝑧 + 𝛼𝑀𝐻𝑧].                        (3.45) 

 

The Z-component of the magnetic moment equation can be rewritten as:  

 

𝜕𝑀𝑧

𝜕𝑡
= −

𝛾𝛼

1+𝛼2
𝑀𝑠𝜇0 [1 −

𝑀𝑧
2

𝑀𝑠
2] 𝐻𝑧                              (3.46) 

 

which has the same form of the magnetic moment in the circumferential 

magnetic bias given by (3.24). 

 

3.5.2. Pouladian-Kari et al.’s Model 

In 1989 a LC inductive nonlinear transmission discrete line was developed to 

model distributed gyromagnetic lines with reasonable success by Pouladian-

Kari [14]. This model was used to calculate the reduction of the output pulse 

rise time caused by the permeability decrease in the line inductance. Figure 

3.19 shows the equivalent circuit of this model, where the inductor is modeled 

by a nonlinear polynomial function (although other forms of modelling may be 

used such as exponential or hyperbolic tangent functions): 

 

𝐿(𝐼) = 𝐿0 − 𝐿1𝐼 − 𝐿2𝐼
2 … .                                          (3.47) 

 

However, due to the magnetic precession of the magnetic moment in ferrites, 

this model is not accurate as noted by Pouladian-Kari [14], because the exact 
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calculation of the compressed pulse rise time is affected when high-frequency 

oscillations (RF) generated by the magnetic precession are observed at the 

output of the line. 

 

Figure 3.19. Model used by Pouladian-Kari to simulate the pulse compression in 
gyromagnetic lines. 

 

 

 

 

 

 

Source: Author’s production. 

 

 

In fact, the model of Figure 3.19 takes into account that the ferrite permeability 

falls to extremely low saturation values (µr = 2 − 3) depending on the current 

pulse applied onto the line, leading to rise time reduction of the order of 

hundreds of ps. The precession effect has been added by the inclusion of a 

RLC branch in parallel with the linear capacitance of the line at each section of 

the LC model as shown in Figure 3.20. The RLC values were adjusted to form a 

resonant circuit at the precession frequency of the ferrites. Since the precession 

depends on the total effective magnetic field applied, frequency tuning can be 

adjusted by varying the intensity of the axial magnetic bias field. In fact, 

precession frequency decreases with the axial bias field, but increases with the 

azimuthal field generated by the current pulse (𝜔 ≈ 𝛾𝐻𝜃). 
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Figure 3.20. Complete Pouladian-Kari’s model including the magnetic precession effect 
with constant magnetic bias. 

Source: Author’s production. 

 

3.5.3. Pouladian-Kari  / Shapland’s Model 

This model [15] dated from 1991 is based on the same model developed by 

Pouladian-Kari et al. [14] described in the previous section. The novelty here is 

the use of variable values for the resonant branches placed in parallel with the 

linear capacitors for simulating a bias that increases linearly along the line. As 

precession frequency decreases with the axial field, it means that the RLC 

values should increase simultaneously along the line to represent a bias field 

that is higher along the line length. This aspect is represented by the varying 

RLC values in the scheme with linearly graded bias shown in Figure 3.21.  
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Figure 3.21. Complete Pouladian-Kari and Shapland’s model including the magnetic 
precession effect. 

Source: Author’s production. 

 

3.5.4. Dolan’s Model 

Dolan [16] pointed out that the model proposed by Pouladian-Kari et al. [14] and 

[15] does not include a direct representation of the magnetic precession in the 

ferrite, but only the resonant branches with values arbitrarily selected to 

produce a ferrite precession frequency observed at the output with determined 

damping rate, which in their view is an ad-hoc solution. Another problem is that 

at that time Pouladian-Kari’s model was simulated using numerical methods 

since modeling nonlinear inductors in Spice circuit simulators was not an easy 

task because of the large line commands needed to emulate nonlinear 

components. In the case of Weiner’s [13] and Pouladian’s [14], [15] models, 

magnetic precession is not taken into account, since the azimuthal bias field 

only affects the pulse rise time. Thus, Dolan’s model is suitable for the case with 

axial bias field because the modeling includes the LLG expression since the 

presence of the axial field is directly connected to the precessional motion of the 

magnetic moment. In this model the sources 𝑉1 − 𝑉𝑛 represent the voltages (see 

Figure 3.22) induced along the line during the magnetization phase due to the 

change of the magnetic moment. In section 𝑚: 
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𝑣𝑚 =
𝑑𝛷

𝑑𝑡
∆𝑧 = 𝐿0 

𝑑𝐼

𝑑𝑡
∆𝑧 + 𝜇0(𝑏 − 𝑎)

𝑑𝑀𝜃𝑚

𝑑𝑡
∆𝑧 = 𝐿0 

𝑑𝐼

𝑑𝑡
∆𝑧 + 𝑣𝑚          (3.48) 

 

where  𝑑𝑀𝜃𝑚 = 2𝑀𝑠 and 𝜏𝑚 = 𝑑𝑡 

 

4𝑣𝑚 = 𝜇0(𝑏 − 𝑎)
𝑑𝑀𝜃𝑚

𝑑𝑡
∆𝑧 = 𝜇0(𝑏 − 𝑎)

2𝑀𝑠

𝑙𝑆
𝐼𝑚∆𝑧      (3.49) 

 

where 𝑏  and 𝑎 are the ferrite outer and inner radii, respectively,  𝑀𝑠 is the 

magnetization of saturation, 𝑙 is the magnetic average path, 𝑆 is the switching 

constant, 𝐼𝑚 is the average current,  ∆𝑧 is the length step used to make the line 

discrete = 𝑙𝑐/𝑛, since 𝐿0 and 𝐶0 are given in 𝐻/𝑚 and 𝐹/𝑚, respectively, 𝑙𝑐 is 

the length of the coaxial line and 𝑛 the number of sections (see the scheme in 

Figure 3.22).  

It is important to highlight that ferrite loss can be taken into account in the 

simulation model in series with the component, if necessary. Dolan [16] used 

this model to simulate the output response of a line with azimuthal polarization 

(unidimensional), and also with axial field (three-dimensional). In the latter case 

(3D simulation), temporal variation of the magnetic moment along the Z axis 

was calculated using the initial angle θ0 formed between Mθ and Mz during the 

application of the current pulse I, considering also the induced demagnetization 

field in the azimuthal and axial directions. 

 

 

                                                      
 
4
 𝑣𝑚 = 𝜇0(𝑏 − 𝑎)

𝑑𝑀𝜃𝑚

𝑑𝑡
∆𝑧 = 𝜇0(𝑏 − 𝑎)

2𝑀𝑠

𝜏𝑚
∆𝑧 = 𝜇0(𝑏 − 𝑎)

2𝑀𝑠

𝑆
𝐻𝜃𝑚 ∆𝑧 = 𝜇0(𝑏 − 𝑎)

2𝑀𝑠

𝑙𝑆
𝐼𝑚∆𝑧 
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Figure 3.22. Model proposed by Dolan for simulation of the gyromagnetic line. 

Source: Author’s production. 

 

3.6. Spice Circuit Simulations 

With the advent of advanced circuit simulators with graphical user interface in 

the Windows environment, the idea of simulating gyromagnetics lines more 

easily using programs such as LT-Spice IV, in particular, has become attractive. 

A notable feature of this program is that a simple command can easily simulate 

the nonlinear inductance of the gyromagnetic line, where the inductance value 

is set in the program's command line through the corresponding flux equation 

associated with the inductor. 

In this thesis we are proposing a new model based on Spice simulation since 

the previous models mentioned before were based on numerical simulation 

exclusively. For LT-Spice simulations, two different nonlinear inductance 

equations can be used. The first one developed by Kuek [50] models the 

nonlinear behavior of the inductor using a hyperbolic function as 

 

𝐿(𝑖) = (𝐿𝑖 − 𝐿𝑆) [1 − tanh2 (
𝑖

𝐼𝑆
)] + 𝐿𝑆    (3.50) 
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where 𝐿𝑖 is the initial inductance of the line, 𝐿𝑆 is the line inductance at 

saturation, 𝑖 is the amplitude of the current pulse, and 𝐼𝑆 is the saturation current 

of the ferrite. The second inductance equation, developed by Pouladian-Kari 

[14], uses another representation for the flux equation based on the NiZn 

ferrite’s permeability and on an exponential function as  

 

L(i) = LS(1 + µre
−αi),    (3.51) 

 

where the constant 𝛼 = (
1

𝐼𝑆
) and µr is the relative permeability of the magnetic 

material.  

It is important to know the variation of the inductance as a function of current, as 

shown by the curves in Figure 3.23 for a nonlinear magnetic material with ferrite 

cores, where equations (3.50) and (3.51) model the nonlinear behavior of the 

inductance since the inductance L(I) decreases nonlinearly with the current. 

 

 

Figure 3.23. Simulation of 𝐿 × 𝐼 curve of a nonlinear inductor using a) hyperbolic 
function and b) exponential function. 

 

Source: Author’s production. 
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At a certain point, the inductor saturates, leading to the compression of the 

output rise time. 

 

3.7.  Numerical Analysis 

An alternative way to simulate and study this type of transmission line is by 

means of numerical analysis. The circuit equations presented are based on the 

Kirchhoff’s current and voltage laws. There will be presented the generalized 

circuit equations for the formulation: using {i(t), v(t)} as state variables [67]. 
Considering each LC section, from the Kirchhoff’s laws it is possible to obtain a 

system of equations for three sections: initial, intermediate and final, based on 

the general circuit from Figure 3.24. 

For a general inductive LC line, considering the loss resistors in series with 

capacitors and inductors, it is possible to obtain (3.52) for the initial section, 

(3.53) for the intermediate section and (3.54) for the final section, being 

demonstrated as follows. It is important to highlight that all the equations were 

based on [67] considering the difference that in the original one the authors 

considered the nonlinear capacitor, while in this thesis the nonlinear component 

is the inductor. 

 

Figure 3.24. Basic schematic for numerical analysis system. 

Source: [67]. 
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For the Initial Section, the corresponding equation is obtained taking into 

account the mesh with the voltage source, yielding (3.52) [67].  

 

𝑑𝐼𝑘

𝑑𝑡
=

𝑉𝑠

𝐿𝑘(𝑖(𝑡))
−

𝑅𝑠

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘) −

𝑅𝐿,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘) −

𝑅𝐶,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘 − 𝐼𝑘+1) −

𝑣𝑘(𝑡)

𝐿𝑘(𝑖(𝑡))

  

𝑑𝑣𝑘

𝑑𝑡
=

𝐼𝑘−𝐼𝑘+1

𝐶
; 𝑘 = 1.                  (3.52) 

 

In deriving equation (3.53) for the intermediate section, the mesh used is any 

from the middle of the line, which has the inductor, resistor in series with the 

inductor, capacitor, and resistor in series with the capacitor values as:  

 

𝑑𝐼𝑘

𝑑𝑡
= −

𝑅𝐿,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘) +

𝑅𝐶,𝑘−1

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘−1 − 𝐼𝑘) −

𝑅𝐶,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘 − 𝐼𝑘+1) +

𝑣𝑘−1(𝑡)

𝐿𝑘(𝑖(𝑡))
−

𝑣𝑘(𝑡)

𝐿𝑘(𝑖(𝑡))
  

 

𝑑𝑣𝑘

𝑑𝑡
=

𝐼𝑘−𝐼𝑘+1

𝐶
; 𝑘 = 2,3, . . . , 𝑁 − 1.      (3.53) 

 

Lastly, equation (3.54) for the ending section includes the load resistance such 

as: 
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𝑑𝐼𝑘

𝑑𝑡
= −

𝑅𝐿,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘) +

𝑅𝐶,𝑘−1

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘−1 − 𝐼𝑘) −

𝑅𝐶,𝑘

𝐿𝑘(𝑖(𝑡))
(𝐼𝑘) +

𝑣𝑘−1(𝑡)

𝐿𝑘(𝑖(𝑡))
−

𝑣𝑘(𝑡)

𝐿𝑘(𝑖(𝑡))

  

 

𝑑𝑣𝑘

𝑑𝑡
=

𝐼𝑘

𝐶
; 𝑘 = 𝑁.     (3.54) 

 

 

3.8.  Advantages of using Gyromagnetics Lines 

The focus of this thesis on gyromagnetic NLTLs is due to the fact that this line is 

capable of generating stronger pulse oscillations at higher frequencies than 

dispersive lines. An advantage of the gyromagnetic line in relation to the 

dispersive dielectric NLTL is the stronger nonlinearity of the ferrite-based 

inductance when compared to that of the nonlinear lumped lines based on 

ceramic capacitors [11], [56], with less loss. 

Gyromagnetic nonlinear lines may produce a very broad frequency spectrum 

starting from 600.0 MHz with RF conversion efficiency of about 10% and are 

currently exceeding frequencies of 3.0 GHz [64] for possible applications in 

satellite communications, where at least frequencies of this order of magnitude 

are required. Furthermore, nonlinear lumped LC lines have lower operating 

frequency around 1.0 GHz [8] in the case of inductive lines with saturable 

inductors being even worse in the case of capacitive lines, because of losses in 

the ceramic dielectric employed that limit their application up to 250.0 MHz. 

Although Seddon [8] has shown an approximate efficiency of 20% with LC 

lumped inductive lines at 1.0 GHz, surely the efficiency of dielectric LC lines is 

lower than 10% because of losses in the dielectric. In any cases, the results 

obtained so far with the use of nonlinear gyromagnetic lines have shown a 
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better performance than dielectric nonlinear lines as shown in Table 3.3 [8] and 

[67]. 

 

Table 3.3. Comparison of LC lumped dielectric and gyromagnetic lines. 

 LC lumped dielectric lines Gyromagnetic lines 

Conversion Efficiency 1 - 20% 10 - 40% 

Minimum frequency 1 MHz 400 MHz 

Maximum frequency 300.0 MHz 3.0 GHz 

 

Source: Author’s production. 

 

Thus, the research focus on this subject is of great interest, since computational 

simulations will be used as tools for line design before the line construction and 

subsequent experimental test. 

 

3.9. State of the Art 

The most recent papers (2014-2016) published on gyromagnetic nonlinear 

transmission lines are summarized and compared in Table 3.4 with their main 

characteristics. The first reference is dated from 2014 [69], and the authors 

used a spatially dispersive coaxial structure biasing the transmission line axially 

in order to provide high power and broad tuning range (from 0.95 to 1.45 GHz).  

The system had 60 sections with ferrite as the nonlinear element and used the 

shock velocity and the oscillation frequency to measure the line dispersion.  

Another group from Ukraine National Science Center [70] studied the 

gyromagnetic line through experimental and numerical analysis in 2D, reaching 

an experimental frequency around 1.5 GHz for a line with 25.0 cm length.  
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The group from Tomsk [64] proposed the use of the NLTL delay sections for 

phase control in the case of a multichannel gyromagnetic line, because of the 

dependence of the velocity of the traveling shock rise time upon applied fields. 

Also the authors did not report in their experiments oscillations frequencies less 

than 400 MHz. In the experiments they observed that the delay grows with bias 

field up to 40.0 kA/m  approximately when the delay starts to reduce as the bias 

field below this value is not intense enough to saturate the ferrite.  

Johnson from Texas Tech in [71] performed the analysis of three different 

ferromagnetic materials to check the external biasing field influence on the 

delay time. All materials showed a general trend of decreasing delay time as the 

magnetic field bias is increased, but NiZn ferromagnetic material is optimal for 

achieving maximum phase delay.  

Reale from Texas Tech recently in [72], taking into account the complexity of 

construction of coaxial lines, proposed a new geometry, a stripline. As the bias 

field and charge voltage increase, the center frequency also increases, because 

of the precession frequency dependence on the magnetic field in a 

gyromagnetic NLTL. The same group as shown in [73] described that the 

magnetic precession is essential for gyromagnetic line RF operation since 

without this effect, there are no oscillations observed. The magnetic moments at 

some point become aligned with the axial field, when precession motion stops 

because of the damping factor. The permeability of the material has a direct 

relation with the bias, affecting the propagation time of the line. In this manner, 

the longer the line is, the greater is the time delay. The distribution splitter 

divides the input pulse four ways and excites each line equally. 

As observed in the above references (see comparison in Table 3.4), all the 

published works focused on the gyromagnetic line experimental design and 

results. In view of that, the search for alternative models to simulate these type 

of lines reinforces the contribution of this thesis as for the first time, a Spice 

simulation model was proposed for the design of such lines.  
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Table 3.4. Recent publications on Gyromagnetic Nonlinear Transmission Lines  

 

Source: Author’s production. 

Paper Group Year Type of line Results 

[69] 

Air Force 

Research 

Laboratory 

(French) 

2014 
Experimental: spatially 

dispersive ferrite NLTL 

with axial bias 

- Frequency tuning with the axial 

bias field adjustment from 0.95 to 

1.45 GHz. 

[70] 
Ukraine National 

Science Center 

(Ahn) 

2015 
Experimental and 

numerical analysis:        

1D and 2D 

- Experimental frequency: 1.6 GHz 

- Line length: 25.0 cm 

[64] 
Tomsk 

(Romanchenko) 
2015 

Experimental: 

electronically controlled 

beam steering using 

two gyromagnetic lines 

- Frequency: 0.5 – 1.7 GHz 

-9.2% efficiency 

-7.5 T 

[71] 
Texas Tech  

(Johnson) 
2015 Experimental: different 

ferromagnetic materials 

-NiZn is the optimal material 

-Magnetic field >, delay time < 

[72] 
Texas Tech       

(Reale) 
2016 

Experimental: new 

geometry proposal 

(stripline) 

-15 kA/m magnetic field 

- Line length: 76.2 cm 

-Frequency: 771 MHz 

-Bias field ↑, center frequency ↑ 

[73] 
Texas Tech       

(Reale) 
2016 

Experimental: divides 

the input pulse four 

ways and excites each 

line equally 

-Frequency: 2.0 - 4.0 GHz 

-1.0 kHz repetition rate 

- Line length: 76.2 cm 
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4. METHODOLOGY  

In this work, Spice simulations on gyromagnetic lines have been carried out in 

the circuit simulator LT-Spice, version IV. For performance comparison between 

computational methods, a numerical simulation software (Mathematica) has 

been used just for Dolan’s model. For best comparison of the results, output 

data from both softwares (Spice and numeric) have been exported to graphic 

software (Origin). For validation of the results, an experimental gyromagnetic 

line has been designed and tested. In summary, this thesis addresses two 

topics, circuit simulation and numerical analysis for the first one and 

experimental tests for the second. 

 

4.1. Spice and Numerical Simulations 

The Spice simulations have started with the circuit model developed by Weiner 

in 1989 [13], which includes ferrite losses, and the transmission line 

parameters, C and L, calculated on the basis of the physical mechanisms that 

provide the alignment of the ferrite magnetic moment with the magnetic field, as 

predicted by the LLG equation. Weiner did not test his proposed model via 

computational methods, but a check was made comparing the analytical 

calculations and experimental results, for example, for the pulse rise time 

variation as a function of the bias voltage source and the line length. The 

Weiner’s [13] model main feature is that it is only used for calculating the output 

rise time with azimuthal polarization, without taking into account the axial 

magnetic polarization. In this case the Spice simulation can reproduce with 

reasonable accuracy the experimental results obtained by Weiner (as 

demonstrated ahead in the next chapter). 

The second model reproduced is based on Pouladian-Kari et al. in 1989 [14], 

which mainly address the magnetic media nonlinearity due to the decrease in 

the magnetic permeability with the propagation of the current pulse through the 
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coaxial line conductor. The effect of precession motion on the pulse rise time is 

included in the model through a resonant RLC series circuit, as shown earlier in 

Figure 3.20. Although the RLC circuit values are selected arbitrarily to represent 

the precessional motion with frequency of oscillation 𝜔 and damping factor α, 

they have demonstrated that the numerical model is in good agreement with the 

experimental result. Thus, the goal of Spice simulations is based on the fact that 

it works quite well despite the precession effect has not been modeled 

according to the magnetic moment equation described by the LLG equation. 

The other model described by Pouladian-Kari / Shapland in 1991 [15] uses two 

types of magnetic bias: constant and linearly graded, where the component’s 

values of the resonant branches changes along the line to represent the 

magnetic bias variation.  

The last model studied was proposed by Dolan in 2000 [16], considered one of 

the most successful nowadays as it includes the axial magnetic bias in addition 

to the azimuthal field. In Weiner’s model, only the azimuthal polarization is 

taken into account, while in Pouladian-Kari’s [14], [15] model the introduction of 

the axial field is represented by RLC branches, which affects the precession 

frequency directly. On the other hand, Dolan's model is more precise because it 

includes the LLG expression, since in this case the axial field influence is 

directly connected to the precessional motion of the magnetic moment. Dolan's 

model can also include directly the ferrite losses, as in the case of modeling 

proposed by Weiner and/or Pouladian-Kari with the inclusion of the term R in 

the equivalent circuit in series with L. In fact, as we have seen, Dolan includes 

voltage sources in series with the saturated inductor at each line section, whose 

electromotive force is given by the variation of the magnetic moment 𝑀 during 

the reverse transition interval time.  

In short, the challenge herein was to implement the models described above 

using Spice simulation. This implementation and simulation results are 

discussed in the next chapter. 
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4.2. Line Design and Experimental Set-up 

The coaxial gyromagnetic line is built by inserting ferrite beads through an 

internal conductor, where a tape sleeve is used to insulate the ferrite outer 

surface from the braiding. The first step for the line design is to calculate the 

saturated inductance in H/m given approximately by (3.35). Also, assuming 

𝜀𝑅 = 1 for the ferrite, the linear capacitance in pF/m was calculated by (3.42). 

The values used in simulations were based on the parameters and dimensions 

of the ferrite beads, where the line model has to be equivalent to the length of 

the line (20 cm in this case). For the simulation, the line has to be represented 

by a large number of LC sections. For the line construction, we used Amidon 

ferrite beads FB43201 of 3.8 mm length and with inner and outer diameters of 

1.09 mm and 1.93, respectively (see Figure 4.1).  

 

Figure 4.1. Ferrite beads 

 

 

 

 

 

 

 

Source: Author’s production. 

 

To extend up to 20 cm across the length of the internal copper wire, 53 ferrite 

beads were placed side by side (see Figure 4.2 (a)) and their outer surface was 
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isolated from the braiding by two layers of insulating tape, forming a plastic 

sleeve (Figure 4.2 (b)). The braiding was built using a layer of flat metallic 

solder wire (CT-BRAND) made of copper of 2.5 mm width (Figure 4.2(c)). This 

setting was kept firmly in place by welding a thin layer of tin on the copper 

braiding (Figure 4.2 (d)).  The total linear capacitance and inductance values 

measured in the coaxial line were 22.0 pF and 18.0 µH, respectively using an 

LC meter, which gives an unbiased line impedance characteristic of about 900.0 

ohms. 

 

Figure 4.2. Construction steps of the coaxial line. a) copper wire inside the ferrite 
beads, b) insulating tape layer, c) solder wire layer, d) welded tin line. 

 

Source: Author’s production. 

 

Figure 4.3 illustrates an expanded view of the coaxial line layers considering the 

system test using a solenoid while Figure 4.4 shows the final layers for the test 

using permanent magnets on top of the braiding. 
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Figure 4.3.  Expanded view of the coaxial line assembly with solenoid. 

 

Source: Author’s production. 

 

Figure 4.4. Final steps of the expanded view of the coaxial line assembly with 
permanent magnets. 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 
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The first set-up of the experimental gyromagnetic line was completed by placing 

small pieces of permanent magnets over the extension of the coaxial line to 

produce the magnetic bias axial field as shown in Figure 4.5 (a).  However, it 

has been verified experimentally that the use of permanent magnets is not 

enough to cause the magnetic precession because of the low axial H-field 

produced and, therefore a second set-up was built as shown in Figure 4.5 (b).  

 

Figure 4.5. Teste set-up of gyromagnetic line (a) biases with permanent magnets (b) 
biased with a solenoid. 

 

 

 

Source: Author’s production. 

 

Both Figures 4.5 (a) and (b) give the scheme employed to test the gyromagnetic 

line, showing the FID Technology 50 Ω HV fast pulse generator (model FPG5-

1NM), diodes and load. In the scheme of Figure 4.5 (b) a stronger axial H-field 

a) b) 
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is generated by an external solenoid (with 220 turns) fed by a DC current 

source, which encloses the coaxial line axially. For better performance of the 

line at low voltage operation, we have also used an extra bias (azimuthal) 

provided by another DC current source to produce the axial current through the 

line inner conductor, being responsible for the formation of the azimuthal field. 

To isolate the high frequency input pulse injected onto the line from this second 

DC source, two extra solenoid windings (100 turns each) of high inductance are 

placed at input and output of the line and connected to the terminals of the DC 

source as shown in Figure 4.6.   

 

Figure 4.6. Scheme employed to test the gyromagnetic line with axial and azimuthal 
bias. 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 
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Both signals at input and output were observed and extracted through a 4 

kV/250 MHz Agilent probe linked to a 1.0 GHz digital scope from Agilent 

Technologies (model DSO9104A). The line was fed by the high voltage pulse 

generator FPS 5-1 NM, from FID Technology, capable of producing triangular 

pulses with amplitude varying in the range of 1.5 kV – 4 kV and with 2.5 ns of 

rise and fall times. Figure 4.7 gives the experimental output signal from the 

generator directly measured on a test load of 50.0 Ω. 

 

Figure 4.7. Generator signal on a 50 Ω load termination. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

As a testing load, carbon resistors were used due to their small stray inductance 

since they have solid bulk for conducting the current instead of spiral as in the 

case of metallic resistors with higher inductance. Five power carbon resistors of 

10.0 Ω/3.0 W were connected in series to provide a 50.0 Ω load.  

In order to protect the pulse generator output against reflections a BYW56 diode 

of 1.0 𝑘𝑉 breakdown reverse voltage was used in series with the gyromagnetic 

line input. Another five diodes of the same model connected in series at the line 

input were used as free-wheeling diodes for generator protection (see Figures 

4.5 (a) and (b)). 



67 
 

5. RESULTS AND DISCUSSIONS 

In this chapter, the results obtained from models (Weiner, Pouladian-Kari, 

Pouladian-Kari/Shapland, and Dolan) implemented on Spice simulations will be 

presented. For Dolan’s model, numerical and Spice simulation results are also 

compared. Lastly, experimental analysis of the gyromagnetic line are presented 

considering the coaxial line without any type of magnet bias, with the use of 

permanent magnets and with an axial bias produced by a solenoid. 

 

5.1. Weiner’s Results Reproduced 

In Figure 5.1 is shown the schematic5 of the simulated model based on 

Weiner’s work, where it is important to highlight that ferrite loss can be taken 

into account in the simulation by including a resistor, if necessary, since 𝑅𝑓 

represents the bias field losses.  

In order to obtain the same results in Spice as Weiner [13], it was necessary to 

adapt the circuit configuration as shown in Figure 5.1. Instead of placing the 

resistance 𝑅𝑓 in series with the inductance, it was necessary to allocate this 

resistance in parallel because 𝑅𝑓 represents the distributed resistance in the 

line during the magnetizing phase and not the ohmic losses of the inductor. In 

the Spice model, ohmic losses are represented by 𝑅𝑠 in series with 𝐿 and ferrite 

magnetic losses by 𝑅𝑓 (already defined in (3.41) in parallel with 𝐿. 

 

  

                                                      
 
5 The nonlinear inductor is modeled by the flux equation flux=(280nH-2.8 
nH)*17.85*{tanh(x/17.85)}+2.8 nH*x). The schematic also contains linear capacitor of 1.6 pF, a 
load resistor of 40.0 Ω, a generator impedance of 5.0 Ω, and loss resistor in parallel with the 
nonlinear inductor of 50.0 Ω 
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Figure 5.1. LT-Spice schematic circuit used to reproduce Weiner’s model. 

 

Source: Author’s production. 

 

The discrete parameters for the LT-Spice LC ladder circuit used in simulations 

(Figure 5.1) are described in Table 5.1. 

 

Table 5.1. Main parameters of Weiner’s model. 

Parameter Symbol Value 

Initial Inductance 𝐿0 280.0 𝑛𝐻 

Saturated Inductance 𝐿𝑠 2.8 𝑛𝐻 

Linear Capacitance 𝐶 1.6 𝑝𝐹 

Load Resistance 𝑅𝑙𝑜𝑎𝑑 40.0 Ω 

Number of sections 𝑛 50 

Input Pulse 𝑉 6.0 𝑘𝑉 

Input rise time 𝑡𝑟𝑖 40.0 𝑛𝑠 

Pulsewidth 𝑡𝑜𝑛(𝑠) 100.0 𝑛𝑠 

 

Source: Author’s production. 
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One important characteristic of this model is that it addresses only pulse 

sharpening (output pulse rise time compression) using the azimuthal magnetic 

bias field, as in this case the gyromagnetic effect is negligible since the 

magnetic axial bias responsible for the precession effect is not present. Figures 

5.2 (a) and 5.2 (b) show a comparison between the original result from Weiner 

[13] and the LT-Spice simulations obtained, respectively. In Figure 5.2 (b), it is 

possible to observe different rise times for corresponding  𝑅𝑓 values. In fact, by 

increasing the azimuthal bias,  𝑅𝑓 increases, and a progressive delay is 

introduced, which tends to decrease the initially long rise time with lower 

magnetic bias [13]. 

 

Figure 5.2. Experimental output voltage from the loaded ferrite line obtained from (a) 
Weiner´s experiment varying azimuthal magnetic bias and (b) 
corresponding LTSpice simulations for several values of 𝑅𝑓.  

 

Source: [13] and Author’s production. 

 

In this model  𝑅𝑓 is the most important parameter in the rise time increase 

process since this resistance is calculated by means of the switch constant 𝑆 

which depends on the azimuthal field. Therefore, the azimuthal magnetic bias 

intensity is responsible for the variation of  𝑅𝑓 in this model and, consequently, 
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for the rise time variation and line losses. The relation between the switching 

constant 𝑆 and the azimuthal magnetic bias field can be explained by 

considering the switching time equation described in (3.26). 

 

5.2. Pouladian-Kari et al.’s Results Reproduced 

The second model to be studied is based on Pouladian-Kari et al.’s [14]. In this 

case the precession effect is taken into account by the inclusion of the RLC 

resonant branches in parallel with the linear capacitance of the line using two 

different configurations, further explained in the following sections. 

 

5.2.1. Basic Model 

The first Pouladian-Kari et al.’s configuration to be studied is based on the 

configuration where the values of the branches are the same for all the 

sections. The parameters used by Pouladian-Kari et al. [14] were a 64-cm long 

coaxial cable containing ferrite toroidal beads with approximate inner and outer 

diameters of 0.8 mm and 1.5 mm, respectively. The capacitance value per unit 

length was calculate using (3.42) and for the nonlinear inductor (3.35). As 𝐶0 

and  𝐿0 are calculated per meter, the total values for 𝐿 and 𝐶 are just obtained 

by multiplying them by the line length. The basic schematic circuit for this model 

is shown in Figure 5.3. 

The parameters for this reproduced model are listed on Table 5.2. 

 

 

 



71 
 

Figure 5.3. LT-Spice basic schematic circuit for Pouladian-Kari’s model.  

Source: Author’s production. 

 

Table 5.2. Main parameters of Pouladian’s basic model. 

Parameter Symbol Value 

Saturated Inductance 𝐿𝑠 0.2 nH 

Magnetic permeability 𝜇𝑟 4.0 

Saturation current 𝐼𝑠 250.0 mA 

Linear Capacitance 𝐶 91.0 𝑝𝐹 

Load Resistance 𝑅𝑙𝑜𝑎𝑑 1.0 𝑘Ω 

Number of sections 𝑛 10 

Input Pulse 𝑉 10.0 𝑘𝑉 

Input rise time 𝑡𝑟𝑖 3.0 𝑛𝑠 

Pulsewidth 𝑡𝑜𝑛 50.0 𝑛𝑠 

Resistance of the branch 𝑅𝑅 0.16 𝛺 

Inductance of the branch 𝐿𝑅 1.0 𝑛𝐻 

Capacitance of the branch 𝐶𝑅 6.2 𝑝𝐹 

 

Source: Author’s production. 

 

First, the results obtained from LT-Spice simulations matched the Pouladian-

Kari’s simulations (see Figure 5.4), which confirms that the Spice model used is 

suitable for checking NLTL performance. The original results [14] were based 
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on normalized values, and simulations for comparison purposes were 

performed in order to match the results. 

 

Figure 5.4. Comparison of Pouladian-Kari’s results. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

For the comparison with the original results given in [14], the horizontal and 

vertical scales in Figure 5.4 were normalized to 120.0 V peak and a 1.0 s rise 

time, which corresponds to 12.0 kV input pulse amplitude with 3.5 ns rise time. 

The values of the RLC components of the parallel branches were fixed at 

LR=1.0 nH; CR=6.2 pF; and RR=0.16 Ω. The difference between the line delays 

of the original and the reproduced model observed can be explained by the fact 

that Pouladian-Kari [14] considers the inductor flux varying linearly with time, 

while the reproduced model assumes flux varying nonlinearly with current. 

Appendix A.6 explains the flux modelling effect on line delay with more details. 

For a deeper analysis of this model, the parameters were varied one by one to 

check the influence on the output signal. For this set of simulations, the shape 

of the input rectangular pulse was kept unchanged as the goal of this analysis is 

to observe the differences on the output pulse waveform produced by varying 



73 
 

the line parameters. For each simulation, only one line parameter was changed 

while keeping others unchanged (see Table 5.3) to observe the results of this 

variation on the line operation.  

 

Table 5.3. Basic values for the varying parameters of Pouladian-Kari’s model 

Parameter Symbol Value 

Magnetic permeability 𝜇𝑟 4.0 

Saturation current 𝐼𝑠 250.0 𝑚𝐴 

Input Pulse 𝑉 10 𝑘𝑉 

Input rise time 𝑡𝑟𝑖 3 𝑛𝑠 

Pulsewidth 𝑡𝑜𝑛 50.0 𝑛𝑠 

Resistance of the RLC branch 𝑅𝑅 0.16 𝛺 

Inductance of the RLC branch 𝐿𝑅 1.0 𝑛𝐻 

Capacitance of the RLC branch 𝐶𝑅 6.2 𝑝𝐹 

 

Source: Author’s production. 

 

The inductance nonlinearity was modeled using (3.51). Herein four results are 

presented for each line parameter varied, where the red line is the input pulse 

and the blue line is the output pulse. The y-axis corresponds to the voltage 

amplitude of the signals in kV, and the x-axis corresponds to time in 

nanoseconds. For all cases A, B, C and D the values of RLC for the parallel 

branches were fixed at L=1.0 nH, C=6.2 pF, and R=0.16 Ω. 

 

5.2.1.1. Case A: Varying the Capacitor Values 

The first simulation runs were performed for a 10-section line with linear 

capacitance set at 11.0 pF, 62.0 pF, 91.0 pF, and 270.0 pF, respectively, as 

seen in Figure 5.5. 
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Figure 5.5. LT-Spice simulation results using Pouladian-Kari’s model for 11.0 pF, 62.0 
pF, 91.0 pF and 270.0 pF linear capacitors, respectively. 

Source: Author’s production. 

 

Other simulation parameters were: a) resistive load of 1.0 kΩ, b) initial 

inductance of 0.9 nH, c) saturation inductance of 0.1 nH, and d) saturation 

current of 250.0 mA. Note that, when the capacitance increases, the oscillation 

peak increases but at a cost of decreasing output frequency. This is expected as 

the output frequency depends on the inverse of the squared root of LC. 

Also observe that the time delay 𝛿 given by (3.4) increases with 𝐶 as it is 

proportional to the squared root of LC. However, this effect is not clearly 

noticeable due to the time scale used and the low number of sections. 
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5.2.1.2.  Case B: Varying the Load Resistance 

For the load parameter variations, the solution was to run the simulation in small 

steps between 50.0 and 50.0 𝑘Ω for a 10-section line. Figure 5.6 gives the results 

for the following load values: 5.0 𝛺, 50.0 𝛺, 1.0 𝑘𝛺 and 50.0 𝑘Ω. The remaining 

simulation parameters were: a) capacitor of 91.0 𝑝𝐹, b) initial inductance of 

0.9 𝑛𝐻, c) saturation inductance of 0.1 𝑛𝐻, and d) saturation current of 250.0 𝑚𝐴. 

 

Figure 5.6. LT-Spice simulation results using Pouladian-Kari’s model for resistive loads 

of 5.0 𝛺, 50.0 𝛺, 1.0 𝑘𝛺 and 50.0 𝑘Ω. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

The main effect observed on the line performance is that the peak voltage 

increases as the load value increases up to 50.0 Ω and remains practically the 

same above this value. Another aspect observed is that the oscillation frequency 

and the output rise time practically do not depend on the load. In fact, the rise 

time depends on the nonlinearity of the ferrite (or of the inductor) and the 
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dominant factor affecting frequency is the LC branch responsible for modeling 

the gyromagnetic effect.  

 

5.2.1.3. Case C: Varying the Number of Sections 

The number of sections was varied from 𝑛 = 10 to 40 in steps of five sections 

and the results for 𝑛 = 10, 20, 30 and 40 are presented in Figure 5.7, 

respectively. 

 

Figure 5.7. LT-Spice simulation results using Pouladian-Kari’s model for 10, 20, 30 and 

40 sections. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

The other set of parameters were; a) a resistive load of 1.0 kΩ, b) capacitor of 

91.0 pF, c) initial inductance of 0.9 nH, d) saturation inductance of 0.1 nH, and 
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e) saturation current of 250.0 mA. Note that with 20 sections the amplitude peak 

of the output pulse reaches 18.0 kV and remains the same for 30 and 40 

sections. On the other hand, as the number of sections increases, the 

frequency decreases and with 30 sections, the output oscillation becomes a 

distorted square waveform. The output rise time, however, remains the same. 

 

5.2.1.4. Case D: Varying the Saturation Inductance 

The value of the saturation inductance used in the flux equation (3.51) was 

varied from 0.8 nH to 0.01 nH in small steps in such a way that differences in the 

output waveform could be observed, with an initial inductance of 0.9 nH. The 

simulation run was performed for a 10-section line with a resistive load of 1.0 

kΩ and linear capacitor set to 91.0 pF. Figure 5.8 shows the results for a 

saturation inductance of 0.8 nH, 0.5 nH, 0.2 nH, and 0.1 nH, respectively.  

This is the most important parameter in Pouladian-Kari’s model, since as the 

saturation inductance decreases, faster rise times and higher frequency 

oscillations are obtained, as expected. However, there is a limit at L= 0.01 nH, 

since for extremely low values of L the amplitudes of oscillations are 

compromised, being negligible, which is consistent with the observations made 

by Seddon [8]. As the saturation inductance decreases, oscillation amplitudes 

decrease with the line delay and pulse rise time becomes shorter, although this 

is almost imperceptible in the output waveforms of Figure 5.8. Thus, there is an 

optimum point where it is possible to observe several cycles of oscillations 

without compromising their amplitude. The saturation inductance has an 

optimum point at 0.2 nH for several cycles of oscillations for these simulations - 

this is the best choice for optimal NLTL performance for these parameters. 
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Figure 5.8. LT-Spice simulation results using Pouladian-Kari’s model for saturation 

inductance of 0.8 nH, 0.5 nH, 0.2 nH and 0.1 nH, respectively. 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

Pouladian-Kari [14] also reports that, although two identical lines contain the 

same ferrite material, they can give slightly different results in practice due to 

the effect of tolerance on the line parameters during the fabrication process. For 

example, the initial inductance, final inductance, and saturation current can vary 

from one line to another, and can have a strong influence on the line’s output 

pulse. In summary in Table 5.4 is a comparison of all the parameters varied in 

this analysis. 
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Table 5.4. Comparison between the varying parameters 

Parameter Symbol Varying 𝑳𝒔 Varying 𝑪 𝐕𝐚𝐫𝐲𝐢𝐧𝐠 𝑹𝒍𝒐𝒂𝒅 Varying 𝒏 

A. Linear 

Capacitance 
𝐶 91.0 𝑝𝐹 

11.0 𝑝𝐹 

62.0 𝑝𝐹 

91.0 𝑝𝐹 

270.0 𝑝𝐹 

91.0 𝑝𝐹 91.0 𝑝𝐹 

B. Load 

Resistance 
𝑅𝑙𝑜𝑎𝑑 1.0 𝑘Ω 1.0 𝑘Ω 

5.0 𝛺 

50.0 𝛺 

1.0 𝑘𝛺 

50.0 𝑘𝛺 

1.0 𝑘Ω 

C. Number of 

sections 
𝑛 10 10 10 

10 

20 

30 

40 

D. Saturated 

Inductance 

 

𝐿𝑠 
0.8 𝑛𝐻 

0.5 𝑛𝐻 

0.2 𝑛𝐻 

0.1 𝑛𝐻 

 

 

 

0.1 𝑛𝐻 0.1 𝑛𝐻 0.1 𝑛𝐻 

 

Source: Author’s production. 
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5.2.2. Pouladian-Kari / Shapland’s Results Reproduced 

Simulations were also performed using a different Spice model for the line 

nonlinearity given by an exponential function according to (3.51). The simulation 

runs were fulfilled for a ferrite NLTL based on an improved Pouladian-Kari’s 

model described elsewhere [15] with two different types of axial magnetic bias, 

constant and linearly graded. With a constant bias, the magnetic field is kept the 

same along the line axis while the graded magnetic field is varied linearly along 

the line axis. In the Spice LC model, the constant bias effect on the line is 

represented as a ladder as before by RLC branches with fixed component 

values. On the other hand, for the linearly graded bias the values of the RLC 

branches are varied along the line to simulate the magnetic linear variation 

along the axial length. For instance, Figure 5.9 shows the schematic of the LC 

ladder circuit model used in the LT-Spice simulation with a linearly graded 

magnetic bias. 

 

Figure 5.9. LT-Spice simulation circuit model for a line with a linearly graded magnetic 

bias.  

 

Source: Author’s production. 
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The initial based parameters used in these simulations are summarized in Table 

5.5. 

 

Table 5.5. Main parameters of Pouladian / Shapland’s model. 

Parameter Symbol Value 

Saturated Inductance 𝐿𝑠 287 𝑛𝐻 

Magnetic permeability 𝜇𝑟 4 

Saturation current 𝐼𝑠 3.33 𝐴 

Linear Capacitance 𝐶 109 𝑝𝐹 

Load Resistance 𝑅𝑙𝑜𝑎𝑑 50.0 Ω 

Number of sections 𝑛 40 

Input Pulse 𝑉 4.0 𝑘𝑉 

Input rise time 𝑡𝑟𝑖 1.0 𝑛𝑠 

Pulsewidth 𝑡𝑜𝑛(𝑠) 5.0 𝑛𝑠 

Initial Resistance of the branch 𝑅𝑅 200.0 Ω 

Initial Inductance of the branch 𝐿𝑅 15.0 𝑛𝐻 

Initial Capacitance of the branch 𝐶𝑅 0.11 𝑝𝐹 

 

Source: Author’s production. 

 

Figures 5.10 (a) and (b) show a comparison between the line output waveforms 

with (i) constant magnetic bias, and (ii) linearly graded magnetic bias, obtained 

from a numerical software given in [15] and from the LT-Spice circuit simulation. 

In Figure 5.10, one can observe that the line with linearly graded axial magnetic 

bias produces faster rise time of the output pulse with oscillations of lower 

amplitude while that with constant magnetic bias generates oscillations with 

higher amplitudes on the output pulse of slower rise time. Both original and the 

obtained LT-Spice simulations are similar, but again they show a discrepancy 

on the line delay due to the different approaches used for the flux modeling as 

explained before (Appendix A.6). 
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Figure 5.10. Constant and linearly graded bias a) Original b) Reproduced. 

 

 

 

 

Source: [15] and Author’s production. 

 

5.3. Dolan’s Results Reproduced 

In Dolan’s model [16], the schematic of the circuit includes a voltage source in 

series with the inductor, as shown in Figure 3.18. One interesting aspect about 

this configuration is to ensure the nonlinear behavior of the circuit, i.e., voltage 

source as the nonlinear element. In our case, as the equation of the inductance 

flux is used as the input command in LT-Spice simulation rather than the 

inductance value, the nonlinear behavior is considered altogether. Therefore, 

there was no need to include the voltage source in our simulation as illustrated 

by the LT-Spice schematic6 Figure 5.11. The parameters values used in the 

simulation are in Table 5.6. 

 

 

                                                      
 
6 The magnetic flux through the inductors is given by (3.50) with 𝐿0 = 465 𝑛𝐻, 𝐿𝑆 = 4,65 𝑛𝐻,  and 

𝐼𝑆 = 3,76 𝐴. 
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Figure 5.11. Circuit basic scheme of LT-Spice for Dolan’s model. 

Source: Author’s production. 

 

Table 5.6. Main parameters of Dolan’s model. 

Parameter Symbol Value 

Saturated Inductance 𝐿𝑠 4.65 𝑛𝑠 

Magnetic permeability µ 4𝜋 × 10−7 

Saturation current 𝐼𝑠 3.76 𝐴 

Linear Capacitance 𝐶 0.095 𝑝𝐹 

Load Resistance 𝑅𝑙𝑜𝑎𝑑 1.1 𝑘Ω 

Number of sections 𝑛 10 

Input Pulse 𝑉 −10.0 𝑘𝑉 

Input rise time 𝑡𝑟𝑖 1.7 𝑛𝑠 

Pulsewidth 𝑡𝑜𝑛(𝑠) 10.0 𝑛𝑠 

 

Source: Author’s production. 

 

In fact, it was possible to find the same result obtained from the original model 

given in Figure 5.12 (a) with the reproduced waveform of Figure 5.12 (b). 
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Figure 5.12. Response of Dolan’s model a) Original b) Reproduced 

 

Source: [16] and Author’s production. 

 

As observed in Figure 5.12 b), the pulse sharpening on the trailing edge was 

predicted correctly by the LT-Spice model (compare the input pulse rise time in 

blue with the output pulse rise time in red). Besides that, for Dolan’s model as 

demonstrated by the Fast Fourier Transform spectrum from simulations (see 

Figure 5.13), oscillation frequencies of about 5.0 𝐺𝐻𝑧 were generated. 

 

Figure 5.13. Output Fast Fourier Transform from simulated Dolan’s model. 

 

 

 

 

 

Source: Author’s production. 
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5.4. Numerical Analysis 

As mentioned at the beginning of this chapter, Dolan’s model was also 

reproduced by means of numerical analysis in order to validate the equations 

and the simulated model. Using equations (3.50), (3.51) and (3.52) and the 

input commands for the line parameters, one can reproduce the same results 

by means of numerical analysis using the Mathematica software (see Appendix 

B for the detailed code) as shown in Figure 5.14 (a) where in black is the input 

pulse and in green is the output generated. For comparison, Figure 5.14 (b) 

shows the corresponding LT-Spice simulation with the same parameters used 

in the numerical simulation. 

 

Figure 5.14. Dolan’s results reproduced a) Numerical analysis model using 
Mathematica software, and b) Circuit simulation model using LT-Spice. 

 

Source: Author’s production. 

 

By comparing Figures 5.14 (a) and 5.14 (b), one can observe an excellent 

agreement between the results using numerical analysis (Mathematica) and 

circuit simulation (LT-Spice), demonstrating that both methods are efficient for 

the study of this type of transmission line, which validates the model. Each one 

has its advantages and drawbacks. For example, the LT-Spice is easier to 
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implement, but for a great number of sections it is harder to change the 

parameters on each line section as well as to add a great number of sections. 

On the other hand, with Mathematica it is harder to write the code, which takes 

more time. However, once implemented the code is simpler and faster to do any 

change on the circuit parameters to run the simulations. 

 

5.5.  Our Proposal of a New Topology Based on a Reactive Load 

Based on the previous Dolan’s model analyzed, we propose a new technique 

aimed at a frequency generation above 1.0 GHz and excellent Voltage 

Modulation Depth (VMD). This proposed model was simulated on LT-Spice. 

With the goal of obtaining a more satisfactory VMD, the original number of 

sections was increased from 40 to 100 in steps of 5 with a RLC reactive load to 

check a reasonable VMD. This was based on the Marksteiner [74] work who 

proposed a solution, using a reactive load instead of a resistive one at the end 

of the line, providing a better modulated signal. The circuit test can be verified in 

Figure 5.15, with the reactive load, being L=0.091 nH, C=18.0 pF and R=39.0 

Ω. 

 

Figure 5.15. LT-Spice simulation schematic with reactive load. 

Source: Author’s production. 
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For this specific simulation, it was found that an optimum value of sections was 

70. The input pulse in black and the output pulse in red are observed in Figure 

5.16. The main line parameters for this simulation were based on Pouladian-

Kari’s model given in Figure 5.9 (𝐿𝑆 = 7.175 nH, 𝜇𝑟 = 4 and 𝐼𝑆 = 3.33 A).  

 

Figure 5.16. Input and output of the model with reactive load. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

Observe the depth related to the peaks and troughs of the oscillations on the 

output pulse. Also, an excellent output pulse rise time compression (0.35 ns) 

was obtained when compared to the input pulse rise time (1.0 ns). With FFT 

representation of the output signal in Figure 5.17 it is possible to observe that 

the maximum oscillation frequency reached 1.46 GHz. 
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Figure 5.17. Output pulse FFT of the simulation with reactive load. 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

In order to have a comparison with the reactive load case, the Spice simulation 

with resistive load using the same parameters of Figure 5.15 was performed. In 

this case, the load resistance of 39.0 Ω was kept according to the scheme 

presented in Figure 5.18. 

 

Figure 5.18. Simulation schematic with resistive load. 

 

 

 

 

 

 

Source: Author’s production. 
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Observe the input pulse in black and the output pulse in red shown in Figure 

5.19. By comparing the output signal in Figure 5.19 to the corresponding one in 

Figure 5.16 it is noticed that there is a difference between the depths of the 

peaks, being deeper in the scheme with reactive load than in the case with 

resistive load.  Also, in this case an excellent pulse compression is obtained 

since the output pulse rise time of about 0.35 ns is faster when compared to the 

input pulse rise time of 1.0 ns. 

 

Figure 5.19. Input and output of the model with resistive load. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

With FFT representation of the output signal in Figure 5.20, it is possible to 

observe that the maximum oscillation frequency reached 1.60 GHz 

approximately.  
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Figure 5.20. Output pulse FFT of the simulation with resistive load. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

The comparison between both models shows that the one with reactive load 

has better voltage modulation depth (VMD) with lower frequency whereas with 

resistive load the model has the opposite behavior, i.e. lower VMD and higher 

frequency. 

 

5.6. Experimental Validation 

In order to validate the simulated Spice model proposed here in this thesis, 

experimental analyses of the gyromagnetic line were performed, including the 

characterization of the inductance L variation in relation to the current I. First, 

tests considered the coaxial line without any type of magnet bias to check just 

the line nonlinearity influence on the output rise time. After this, tests with 

magnetic axial bias using permanent magnets or a solenoid were made. To 

check the results, Spice simulations were performed for comparison with the 

experimental results obtained for the case using permanent magnets, validating 

our Spice model as planned. The value measured with the magnetic flux (H) 
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using permanent magnets was ≈ 477.46 A/m, while with the axial bias and 

azimuthal magnetic fields were respectively ≈ 6.88 kA/m and ≈  39.78 A/m. 

 

5.6.1. Characterization of L x I Curves 

Considering different configurations for the coaxial line characterization, this 

subsection presents the bias and experimental assembly to measure the line 

inductance variation as function of the applied current (L x I curve) for three 

different cases. In Figure 5.21 is shown the assembly for all three cases, where 

in case 1 (Figure 5.21 (a)) with azimuthal bias, the line inner conductor is 

connected directly to the current pulse. In case 2 (Figure 5.21 (b)), for this 

measurement the same arrangement is made, but with six permanent magnets 

placed on the top of the coaxial line. Finally, in case 3 (Figure 5.21 (c)), the 

coaxial line is put inside the solenoid fed by the current pulse. 

For cases 1 and 2, a DC variable current source was used to apply the current 

into the line varying from 0.0 to 10.0  A  while for case 3 the same source  was 

used to feed the solenoid for a current variation between 0.0 and 20.0 A. For 

the three case measurements shown in Table 5.7, an inductance meter was 

connected between the line input and output endings. 
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Figure 5.21. Assembly for coaxial line characterization (a) Case 1: Azimuthal bias, (b) 
Case 2: Bias with magnets, and (c) Case 3: Axial bias. 

 

a) Case 1 

b) Case 2 

c) Case 3 

 

Source: Author’s production. 
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Table 5.7. Values of the inductance varying according to the applied current for (a) 

Case 1: Azimuthal bias, (b) Case 2: Bias with magnets, and (c) Case 3: 

Axial bias. 

 

(a) Case 1  (b) Case 2 

 

(c) Case 3 

I(A) L(µH)  I(A) L(µH) I(A) L(µH) 

 0.00 15.5  0.00 3.16 0.00 18.45 

1.00 3.25  1.09 1.41 4.54 15.00 

2.04 1.95  2.13 1.11 7.32 10.45 

3.17 1.38  3.17 1.05 9.00 8.09 

4.00 1.22  4.22 0.94 12.19 5.65 

5.00 0.93  5.26 0.89 12.54 5.57 

6.00 0.84  6.30 0.85 15.32 4.66 

7.00 0.71  7.00 0.83 17.41 3.57 

8.00 0.66  8.05 0.81 20.00 3.24 

9.00 0.61  9.09 0.79 20.54 2.88 

 

Source: Author’s production. 

 

 

Figure 5.22 shows the L x I curves for the three cases. In case 1 (Figure 5.22 

(a)) with the azimuthal bias, saturation occurs at a current of about 6.0 A for a 

measured inductance around 0.84 µH. For case 2 (Figure 5.22 (b)) with the use 

of permanent magnets, the saturated inductance is of the order of 0.81 µH and 

was measured at a current of 8.05 A. For case 3 with the solenoid arrangement 

(Figure 5.22 (c)), the inductance of saturation starts at 3.57 µH with higher 

current (above 17.41 A approximately). All three graphics presented in Figure 

5.22 illustrate the nonlinear behavior of the line inductance with increasing 

current with more than 99% of inductance variation. 
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Figure 5.22. L x I curves for (a) Case 1: Azimuthal bias, (b) Case 2: Bias with magnets, 
and (c) Case 3: Axial bias. 

 

a) Case 1 

b) Case 2 

c) Case 3 

 

Source: Author’s production. 
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5.6.2. Experimental Line Operation without Bias 

For comparison with the biased cases, Figure 5.23 displays the output and input 

voltages without any magnetic bias. In this figure, one can see that there is a 

line delay of approximately 2.0 ns between pulses as expected and a 

considerable drop of peak amplitude of about 1.6 kV for the output pulse due to 

line losses and reflection as the line is not matched to the load because of the 

nonlinearity. 

  

Figure 5.23. Input and output of the coaxial line without magnets. 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

5.6.3. Experimental Line Operation with Permanent Magnets 

For line operation with axial magnetic bias without any DC current source, six 

permanent magnets with transversal square section of 1.5 ×1.5 cm2 and length 

3.5 cm were placed side by side along the line (on top) as shown in Figure 5.24.   
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Figure 5.24. Several magnets placed along the coaxial line (on top). 

 

 

 

Source: Author’s production. 

 

Figure 5.25 shows the results (input and output pulses) obtained with the set-up 

given in Figure 5.24. It is possible to observe an improvement in the output 

pulse compared to operation without bias, which demonstrates the considerable 

magnetization influence on line performance as in this case the output rise time 

is shortened and the peak amplitude relative to the input is increased. 

 

Figure 5.25. Input and output pulse using permanent magnets as external bias. 

 

 

 

 

 

 

 

 

Source: Author’s production. 
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In order to validate the Spice gyromagnetic simulation proposed and described 

in this thesis, the circuit model with the same parameters as the coaxial line 

built and biased with magnets was reproduced (see corresponding scheme in 

Figure 5.26). 

  

Figure 5.26. Spice scheme used to simulate the gyromagnetic line with magnets. 

 

 

 

 

 

 

 

Source: Author’s production. 

 

In the simulation, the generator output impedance and load are fixed at 50.0 

ohms according to the experimental parameters. The input pulse simulated has 

the same specification according to the experimental result in Figure 5.25. The 

values of the saturated inductance (0.85 nH) and the capacitance (0.56 pF) 

were calculated according to (3.35) and (3.42), based on the ferrite and line 

dimensions already described. The initial inductance in the flux equation 

displayed on the schematics was adjusted so that the simulations are fitted to 

the experimental results since the ferrite relative magnetic permeability drops 

when the permanent magnets are placed along the line (μr=160). Also, in the 

scheme of Figure 5.26, the resistance of 1.0 Ω in series with the line inductance 
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represents the ferrite losses. A comparison between the experimental results of 

Figure 5.25 and the corresponding simulations obtained from schematics in 

Figure 5.26 is given in Figure 5.27, showing good agreement and thus proving 

the viability of using the Spice circuit model proposed. 

  

Figure 5.27. Comparison between experimental result using magnets and Spice circuit 
model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

 

5.6.4. Experimental Line Tests with Axial and Azimuthal Bias at Low 

Voltage Operation 

The picture of the set-up line configuration proposed in Figure 4.6 in Chapter 

4.2 to study the magnetic precession with two magnetic biases applied 

simultaneously is shown in Figure 5.28. One important aspect about this 

configuration for low voltage operation is that the tests were performed with 

open terminals because with the use of the load the rise time is too long and it 
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is harder to observe the gyromagnetic effect on the line. The line was fed by a 

pulse from a low voltage generator (TTI-model TGP-110) with 10 V of input 

amplitude and 300 ns width using axial and azimuthal biases fixed at 7960 A/m 

and 148 A/m, respectively. The corresponding values of the current set at the 

DC sources and the magnetic field intensities in A/m with the respective 

formulation are shown in Table 5.8.Figure 5.29 (a) shows the applied input 

pulse with a rise time of less than 100ns. On the output pulse in Fig. 5.29 (b), it 

is possible to observe the compressed rise time of less than 50 ns with a series 

of oscillations of considerable voltage modulation caused by the magnetic 

precession effect. The input and output pulses displayed together on a short 

scale in Fig. 5.29 (c) show the small delay line of about 7 ns, which gives a 

decreased line inductance of about 3 µH at a fixed total line capacitance of the 

order 22 pF due to the use of both magnetic biases that lowers the initial ferrite 

magnetic permeability.  

Figure 5.28. Experimental assembly with axial and azimuthal bias for low voltage 
operation. 

 
Source: Author’s production. 
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Figure 5.29. Experimental results of the line with axial and azimuthal biases at low 
voltage operation (a) Input pulse, (b) output pulse and (c) both pulses on 
shorter scale. 

 

 
Source: Author’s production. 

 

 

Table 5.8. Axial and azimuthal biases at low voltage operation. 

Formulation Current (𝑰) Magnetic field (𝑯) 

𝐻𝑍 = 𝑁𝐼/79.6𝑙 with 𝑁 = 220 and 𝑙 = 0.2𝑚 8 A 7960 A/m 

𝐻𝜃 = 𝐼/79.6𝜋𝑑𝑚𝑒𝑎𝑛with 𝑑𝑚𝑒𝑎𝑛  = 1.51 𝑚𝑚 0.7 A 148 A/m 

 
Source: Author’s production. 
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Figure 5.30 displays the FFT spectrum of the output signal where the oscillation 

frequency of Fig. 5.29 (b) can be obtained at a frequency near the first knee of 

the curve, 20.0 MHz approximately. The order of magnitude of this frequency 

can be also obtained using (3.31) (see section 3.4.2.3 in chapter 3) that relates 

oscillation frequency with magnetic axial and azimuthal fields. In CGS units, 

(3.35) is given by: 

𝑓𝑐 ≈  14
𝐺𝐻𝑧

𝑇
× 𝜇0𝐻𝜃√

𝜒𝑀𝑠

𝜇0𝐻𝑧
                                       (5.1) 

 

where 14 GHz/T= 
𝜇0 𝛾

4𝜋
, the ferrite magnetization at saturation Ms = 0.35 T and 

ferrite filling factor 𝜒 ≈ 0.7, considering the used ferrite outer and inner 

diameters of 1.93 and 1.03 mm, respectively. Thus, for 𝐻𝜃 = 148 𝐴/𝑚 and 

𝐻𝑧 = 7960 𝐴/𝑚, the center frequency calculated is of the order of 12 MHz, 

reasonably in the range of magnitude for the valued measured on FTT 

spectrum of about 20 MHz. 

Figure 5.30. Output FFT spectrum of the NLTL at low voltage operation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Source: Author’s production. 
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5.6.4.1. Different Configurations of Magnetic Biases for the Gyromagnetic 

NLTL at Low Voltage Operation 

Different connections with both magnetic biases, axial and azimuthal, were 

performed to verify the influence on the output pulse of gyromagnetic line at low 

voltage operation. Four different configurations were used to vary the direction 

of the axial magnetic field Hz=H0 and bias current I0 responsible for the 

azimuthal field as shown in Figure 5.31.   

 

Figure 5.31. Different configurations of magnetic biasing showing four possible 
combinations for directions of the axial field H0 and bias current I0. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

The axial field and bias current directions are changed by inverting the output 

connections of the DC current sources in the line experimental set-up shown in 

Figure 4.6 (Chapter 4.2). For instance, in cases 1A and 2B as shown 

respectively in Figures 5.31 (a) and (d) H0 and I0 have opposite directions, while 



103 
 

in case 1B and 2A they are in the same direction given respectively in Figures 

5.31 (b) and (c).  For cases 1A and 1B, H0 points towards the input (-z) whereas 

for 2A and 2B towards the output (+z). With I0, it goes from input to output for 

cases 1A and 2A and opposite for cases 1B and 2B. For all the cases, the 

solenoid current and the axial bias current I0 were kept around the 

corresponding values of 8 A and 0.7 A, giving respectively 7960 A/m and 148 

A/m for the axial and azimuthal fields (see Table 5.8 again). The results 

obtained for the four cases are shown in Figure 5.32, where one can note slight 

variations on the output pulse in terms of oscillation frequency mainly as 

expected.  

Figure 5.32. Output pulse of the NLTL operating at low voltage in four different 
configurations. 

 
 
 
 

Source: Author’s production. 
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Since the measurements were made with the line with open terminals as in the 

previous section, the bias current pulse I0 is zero. Moreover, it seems that the 

rotational movement of the azimuthal field is not affected by the sense of the 

axial field.  

 

5.6.5. Experimental Line with Axial and Azimuthal Bias for High Voltage 

Operation 

A line test was also performed at high voltage using the FID generator (already 

described in Chapter 4.2) with axial and azimuthal bias applied simultaneously 

at bias currents of 2.10 A and 0.24 A, respectively. The formulae for the H-field 

calculation is obtained once more in the first column of Table 5.8 shown in the 

last section. A current of 10.0 A through the axial line solenoid corresponds to 

an intensity of an external magnetic field of about 2308 A/m. However, in this 

case the azimuthal field is generated by the sum of the currents provided by the 

DC source bias (0.24 A) and the high voltage pulse applied, which is of the 

order of 10.24 A (10 A + 0.24 A) considering the peak amplitude of the output 

pulse obtained of about 500 V into a load of 50 ohms as shown in Fig. 5.33. 

Thus, this corresponds to an azimuthal field of the order of 2149 A/m. To obtain 

the result in Figure 5.33 the FID generator of fast rise time was used to produce 

an input pulse with peak of about 2500 V with an approximate Gaussian shape 

of 5ns width. As observed in this figure the lower pulse peak amplitude at output 

is due to the negative coefficient reflection as load resistance is 50 ohms and 

the stressed line impedance is higher (of the order of 450 ohms) since the 

ferrite is not heavily saturated under this condition and limitation of the 

maximum voltage provided by the generator. 
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Figure 5.33. Line output pulse with axial and azimuthal bias at high voltage operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

Figure 5.34 shows the FFT spectrum of the output pulse. Although not very 

clear in the FFT spectrum the oscillation frequency appears to be in the range 

of 300-400 MHz. In fact, this value can be confirmed using (3.34) in CGS units 

as given below  

 

𝑓𝑐 ≈  14 
𝐺𝐻𝑧

𝑇
𝜇0𝐻𝜃√1 +

𝜒𝑀𝑠

𝜇0√𝐻𝜃
2+𝐻𝑍

2
                                 (5.2) 

 

where χ is assumed to be 0.7 and Ms=0.35 T. For Hz= 2308 A/m and Hθ=2149 

A/m, (5.2) gives a center frequency near 300 MHz, which is of the order of 

magnitude seen in the FFT in Fig. 5.34.  
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Figure 5.34. FFT spectrum of the output pulse for line operation at high voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Author’s production. 

 

It is important to highlight that we did not achieved a better signal at the output 

of the gyromagnetic line because of the voltage limitation of the function 

generator that was used. 
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6. CONCLUSIONS 

According to the results obtained from LT simulations, numerical computation, 

and experimental analysis it is possible to make the following conclusions: 

 Weiner’s model was adapted to the Spice simulations in which 𝑅𝑓 (ferrite 

losses) is dependent on the azimuthal bias and responsible for the output 

rise time variation. 

 In Pouladian-Kari LT-Spice model, the resonant RLC branches were 

added to simulate the precession of the ferrite magnetic moment under 

the presence of an axial magnetic bias.  

 In Pouladian-Kari’s model, the values of the RLC branches are fixed for 

constant magnetic bias while for linearly graded magnetic bias the RLC 

components are linearly varied to represent the axial magnetic field 

increasing along the line.  

 LT-Spice and Mathematica simulations based on Dolan’s model were 

reproduced with great success without the need of voltage sources, 

since the flux equation simulates fully the nonlinear behavior of the line. 

 Dolan’s numerical analysis is in good agreement with the LT-Spice 

simulation result, which validates the results of the Spice modelling. 

 Spice simulation has a user-friendly platform compared to numerical 

computation as in the latter case it is harder to work with the 

implementation of the code lines. However, once the code is ready, for 

numerical analysis it is easier to make any changes, especially for a 

large number of line sections. 

 The coaxial line inductance was characterized in relation to an axial 

current through the inner conductor fed by a DC source with and without 
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permanent magnets as well as in relation to an axial magnetic field 

generated by an external solenoid. 

 The LT-Spice simulated model was validated by comparing the results 

with the experimental test using permanent magnets. 

 Different connections with both biases, axial and azimuthal, were 

performed in order to verify the influence on the output pulse.  

 In the experimental tests, it was observed that when the axial bias is 

increased, the frequency is also increased with output pulse rise time 

compression. 

 Moreover, it was noted that the azimuthal bias has direct relation with the 

modulation of the output pulse and a slight influence on the output rise 

time compression. 

 At low voltage operation with open circuit at the end of the line, good 

modulation of the output pulse was obtained, although the slow rise time 

of the input pulse makes it difficult to observe the gyromagnetic effect. 

 At high voltage operation, the frequency generated by the gyromagnetic 

line was around 400 MHz. 

 NLTL frequency has a stronger dependence on the input pulse voltage 

as azimuthal field is generated by the resulting pulse current.  

 The development of gyromagnetic lines demands the research on new 

nonlinear magnetic materials which present high saturation 

magnetization variation with low voltage and also have a good 

performance in the aggressive space environment.  

 This research also identified that there is a strong demand for nonlinear 

magnetic materials that have a high saturation magnetization variation 
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with low voltage and also have a good performance in the aggressive 

conditions of space environment. 

All these conclusions give basis as exploratory research for the use of the 

gyromagnetic line in aerospace applications. The development of 

gyromagnetic lines demands the research on new nonlinear magnetic 

materials which present high saturation magnetization with low voltage and 

also have a good performance in the aggressive conditions of space 

environment. 
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7. FUTURE WORK 

As gyromagnetic NLTL research is a new area, there are many issues that need 

to be explored. Among the several topics to be studied, we suggest those that 

could lead to the possible use of NLTL in aerospace applications such as 

 Study of new magnetic materials with nonlinear behavior at higher and  

lower voltage operation. 

 Analysis of critical parameters and material components of the NLTLs 

that need to be evaluated in order to comply with the requirements for 

space applications. 

 Need of performing space qualification tests (temperature, vacuum, 

gravity, radiation) of the components and materials used in the NLTL.  

 Length increase of the experimental gyromagnetic coaxial line in order to 

observe with accuracy the output pulse delay and its influence on 

magnetic precession and output rise time. 

 Assembly improvements especially related to line connections to 

decrease stray parasitic impedances that deteriorate the input and output 

signals. 

 Exploratory studies of gyromagnetic NLTL implementation in space 

vehicles and satellites taking into account the need for two extra batteries 

and an input fast pulse generator which can impact on the compact size 

of the device required in space applications. 

 Design and protection of the DC current sources in such a way that even 

with NLTLs operating with high voltage pulses they continue to work 

normally without electromagnetic interference. 

 To clarify better the stronger frequency dependence on azimuthal field 

rather than on the axial one in gyromagnetic lines. 
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APPENDIX A: DEVELOPMENT OF EQUATIONS 

The main equations that had to be developed in order to justify or understand a 

specific issue during the thesis are presented in this appendix. 

 

A.1. Linear Capacitance 

Considering the total capacitance per unit length of the line as the relation: 

 

1

𝐶𝑇
=

1

𝐶1
+

1

𝐶2
 ,    (A.1.1) 

 

since 𝐶1 =
2𝜋𝜀0𝜀1

ln(
𝑏

𝑎
)

 and 𝐶2 =
2𝜋𝜀0𝜀2

ln(
𝐷

𝑑𝑜
)
, where 𝜀0 is the electrical permittivity of free 

space, 𝜀1 is the electrical permittivity of the ferrite, 𝜀2 is the electrical permittivity 

of the dielectric, 𝐷 is outer radius of the line, 𝑏 is the outer radius of the ferrite 

and 𝑎 is the inner radius of the ferrite. 

Then,  
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The final equation of the linear capacitance is 

 

𝐶𝑇 =
2𝜋𝜀0

ln(
𝑏
𝑎
)

𝜀1
+

ln(
𝐷
𝑏
)

𝜀2

.    (A.1.5) 

  

A.2. Relation between LLG and LL Equations 

Considering the original LL equation dated from 1935, 
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and the modified version LLG from 1955, 
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substituting in the right-hand side of (A.2.2) the term 
𝜕�⃗⃗� 

𝜕𝑡
, 
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Using vector cross product identity, we have: 

 

𝑎 × (𝑏 × 𝑐) = 𝑏(𝑎 ∙ 𝑐) − 𝑐(𝑎 ∙ 𝑏),    (A.2.5) 
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Since �⃗⃗� ∙
𝜕�⃗⃗� 

𝜕𝑡
= 0 (because of the circular nature of the motion, �⃗⃗� . (�⃗⃗� × �⃗⃗� ) = 0) 

and �⃗⃗� ∙ �⃗⃗� = 𝑀2, then  
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(1 + 𝛼2)
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Thus LL and LLG equations are equivalent if 𝛼 ≪ 1. 

 

A.3. Formulation in Cartesian Coordinates 

With an initial axial magnetic bias field it is possible to analyze the Landau-

Lifshitz equation in Cartesian coordinates as follows: 

 

𝜕�⃗⃗� 

𝜕𝑡
=

𝛾

1+𝛼2 𝜇0 [�⃗⃗� × �⃗⃗� −
𝛼

𝑀𝑠
�⃗⃗� × �⃗⃗� × �⃗⃗� ],   (A.3.1) 

 

𝜕�⃗⃗� 

𝜕𝑡
=

𝛾

1+𝛼2 𝜇0 {�⃗⃗� × �⃗⃗� −
𝛼

𝑀𝑠
[�⃗⃗� (�⃗⃗� . �⃗⃗� ) − �⃗⃗� (�⃗⃗� . �⃗⃗� )]}.  (A.3.2) 

 

Since �⃗⃗� . �⃗⃗� = 𝑀2, then  

 

𝜕�⃗⃗� 

𝜕𝑡
=

𝛾

1+𝛼2 𝜇0 {�⃗⃗� × �⃗⃗� −
𝛼

𝑀𝑠
[�⃗⃗� (�⃗⃗� . �⃗⃗� ) − 𝑀2�⃗⃗� ]}.  (A.3.3) 

 

Knowing that �⃗⃗� = 𝐻𝑧𝑧  in the 𝑧 direction, 
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𝜕�⃗⃗� 

𝜕𝑡
=

𝛾

1+𝛼2 𝜇0 {�⃗⃗� × �⃗⃗� −
𝛼

𝑀𝑠
[�⃗⃗� (𝑀𝑧𝐻𝑧) − 𝑀2�⃗⃗� ]} .  (A.3.4) 

Considering �⃗⃗� = [

𝑀𝑥

𝑀𝑦

𝑀𝑧

] and �⃗⃗� = [
0
0
𝐻𝑧

], then we have that 

 

�⃗⃗� × �⃗⃗� = [

𝑥     𝑦     𝑧 
𝑀𝑥  𝑀𝑦  𝑀𝑧

0    0    𝐻𝑧

] = 𝑥 𝑀𝑦𝐻𝑧 − 𝑀𝑥𝐻𝑧𝑦 .  (A.3.5) 

 

From (A.3.1), 

 

[
 
 
 
 
𝜕𝑀𝑥

𝜕𝑡
𝜕𝑀𝑦

𝜕𝑡
𝜕𝑀𝑧

𝜕𝑡 ]
 
 
 
 

=
𝛾

1+𝛼2 𝜇0 [[
𝑀𝑦𝐻𝑧

𝑀𝑥𝐻𝑧

0

] −
𝛼

𝑀
[

𝑀𝑧𝐻𝑧𝑀𝑥

𝑀𝑧𝐻𝑧𝑀𝑦

𝑀𝑧𝐻𝑧𝑀𝑧

] + [
0
0

𝛼𝑀𝐻𝑧

]] .  (A.3.6) 

 

So, in the 𝑥 direction: 

 

𝜕𝑀𝑥

𝜕𝑡
=

𝛾

1+𝛼2
𝜇0 [𝑀𝑦𝐻𝑧 −

𝛼

𝑀𝑠
𝑀𝑧𝐻𝑧𝑀𝑥],   (A.3.7) 

in the 𝑦 direction: 

 

𝜕𝑀𝑦

𝜕𝑡
=

𝛾

1+𝛼2 𝜇0 [−𝑀𝑥𝐻𝑧 −
𝛼

𝑀
𝑀𝑧𝐻𝑧𝑀𝑦],   (A.3.8) 
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in the 𝑧 direction: 

𝜕𝑀𝑧

𝜕𝑡
=

𝛾

1+𝛼2
𝜇0 [−

𝛼

𝑀𝑠
𝑀𝑧

2𝐻𝑧 + 𝛼𝑀𝐻𝑧].   (A.3.9) 

 

Isolating 𝛼, 

 

𝜕𝑀𝑧

𝜕𝑡
= −

𝛾𝛼

1+𝛼2
𝜇0 [

𝑀𝑧
2𝐻𝑧

𝑀𝑠
− 𝑀𝐻𝑧].    (A.3.10) 

 

Isolating 𝑀 and 𝐻𝑧, 

 

𝜕𝑀𝑧

𝜕𝑡
= −

𝛾𝛼

1+𝛼2 𝜇0𝑀 [
𝑀𝑧

2

𝑀𝑠
2 − 1]𝐻𝑧.    (A.3.11) 

 

The magnetic moment equation in the 𝑍 direction can be rewritten as: 

 

𝜕𝑀𝑧

𝜕𝑡
= −

𝛾𝛼

1+𝛼2 𝑀𝑠𝜇0 [1 −
𝑀𝑧

2

𝑀𝑠
2]𝐻𝑧.   (A.3.12) 

 

Rearranging (A.3.12), 

𝜕𝑀𝑧

𝜕𝑡
=

𝑀𝑠

1+𝛼2

𝛾𝛼

𝜇0 [1 −
𝑀𝑧

2

𝑀𝑠
2]𝐻𝑧,    (A.3.13) 
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where 
1+𝛼2

𝛾𝛼
= 𝑆 is the switching constant 

 

𝜕𝑀𝑧

𝜕𝑡
=

𝑀𝑠

𝑆
𝜇0 [1 −

𝑀𝑧
2

𝑀𝑠
2] 𝐻𝑧.    (A.3.14) 

 

Thus, the switching constant becomes: 

 

𝑆 =
1+𝛼2

𝛼
𝛾−1 = (

1

𝛼
+ 𝛼) 𝛾−1 .   (A.3.15) 

 

 

A.4. Calculation of the Parameters of Weiner’s Model 

Considering a ferrite for high frequency application, 𝜇𝑟 ≅ 100 for a rise time 

response of 1.0 ns. See in Figure A.1 the dimensions of the model used by 

Weiner. 

 

Figure A.1.  Dimensions of the coaxial line used by Weiner. 

 

 

Source: Author’s production. 

 

Considering the air core inductance (3.33), 
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𝐿0 =
𝜇0

2𝜋
ln (

𝑏

𝑎
) =

4𝜋×10−7

2𝜋
ln(2) = 1.38 × 10−7 ≅ 140.0 𝑛𝐻/𝑚. (A.4.1) 

 

For 1.0 meter, l0=L0×1.0 m=140.0 nH. For the ferrite with μr=100 before 

saturation li =μr×L0=14.0 μH/m or li=14.0 μH with 1.0 meter. 

For the calculation of the flux inside the ferrite per meter, knowing that 𝐻 =
𝐼

2𝜋𝑟
, 

 

𝜑

𝑙
= ∫

𝐵𝑑𝐴

𝑙
= ∫𝐵𝑑𝑟 = ∫𝜇𝐻𝑑𝑟 = ∫

𝜇𝐼

2𝜋𝑟
𝑑𝑟 = 𝜇0𝜇𝑟

𝐼

2𝜋
ln (

𝑏

𝑎
)

𝑏

𝑎
. (A.4.2) 

 

For the calculation of the saturation current, consider 𝐵𝑠𝑎𝑡 = 2500 𝐺𝑎𝑢𝑠𝑠 =

0.25 𝑇 and the parameters of Figure A.2,  

 

Figure A.2.  Coaxial area calculation 

 

Source: Author’s production. 

 

 

𝜑 = 𝐵𝐴 = 0.25 × 10−3 𝑊𝑒𝑏𝑒𝑟 = 𝐼𝑠𝑎𝑡 × 14 × 10−6,           (A.4.3) 
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𝐼𝑠𝑎𝑡 =
0.25×10−3

14×10−6
= 17.85 𝐴.   (A.4.4) 

 

For the linear capacitance, considering (3.40), 

 

𝐶0 =
2𝜋𝜀0

ln( 
𝑏

𝑎
)
= 80.0 𝑝𝐹/𝑚.   (A.4.5) 

 

Line discretization for a number of sections 𝑛 = 50 and 𝑙 = 1.0 𝑚. 

 

𝑙𝑖
′ =

𝐿𝑖×𝑙

𝑁
=

𝐿𝑖

𝑁
=

14×10−6

50
= 280.0 𝑛𝐻,    (A.4.6) 

 

𝑙0
′ =

𝐿0×𝑙

𝑁
=

𝐿0

𝑁
= 2.8 𝑛𝐻,    (A.4.7) 

 

 

c0
′ =

C0×𝑙

𝑁
=

C0

𝑁
=

80.0 𝑝𝐹

50
= 1.6 𝑝𝐹.   (A.4.8) 

 

 

The general schematic circuit is shown in Figure A.3. 
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Figure A.3.  General schematic circuit used in Weiner’s model. 

 

 

 

 

 

Source: Author’s production. 

 

For the biased impedance value,  

 

𝑍𝑏𝑖𝑎𝑠𝑒𝑑 = √
280 𝑛𝐻

1.6 𝑝𝐹
= 418.0 Ω.   (A.4.9) 

 

For the pulse reduction rise time 

 

∆𝑇 = 𝑛√𝐿𝐶 − √𝐿𝑠𝑎𝑡𝐶,    (A.4.10) 

 

∆𝑇 = 50√280.0 𝑛𝐻 × 1.6 𝑝𝐹 − √2.8 𝑛𝐻 × 1.6 𝑝𝐹,  (A.4.11) 

 

∆𝑇 = 50 × (669 × 10−12 − 66.9 × 10−12) ≅ 30.0 𝑛𝑠.  (A.4.12) 
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A.5. Calculation of the Parameters of the Pouladian-Kari and Shapland’s 

Model 

 

From the original equation used by Pouladian-Kari,  

 

𝐿 = 𝐿𝑠[1 + 𝜇𝑟exp (−𝛼𝐼)].    (A.5.1) 

 

When 𝐼 = 0, 

𝐿 = 𝐿𝑠(1 + 𝜇𝑟) = 𝐿0 + 𝜇𝑟𝐿0 .   (A.5.2) 

 

For 𝜇𝑟 ≫ 1, then 

𝐿𝑖 ≅ 𝜇𝑟𝐿0 = 𝐿.     (A.5.3) 

 

Considering 𝐼 ≫ 𝐼𝑠 → 𝐿 = 𝐿𝑠, then the flux equation become 

 

𝜑 = 𝐿𝑠𝐼 + 𝜇𝑟𝐿𝑠 ∫ 𝑒𝑥𝑝(−𝛼𝐼)𝑑𝐼 =
𝐼

0
𝐿𝑠𝐼 −

𝜇𝑟𝐿𝑠

𝛼
[1 − 𝑒𝑥𝑝(−𝛼𝐼)].  (A.5.4) 

 

Knowing that 

 𝛼 =
𝐼

𝐼𝑠
,     (A.5.5) 
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𝜑 = 𝐿𝑠𝐼 + 𝜇𝑟𝐿𝑠𝐼𝑠 [1 − 𝑒𝑥𝑝 (−
𝐼

𝐼𝑠
)].    (A.5.6) 

 

𝜑𝑠𝑎𝑡 when 𝐼 ≫ 𝐼𝑠 → [1 − 𝑒𝑥𝑝 (−
𝐼

𝐼𝑠
)] ≈ 1, so 

 

𝜑𝑠𝑎𝑡 = 𝐿𝑠𝐼 + 𝜇𝑟𝐿𝑠𝐼𝑠 = 𝐿𝑠(𝐼 + 𝜇𝑟𝐼𝑠) .   (A.5.7) 

 

For 𝜇𝑟 ≫ 1, 

𝜑𝑠𝑎𝑡 ≈ 𝜇𝑟𝐿𝑠𝐼𝑠 = 𝐿𝑖𝐼𝑠 ,    (A.5.8) 

 

when 𝜇𝑟 is small  

𝜑𝑠𝑎𝑡 ≈ 𝐿𝑠(1 + 𝜇𝑟)𝐼𝑠.     (A.5.9) 

 

Considering the ferrite dimensions used in Pouladian-Kari’s model as the values 

demonstrated in Figure A.4:  

Figure A.4.  Ferrite dimensions used in Pouladian-Kari/Shapland’s model. 

 

 

 

 

 

 

Source: Author’s production. 
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Knowing from the ferrite datasheet that 𝜑𝑠𝑎𝑡 = 0.25 𝑇 and 𝜇𝑟 = 4, we have: 

 

𝜑𝑠𝑎𝑡 = 0.25 ×
0.97−0.52

2
× 0.85 = 47.88 × 10−6 𝑊𝑒𝑏𝑒𝑟.  (A.5.10) 

 

From, 

𝐼𝑠 =
𝜑𝑠𝑎𝑡

𝐿𝑠(1+𝜇𝑟)
=

47.8×10−6

5×287 𝑛𝐻
= 33 𝐴.    (A.5.11) 

 

From (A.5.5), considering 𝐼𝑠 = 33 𝐴, then  𝛼 = 0.03. 

For 40 sections the total values for the saturated inductance and the linear 

capacitance are 𝐿𝑠 = 287.0 𝑛𝐻 and 𝐶 = 109.0 𝑛𝐹 respectively. The general 

schematic circuit is shown in Figure A.5. 

 

Figure A.5. General schematic circuit used in Pouladian-Kari/Shapland’s model. 

 

 

 

 

 

 

 

Source: Author’s production. 
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For the biased impedance value,  

 

𝑍𝑏𝑖𝑎𝑠𝑒𝑑 = √
287 𝑛𝐻

109 𝑝𝐹
= 170.0 Ω.    (A.5.12) 

 

For the pulse reduction rise time 

 

∆𝑇 = √𝐿𝐶 − √𝐿𝑠𝑎𝑡𝐶 ,    (A.5.13) 

 

∆𝑇 = √287.0 𝑛𝐻 × 5 × 109.0 𝑝𝐹 − √287.0 𝑛𝐻 × 109.0 𝑝𝐹,  (A.5.14)

  

∆𝑇 = √287.0 𝑛𝐻 × 109.0 𝑝𝐹[√5 − 1] = 5.59 𝑛𝑠 (1.23) = 6.87 𝑛𝑠. (A.5.15)

  

 

A.6. Pouladian-Kari et al.’s Discrepancies 

As observed in the previous Pouladian-Kari’s results, there are certain 

discrepancies between the original results and the simulated ones. This can be 

explained since for Pouladian-Kari’s analysis [14], [15], the author mentioned 

that the voltage across the inductor is related to the following current as: 

 

v = L
dI

dt
+ I

dL

dt
.    (A.6.1) 
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From this, 

 

v = L
dI

dt
+ I

dL

dt
= L

dI

dt
+ I

dI

dt

dL

dI
=

dI

dt
(L + I

dL

dI
),   (A.6.2) 

 

and defining L + I
dL

dI
= L′, (A.6.2) is recast in the form 

 

                                      v = L′
dI

dt
.                       (A.6.3) 

 

Since L decreases exponentially with I, this implies that 
dL

dI
< 0, and thus, 

I
dL

dI
< 0, and L′ < L. 

Considering L′ as the Pouladian-Kari’s model inductance and L as the 

inductance of the reproduced model, the phase velocity in both cases become  

 

vph1 =
1

√LC
                   (A.6.4) 

 

and 

        vph2 =
1

√L′C
.                (A.6.5) 
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As L′ is smaller than L, vph2 (Pouladian-Kari’s) is faster than vph1(reproduced). 

Another way to explain the difference between the delays is through the time 

delay 

 

δ1 = n√LC      (A.6.6) 

 

while Pouladian-Kari’s is 

 

δ2 = n√L′C.     (A.6.7) 

 

Again, as L′ < L, then the delay δ1 related to the reproduced model is larger 

than the delay δ2 corresponding to the original Pouladian-Kari’s model. 

This happens because Pouladian-Kari considered the flux relation as  

 

ϕ(t) = L(t) i(t),    (A.6.8) 

 

that is, L(t) is a time varying inductance, while our model considered the flux 

relation as  

 

ϕ(t) = L(i) i(t),    (A.6.9) 
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with the current-dependent inductance. According to [75] ϕ(t) = L(t) i(t) is the 

definition for a linear time-varying inductor, and ϕ(t) = L(i) i(t) is the magnetic 

flux linked definition with a nonlinear inductor, which is the better approach, 

justifying the difference between the time delays. 

 
 
A.7. Calculation of the Precession Frequency at High Voltage Operation 

The experiment was performed at high voltage with both axial and azimuthal 

bias, where Vp is the peak voltage (500 V) at the output and Rload (50.0 Ω) is the 

load resistance. According to Table 5.10 the current applied for the azimuthal 

bias is 0.24 A, so we have that the total current I0 is: 

 

𝐼0 =
𝑉𝑝

𝑅𝑙𝑜𝑎𝑑
=

500 𝑉

50.0 Ω
+ 0.24 𝐴 = 10.24 𝐴.   (A.7.1) 

 

Knowing the values of the ferrite inner diameter (𝑎) and ferrite outer diameter 

(𝑏)  from section 4.2 and considering the medium diameter of the ferrite as: 

 

𝑑𝑚 =
(𝑎+𝑏)

2
=

(1.93+1.09)

2
= 1.51 𝑚𝑚,  (A.7.2) 

 
 

the azimuthal magnetic field is: 

 

𝐻𝜃 =
𝐼0

𝜋𝑑𝑚
=

10.24 𝐴

𝜋 1.51×10−3 𝑚
= 2160.33

𝐴

𝑚
= 27.14 𝑂𝑒. (A.7.3) 
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By considering the number of turns N of the solenoid equivalent to 220 the 

current IZ from Table 5.10 for the axial bias (2.10 A), and the length 𝑙 of the 

coaxial line (20.0 cm), the axial magnetic field becomes: 

 

𝐻𝑧 =
𝑁𝐼𝑍

𝑙
=

220 𝑡𝑢𝑟𝑛𝑠 × 2.10 𝐴

0.20 𝑚
= 2310.0

𝐴

𝑚
= 29.02 𝑂𝑒     (A.7.4) 

 

Knowing the gyromagnetic ratio 𝛾 = 28024.95 𝑀𝐻𝑧/𝑇 and the saturation 

magnetization of ferrite  𝑀𝑠 = 3500 𝑔𝑎𝑢𝑠𝑠 it is possible to calculate the magnetic 

precession frequency as: 

 

𝑓𝑝 =
𝛾𝜇0

4𝜋
𝐻𝜃 × √

𝑀𝑠

√𝐻𝜃
2+𝐻𝑍

2
= 1.4 × 27,14 × √

3500

√27.142+29.022
≅ 356.61 𝑀𝐻𝑧    (A.7.5) 
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APPENDIX B: MATHEMATICA CODE 

In this appendix the code used in Mathematica software in order to do the 

numerical analysis is presented. 
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APPENDIX D: TEACHING INTERNSHIP 
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in the Sao Paulo Federal University (UNIFESP), under supervision of the 
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APPENDIX G: PROJECT SUPPORTERS 
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ANNEX A: MAIN DATASHEETS 

In this appendix there will be presented the most important datasheets used 

during this thesis that make possible the gyromagnetic line design and tests. 

A.1. Ferrite bead FB-43201 
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A.2. Diode BYW56 
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