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classe de NLTL a été développée, appelée ligne de transmission magnétique non linéaire 

(NLMTL).  

Des générateurs d'impulsions basés sur la compression simultanée des temps de montée et de 

descente sont développés et les techniques de combinaison de transitoires électriques ultra-courts 

sont fournies. Une démonstration théorique est effectuée en transformant le concept de soliton et 

d'ondes de choc du domaine de l'hydrodynamique au domaine électrique correspondant. Enfin, la 

validation du concept est effectuée sur la base d'une expérimentation en temps réel et toutes ces 

contributions sont discutées dans le chapitre 3. 

Une démonstration théorique et expérimentale complète pour l'analyse des NLMTLs prenant en 

compte les perturbations localisées qui apparaissent dans les matériaux ferrimagnétiques est 

également étudiée pour la première fois. Les NLMTL sont validés pour présenter la capacité de 

compression simultanée des temps de montée et de descente en raison de leur contrôle simultané 

de l'intensité du champ magnétique et de la tension de polarisation appliquée. Ces contributions 

sont bien articulées dans le chapitre 4.  

Des impulsions ultracourtes sont générées à l'aide de diodes varactor empilées par cellule NLTL, 

où la capacité de compression est maximisée par l'obtention d'une impulsion gaussienne propre de 

près de 10,1 ps, avec une amélioration remarquable du comportement d'anneau, présentée au 

chapitre 5. Le schéma NLTL proposé découle d'une combinaison unique d'une diode varactor 

unique et d'une diode varactor empilée par cellule NLTL, qui est conçue pour exploiter un effet 

significatif de non-linéarité en relation avec la diode varactor. Cette technique génère un facteur de 

compression plus élevé dans les temps de montée et de descente des circuits NLTL par rapport aux 

diodes varactor simples par section NLTL. Ce schéma est validé pour fonctionner correctement 

dans une topologie NLTL à triple empilement en maximisant le facteur de compression.  

De même, les NLTL gyromagnétiques et hybrides sont également étudiés pour la génération et la 

compression d'impulsions et sont discutés dans le chapitre 6. Une analyse théorique et de 

simulation complète est fournie et elle est finalement validée par l'expérimentation. En outre, la 

transformation des impulsions générées et compressées proposées est également effectuée et la 

dérivée supérieure des impulsions gaussiennes est développée sans affecter sa durée d'impulsion et 

son comportement d'anneau. La durée d'impulsion globale obtenue dans chaque scénario est bien 
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maintenue et elle est présentée au chapitre 7. De plus, le chapitre 8 traite des caractéristiques des 

impulsions rayonnées en analysant la transmission et la réception dans différentes combinaisons 

d'antennes à large bande et les modèles théoriques et analytiques correspondants sont fournis. 

Enfin, le chapitre 9 propose une conclusion générale et une discussion sur les travaux futurs. 
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Pulse generators based on simultaneous rise and fall time compression are developed and the 

techniques for the combination of ultrashort electrical transients are studied and discussed. 

Theoretical demonstration is conducted by transforming the concept of soliton and shock waves 

from the hydrodynamics domain to the corresponding electrical domain. Finally, the validation of 

the concept is performed based on real-time experiments and all these contributions are discussed 

in Chapter 3. 

A complete theoretical and experimental demonstration for the analysis of NLMTLs considering 

the localized disturbances that arise within ferrimagnetic materials are studied for the first time. 

NLMTLs are validated, which present the capability of simultaneous rise and fall time compression 

due to their simultaneous control of magnetic field strength and applied biasing voltage. These 

contributions are well articulated in Chapter 4.  

Chapter 5 presents the generation of ultrashort pulses using stacked varactor diodes per NLTL cell 

where the compression capability is maximized by achieving a clean Gaussian pulse of almost 10.1 

ps with outstanding improvement in ringing behavior. The proposed NLTL scheme stems from a 

unique combination of a single varactor diode and stacked varactor diode per NLTL cell, which is 

designed to exploit a significant effect of non-linearity in connection with the varactor diode. This 

technique generates a higher compression factor in both rise and fall time of NLTL circuits in 

comparison to single varactor diodes per NLTL section. This scheme is validated to work well in 

a triple-stacked NLTL topology by maximizing the compression factor.  

Similarly, gyromagnetic and hybrid NLTLs are also investigated for pulse generation and 

compression, which is discussed in Chapter 6. Complete theoretical and simulation analysis is 

provided and it is finally validated via experimentation. Furthermore, the transformation of the 

proposed generated and compressed pulses is also carried out and a higher derivative of the 

Gaussian pulses is developed without affecting its pulse duration and ringing behavior. The overall 

pulse duration achieved in each scenario is well maintained and it is described in Chapter 7. 

Additionally, Chapter 8 deals with the radiated pulse characteristics by analyzing the transmission 

and reception for different combinations of wideband antennas, and their corresponding theoretical 

and analytical models are also provided. Finally, Chapter 9 comes up with a general conclusion 

and discussion on future works. 
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Gaussian pulses have a wide range of applications, particularly in short ranges. Although it is 

simple to create Gaussian pulses, however, it is very challenging to achieve pulses that have a pulse 

duration in the picosecond range. 

In this connection, researchers have paid much attention to the development of ultrafast pulse 

generators that are capable of creating attractive such features as shorter pulse duration, full width 

half maximum (FWHM), reduced ringing level, higher amplitude, and clean pulse shape [4]. In 

particular, different pulse generation techniques have been reported so far in the literature to tackle 

the challenge of shorter pulse duration along with reduced ringing capability [5-6]. It is very 

common in the literature to talk about Gaussian pulse generators. However, it is very well known 

that antenna neither transmits nor radiates the dc contents that are present in Gaussian pulses [7]. 

Hence, it is also very important to develop pulse generators that have the capability to generate 

higher order Gaussian pulse shapes including monocycle, doublet, and other Gaussian higher 

derivatives. As such, for a wireless pulse transmission, the monocycle pulse shape is the best choice 

as its spectrum have no dc contents [8]. In this case, the pulse generators developed so far may 

usually be classified into two different categories: (1) pulse generators having single pulse shape 

[9]; (2) pulse generators capable of transforming to multiple pulse shapes [10]. 

A non-linear transmission line (NLTL) is an important candidate for the generation and 

compression of ultrafast pulses. NLTL is a type of transmission line that comprises of lumped 

elements such as inductors and varactors which are periodically loaded into the host transmission 

line and can have the capability to generate solitons and shockwaves. Solitons are a unique class 

of pulse-shaped waves that propagate without changing their shape in nonlinear dispersive media. 

It is due to a balancing mechanism between nonlinearity and dispersion effects that ultimately 

generate a Gaussian pulse shape. In microwave electronics, NLTL works as a nonlinear dispersive 

medium that is responsible for the propagation of voltage solitons. 

There is a huge number of applications of ultrashort pulses in everyday life that came across us 

everywhere. Among them, some of the well-known are UWB radars for human respiration through 

a wall, wireless vital signs monitoring, breast tumors detection, THz detection, medical imaging, 

heart beat monitoring, and GPR applications. All these applications need clean and ultrashort 

pulses having reduced levels of ringing, different pulse shapes for various applications, 

simultaneous rise and fall time compression, and reduced full width half maximum (FWHM). This 
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thesis research strives to bridge the gap in the utilization of ultrashort pulses in the microwave 

electronics by transforming the concept of solitons and shock waves to the electrical domain. This 

will be executed by providing innovative NLTL techniques along with introducing new classes of 

NLTL. The main contribution of this thesis can be summarized as: 

(a) Pulse generation. Various techniques are provided for pulse generation and exploring new 

NLTL topologies and pulse generation in the magnetic domain. 

(b) Pulse compression. The generated pulses are compressed by providing new innovative 

ideas based on NLTLs. 

(c) Pulse shaping. The transformation of Gaussian pulse shapes into other important pulse 

shapes are studied from application perspectives. 

(d) Pulse transmission. The radiated pulse characteristics are explored while transmitting 

various pulse shapes wirelessly via a practical antenna setup. 

1.2 Outline and contributions of this thesis 

This thesis is organized in the article-based format, containing six original journal papers: 

 

Chapter 1: Introduction 

This chapter presents a brief introduction and motivation of pulse generation, compression, 

shaping, and transmission. The development of electronically ultrashort pulse generators with 

reduced ringing is the primary goal of this Ph.D. thesis. 

 

Chapter 2: Literature review 

This chapter presents the historical overview of pulse generation, compression, and shaping 

techniques based on microwave electronics presented in the literature as well as available in the 

market. A detailed survey of the state-of-the-arts electronic pulse generation and compression 

schemes with focus on important pulse parameters including pulse duration, FWHM, ringing level, 

and pulse amplitude will be conducted. Electronically developed pulse generators having the 
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capability to adopt multiple pulse shapes will also be discussed in detail and their advantages and 

disadvantages will be highlighted. This chapter will give a clear picture of the previous research in 

the field and the research gaps present in the literature. 

 

Chapter 3: Article 1: A nonlinear transmission approach to compressing rise and fall time in 

picosecond pulse generation 

This chapter presents the generation and compression scheme of picosecond (ps) pulses based on 

both step recovery diode (SRD) topology and nonlinear transmission line (NLTL) scheme with a 

focus on simultaneous rise and fall time compression. Four different pulse generators are developed 

in which the first three are based on rise time compression and the fourth one is based on 

simultaneous rise and fall time compression. All these pulse generators are compared with the state 

of the arts in the literature where they utilize different techniques for sharpening and the superiority 

of the proposed designs are highlighted. 

Chapter 4: Article 2: A Nonlinear Transmission Line Technique for Generating Efficient and 

Low-Ringing Picosecond Pulses for Ultrabroadband and Ultrafast Systems 

This chapter presents an NLTL-based scheme to develop an efficient and low-ringing picosecond 

pulse generator for ultrabroadband and ultrafast system applications. The proposed NLTL scheme 

stems from a unique combination of a single varactor diode and stacked varactor diode per NLTL 

cell, which is designed to exploit a significant effect of nonlinearity in connection with the varactor 

diode. This technique generates a higher compression factor in both rise and fall time of NLTL 

circuits in comparison to single varactor diodes per NLTL section. Two pulse generators are then 

developed based on the proposed concept, where a mixed step recovery diode (SRD) topology is 

used for Gaussian pulse generation and integrated with a triple-stacked NLTL. Theoretical 

development and simulation of two triple-stacked NLTLs based on the rise and fall time-

compression are provided, and final experimental prototypes for pulse generators are fabricated 

and measured. Finally, the reconfigurable capability of the pulse generators is also briefly explored, 

and it is shown that the proposed pulse generators can easily be reconfigured between Gaussian 

and monocycle pulse shapes. 
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Chapter 7: Article 5: A Reconfigurable Picosecond Pulse Generator in Non-linear Transmission 

Line for Impulse Radar Ultrawideband Applications 

This chapter proposes a reconfigurable picosecond (ps) pulse generator (PG) having Gaussian and 

monocycle pulse shapes for impulse radar ultrawideband (IR-UWB) applications. A mixed step 

recovery diode (SRD) topology is used in combination with NLTL and pulse-shaping circuit to 

realize the PG. The pulse-shaping network comprises an RC differentiator embedded with a single 

PIN diode to provide two different switchable states. This PG is capable of directly switching from 

a Gaussian to a monocycle pulse without resorting to the increase in pulse width twice of the 

original Gaussian pulse as deployed in the previous reconfigurable PGs. 

Chapter 8: Picosecond Pulse Generation, Shaping, Transmission, and Reception Characteristics 

for Wireless Sensing Applications 

This chapter proposes the transmission and reception of picosecond pulses by estimating antenna 

effects while considering the order of the pulse, ringing distortion, system fidelity factor, stretch 

ratio, and duration of the pulse. A systematic analysis is performed in such a way that first a 

Gaussian pulse is developed, which is adequately transformed to its derivative for wireless 

transmission. For transmission and reception, some wideband antennas of interest are explored and 

developed including Vivaldi, antipodal Vivaldi, slotted patch, bicone, and ridged horn antennas. 

An experimental demonstration is performed, and a complete system model is provided while 

presenting radiated pulse characteristics in different scenarios. 

Chapter 9: General Discussion 

This chapter will provide a general discussion of the proposed research outcomes in this thesis 

work. 

Chapter 10: Conclusion and recommendations 

This chapter summarizes the entire thesis research and highlights key research contributions in a 

compact manner. Additionally, some potential future extensions of this research work are described 

as part of this research endeavour. 
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2.1.1 Pulse duration or pulse width 

The time interval between a reference point on the leading edge of a pulse waveform and a 

reference point on the trailing edge of the same waveform. The two reference points are usually 

95% of the steady-state amplitude of the waveform existing after the leading edge, measured with 

respect to the steady-state amplitude existing before the leading edge.  

2.1.2 Full width half maximum (FWHM) 

FWHM refers to the width of a pulse or spectrum curve measured between those points on the y-

axis that are half the maximum amplitude. FWHM is a common form of measurement for pulse 

waveforms, and the spectral width of sources used for optical communications and pulse 

engineering in microwave electronics. 

2.1.3 Ringing level 

Ringing is the undesired ripples found along with the radiated signals. The detailed ringing level 

of the output pulse (Rl) can be given by the following equation. 

peak-to-peak

peak-to-peak

Ringing amplitude 
20log

Pulse amplitude lR �      (2.1) 

It is also termed as a detailed ringing level and one of the important metrics to judge the quality of 

the waveform. If the ringing level is lower than -10 dB, it can be easily retrieved on the receiver 

side, and we say that ringing is within an acceptable limit. 

2.1.4 Stretch ratio 

The temporal width of the transmitted pulses can be a significant factor in the design of a UWB 

transceiver. For signal x(t), the normalized cumulative energy function of the signal is given as: 
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The corresponding pulse width for 95% of the captured energy is utilized to calculate the stretch 

ratio by removing 5% of the energy on either side of the pulse. If h(t) is the radiated electric field 

waveform and G(t) is the input source, then the pulse stretch ratio (SR) can be defined as: 

1 1

1 1

(0.95) (0.05)
(0.95) (0.05)

h h

G G

E ESR
E E

� � � �

� � � �

��
� 

��      (2.3) 

 

Figure 2.1 Generational evolution of commercially developed pulse generators by different 

industrial organizations including Hewlett Packard, Colby, Tektronix, Tau Tron, BNC, Ana-Pico, 

etc 

2.2 Ultrafast ultra-broadband pulse definition 

This thesis is completely based on observing the pulse in the time domain. However, it is also 

important to define the pulse in the frequency domain. This would show that how the pulse 

counterpart looks like in a different domain. In frequency domain, by the uncertainty Principle, a 

1-ps pulse has bandwidth of 1/2 THz. As shown in Figure 2.2 (a), such a time domain signal can 

be transformed to the frequency domain by using the fast Fourier transform (FFT) technique. It can 

be converted back to the time domain by using an inverse fast Fourier transform (IFFT). To better 

understand this concept, we provide an example in both time and frequency domain as shown in 
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Figure 2.3 Pulse generators based on RTD. (a) Rise edge transients pulse generator using high-

speed RTD presented in [11]. (b) Pulse generator using a combination of high-speed RTD 

presented in [12] 

2.3.2 Pulse generators using schottky diode  

Various techniques have been presented in the literature to develop gaussian pulse and transform 

it to corresponding monocycle pulse generators using a combination of schottky diodes. One state-

of-the-art technique presented in [13] is illustrated in Figure 2.4, where a schottky diode is utilized 

with lumped elements and transmission lines to generate a gaussian and monocycle pulse generator. 

This pulse generator is based on rise time compression having a pulse duration of 1 ns, the 

amplitude of the pulse is between 1.8-1.85 V, and the detailed ringing level is -17.15 dB. The 

impedance matching is improved by placing an attenuator between an oscillator source and pulse 

generator that ultimately contributes to improve the ringing level. The working principle is that the 

reflection signal propagates back from the pulse generator to the stimulus source node and then 

returns. The amplitude of the pulse generator is attenuated at least twice while the incident stimulus 
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signal is attenuated once by the attenuator. A configuration like this provides a simple yet effective 

solution for improving circuit impedance matching and reducing signal reflections. 

 

Figure 2.4 Gaussian and monocycle pulse generator using Schottky diodes presented in [13] 

2.3.3 Pulse generators using step recovery diode (SRD) 

SRD pulse generation is one of the well-known and useful methods. However, the main issue that 

arises due to the utilization of SRD is controlling ringing behavior which becomes challenging. 

SRD is used to create gaussian and monocycle pulses and one such method is described in [14] by 

the authors, who used a single SRD in a shunt to create a gaussian pulse. Similarly, a single SRD 

for pulse generation is reported in [15] while utilizing it in series. Figure 2.5 (a) and Figure 2.5 (b) 

show the single SRD arrangement for pulse generation in shunt and series, respectively.  

Similarly, a single SRD was used in [16] for compressing a gaussian pulse, where a pulse duration 

of 150 ps was achieved with a reduced ringing level of -23.55 dB. The detailed circuit configuration 

of this work is shown in Figure 2.6.  
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Figure 2.5 Gaussian pulse generator using single SRD. (a) Shunt arrangement of SRD. (b) Series 

arrangement of SRD 

 

Figure 2.6 Gaussian pulse generator using SRD in series with wave-shaping circuit [16] 

2.3.4 Pulse generators using various SRDs topologies 

The performance of picosecond pulse generators is improved using a variety of SRD topologies, 

including compression factor and ringing reduction. In [17], the authors presented a picosecond 

pulse generator based on SRD topology as shown in Figure 2.7 (a) that has the capability to operate 

within the UWB spectrum in the frequency domain in connection with a pulse duration of 300 ps-

1 ns in the time domain. The corresponding output response of the presented pulse generator is 

shown in Figure 2.7 (b). 
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Figure 2.7 (a) Gaussian pulse generator using SRD topology presented in [17]; (b) Response of 

circuit topology from simulation 

2.3.5 Pulse generators using field effect transistors (FETs) 

A fully MESFET-based picosecond pulse transient techniques was investigated in [18] as shown 

in Figure 2.8. This circuit is made of main FET sampling gate, FET base pulse generator, FET-

based test step generator, and a step sharpener. The connection of these blocks is shown in detail 

using Figure 2.8. This topology can achieve rise or fall edge transients that are almost 28 ps in the 

time domain whose corresponding frequency domain is equivalent to 12 GHz. This topology is 

specifically designed for high-speed electronics, and picosecond instrumentation. 

(a)

(b)
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Figure 2.8 Block diagram of MESFET-based PG presented in [19] 

2.3.6 Pulse generators using avalanche transistors  

Avalanche transistors are widely used for generating picosecond transients due to their widespread 

application and having promising characteristics including tiny size, low intrinsic inductance, low 

jitter, high frequency, and high switching speed operation. Various topologies of avalanche 

transistors have been utilized in the published work to achieve sub-nanosecond transients or 

gaussian pulse generation. The most well known case in this regard is the utilization of the N-

MARX parallel circuit presented in [19-21]. MARX-based connection of avalanche transistors 

have good performance, however, they suffer severely from ringing, which distorts the complete 

pulse shape. Also, it is noteworthy that due to the poor heat dissipation and slow charging speed of 

the avalanche transistors, it is very difficult to operate at a high frequency. 

Following this work, authors in [22] developed a UWB pulse generator based on the avalanche 

effect of the avalanche transistor as shown in Figure 2.9. Their circuit is capable of generating a 

negative going gaussian pulse with a pulse amplitude of -11.2V having a pulse duration of almost 

890ps from simulations. Also, a pulse generator is presented in [23] that can change the width 

continuously and also based on avalanche transistors as demonstrated in Figure 2.10. 
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Figure 2.9 Block diagram of pulse generation technique presented in [22] 

 

 

Figure 2.10 Block diagram of pulse generation scheme presented in [23] 

2.3.7 Pulse generators using NLTL 

NLTL is also considered as one of the prominent candidates for sub-nanosecond and picosecond 

pulse generation. They are further utilized in LSI chips and high-speed non-linear systems. If the 

inductor and capacitor in NLTL are a decreasing function of corresponding currents and voltages, 

the velocity of the wave traveling in NLTL will increase with their amplitude. This is an interesting 

property of NLTL where higher portion of the waveform moves quicker than the lower portion. 

This phenomenon of NLTL is applied in order to achieve pulse compression, harmonic generators, 

picosecond pulse generators, and picosecond shock wave generation [24-35]. It is very difficult to 

analyze the NLTL function and majority of them claim it from related physical point of view. 

The harmonic balance technique is recognized to be a powerful technique for the solution of 

circuits including non-linear elements under a condition that the waveform does not include higher 
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harmonics. All the above techniques are valid for achieving pulse generators within sub-

nanosecond regime along with dramatic ringing. Also, majority of the above techniques have 

discussed only gaussian pulse shape which is due to the case that NLTLs are capable of soliton 

generation. For compression we need NLTL shock wave solution in order to compress the rise and 

fall edge transients as much as possible. 

2.3.8 Pulse generators using gyromagnetic non-linear transmission lines (G-

NLTLs)  

There also exists another class of magnetic NLTL termed as gyromagnetic NLTL that has been 

studied in [36] and can generate RF with high power. Here, magnetic elements are used to create 

the medium that separates the line conductor. Due to the magnetic moment created by damped 

gyromagnetic precession in ferromagnetic materials, this form of NLTL is employed as a small, 

solid-state RF source [37,38]. The amplitude and rising time of the output generated pulse are 

controlled by the applied in-put pulse and externally applied bias magnetic field. The resulting rise 

time decrease is limited by the ferrite's switching properties, which are essentially the time needed 

to go from one state to another on the material B-H curve. [39]. The construction of G-NLTL for 

pulse compression capability is shown in Figure 2.11 while the corresponding transmission line 

element-based model of ten sections of G-NLTL is shown in Figure 2.12. 

 

 

Figure 2.11 Gyromagnetic NLTL used for pulse compression 
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Figure 2.12 Transmission line element-based model of a ferrite loaded gyromagnetic NLTL to be 

used for pulse compression 

 

2.3.9 Pulse generators using dielectric non-linear transmission lines (D-

NLTLs) 

A parallel plate design for an NLTL was created, as seen in Figure 2.13, which uses the periodic 

loading of the dielectric slab as a nonlinear medium and investigated in [40-41]. The output 

response of D-NLTL in [40] is shown in Figure 2.14. As can be seen from the output response that 

this type of structure is not a good candidate for pulse generation and compression. Because of 

dielectric losses, this type of NLTL suffers greatly from RF oscillations in the output waveforms, 

and due to it, researchers have not given any attention to such structures. 

 

 

Figure 2.13 D-NLTL used for pulse generation 

Brass plates with channels milled for dielectrics

Nonlinear dielectric slabs
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Figure 2.14 Output response from D-NLTL used for pulse generation [40] 

2.3.10  Pulse generators using delay lines 

Some researchers have also utilized delay lines for generating sub-nanosecond pulses. In [42], the 

authors used a microstrip delay line as shown in Figure 2.15 that can convert a step signal with 25 

ps rise time to a regular pulse ranging from 50 ns to 500 ns. This technique was advantageous as 

previously enough work was done on rise and fall edge transients but there was no good technique 

to convert them into a regular pulse. This was the first attempt for conversion but as can be seen 

that pulse duration is highly increased while converting from edge transients to the regular pulse 

shape. Similarly, a tunable monocycle pulse generator was developed in [43] using a delay line that 

has the capability of generating a monocycle pulse shape having a pulse duration ranging from 

400-850 ps with an output peak amplitude of 200-500 mV. Since this method was not further used 

by researchers due to the main reason in that this technique has very limited capability of pulse 

compression. 

 

 

Figure 2.15 Rectangular pulse generator by transforming rise edge transients presented in [42] 
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charge-line voltage approaches the breakdown voltage, the gap arcs over and permits this 

discharge. A spark gap switching time might frequently be much less than 1 ns. The geometry, 

distance, and dielectric materials of the gap affect the actual gap-breakdown voltage. 

A spark-gap pulse leading edge rise time can be further shortened by passing it through more spark 

gaps, as depicted in Figure 2.16. A compact, dual-gap pulser is capable of generating 2 kV pulses 

into 50 ohms with a rise time of under 200 ps. McDonald in [48] constructed a dual-gap pulser and 

got step-like pulses with a rise time of 300 ps and voltage up to 60 kV. 

The spark gap has the benefit of consistently triggering. Either a powerful laser pulse or an 

electrical trigger introduced into the gap via a third electrode. Similar to mercury switches, spark 

gaps have the drawbacks of having a short life span and degrading with time. 

The largest pulse generators, both in terms of output and size, utilize spark gaps. Massive machines 

developed by Maxwell Labs, Naval Research Lab, Sandia Labs, EG&G Bedford, Cornell, and 

Physics International create pulses with a rise time of tens of nanoseconds to micro-seconds that 

range from kV to MV and kA to MA. These generators are used for other applications as well such 

as to drive E-beam and ion beam accelerators and for lightning simulation. 

 

 

Figure 2.17 Circuit diagram of dual spark gap pulse generator 

2.3.14  Pulse generators using josephson junctions 

The area of superconducting cryo-electronics is at the other extreme from the massive spark-gap 

machines. A completely new area of incredibly quick, picosecond electronics has emerged as a 

result of the discovery of the superconducting Josephson junction. All of the work in this field to 

date has been completed in high-tech research labs. A Josephson junction can be switched in under 
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10 picoseconds, according to Hamilton at the National Bureau of Standards (now NIST) in Boulder, 

Colorado. According to theory in [49], switching transition times will be around 2 picoseconds. 

IBM has tried to use Josephson junctions to create a superconducting computer. 

However, there are several significant drawbacks to extensive commercial applications with the 

Josephson junctions. First and foremost, its requirements are for a cryogenic, liquid-helium 

environment, and secondly, the extremely low, millivolt-level signals that are involved. 

A josephson junction is used in a picosecond pulse generator in [50] to create rise time transients 

of almost 7ps-9ps. An external load resistor is linked to the junction in the shunt by a balanced 

transmission line. The circuit diagram of the Josephson junction utilized in connection with the 

oscillator is shown in Figure 2.18. 

 

 

Figure 2.18 Circuit diagram of josephson junction as a pulse generator 
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3.1 Introduction 

Nonlinear transmission line (NLTL) is generally an LC ladder network that comprises of a 

periodically loaded nonlinear components either inductors or capacitors. It can be, for example, 

periodically loaded by reversely biased varactor and Schottky diodes. NLTL has already found a 

wide range of  device and system applications including comb generator, time domain 

reflectometry (TDR), frequency synthesizer, high-speed sampling oscilloscope, and stimulus or 

pulse generator [51, 52]. Among them, a clean picosecond pulse generator is very desirable in ultra-

fast electronics, biological electromagnetics, geophysical exploration, discharge plasma, and future 

oscilloscopes. However, it is of critical importance to have such pulse generator having the 

capability of shortest rise/fall time. It is also vital that there is a control over rise and fall time 

compression instead of single edge control to achieve good compression factor.  

Since it has been well known that fast electrical transitions can be generated by utilizing NLTL 

through the shockwave concept. These shockwaves were investigated and also implemented for 

either rise time or fall time compression, but not both at the same time [51, 52]. Instead of making 

use of the shockwave effect, some researchers also looked into soliton effects and attempted to 

compress fall time through such a technique as demonstrated in [53]. They achieved the generation 

of pulses with 5.5 ps FWHM (full-width half maximum) and 3.9 V output amplitude along with 

NLTL having 54 sections. Since the reported work is only based on simulation with huge number 

of NLTL sections which is not practical. Furthermore, caused by the huge number of varactor 

diodes, the reported pulse generator exhibits a significant amount of ringing with no rise time 

compression. Similarly, in [54], they also deployed the concept of soliton compression and 

developed a transmission line having the capability to compress the rise time unfortunately at the 

expense of a fall time expansion. They validated the scheme via simulations only that we can 

possibly achieve a good rise time compression factor by utilizing an inhomogeneous NLTL. Based 

on the above concepts, 130 GHz GaAs diode sampling head was developed in [55]. Nevertheless, 

the majority of the previously documented works have ushered in NLTL development with no 

detailed theoretical foundations. 

In [56], authors tried to explain the fundamental physical properties of solitons in terms of the LC 

ladder network by demonstrating it mathematically and thus establishing analytical expressions. 
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They formulated a mathematical expression for the case of capacitive lines and observed its soliton 

phenomenon. Based on these formulations, authors in [57] developed an impulse-forming circuit 

which generates a fine impulse from corresponding step function utilizing NLTL with reduced 

ringing. Similarly, [58, 59] utilized the same capacitive mathematical formulation to delineate and 

develop a sub-nanosecond high voltage pulse generation. On the other hand, 480 fs fall time 

transient pulse was generated and demonstrated upon the integration of a delta doped Schottky 

diode NLTL in [60]. Since they achieved a well compressed fall time, the overall pulse 

compression was not appealing unfortunately because of the expansion of the rise time. Such a 

problem seriously disturbed the pulse shaping and the proposed technique failed to yield a fine and 

clean pulse. In [5], the picosecond pulse lab (PSPL) developed a comb generator with enhanced 

performance utilizing NLTL structures.  

In [61], a CMOS-based monocycle pulse generation technique was reported utilizing 90 nm CMOS 

technology to achieve 380 ps pulse duration having 660 mV peak to peak voltage. However, the 

main design challenge including pulse compression was not presented and the parameters 

responsible for those aspects were also absent in the documented research. In [62], resonant 

tunneling diodes instead of varactor Schottky diodes were used, which claimed that short transition 

time can be obtained instead of utilizing switching circuits. An ultrashort electrical pulse based on 

photoconductive switches was reported in [63], whose duration is only constrained by the RC time 

constant of the photoconductive switch. 

On the other hand, bipolar junction transistors (BJT) have also been used in different scenarios to 

generate ultrashort electrical pulses. One such technique was reported in [64], where the authors 

utilized BJT for achieving 90 ps to 800 ps pulse duration having a maximum voltage of almost 6 

V. Similarly, field effect transistors (FET) have been also considered and investigated in different 

ways for ultrashort pulse generation. A two-stage FET based ps pulse sharpener was reported in 

[65] having 95 ps rise time pulse compression. Nevertheless, most of these reported works were 

concerned with the compression either in rise or fall time but not both at the same time. Hence, it 

is rather challenging to propose a circuitry that has the capability of handling both rise and fall time 

compressions so that a full control over pulse duration can be realized by managing rise and fall 

time simultaneously. A new distributed waveform generator was proposed in [66] which is 

basically the combination of single pulses to obtain a multicycle pulse. Also, different techniques 
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have been adopted to achieve monocycle pulses [67-69]. They are mainly based on the use of 

digital circuits and Gaussian filters. In this case, Gaussian filters are employed by cascading 

complex analog filters through analog/digital circuitry techniques. 

A picosecond pulse generator utilizing a microstrip delay line was reported in [42], which 

demonstrated the capability of transforming a step input signal into its corresponding rectangular 

pulse having a pulse duration ranging within 50 to 500 ns. The artifacts identification and correction 

were performed in [70] that arise in magnetic waveforms and provide uncertainty that is associated 

with the procedure. Also in [71], they presented a low cost UWB pulse generator for utilization in 

an UWB indoor ranging system and geophysical exploration. A fully MESFET hybrid system was 

developed in [18] that includes a FET test step generator and a FET sampling pulse generator. The 

pulse generator used in this sampling setup has a rise time of 60 ps with the corresponding fall time 

of 70 ps. A detailed comparison of six low-cost pulse generator devices having sub-nanosecond 

transition time was investigated in [72]. Also, in [73] they utilized SRD topology integrated with 

tapered capacitive NLTL to achieve 80 ps pulse generator. Similarly, in [14] they also utilized SRD 

topology as a pulse generating circuit integrated with pulse shaper and developed ps pulse generator 

whose corresponding pulse width is 307 ps having amplitude of almost 1.88 V. In [85], they also 

tried to develop pulse generator based on single SRD integrated with NLTL and achieve 130 ps 

pulse generator having amplitude of 3.3 V.  They used the rise time compression and there is no 

simultaneous fall time compression. This is due to the reason that they used a single polarity NLTL 

that can achieve the shortest rising edge using shock wave concept. Since all these pulse generators 

have different architectures including microstrip pulse shaper, SRD pulse generating circuit, 

transistors driven in the avalanche region, AHCMOS logic gates, ECL logic gates having first and 

second version, and upconverting mixer approach. Nevertheless, all the above techniques are used 

to realize sub-nanosecond pulse generators with integrated circuit implementation having an 

economy of scale and reduced power consumption. However, no information and techniques have 

been mentioned and reported for achieving simultaneous rise and fall time compression including 

pulse shape optimization, ringing reduction, and improving overall performance. 

In this paper, we propose and present a class of ps pulse generators based on SRD (step recovery 

diode) topology integrated with different NLTL structural schemes. In this case, NLTL is 

responsible for rise or fall time compression through which we come up with the development of 
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based on two NLTLs with different polarities having independent biasing circuits for rise and fall 

time edge sharpeners. Section VI compares the proposed solutions with the recent state of the arts 

in the field in terms of pulse duration, FWHM, ringing level, and rise/fall time compression 

capability, which is finally followed by the conclusion. 

3.2 SRD pulse generating circuit  

3.2.1 Equivalent circuit of SRD 

SRDs are extensively utilized in frequency multipliers, comb generators, and wave formers due to 

its strong nonlinear behavior. It is seen that SRD circuit developed on idealized diode model 

comprising of two linear circuits have limited accuracy and good performance of the circuit can be 

achieved only using the experimental adjustments. Thus, for more accurate circuit designs, it is 

very important to have optimization and simulation of SRD circuits as commercial circuit 

simulators cannot provide such opportunity. SRD equivalent circuit model is developed based on 

analysis in [74] and then ADS spice model is designed as discussed in detail in [75]. The 

corresponding Spice ADS model, equivalent circuit model, and I-V characteristic curve are shown 

in Figure 3.1 (a)-(c), respectively. All these parameters along with SRD operation is explained in 

[74] and the corresponding equation is derived in [75], which is given as: 
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   (3.1) 

where, Cr represents a small reverse bias capacitor, Vd corresponds to the diode terminal voltage, 

Cf characterizes maximum forward bias capacitance, Vj represents the barrier potential of the 

junction, and Q represents the corresponding charge stored in the diode. 
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Figure 3.1 Pulse producing circuit based on SRD with corresponding equivalent circuit and I-V 

characteristic curve. (a) SRD spice model generated in ADS; (b) Extracted SRD equivalent 

circuit model; (c) I-V characteristic and forward resistance changing curves of modeled SRD 

 

3.2.2 SRD topology investigation for pulse sharpening 

Various SRD topological configurations are investigated in detail in [73] and it is shown that 

corresponding mixed SRD topology possesses greater sharpening capabilities as compared to shunt 

and series. These topologies are shown here in shunt, series, and mixed arrangement as Figure 3.2 

(a)-(c) respectively. Their corresponding results are summarized in Figure 3.3 (a) and (b). To obtain 

optimal pulse shape, we need a proper adjustment of the parameters including input voltage and 

inductance. Simulations are performed in this connection and based on it the optimal values are 

selected for input voltage having a 10 MHz sinusoidal wave as an input excitation source. The 

impact of inductance and input voltage on corresponding pulse amplitude and duration is shown in 

Figure 3.3 (c)-(d), respectively. It is clear that the inductor has a little impact on pulse duration 

while adjusting pulse amplitude having the selected optimal value of 20 nH. It is also evident that 

increasing input voltage generates a higher pulse amplitude with a narrower width. A minimum 

input voltage of 3V is required to obtain a proper response from the circuit; however, beyond 6V 

of input voltage, the pulse duration does not change substantially. If higher pulse amplitude is 

required, the input voltage should be increased where the diode breakdown voltage is a limiting 

factor. Based on the analysis from Figure 3.3 (c)-(d), the selected input voltage is 5 V while the 

inductance is chosen as 20 nH. 
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Figure 3.2 SRD circuits in different arrangements. (a) shunt arrangement; (b) series arrangement; 

(c) mixed arrangement 

 

 

Figure 3.3 Response of SRD based pulse generation schemes in series, shunt, and mixed 

topology configurations and impact of input voltage and inductance on pulse width and 

amplitude. (a) SRD circuit arrangement response in series, shunt, and mixed topology; (b) 

Zoomed in view of circuit response; (c) Varying input voltage with fixed inductance of 20 nH; 

(d) Varying inductance with a fixed voltage of 5 V 
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3.3 Theory of NLTL  

3.3.1 NLTL solution utilizing kdV approach with experimental validation 

In this section, we begin with the analysis of NLTL in detail, which is utilized in this work for 

pulse generation. Theoretical foundation of this work is based on nonlinear lattice and soliton 

theory which is first proposed in mathematical form in [76] and then correspondingly modified and 

evaluated in hydrodynamic domain in [77] as now celebrated as Korteweg-de-Vries (KdV) 

equation. First, an NLTL solution is developed, which is verified and validated via a simple 

experiment. 

Consider a section of dissipative NLTL that is comprised of voltage-dependent capacitance C(V), 

linear inductance L, resistance R, and conductance G as shown in Figure 3.4. 

 

Figure 3.4 Section of dissipative capacitive NLTL with nonlinear capacitor and linear inductor 

The nonlinear capacitors are usually made of a series of reverse-biased schottky diodes in 

capacitive NLTL. The corresponding differential-difference equations of the network is given as: 
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where In(t) signifies the a.c. current flowing through the nonlinear inductor and Vn(t) represents the 

a.c. voltage across the nonlinear capacitance. The differential charge Qn(t) stored in the nth 

nonlinear capacitor is given by [78] 
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where V0 represents the capacitor's biasing voltage. The voltage dependency of the capacitance is 

discussed in much more detail in [79] and can be given in final form as: 

0

0 0

( ) � 
� � � �
QC V

F V V
      (3.4) 

In equation 3.4, the parameters that characterize the corresponding nonlinear capacitor are F0, and 

Q0. After eliminating In from equations (3.2a) and (3.2b), we get: 

2
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      (3.5) 

Now, this system corresponds to a one-dimensional lattice, termed as toda lattice, which is a 

complete integrable soliton system whose initial value problem can be easily solved using an 

inverse scattering approach. By relating Vn and yn to each other using equation (3.6) and other 

parameters using equation (3.7) as: 
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V b y y
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0 0LQ F m ab�        (3.7) 

equation (3.5) now becomes: 
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    (3.8) 

This new equation represents a mechanical one-dimensional system having equal masses, 

associated by nonlinear springs, with the nearest interaction potential between neighbours, which 

is calculated as follows: 

�� �� �� ��1 1exp n n n n
a b y y a y y
b

�I � � � �� �ª�� �� �� �� �º� ¬ � ¼    (3.9) 

where yn represents the displacement from the equilibrium position of the nth particle. The 

corresponding first and second terms denote the repulsive and attractive forces, respectively. This 

system was first modeled to observe the nonlinear behavior in the crystal lattice to visualize the 

thermal expansion under excitation, the finiteness of thermal conduction, and the energy 

partitioning between different vibration modes. The corresponding simplest single soliton solution 

of equation (3.8) is given as: 
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Peak to peak ringing amplitude20log
Peak to peak pulse amplitudelR �      (3.16) 

A simple experiment is performed to show the validity of our analytical procedure. To this end, a 

six and ten section NLTL prototypes with fixed inductors and varying voltage-dependent capacitors 

are fabricated and measured. The experimental setup comprising of a periodic signal generator, DC 

power supply, an oscilloscope, and developed NLTL prototypes shown in Figure 3.5 (a) and (c), 

for six and ten section NLTL, respectively. The corresponding response from the developed theory 

correlated with the measured response are shown in Figure 3.5 (b) and (d), for six and ten section 

NLTL, respectively. It is observed that results predicted by the theory developed here matches well 

with measured counterparts having an amplitude of 3.4V, FWHM of 2.3 ns, and the ringing of 

almost -38.7 dB in six section NLTL case, which validates our solution and can be used for 

capacitive NLTL circuitry with different NLTL sections. 

 

 

Figure 3.5 Fabricated six and ten-section NLTLs with corresponding response (biasing wires and 

connectors are not shown in the fabricated prototypes). (a) Six section NLTL prototype; (b) 

Response from theory and measurement for the developed six-section NLTL prototype; (c) Ten 

section NLTL prototype; (d) Response from theory and measurement for the developed ten 

section NLTL prototype 
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3.3.2 NLTL rise time compression analysis 

The objective of this section is to provide a comprehensive analysis of rise time compression 

capability in NLTL with corresponding distributed and equivalent lumped model. Consider an 

NLTL as in Figure 3.6 with the distributed model as Figure 3.6 (a) and the corresponding equivalent 

lumped model as Figure 3.6 (b), where the proposed rise time compression circuit is biased by DC 

source and triggered by the input voltage (Vi) having current limiter (R), RF choke (L), the DC 

input blocking capacitor (C), distributed capacitance of microstrip line (C0), fixed inductances (L1-

L6), junction capacitance (Cm), and parasitic series resistance of the varactor diode (Rm). 

 

 

Figure 3.6 Six sections capacitive NLTL utilized for rise time compression. (a) Distributed 

design model; (b) Lumped design model 

 

The corresponding cut-off frequency of the designed model in Figure 3.6 (b) is represented as: 

�> �@0 0

2
( )per

mL C V C
�Z � 

��
     (3.17) 

It is well known that the upper bound of NLTL operating frequency is dependent on cut-off 

frequency of the varactor diode. Considering Rm=0, then the corresponding voltage of the 

subsequent node is given as: 
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�|      (3.25) 

It is clear from equation (3.21) that if the nonlinear capacitor decreases with voltage, the 

corresponding propagation velocity along the line will increase. Now it means that by increasing 

the voltage we can ultimately achieve a pulse having the shortest rise time as evidenced from 

equation (3.25) and validated via the NLTL circuit as shown in Figure 3.6 for different voltage 

values with corresponding output response as displayed in Figure 3.7. It can be depicted that a 

shortest possible rise time that can be achieved from circuit in Figure 3.6 having six section NLTL 

is almost 6.4 ps. The rise time compression factor calculated in this case is 4.18. 

 

Figure 3.7 Rise time compression (Tr) of NLTL by varying voltage 

3.3.3 NLTL fall time compression analysis 

Here we will briefly investigate in detail about the falling time compression capability in NLTL 

with corresponding distributed and equivalent lumped models. Let us consider an NLTL as in 

Figure 3.8 with the distributed model as Figure 3.8 (a) and the corresponding equivalent lumped 

model as Figure 3.8 (b). This circuit is biased like Figure 3.6 with DC source and triggered by the 

input voltage (Vi) having current limiter (R), RF choke (L), and DC input blocking capacitor (C). 

Now assuming Rm=0, the nth diode voltage is given as: 
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Figure 3.8 Six sections capacitive NLTL utilized for fall time compression. (a) Distributed 

model; (b) Lumped model 

 

�> �@( ) ( )�  � �n inV t V t nT V      (3.26) 

where �� ��0( ) ( )� TT V L C V  , having  0( ) ( )�  � �T mC V C C V which signifies the overall capacitance at each 

NLTL section. When the propagation delay T(V) is varied, it results in a sharpening of the negative-

going waveform. As can be seen from Figure 3.9 that an input pulse Vi(t) having a step falling 

function with initial voltage Vh and final voltage Vl with corresponding input fall time Tf, in, which 

linearly decrease after propagating along the nth NLTL sections and is represented as Tf,n, given by 

�> �@, , , ( ) ( )� �� �' � �� ��f n f in f in h lT T n T T n T V T V     (3.27) 

 

 

Figure 3.9 Fall time compression of NLTL with step input 
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represented by L as shown in Figure 3.12. Figure 3.13 (a) and (b) show the simulated result of four 

and ten sections linear NLTL integrated with SRD topology-based generator, respectively. It is 

seen that increasing the number of NLTL section improves the ringing level. However, the size of 

circuit is going to increase. It is observed that pulse generator, in this case, has a main pulse duration 

width of almost 95 ps, amplitude of 3.95V, FWHM of 34 ps having a detailed ringing level of -

19.36 dB in the four sections linear NLTL case. By increasing the number of NLTL sections from 

four to ten, it is seen that the ringing level is improved from -19.36 dB to -22.48 dB. 

 

Figure 3.12 Integration of four sections linear NLTL with SRD topology-based pulse generating 

circuit 

 

Figure 3.13 Simulated result of linear NLTL integrated with SRD topology-based generator. (a) 

Four section NLTL; (b) Ten section NLTL 

(a) (b)
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3.4.2 SRD topology integration with abrupt tapered NLTL 

Now, the SRD topology is integrated with ten sections abruptly tapered NLTL and the proposed 

circuit is shown in Figure 3.14. In this case, the tapered NLTL is designed by first calculating the 

length of transmission line between varactors by relation . n
nL d k� , where d represents the nominal 

length of NLTL, k stands for the tapering factor, and n signifies the nth section, which is selected 

to be 10 in the present case. The designed ten section abrupt tapered NLTL based on the above 

relation and integrated with SRD topology is shown in Figure 3.14, featured by a corresponding 

simulated response in Figure 3.15 (a). The ringing level is substantially enhanced by integrating 

the abrupt tapered NLTL sections. A very clean pulse waveform is generated having corresponding 

width of almost 80 ps, amplitude of 3.90 V, and FWHM of 26 ps. The detailed ringing level is 

improved from -19.36 dB to -32.9 dB in this case by utilizing an abrupt tapering technique and 

increasing NLTL sections. 

 

 

Figure 3.14 Integration of ten sections tapered NLTL with SRD topology-based pulse generating 

circuit 
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Figure 3.15 Simulated result of tapered NLTL integrated with SRD topology-based generator. (a) 

Four section tapered NLTL; (b) Four section exponentially tapered NLTL 

3.4.3 SRD topology integration with exponentially tapered NLTL 

In this section, the SRD topology is integrated with four sections exponentially tapered NLTL and 

the proposed circuit is shown in Figure 3.16. The exponentially tapered NLTL is designed in this 

case by first calculating the length of transmission line between varactors by relation .� n
nL d e , where 

d represents the nominal length, and n indicates the nth section of NLTL, and the tapering factor is 

modified to be the exponential tapering factor such that k=e. The designed four-section 

exponentially tapered NLTL based on the above relation and integrated with SRD topology as 

shown in Figure 3.16 with a corresponding simulated response in Figure 3.15 (b). The ringing level 

is found to be considerably enhanced as compared to the linear NLTL topology nevertheless 

compared to the tapered case it is almost the same. The pulse generator developed in this case 

retains a pulse width of almost 80 ps, the amplitude of 4.1 V, and FWHM of almost 24 ps. The 

detailed ringing level calculated here is almost -30.4 dB. 

 

Figure 3.16 Integration of four sections exponentially tapered NLTL with SRD topology-based 

pulse generating circuit 

(a) (b)
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Figure 3.18 Experimental verification: the system is composed of a periodic signal generator, a 

dc power supply, an oscilloscope, and developed NLTL based ps pulse generators placed 

between universal test fixture for measurement 

 

 

Figure 3.19 Simulated vs. measured results of ps pulse generators based on SRD topology with 

multi-section linear and tapered NLTL. (a) ps pulse generator with four sections linear case; (b) 

ps pulse generator with four-sections tapered case; (c) ps pulse generator with ten sections linear 

case 

(a)

(c)

(b)
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Table 3.1 Overall summary of the developed ps pulse generators 

ps generators Amp. Pulse width Ringing FWHM 
(V) (ps) (dB) (ps) 

Linear four sections 3.95 95 -19.36 34 
Exponentially tapered 
four sections 

4.1V 80 -30.4 24 

Abrupt tapered ten 
sections 

3.90 80 -32.9 24 

Linear ten sections 3.92 95 -22.48 34 

3.5 Integrated ps pulse generator with both rise and fall time 

compression 

In the previous section, we have presented pulse generators that exhibit the only capability of rise 

time compression. Here we propose and develop a new topology that has the capability of both rise 

and fall time compression simultaneously by utilizing two NLTL circuits based on the section III 

analysis to obtain the possible shortest rise and fall time. The SRD based generator is first 

integrated with both these topologies along NLTL that are responsible for it. To better understand 

the proposed scenario, we divide our whole circuit into three blocks as can be described in Figure 

3.22 including (a), (b), and (c). Block (a) involves the SRD topology-based pulse generator that 

has been designed and discussed in section II. Block (b) presents the six section NLTL that is 

responsible for rise time compression based on section III (b). Block (c) again show off the six 

section NLTL that is designed for rise time compression based on section III (c). Since blocks (b) 

and (c) are comprised of the same sections having the opposite polarities of diodes for sharpening 

rise and falling edges with independent biasing circuits. By combining both these topologies and 

integrating into a cascade with the same sections of NLTL, we can achieve the shortest possible 

rise and fall time edge compression and ultimately with the shortest pulse duration. Equation (3.25) 

and (3.30) that has been derived in section III is responsible for achieving the shortest rise and fall 

time for block (b) and (c), respectively. 
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Figure 3.22 Integration of two NLTL circuits having opposite polarities with SRD topology-

based pulse generating circuit with prototypes of all blocks, biasing wires, and connectors are not 

displayed. (a) circuit 1: ps pulse generator established on mixed SRD topology; (b) circuit 2: a 

circuit for rise time compression; (c) circuit 3: a circuit for fall time compression 

 

Also, it is observed in section IV that a single NLTL approach can only either sharpen the rise or 

falling edge depending on the polarity of varactor diodes. To overwhelm such a hurdle, we have 

integrated two NLTLs in a cascade of the same sections with opposite polarities with independent 

biasing circuits to sharpen both edges of the generated pulse. Proper care should be taken so that 

both waveforms should overcome the misalignments to mitigate the undesired ringing in the pulse. 

If there is a small misalignment, there would be a considerable ringing and then distort the whole 

pulse. The whole concept is demonstrated in the circuit diagram in Figure 3.22 while the shortest 

rise and fall edge for the selected circuitry is shown in Figure 3.23 in our case.  

Apart from the rise and fall time compression, this combination of NLTLs provides an opportunity 

of generating negative pulses instead of positive counterparts without the use of any delay lines. 

Since the polarity and pulse duration width can be controlled easily by the NLTL circuitry for both 



51 

 

blocks. Hence, if we generate signals from the block (b) and (c) such that block (c) signal lags 

block (b), instead of a positive waveform at the output, we will have a negative waveform. This 

promising feature can be easily implemented from the proposed circuitry and can be utilized for 

desired applications. 

The simulated response of the two NLTL circuits with opposite polarities integrated with the SRD 

topology-based pulse generating circuit is shown in Figure 3.24. The proposed approach is first 

utilized in a separate block integrated with the SRD pulse generating circuit and the rise and fall 

time is managed properly to have a clean positive-going pulse as illustrated in Figure 3.23. These 

individual NLTL edge sharpeners are then combined and the resultant NLTL simulated waveform 

at the output is shown in Figure 3.24. It can be seen from Figure 3.24 that the shortest possible rise 

and fall time pulse generator is developed, having a pulse duration of almost 25 ps, amplitude of 

3.65V, and FWHM of 10 ps from simulations. The detailed ringing level calculated here is -14.24 

dB. 

 

Figure 3.23 Simulated result of rise and fall time circuitry integrated separately with SRD 

topology-based generating circuit 
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Figure 3.24 Simulated response of two NLTL circuits with opposite polarities integrated with 

SRD topology-based pulse generating circuit 

 

The proposed ps generator featuring the rise and fall time compression is also fabricated and all 

the blocks including SRD topology-based pulse generating circuit, rise time, and fall time 

compression circuits are shown in Figure 3.22 (a-c) respectively. These circuits are also developed 

by utilizing Roger R04350. One obvious drawback with the presented ps pulse generator having 

simultaneous rise and fall time compression is the increased layout area that is 10.5cm × 2.5cm. 

However, this concept can be further extended and studied in the future for implementation in 

integrated circuits as well. Also, the layout area can be further decreased by proposing some 

possibly innovative biasing scheme and reducing it from three to a single biasing source. 

To validate the measured results, the experimental setup is arranged as the previous experiments, 

which consists of a periodic signal generator, a DC power supply, an oscilloscope, and integrated 

circuitry. The input pulse is generated utilizing an arbitrary pulse generator and the waveform is 

monitored by an oscilloscope. Note that a DC voltage source is again employed to control the DC 

bias of the varactors. The measured response correlated with the simulated one is shown in Figure 

3.25. The measured result shows a slight deviation from the simulated one and the ringing becomes 

more dominant in the measurement as can be seen in Figure 3.25. The output pulse achieved from 

the measurement has an overall pulse duration of 26.5 ps, the amplitude of 3.5 V, and FWHM of 

10.8 ps. The detailed ringing level is slightly degraded as compared to the simulated result. 

However, the peak of the ringing is still eight times lower than the peak amplitude of the pulse, 

which is within acceptable range. 
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charging and 
discharging circuit 

2002 [82] Combination of 
Schottky diodes, step 
recovery diode, and 
RC high-pass filter 

0.4 300 -17 120 Rise 

2005 [83] Integration of clock 
driving circuit with 
pulse shaping circuit 
via delay line 

0.2 600-
780 

-20 N/R N/R 

2012 [13] Combination of 
Schottky diodes, step 
recovery diode, and 
pulse shaping filter 

1.8-
1.85 

1000 -17.15 >300 Rise 

2015 [14] Step recovery diode 
topology 

1.88 307 -22.5 110 N/R 

2006 [84] Integration of clock 
driving circuit with 
pulse shaping circuit 
via SRD coupling 

8 450 -11.2 160 N/R 

2016 [85] Single step recovery 
diode integrated with 
NLTL 

3.3 130 -22.1 N/R Rise 

2014 [86] Step recovery diode in 
series with Schottky 
diode 

0.6-
0.87 

170-
401 

-22 N/R Rise 

2004 [87] PIN diodes and 
MESFETs 

1.4-
1.9 

300-
800 

N/R 62 N/R 

2007 [12] Resonant tunnelling 
diodes 

0.3-
0.9 

100-
120 

N/R 35-40 N/R 

2008 [88] NLTL shock wave 
concept 

0.1-
0.3 

800 -12.4 N/R Fall 

2012 [26] NLTL soliton concept 
on standard 90 nm 
CMOS 

0.8-
1.2 

75 N/R 14 Fall 

2018 [89] Double-uniform 
Schottky diode NLTL 
on gallium arsenide 

-8 N/R 6.02 N/R Generating 
fall transients 

2020 [16] Step recovery diode 
integrated with pulse 
shaping network 

1.4 150 -11 N/R N/R 

2019 [90] Combination of 
Schottky diodes, sharp 
rise time pulse train 

1.67 100 -14.6 153 Rise 
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3.7 Conclusion 

In this work, we proposed, studied, and demonstrated four different pulse generators in the 

picosecond regime based on SRD topology and its integration with different NLTL schemes. The 

first three generators can sharpen the rise time while the fourth one can simultaneously compress 

rise and fall time. The theoretical background is developed and explained for all the NLTL 

schemes, which have been explored in detail with distributed and lumped models. Critical 

parameters that affect the pulse duration and FWHM are analyzed in detail and the optimization 

scheme is provided as well. All these generators are fabricated and tested for validation purposes. 

Good agreements have been observed between simulated and measured responses. The proposed 

pulse generators are compared with the recent state-of-the-art pulse generators developed 

electronically and the superiority of our work is summarized in terms of pulse duration, FWHM, 

edge compression, output amplitude, detailed ringing level, and proposed technique. It is clear that 

generator, and pulse 
shaping network 

2021 Proposed 
(1) 

Four section linear 
NLTL rise time pulse 
sharpener integrated 
with SRD topology 

3.95 95 -19.36 34 Rise 

2021 Proposed 
(2) 

Four section 
Exponentially tapered 
NLTL rise time pulse 
sharpener integrated 
with SRD topology 

4.1 80 -32.9 24 Rise 

2021 Proposed 
(3) 

Ten section linear 
NLTL rise time pulse 
sharpener integrated 
with SRD topology 

3.92 95 -22.48 34 Rise 

2021 Proposed 
(4) 

NLTL rise and fall 
time pulse sharpeners 
with independent 
biasing networks 
integrated with SRD 
topology 

3.65 25 -14.24 10.1 Rise/Fall 
(Both) 
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this technique can simultaneously compress the rise and fall time with the final proposed pulse 

generator having a pulse duration of 25 ps with FWHM of almost 10.1 ps which is very promising. 

It is believed that these fast-electronic pulse generators will find their applications in subsurface 

sensing, geophysical exploration, nondestructive examination, medical applications and will pave 

the way of ultrafast pulse generation in pulsed-wave interconnects and ultrafast electronics. 
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presented. It is found that they are well suitable for ultra-broadband and ultrafast systems, such as 

Impulse Radar Ultrawideband (IR-UWB) applications, due to higher pulse compression capability, 

ease of integration, flexible pulse tunability, and modification to higher order gaussian waveforms. 

4.1 Introduction 

A typical nonlinear transmission line (NLTL) is an LC ladder network that is loaded periodically 

with lumped inductors and reversely biased varactor diodes. Other NLTLs are also possible in the 

form of other periodically loaded nonlinear elements or completely distributed nonlinear media. 

NLTLs exhibit non-linearity due to the varactor diodes and dispersion due to the structural 

periodicity. Harmony between dispersion and non-linearity can be made through a soliton, which 

is a voltage travelling pulse. This phenomenon makes the NLTL one of the best candidates for 

pulse generation and compression in microwave systems and ultrafast electronics. 

Picosecond (ps) pulses are required in many ultrabroadband and ultrafast applications, such as 

time-domain reflectometry, sampling oscilloscopes, frequency synthesizer, indoor geolocation, 

and ultra-wideband (UWB) communication applications. UWB technology has been a choice of 

preference for impulse radar developments in medical, industrial, and military domains [71]. For 

all these applications, the generation of clean ultra-short ps pulses is highly desirable along with 

higher rise or fall time-compression capability and proper pulse repetition factor (PRF). So, it is 

rather challenging to achieve a very efficient short pulse with a flexible compression capability 

along with an acceptable ringing behavior. 

Gaussian and higher-order derivatives of Gaussian pulses are a variety of important types used in 

impulse radar-UWB or IR-UWB applications [52]. Such pulsed systems may also find emerging 

multifunctional wireless developments such as joint radar-communication platforms [91,92]. The 

impulse radar radiates impulse-like waveforms generally falling into the sub-nanosecond regime 

having broadband features. This waveform of broad bandwidth related to compressed ps pulses 

will yield higher resolution and data rate. This sort of waveform includes Gaussian pulses, Gaussian 

doublets, and higher-order Gaussian pulses [93]. The conventional approach to generating such 

pulses is to use non-linear devices with reference to a particular frequency source [42]. 
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The pulse generator is one of the vital and important components of UWB communication systems 

[94]. Depending on specific applications, the transmitter must be capable of emitting a pulse that 

possesses the characteristics of shorter pulse width, higher amplitude, clean pulse shape, and low 

ringing level. In pulsed radar applications, radiated pulse shape from the antenna determines and 

identifies target response. However, a majority of antennas usually suffer from internal reflections. 

As such, a distorted pulse waveform is emitted, which needs a post-processing ringing mitigation 

technique. However, the post-processing ringing mitigation technique is complicated and 

impractical [95]. So, a pulse generator that yields efficient, low ringing, and minimally distorted 

pulse waveform is highly preferred to be deployed in UWB and ultrafast electronic systems. 

4.2 Related work and background 

Different types of pulse generators have been investigated and developed in the literature, based 

on the Schottky diode, tunneling diode, step recovery diode (SRD), field effect transistors, and 

avalanche transistors [12,13]. In [13], a low ringing pulse generator was proposed through a 

combination of Schottky diode and SRD with an RLC filter as a pulse shaping circuit. The pulse 

generator has an amplitude of almost 1.85V, pulse width of 1000ps, detailed ringing level of -

17.15dB, and FWHM greater than 300ps. In [12], a pulse generator was devised on a resonant 

tunneling diode having an amplitude of 0.9V and a pulse width greater than 110ps. A pulse 

generator devised on the SRD combination and abrupt tapered NLTL was studied in [73], where 

the pulse width is almost 80ps with an improved ringing level. Also, in [96] they presented the 

generation of narrow pulses that is established on spectrum stitching method. The pulse width of 

the developed pulse generator falls between 2ns and 4ns, while the spectrum coverage is almost 

500 MHz. Similarly, in [97] they proposed an arbitrary waveform generator based on static random 

access memory and having the capability of generating gaussian and square waveforms. Since the 

average power consumption of the presented waveform generator is much lower and can be 

efficiently used in multiresolution spectrum sensing applications. 

In [98], they analyzed the avalanche transistors based on the sub-nanosecond pulse generation in 

corresponding 4×10-stage Marx bank circuits. The circuit can generate rise time pulse compression 

of less than 4ns. Similarly, following the technique in [98], a high peak voltage picosecond pulse 

generator was designed in [99], having an FWHM of 660ps, rising edge of almost 160ps, and 
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amplitude of 5000V. Nevertheless, the majority of these pulse generators discussed above suffer 

from ringing problems and have the main drawback of a limited rise or fall time-compression along 

with complex topology. Hence, it is very important to develop a pulse generator that has flexible 

rise or fall time-compression capability by enhancing the non-linearity region. 

It was previously explored in detail how the NLTL is capable of generating fast electrical 

transitions, including rising edge compression, falling edge compression, and overall pulse 

compression [4]. Since the NLTL is capable of generating soliton and shockwaves, the former is 

suitable for generating pulse and compression, while the latter is good for edge sharpening [57, 

88]. However, there are certain techniques that use a combination of both concepts to create clean 

ps pulses [85]. A soliton-based pulse generator having a pulse amplitude of 1.2V and electrical 

transitions of almost 80ps was reported in [26] based on 90nm CMOS standard technology. 

Similarly, in [90], a combination of sharp rise time pulse train generator, Schottky diodes, and 

pulse shaping circuit was deployed in order to develop a pulse generator capable of producing a 

waveform having an amplitude of 1.67V and pulse width of 100ps.  

The theoretical development of NLTL in terms of lattice solitons was first reported in [56], where 

the authors demonstrated and confirmed experimentally and mathematically the observation of 

Zabusky and Kruskel regarding solitons. The nonlinear soliton and lattice theory and its 

implementation on the NLTL was first presented in [76], where the authors arranged the NLTL 

relation to be equivalent to the Boussinesq equation and thus extracted the soliton equation. Based 

on the above concepts, the authors in [78] studied a model loaded with a periodic NLTL for the 

wave propagation of solitons. This model can generate solutions for capacitive NLTLs numerically. 

Similarly, an NLTL loaded with heterostructure barrier varactors was studied in [79], where the 

approximation and transformation of [80] were used to obtain an analytical expression that 

completely describes soliton waveforms. 

Nevertheless, all the discussed structures and models have the limitation of the rising and fall time-

compression due to the Bragg cut-off frequency. It is well understood that the upper bound of the 

NLTL is totally conditioned by the corresponding cutoff frequency of used varactor diodes. This 

phenomenon is usually termed as a transition limitation in the NLTL where the shortest rising and 

falling edges are obtained. Beyond this point, an increasing voltage will no longer further sharpen 

the edges, and a considerable ringing behavior will arise. So, it is highly desirable to develop a 
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technique through which the NLTL can meet the limitation raised in a single varactor per NLTL 

cell. Also, it is very demanding that the proposed pulse generators must have the flexibility to be 

easily reconfigured to higher-order Gaussian pulse shapes, which are necessary in different 

applications. So, it is preferable and advantageous that we have such pulse generators that can 

overcome the main hurdle of the transition limitation, which can be reconfigured to monocycle and 

doublet pulse shapes as well. This will indirectly meet the compression requirements for higher-

order Gaussian pulse shapes and will simultaneously solve two important issues. 

In this paper, we present an NLTL-based technique to develop a pulse generator that has the 

capability of eliminating the limitation of edge sharpening in a single varactor diode per NLTL 

cell. In this regard, we first devise and show an independent topology for rising and falling edge 

compression based on a single varactor diode per NLTL cell followed by our proposed stacked 

varactors diodes per NLTL cell. The proposed rising and falling edge circuits are then integrated 

with mixed SRD schemes to further compress waveforms. It is also shown that utilizing NLTLs 

with triple-stacked varactor diodes connected in series considerably enhances the compression 

capability by effectively increasing the punch through, turn-on, and break down voltages. 

Theoretical background of the stacked NLTL is presented in each scenario and the final designs 

for the developed pulse generators are measured. Then, we compare the proposed pulse generators 

with the state of the art to show the superiority of the proposed concept in terms of FWHM, pulse 

width, pulse amplitude, detailed ringing level, reconfigurability between pulse shapes, and 

implemented scheme. The power spectrum of the proposed pulse generators is also plotted, and it 

is shown to fit well within the IR-UWB spectrum. The proposed solutions is believed to pave the 

way towards the development of ultrafast electronics by resolving the major issues of compression 

limitation within NLTL structures, which is a promising candidate for IR-UWB and other fast 

pulses-related applications. This technique will be an important breakthrough in the evolution of 

ultrafast electronics, providing a path towards a frequency-engineered ultrashort pulse 

instrumentation for low-loss and low-dispersion transmission. 

 The remaining sections of this work are organized as follows. Section III presents a theoretical 

analysis of the NLTL structures with an emphasis on single varactor diode per NLTL cell and 

stacked varactor diodes per NLTL cell. Section IV provides the design guidelines of the proposed 

triple-stacked pulse generators. The former is based on the rise time-compression circuit integrated 
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with a mixed SRD topology, while the latter is based on fall time-compression circuit integrated 

with mixed SRD topology. Simulation, fabrication, and measurement setup of both pulse 

generators are also explained in this section, and the final results are presented. Modification of the 

proposed pulse generators and reconfigurability for higher-order Gaussian pulse shapes are also 

described with corresponding results. The power spectrum of the proposed pulse generators is also 

briefly discussed in this section. Section V discusses a comparison table that lists important pulse 

system parameters with the current state of the art and ends with a conclusion. 

4.3 Theory and analysis 

4.3.1 Theory and analysis of NLTL with single varactor diode per section 

Consider Figure 4.1 where an NLTL is composed of inductors represented by L and non-linear 

capacitors represented by C. When the applied voltage increases, the corresponding differential 

capacitance represented by C would decrease. The nth section voltage denoted by Vn and its current 

denoted by In can be given by the following set of equations: 

 

Figure 4.1 Equivalent circuit of NLTL with single varactor diode per cell 

1
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n n
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The differential charge Qn can be given as: 
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The voltage dependency of the capacitor is described by: 
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Figure 4.2 Six section NLTL circuit for rising and fall time compression. (a) Rise time 

compression circuit; (b) Fall time compression circuit 

 

 

Figure 4.3 Shortest possible rising and falling edge in six section NLTL utilizing single varactor 

diode per NLTL cell. (a) Rise time compression factor by changing voltage; (b) Fall time 

compression factor by changing voltage 

 

4.3.2 Theory and analysis of NLTL with stacked varactor diode per section 

It is well known that when a hyper-abrupt varactor diode is used for its non-linear properties, it is 

ideally considered to operate over the maximum limit of the reverse bias voltage (punch-through 

voltage) and the maximum limit of the forward bias voltage (turn-on voltage). The voltage 

represented by Vdeplete is basically the punch-through voltage at which there is no additional 

decrease in corresponding varactor diode capacitance [100]. These constraints limit the rising and 

(a) (b)
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Cm(V) or Ceq is the capacitance of the varactor diodes that is voltage dependent; and Rs and Req are 

the parasitic series resistance of the varactor diodes in single and stacked scenarios, respectively. 

The varactor diodes (V1, V2, V3, ---, VN) are the diodes that operate in the reverse bias in Figure 3.4 

and thus produce voltage dependent relative capacitance, Cm(V). This variation of the capacitance 

as a function of V is modelled as [100,101]: 

0( )  
1

j
m k

b

C
C V

V
V

� 
� § � ·��� ¨ � ¸
� © � ¹

     (4.9) 

where Cj0 is the junction capacitance at zero bias; Vb is the diode junction potential; V is the voltage 

that reversely biases the diode; and k represents the grading coefficient. In comparison to the 

unloaded transmission line, the capacitance of the corresponding varactor diode per NLTL cell is 

selected to be much larger in order to create a substantial non-linearity per stage.  

The total capacitance of a cell when an N-stacked varactor diodes are associated in series per NLTL 

cell, as demonstrated in Figure 3.4 (d), is given as: 
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If all the N-varactor diodes are identical, then equation (4.10) will become: 
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Also, the total series resistance will become: 
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The overall capacitance of the stack will become: 
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Figure 4.4 Schematic circuit diagrams of NLTL utilizing: (a) Single varactor diode per NLTL 

cell; (b) Two stacked varactor diodes per NLTL cell; (c) Triple stacked varactor diodes per NLTL 

cell; (d) N-stacked varactor diodes connected in series per NLTL cell; (e) Generalized equivalent 

circuit for single and stacked varactor diodes per NLTL cell 

 

Now, consider the distributed model of the six-section-stacked NLTL circuit for the corresponding 

rising and fall time-compression as developed in Figure 3.5 (a) and (b), respectively. This NLTL 

circuit comprises of a single varactor diode per NLTL cell at the first two stages, double-stacked 

varactor diodes per NLTL cell at the next two stages, and triple-stacked varactor diodes per cell at 

the final two NLTL stages followed by the load resistance RL. Such circuits are biased by a dc 

source, like in the previous section with input voltage (Vi), dc input blocking capacitor (C), current 

limiter (R), RF choke (L), and fixed inductances (L1-L6). It is seen from Figure 3.6 (a) that by 

utilizing a triple-stacked varactor diodes topology per cell in the six section NLTL circuitry, we 

have a rise time-compression factor of 7.61, which was 4.18 in the single NLTL case. Similarly, 

by utilizing the stacked topology for fall time-compression, we have a compression factor of 6.91, 
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which was 4.06 in the single NLTL case. This clearly verifies our proposed concept, and how we 

enhanced the compression factor with the stacking concept. A varactor diode is ideally considered 

to work over a corresponding voltage range as: 

high  deplete 

low  on 0
bdV V V

V V

�  � d

� d � �
     (4.15) 

where Vlow and Vhigh are the low and high voltage points on an input waveform, respectively; Vbd is 

the breakdown voltage; and Von is the turn-on voltage of the corresponding varactor diode. Equation 

(4.9) is valid within the limits of equation (4.15). Now, in case the varactor diodes become fully 

depleted, then we have (Cm(Vdeplete)=Cmin). By solving equation (4.9) for Vdeplete, we will get the 

final relations as: 

1/k

deplete 
min

1jo
b

C
V V

C
� § � ·

�  � ��¨
� ª � º
� « � »
� « � »� ¬ � ¼

�¸
� © � ¹

     (4.16) 

The parameters (Cjo, k, and Cjo/Cmin) will be set by the varactor diode fabrication process. If 

|Vbd|<|Vhigh| or |Von|<| Vlow|, the propagation pulse will be clipped by the varactor diode. Thus, we 

will have a limited pulse steepening capability. Vbd and Von can be increased by using varactor 

diodes with larger barrier heights (Vb). However, a larger barrier height of the varactor diode 

possesses a limited range, where most Von can only be increased up to 50%. So, the only solution 

is the series stacked varactor diodes that have no limited range, since both Vbd and Von can be scaled 

with N for N-stacked case. This yields Vbd'=NVbd and Von'=NVon. So, it is concluded that using an 

N-stacked varactor diodes topology enhances the compression factor, since all NLTL cells give an 

effective punch-through, turn-on, and breakdown voltages, being N times better and greater than 

the utilization of a single varactor diode per NLTL cell. 
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Figure 4.5 Six section N-stacked NLTL (N=1,2,3) circuit for rising and fall time compression. (a) 

Rise time compression circuit having (N=1,2,3); (b) Fall time compression circuit 

 

 

Figure 4.6 Response of corresponding rising and fall time compression circuits in six section 

stacked varactor diodes per NLTL cell. (a) Rise time compression factor; (b) Fall time 

compression factor 

4.4 Design of pulse generators with results and discussions 

This section is dedicated to the design of two different types of pulse generators based on the 

stacked varactor diode concept. Two different pulse generators are developed to show that the 

stacked varactor concept works for both rising and fall time-compression in practical circuits. In 

order to generate an efficient and compressed pulse, we integrate the mixed SRD topology [4] with 

(a) (b)
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Figure 4.8 Six section triple stacked NLTL circuit for rising time compression integrated with 

mixed SRD topology 

The pulse response of the circuit without a triple-stacked NLTL is given in Figure 4.9. It shows 

that we have an overall pulse duration of almost 80ps, FWHM of 40ps, and detailed ringing level 

of -9.61dB which is given as: 

(peak/peak)

(peak/peak)

Ringing Amp.
20log

Pulse Amp.lR �      (4.17) 

Also, the waveform response is calculated at the intermediate nodes marked as V1 and V2 and are 

termed as node A and node B, respectively. The pulse response at node A is shown in Figure 4.10, 

where we have an overall pulse duration of almost 75ps, FWHM of 31ps, and detailed ringing level 

of -15.67dB. It is clear now that single varactor diodes per NLTL cell have improved the ringing 

level due to the soliton recombination process, but the compression is very limited in comparison 

to Figure 4.8. Similarly, the pulse response at node B is also shown in Figure 4.11, where we have 

an overall pulse duration of 68ps, FWHM of 26ps, and detailed ringing level of -14.70dB. It clearly 

shows that stacking the NLTL with two varactor diodes generates a higher compression in 

comparison to a single varactor diode per NLTL cell. Finally, we have a stacked triple varactor 

diodes per NLTL cell, and its output waveform is shown in Figure 4.12. The overall pulse duration, 

in this case, is almost 48ps, FWHM of 15.78ps, and detailed ringing level of -15.78dB. This further 

verifies the concept of stacked varactor diodes per NLTL cell. Although stacking varactor diodes 

in series would increase the circuit size, it is still highly pertinent as it is very advantageous in 

achieving compressed Gaussian pulses that can ultimately also be transformed to monocycle and 
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higher Gaussian derivatives. To highlight the novelty in much of stacked NLTL in a clearer way, 

we have plotted the response of the proposed circuit with and without stacked NLTL along with 

input voltage in Figure 4.13. 

 

Figure 4.9 Response of the circuit without the integration of triple stacked NLTL 

 

Figure 4.10 Response of the circuit at Node A 

 

Figure 4.11 Response of the circuit at Node B 

 

Figure 4.12 Response of the circuit with the integration of triple stacked NLTL for rise time 

compression 
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Figure 4.13 (a) Response of the proposed circuit with and without stacked NLTL along with 

input voltage. (b) Zoomed-in view output response with and without stacked NLTL 

 

4.4.2 Prototype and measurement of the proposed pulse generator based on 

rising time-compression 

The proposed ps pulse generator based on a triple-stacked NLTL integrated with a mixed SRD 

topology is also fabricated and measured. The fabricated prototype was built on a Roger R04350 

substrate and described in Figure 4.14 with a block diagram of the experimental setup. As can be 

seen in Figure 4.14, the experimental setup comprises of the proposed pulse generator, a dc power 

supply, an arbitrary wave generator, an oscilloscope, and a universal testing fixture where the 

proposed fabricated circuit is placed. AWG Keysight M8190A is used for generating an input of 

10-MHz PRF, and an oscilloscope is set for observing the output waveform. The dc biasing circuit 

is developed, which is controlled by a dc voltage source. The snapshot of the experimental setup 

during measurement is also indicated in Figure 4.15. 

The corresponding response from simulation and measurement of the proposed pulse generator is 

also demonstrated in Figure 4.16. It is clear from the figure that the proposed pulse generator has 

a good performance with a slight variation in delay of almost 0.009ns. Also, the ringing level is 

degraded from -15.78dB to -11.29dB, but its overall pulse shape is well maintained. Also, the 

corresponding ringing level is within an acceptable level, which is appropriate for efficient UWB 

system applications. The variation in delay and ringing level in the measured result is due to the 

utilized RF cables, thermal behavior, and parasitic effects related to soldering. 

(a) (b)
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Figure 4.14 Block diagram of experimental setup of the proposed fabricated ps pulse generator 

based on rise time compression and triple stacked NLTL (The corresponding biasing wires are 

not indicated in the prototype) 

 

Figure 4.15 Snapshot of experimental setup during measurement 

 

Figure 4.16 Response from simulation and measurement of the proposed pulse generator based 

on rise time compression and triple stacked NLTL 

Universal test fixture

Oscilloscope

DUT

AWG-Keysight-M8190A DC power supply

Prototype
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Among the parasitic elements, we identify the inductance in series and the capacitance in parallel 

with diodes as the critical parasitic elements, which lead to high-amplitude spikes and degradation 

of pulse duration. Consider the case where the simulation is carried out with ideal diodes and with 

parasitic elements. Its effect on FWHM is shown in Figure 4.19 versus R3 that clarifies that how 

the optimization and selection of a specific parameter are performed. 

 

 

Figure 4.18 Prototype and measured response. (a) Prototype photo of the circuit for 

corresponding fall time compression. (b) Response from simulation and measurement of the 

proposed pulse generator based on fall time compression and triple stacked NLTL 

 

 

Figure 4.19 Computed and circuit simulated FWHM for parasitic and ideal cases 

(a)

(b)
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PIN diode is ON, we have a Gaussian pulse shape similar to what is shown in Figure 4.12. When 

the PIN diode is OFF, we have a monocycle pulse shape. It is noteworthy that the triple-stacked 

NLTL based on the rise time-compression capability is modified for the monocycle pulse shape. 

However, this same technique may be adopted for the pulse generator based on the fall time-

compression capability. The proposed pulse generators can also be easily modified to other 

innovative pulse shapes and will be useful for future arbitrary waveform generators. 

 

Figure 4.21 Reconfigurable behavior between monocycle and gaussian pulse shapes based on six 

sections triple stacked NLTL circuit for rise time compression integrated with mixed SRD 

topology 

 

Figure 4.22 Output response of the reconfigurable pulse generator based on triple stacked NLTL. 

(a) Gaussian pulse shape; (b) Monocycle pulse shape 
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4.6 Conclusion 

In this work, we have presented an NLTL-based scheme for maximizing the compression factor in 

pulse generation. A combination of single varactor diode cells and stacked varactor diode cells per 

NLTL section is utilized and a greater non-linearity portion of the varactor diodes is achieved. It is 

shown that this scheme generates a higher compression factor in both rising and fall time of NLTL 

circuits in comparison to single varactor diode per NLTL cell. Two pulse generators based on rising 

and fall time-compression respectively are simulated, fabricated, and measured. Important pulse 

parameters including the FWHM, pulse duration, and detailed ringing level are calculated and 

compared with the current state of the art reported in literature. The power spectrum of the proposed 

pulse generators is also presented, and it is demonstrated that they fit well within the IR-UWB 

spectrum set by regulatory agencies. It is also demonstrated that the proposed pulse generators have 

the capability to get reconfigured into monocycle pulse shape by integrating with a simple pulse 

shaping network. The proposed design has applications in IR-UWB systems and ultrafast 

electronics, including medical and sensing applications, and will pave the way for future 

picosecond technology development. Also, the proposed technique combined with pulse shaping 

network will also open a new horizon for the future development of ultrafast electronic 

instrumentation and measurements, interconnects, and system especially in connection with 

ultrashort pulse transmission. 
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microwave components and circuits as well as to realize the compression of short electromagnetic 

pulses.  

Previously, YIG materials have widely been utilized in the design of ferrite delay lines, phase 

shifters, tunable filters, circulators, and variable attenuators [106-108]. Some of them have been 

used as a useful scheme for a discrete and continuous tuning range, which basically calls for four 

famous methods, namely the YIG-based magnetic tuning [109,110], varactor-based electric tuning 

[111-113], ferroelectric tuning such as Barium Strontium Titanate (BST) [114], and Micro-Electro-

Mechanical-Systems or MEMS-based tuning [115-117]. All these techniques can achieve a limited 

tuning range due to a limited degree of freedom and thus cannot meet the optimal design 

requirements. 

Also, a significant amount of interest has been invested in the investigation of nonlinear 

transmissions lines (NLTLs) for their well-established pulse sharpening and tuning capability. 

Regarding the classification of NLTLs, there exist nonlinear electrical transmission lines 

(NLETLs) which are usually composed of periodically loaded or distributed segments of lumped 

nonlinear inductors and capacitors. 

The input pulse that is injected to the line will be subject to the dispersion and non-linear effects, 

which, finally, will be decomposed into a series of solitons. In this case, the non-linear components 

include both non-linear inductors, whose inductance changes nonlinearly with the corresponding 

current, and non-linear capacitors, whose capacitance is a nonlinear function of the applied biasing 

voltage [79,118,119]. Based on this configuration, we can establish three different types of 

NLTELs: capacitive, inductive, and hybrid NLETLs. An NLTL based on magnetic materials has 

yet been explored through theoretical considerations and experimental analysis. NLETLs with both 

capacitive and inductive non-linearity were explored [120,121]. Pulse compression capability was 

studied and validated theoretically, showing that a hybrid NLETL possesses greater pulse 

compression as compared to the capacitive and inductive NLETL structures per stage. In [122], 

such hybrid NLETL structures were proposed, which can be utilized for RF generation as well. 

However, this study was only based on theory and simulations without experimental validations.  

With the above discussion in mind, it is clear that NLETLs, including capacitive, inductive, and 

hybrid NLETL structures, have been well explored theoretically and experimentally and its 

capability for pulse compression as well. However, in the present state of research, no attempt has 
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been made to explore the NLMTL and its capability for pulse generation and compression 

considering the difficulties and problems that arise in magnetic materials. Although gyromagnetic 

NLTLs (NLGTLs) were studied for high power microwave applications [122], they have a 

completely different state of operation and modeling foundation as their basic structure is entirely 

different from the NLMTL. These NLGTLs are designed in a way to be loaded with a nonlinear 

ferrite cores. Its corresponding wave Equation is easily transformed to a modified KdV-Burgers 

Equation that includes frequency dispersion, dissipation, and 3rd order non-linearity terms [123]. 

They are more advantageous than NLETLs due to their capability of stronger pulse oscillations and 

higher RF conversion efficiency. Also, it utilizes the stronger non-linearity of the ferrite-based 

inductance instead of the non-linearity caused by NLETLs. 

Since the entire state of operation and geometrical topology of an NLMTL is different from a 

NLGTL, we need a special solution for the NLMTL; it cannot be completely visualized via the 

KdV or KdV-Burgers Equation because of localized disruptions in ferrimagnetic materials [124]. 

Moreover, it is well known that capacitive NLETLs are described by a non-linear lattice devised 

by Toda [76, 77]. The Toda lattice can be explained by a corresponding difference-differential 

Equation which was first used by Toda to model wave propagation. It was also previously explored 

that Toda Equations can be transformed into corresponding KdV Equations Under certain 

conditions. Additionally, the binary operator method was discovered [125]; it possesses the 

capability of formulating the exact solution of KdV or modified KdV Equations Hence, the strategy 

is developed so that we first utilize the K.K Mei theory of Maxwellian circuits [126] to obtain the 

basic difference-differential Equations of the unit section of an NLMTL. Then, it will be extended 

based on the continuum limit approximation and will be made equivalent to the Toda lattice form 

[78]. Next, using a specific scaling and transformation proposed by Gardner and Morikawa and 

modified by Karpman and Maslov we can transform our Equations into a modified KdV form 

[80,127]. Finally, with the binary operator technique, an exact solution can be derived for 

NLMTLs. In [128], they deployed the K. K. Mei theory to obtain the basic differential Equations 

of hybrid NLETLs, and then the perturbation and fixed point homotopy were further utilized to 

obtain a stable solution and improve its convergence. Inspired from this modeling strategy, 

NLMTLs were considered in this work; their corresponding soliton solutions were obtained and 

their pulse compression capability in arbitrary directions of magnetization were demonstrated. The 

classification of NLTL is well summarized in Figure 5.1. 
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Figure 5.1 Classification of NLTLs 

The objective of this paper is to develop a theoretical and experimental concept for the analysis of 

NLMTLs considering the localized disturbances that arise within ferrimagnetic materials. 

NLMTLs will be shown to present the capability of simultaneous rise and fall time compression 

due to its simultaneous control of magnetic field strength and applied biasing voltage. A theoretical 

background is proposed in this scenario by utilizing the K. K. Mei theory of Maxwellian circuits, 

various transformations and approximations, which lead to a new version of the modified KdV 

Equation This Equation can easily be solved using the binary operator technique. Also, the arbitrary 

magnetization conditions of the magnetic materials are considered. An experimental setup is 

conceived and discussed. Measured results are provided to validate the pulse generation and 

compression under different magnetization conditions. This study will create an entry into the field 

of ultrafast electronics, which can benefit from the simultaneous non-linearity from magnetic 

materials and NLETLs for pulse compression features.  

This paper is arranged as follows. Section II provides a detailed investigation of the theoretical 

developments of NLMTLs with an emphasis on magnetization conditions. Section III explains the 

step-by-step approach to the design and modeling concepts of non-linear transmission lines and 

their corresponding transformation to NLMTLs. Section IV presents the results with a detailed 

discussion based on the measurement setup, theoretical validation, output waveform response of 

NLMTLs at different magnetic fields, bias voltages, and arbitrary magnetization direction with 

fixed magnetic field strength. Section V provides comparison between NLMTL and NLGTL while 

Section VI concludes and summarizes the overall research work. 







88 

21

31 32

11 12 13

22 23

33

�P �P �P
�P �P �P �P

�P �P �P

�


� 
 � 


�      (5.8) 

�� �� 2 2
11 1 cos sin�P �P �P �M �T� c � c� �� ��        (5.9) 

�� �� 2 2
12

1
1 sin 2 sin cos

2
j�P �P �M �T �N �T� c � c� �� ��      (5.10) 

�� ��13

1
1 cos sin2 sin sin

2
j�P �P �M �T �N �M �T� c � c� �� ��      (5.11) 

�� �� 2 2
22 1 sin sin�P �P �P �M �T� c � c� �� ��       (5.12) 

�� ��23

1
1 sin sin 2 cos sin

2
j�P �P �M �T �N �M �T� c � c� �� ��      (5.13) 

�� �� 2
33 1 1 sin�P �P �T�c� �� ��        (5.14) 

2 2
1 (1 )cos sinT �P �P �M �T� �� ��       (5.15) 

2
2

(1 )
 sin 2 sin cos

2
T j

�P
�M �T �N �T

��
�  � �       (5.16) 

Next, the magnetic flux is calculated while considering the permeability tensor from the above 

analysis. The general version of the magnetic flux is given by: 
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where, 
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Now, by expanding n�I we get: 
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     (5.19) 

We can rewrite equation (5.19) more compactedly as: 
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As can be seen, equation (5.28) provides a balance between the fourth derivative and nonlinear 

terms. So now we can write it in the following general form: 

3

2 0
3 12

nu u
mu �[�[ �[�[�[�[

�[�W

� § � ·
�� �� � � ¨ � ¸� ¨ � ¸

� © � ¹
    (5.30) 

Finally, by integrating equation (5.30) with respect to �[ we can generate the following new version 

of the modified KdV Equation as: 
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              (5.31) 

This equation can also be written into other forms as well, such as the squared hyperbolic form 

which is achieved by using the binary operator method [125]. Equation (5.31) shows that NLMTLs 

possess a soliton solution with corresponding single soliton and multiple soliton solutions. We will 

use a single soliton solution and validate it via experimental analysis in different scenarios in the 

coming sections. 

5.3 Design and modelling of NLMTLs 

For the purpose of design, we have selected an NLMTL of six sections, as shown in Figure 5.4, 

which has a distributed model, as depicted in Figure 5.4 (a), and a corresponding equivalent circuit 

model, as described in Figure 5.4 (b). Here, the source pulse is characterized by Vs and Rs; Z0 

represents the characteristics impedance of the transmission line utilized; and d denotes the 

physical length of unit section. This circuit is biased by a DC source, triggered by the input voltage 

(Vs) and has current limiter (R), RF choke (L1), distributed capacitance of microstrip line (C0), 

equivalent inductance (L), junction capacitance (Cm), and parasitic series resistance of the varactor 

diode (Rm). 
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ten-section NLMTL is placed within the poles of the electromagnet, and the corresponding output 

waveform is measured by generating a magnetic strength of 0.1T and 0.2T. The corresponding data 

obtained from the theoretical and experimental approaches are plotted and correlated in Figure 5.9 

and Figure 5.10 for H0= 0.1T and 0.2T, respectively. It is clear from the plots that the theoretical 

approach formulated in Section II well matches at 0.1T. However, when the magnetic field strength 

is increased, there is an extensive ringing in measurements, which is due to the unexpected-

localized disturbances in the ferrite materials. Though, we can clearly visualize the pulse duration 

and FWHM of the pulse for the developed theoretical study. The error observed between amplitude 

of the generated pulse is less than 7% of the peak when the magnetic field strength is 0.2T. A 

detailed ringing level of the pulse will also be visualized and investigated in the next sub-section. 

 

Figure 5.9 Output waveform of the implemented ten-section NLMTL with H0=0.1T and data 

extracted from the theoretical approach (solid blue line), measurement result (dashed red line) 

 

Figure 5.10 Output waveform of the implemented ten-section NLMTL with H0=0.2T and data 

extracted from the theoretical approach (dotted red line), measurement result (solid blue line) 
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5.4.3 NLMTL pulse compression capability 

This section is dedicated to the investigation of the NLMTL pulse compression capability principle 

and its corresponding measured results in different scenarios. The pulse generation and 

compression characteristics of the designed NLMTL circuits are also discussed with corresponding 

responses. Output pulse waveforms are observed by simultaneously changing the magnetic field 

strength and biasing voltage of the varactors. We will first briefly explain the physical phenomena 

responsible for pulse compression in the ferrite materials. Then, we will show the corresponding 

measured results at different magnetic strength with different magnetization directions as well.  

Consider a uniformly magnetized ferrite transmission line, as shown in Figure 5.11. Another 

transmission line having the impedance Z0 is connected to the ferrite line as an input. An input 

pulse is injected on this line with a rise time TR, as shown in Figure 5.11. The polarity of the present 

magnetic field of the pulse can be seen to be opposite to the polarity of the magnetization. 

Ultimately, spin reversal phenomena will start, and a large RF impedance will be seen by a pulse 

which is produced by a ferrite dissipation. However, the ferrite line will not appear as a large 

continuous impedance. Finally, the preliminary part of the ferrite line will be saturated. The large 

impedance will rapidly decrease having the saturated impedance Zs, which is selected to be equal 

to input impedance Z0. As shown in Figure 5.11, this process will continue such that the spin 

saturation front propagates along the length of the line. When this front approach to the end of the 

ferrite line, the complete line will be oppositely magnetized to the original direction, and this occurs 

when t=TR, as can be seen in Figure 5.11. It is also clear that when the pulse is injected at the initial 

part of the line, the spin reversal region will be large due to a small field within the ferrite. When 

the pulse amplitude increases, it will increase the spin saturation front velocity and eventually catch 

up to the field in the spin reversal region. This will ultimately sharpen the rise time, which can be 

further sharpened by increasing the magnetic bias. 
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Figure 5.11 Principle of pulse sharpening behavior in ferrite material. (a) Spin saturation front at 

t=0; (b) Spin saturation front at t=T1; (c) Spin saturation front at t=T2; (d) Spin saturation front at 

t=TR 

A detailed measurement is performed to show the compression of the pulse passing through the 

NLMTL with varying magnetic field (H0) and biasing voltage (Vb). Important pulse characteristics, 

which include amplitude, detailed ringing level, FWHM, and rise/fall time compression, are 

provided in each case. The detailed ringing level of the output pulse (Rl) in each case is also 

provided based on the following equation [14]. 

peak-to-peak

peak-to-peak

Ringing amplitude 
20log  

Pulse amplitude lR �     (5.43) 

The figure of merit (FOM) specifying and summarizing all these parameters is also provided based 

on the following equation: 

Pulse amplitude
(%)

FOM
FWHM Ringing

� 
�u      (5.44) 
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Figure 5.14 Measured output response of the ten-section NLMTL when H0=0.3T 

 

Figure 5.15 Measured output response of the ten-section NLMTL when H0=0.35T 

By changing the corresponding magnetic field and biasing voltage continuously, the FWHM is 

improved thanks to the corresponding rise/fall time compression effect. It also presents a 

degradation in ringing which arises from the originated losses, as judged and modeled in Figure 

5.7. When H0=0.3T, we have a pulse with FWHM of almost 0.95ns, pulse amplitude of 12.2V, 

detailed ringing level of almost -14.12dB (19.67%), and calculated FOM of 0.65, as shown in 

Figure 5.14. When H0 is further increased from 0.3T to 0.35T as shown in Figure 5.15, the FWHM 

is improved from 0.95ns to 0.86ns. The detailed ringing contribution, in this case, is almost -

13.63dB (20.8%) with the overall FOM improved from 0.65 to 0.68.  So, clearly by increasing the 

magnetic field strength, we have a compression effect in the NLMTL with an increasing peak to 

peak ringing level. It must be noted that all the experiments here are performed below the FMR 

region as demonstrated in Figure 5.7. While dealing with ferrimagnetic materials, we need to be 

careful with the FMR region and need to operate either below or above that region. The overall 

performance in these scenarios in terms of pulse amplitude, FWHM, and ringing is summarized in 

Table 5.2. 
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Table 5.2 Summary of performance behaviors of NLMTL in terms of different important 

parameters 

 

 

 

 

The comparison between important metrics, which include compression factor, FWHM, and FOM, 

is plotted in Figure 5.16 and 5.17 for the six-section and ten-section NLMTLs, respectively. The 

compression factor is referenced as 2.37ns and 2.2ns for six- and ten-section NLMTLs, 

respectively, which are their corresponding FWHM in the non-magnetized case. Figure 5.16 and 

5.17 both clearly reveal a reduction of FWHM and corresponding improvement in compression 

factor with increasing magnetic field. The overall FOM, which is defined in equation (5.44) and 

incorporates ringing behavior, is also improved with the increasing magnetic field strength in both 

cases. It is now evident that the ringing effect is increasing and become more dominant while 

approaching the FMR region, thus showing that this effect can be greatly mitigated by developing 

the extremely low loss magnetic materials. 

 

Figure 5.16 Comparison between important metrics of six-section NLMTL 

Magnetic field Pulse amplitude 
(V) 

FWHM 
(ns) 

Ringing (dB) FOM 

0.1T 10.5 1.55 -18.14 0.59 
0.2T 12.21 1.14 -15.31 0.62 
0.3T 12.25 0.95 -14.12 0.65 
0.4T 12.32 0.86 -13.63 0.68 
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Figure 6.1 Different types of NLTL utilized in literature for pulse generation and compression 

 

The objective of this work is to present a comprehensive analysis of the pulse generation and 

compression capability in hybrid and gyromagnetic NLTLs. The parameters principally 

responsible for pulse sharpening in the gyromagnetic and hybrid NLTLs are provided, and their 

corresponding pulse compression capability is modeled. The results achieved in case of hybrid and 

gyromagnetic NLTLs are briefly summarized and tabulated, and their corresponding advantages 

and disadvantages are discussed and highlighted. 

This paper is organized as follows. Section II is dedicated to the theoretical and design aspect of 

hybrid NLTLs with a corresponding equivalent model. Section III provides the design and 

theoretical analysis of gyromagnetic NLTLs with corresponding transmission-line and lumped-

element models. Section IV describes the compression capability of these NLTLs whereas section 

IV(A) is completely dedicated to hybrid NLTLs analysis and section IV(B) for gyromagnetic 

NLTLs. This section discusses all the pulse parameters responsible for pulse sharpening and its 

influence on output waveforms. Section V gives an experimental demonstration which is followed 

by section VI that compares hybrid NLTLs with gyromagnetic NLTLs. Finally, section VII 

concludes the overall research work. 

04

Gyromagnetic 
NLTL

01

Capacitive 
NLTL

NLTL
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6.2 Theory and design of hybrid NLTL 

Consider a hybrid NLTL as shown in Figure 6.2 having nonlinear capacitors configuration 

represented in Figure 6.2 (a) while nonlinear inductors configuration represented in Figure 6.2 (b). 

To fully understand this nonlinear circuitry, we need to model its behavior mathematically and 

analyze its effect on pulse sharpening. The corresponding equations for the hybrid NLTL case is 

given as: 

I Q
x t

� G � G
� G � G

�  � �       (6.2) 

V I
L

x t
� G � G
� G � G

�  � �       (6.3) 

where, 

( )
Q

V T Q R
t

�G
�G

�  � �          (6.4) 

where I, V, and Q represent the transmission line current, voltage, and charges, respectively, while 

the conductance per unit length is represented by R-1. T signifies the voltage of the nonlinear 

capacitance, and is given as: 

�� ��3
0

0

1
T( )Q Q Q

C
�K�  � �         (6.5) 

where �K represents the cubic nonlinearity strength and small-signal transmission line capacitance 

is shown by C0. To show the shock front's steady-state form, equation (6.2)-(6.5) can be solved as: 

�� �� �� ��02 2 tanh1
1

2 s

n x
Q n Q

w

�ª �� �º
�  � �� « � »

� ¬ � ¼
              (6.6) 

where n=x-vt, v and Qs represent the propagation velocity and charge amplitude of the shockwave, 

w represents the width of the corresponding shock front, and x0 is a constant that describes the 

shock front's original position. As can be observed, the shock's velocity increases as the shock's 

amplitude and nonlinearity strength increase. Also, increasing non-linearity decreases the width of 

the shock wave which correspondingly decreases the pulse duration. 
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Figure 6.2 Hybrid NLTL having (a) nonlinear capacitors configuration; (b) nonlinear inductors 

configuration 

Let's now take a look at the hybrid scenario depicted in Figure 6.2, where the series inductance is 

based on current and the shunt capacitance is dependent on voltage, resulting in a line with a 

constant characteristic impedance that can be terminated without a variable characteristic 

impedance. Considering the case of the square root non-linearity, we have: 

�� ��
0
1/2(V)

C
C

V
�       (6.7) 

�� ��
0
1/2L(I)

L

I
�       (6.8) 

The equations governed by the voltages and currents in the case of the LC ladder network as shown 

in Figure 6.2 can be given as [133]: 

1
n

n n

dI
L V V

dt ���  � �     (6.9) 

1
n

n n

dV
C I I

dt ���  � �     (6.10) 

The forward traveling wave solution can be given as: 

( )
0I(n,t) j t knI e �Z ���      (6.11) 

( )
0V(n,t) j t knV e �Z ���      (6.12) 

And the dispersion relation is obtained utilizing the technique in [106] 
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�� ��2 2 1 cosLC k�Z �  � �     (6.13) 

The wavelength that corresponds to the cutoff frequency c�Z is given as: 

2
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Now equation (6.13) can also be re-written as: 
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     (6.15) 

The line impedance can be determined from equation (6.8)-(6.11) as: 
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I
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where, 0 ,   sin
c

L
Z

C
�Z

�I
�Z

�  �  . In the case of a network constructed from T and pi sections [106], the 

matched terminating impedance can be given by equation (6.17) and (6.18), respectively: 
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An approximate wave equation based on the combination of equation (6.9) and (6.10) is given as: 
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1 12n n n n
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     (6.19) 

Expressing Vn+1 and Vn-1 in terms of Taylor expansion, we get: 

2 2 2 4

412
x V

L C V V
t x x
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     (6.20) 

where,   and  L x L C x C� G � G� c � c�  �   and the equation can be modified as: 
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simulation for ten section hybrid NLTL as shown in Figure 6.3. It shows that the simulation and 

theoretical response agrees very well. It must be noted that the designing of ten section NLTL is 

performed in Advanced Design System (ADS) and the simulation is extracted from it which will 

be explained in section IV(a). 

 

Figure 6.3 Response from theory and simulation for ten section hybrid NLTL 

The results in equation (6.25) show that a shock front propagating along a nonlinear LC network 

will break into an array of solitons. This will ultimately produce the modulation of the delivered 

power to the load. Additionally, during this process, there will be an increasing fraction of the 

propagating power along the NLTL which will cause undesired oscillation. Because of instant 

variations of the matched values of the terminating impedance, any resistive termination will lead 

to the incident power reflection. This clarifies that there is a limit for rising or fall time where no 

further reduction exists and after that, the overall pulse shape will have deteriorated. For any 

resistive load, there exists an optimum point where peak power is maximum. This effect is well 

modeled for hybrid NLTL as shown in Figure 6.4 (a), where increasing RF load resistance increases 

pulse amplitude but at the cost of increased ringing. Increasing load resistance highly increases the 

oscillation amplitude. This eventually leads to a higher ringing, and it is modeled in Figure 6.4 (b), 

which shows the trend between RF load resistance versus the figure of merit (FOM). FOM is 

defined using equation 6.28 as: 

Pulse amplitude
(%)

FOM
FWHM Ringing

� 
�u

     (6.28) 
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Figure 6.4 RF load resistance analysis. (a) load resistance analysis versus pulse amplitude in 

hybrid NLTL; (b) load resistance analysis versus FOM in hybrid NLTL 

6.3 Theory and design of gyromagnetic NLTL 

A continuous and nondispersive class of NLTL known as gyromagnetic NLTL uses magnetic 

materials as the medium separating the line conductors. The construction of the gyromagnetic line 

is detailed in Figure 6.5.  As illustrated in Figure 6.5, the magnetic components that are possibly 

ferrite rings are positioned side by side along with the inner conductor. 

 

 

Figure 6.5 Gyromagnetic NLTL used for pulse compression 

 

(a)

(b)
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This kind of NLTL is advantageous over inductive NLTL due to the capability of generating 

stronger pulse oscillations at higher frequencies. Additionally, it may generate a wide frequency 

spectrum and use the stronger nonlinearity of the ferrite-based inductance. However, this type of 

NLTL can only support rise time compression. 

We can derive the corresponding solitary wave solution and pulse width estimation of a 

gyromagnetic NLTL by analyzing its unit section. To this end, we consider a static axial bias in 

ferrite such that: 

z biasH H�      (6.29) 

The pulse current represented by i gives a mean value of the circumferential pulse field H�T  in the 

ferrite using the following relation: 

e

iH d�T �S�      (6.30) 

where effective diameter de of the ferrite is defined by 
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     (6.31) 

where dm represent the outer diameter and di represent the inner diameter of the utilized ferrite core. 

Now, the corresponding Landau-Lifshitz (LL) magnetization equation for a linear 1-D transmission 

line can be written as: 

0

di dv
C

dz dt
�  � �      (6.32) 

( )
dv d

Li
dz dt

�  � �      (6.33) 

where i denotes the current, v specifies the voltage, L represents the inductance, and C0 denotes the 

capacitance per unit length. Now equation (6.33) can be re-written in terms of flux as follows: 

dv d
dz dt

�I
�  � �      (6.34) 

where �I represents the circumferential flux per unit length. Then, separating the d dt�I  term into 

linear and magnetization-driven terms as: 
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where �His a small parameter and substituting equation (6.39) into equation (6.38), we get a 

modified KdV equation for the gyromagnetic NLTL case as: 
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where the 1st order approximation of the flux is taken as: 
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Finally, the half-power pulse width is calculated by 
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   (6.44) 

The corresponding results obtained from theory and simulation at a specific set of values are 

compared for pulse width in Figure 6.8. It can be seen from Figure 6.8 that there arises an 

unexpected inhomogeneity while increasing the magnetic strength. This model is able to judge the 

rise time compression in gyromagnetic NLTL for certain values of magnetic field strength.  

It is also clear from equation (6.40) that the pulse width of a modified KdV soliton is inversely 

proportional to the amplitude of pulse represented by sI . As a final observation, when g becomes 

zero and for a sufficient wide input pulse duration, the amplitude will become doubled with 

reference to that of an input pulse duration. This will ultimately lead to a rise time compression of 

the pulse. 
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Figure 6.8 Comparison of pulse width from theory and simulations 

6.4 Analysis of compression capability 

In this section, we will first address the pulse compression capability issues of the hybrid NLTLs 

using a parametric study which is followed by those of the gyromagnetic NLTLs. Important pulse 

parameters including pulse amplitude, compression factor, and ringing behavior will be studied in 

this connection. Finally, our finding for both classes of NLTLs are summarized in the form of 

tables to understand and appreciate the behavior of specific parameters in a compact way. 

6.4.1 Hybrid NLTL pulse compression capability and parametric analysis 

A ten-section hybrid NLTL is developed based on the analysis provided in section II and it is shown 

in Figure 6.9. The modeling is performed in such a way that inductive and dissipative losses are all 

included. This model is designed so that it can easily incorporate the characteristics of the 

corresponding non-linear elements including current-dependent non-linear inductor L(I) and 

voltage-dependent non-linear capacitor C(V). The main components of this model include the user-

defined input pulse, passive hybrid NLTL that further comprises of ten hybrid NLTL sections, 

input impedance Rg, load resistance RL, R and RC for characterizing losses in the inductors and 

capacitors, respectively. 
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impedance is matched well to the hybrid NLTL at such a particular value. As the load resistance 

rises, oscillations become more frequent until they reach the line's Bragg's frequency limit. 

Conclusively, we can say that the pulse distortion begins to occur for a high load resistance. 

Here, the input pulse rise time is also varied to see its effect on the output voltage and it is assumed 

that the input pulse rise time and fall time are the same. The effect on the output load voltage is 

shown in Figure 6.12, where the rise time (TR) is changed from 500 ps to 700 ps in steps of 100 ps. 

The frequency of oscillations is seen to remain constant as the rise time varies until the line is able 

to produce solitary waves. Although the pulse duration is constant, the section of the flat top 

decreases as the rise time increases, thus limiting the number of cycles for the same frequency. As 

a result, the number of oscillations falls as the rise time increases. 

The overall summary of the parametric analysis of the hybrid NLTLs is tabulated in Table 6.1 to 

see the behavior of different effects on the output waveforms. These important parameters include 

input pulse variations, number of NLTL sections, resistive load, capacitive nonlinearity, and 

inductive nonlinearity. 

 

Figure 6.11 Varying load resistance (RL) of the designed hybrid NLTL and its corresponding 

effect on output pulse 
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Figure 6.12 Effect of input pulse variation on output response of the designed hybrid NLTL 

 

Table 6.1 Summary of a parametric study of hybrid NLTL 

Parameters Remarks 
Rise time of rectangular 
input pulse, TR 

Increasing TR is set to increase the number of oscillations as 
well as increase the output pulse duration. 

Amplitude of rectangular 
input pulse 

If amplitude is too high, oscillations will shift upward and 
produce distortions. 

Number of NLTL 
sections, n 

Increasing n, 
(a) Increases the amplitude of output peak voltage 
(b) Considerable reduction in ringing 
(c) Decrease pulse duration and so FWHM of the output pulse. 

Resistive Load, RL Increasing RL, 
(a) Increases the amplitude of oscillation in the output voltage 
(b) Increases the amplitude of ringing 
(c) Increases pulse duration 
(d) There exists RL where the optimum power is maximum 
and thus has the best output performance. 

Capacitive nonlinearity Steep capacitive nonlinearity: 
(a) Decreases oscillation amplitude 
(b) Decreases peak power 

Inductive nonlinearity Steep Inductive nonlinearity: 
(a) Increases ringing in output voltage 
(b) Optimum point exists where peak power is maximum. 

 

6.4.2 Gyromagnetic NLTL pulse compression capability 

The gyromagnetic NLTLs work on a principle that the magnetic permeability of ferrite reduces 

swiftly with the current amplitude as the applied input pulse moves along the line, thereby speeding 

up the propagation velocity. The peak of the pulse can move more quickly than its base due to an 
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Figure 6.13 Varying the number of sections (n) of the designed gyromagnetic NLTL and its 

corresponding effect on output pulse 

 

Figure 6.14 Variation of rise time with damping parameter of the gyromagnetic NLTL 

The effect of input voltage on the corresponding output waveform is also investigated and it is 

shown in Figure 6.15. The amplitude of input voltage is varied from 3V to 8V, and it is seen that 

by increasing input voltage, we have a slight compression in rise time as predicted from Figure 

6.15.  Additionally, it is also noted in previous literature that a higher input voltage shortens the 

rise time. For instance, in [143] the 3D form of the LLG equation [144] was used while in [110,145] 

the 1D form of the respective LLG equation was used to replicate this effect. The variation of the 

rise time with saturation magnetization (Ms) of the designed gyromagnetic NLTL is demonstrated 

in Figure 6.16. The saturation magnetization is related to the saturated flux density by 0s SB M�P�  

[39]. Additionally, we observe a minimum rise time at Bs=0.30T and a steady decrease in output 

pulse amplitude with increasing Ms.  

The overall summary of the parametric analysis of the gyromagnetic NLTL is tabulated in Table 

6.2 to see the behavior of different parameters on the output waveform. These important parameters 
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Figure 6.16 Variation of the rise time with saturation magnetization of the designed gyromagnetic 

NLTL 

6.5 Experimental demonstration  

Finally, an experimental demonstration is carried out for which a ten-section hybrid NLTL is 

designed, and its corresponding output response is measured to validate our theoretical analysis. 

Figure 6.17 provides the block diagram of our measurement setup. This experimental setup is 

composed of an arbitrary waveform generator used for generating an input waveform. The designed 

ten-section NLTL is placed between a universal test fixture whose one terminal is connected to an 

arbitrary waveform generator while the other terminal to an oscilloscope. DC power supply is used 

to change the biasing of hybrid NLTL, and it is connected via biasing wires. The output is observed 

on the oscilloscope and the corresponding prototype is also shown in Figure 6.17. The snapshot 

taken during the experimental demonstration is also given in Figure 6.18 and the corresponding 

simulated vs. measured response of the ten-section hybrid NLTL is displayed in Figure 6.19. It can 

be seen that the measured and simulated output responses are in a good agreement. To give a clear 

picture of the overall work, we have also compared the output response from theory, simulation, 

and measurements of ten section hybrid NLTL as shown in Figure 6.20. It must be noted that there 

is a slight increase in ringing behavior in the measured response due to parasitic elements. 
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Figure 6.17 Block diagram of the measurement setup along with prototype 

 

Figure 6.18 Snapshot of the experimental demonstration 

 

Figure 6.19 Simulated vs. measured responses of ten section hybrid NLTL 

 

Figure 6.20 Comparison of output response from theory, simulation, and measurements of ten 

section hybrid NLTL 

Universal test fixture

Oscilloscope

DUT

AWG-Keysight-M8190A DC power supply

Prototype
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6.6 Difference between hybrid and gyromagnetic NLTLs 

Now, we are in a position of comparatively examining the gyromagnetic NLTL and hybrid NLTL 

based on the analysis presented in the previous sections. Simulations and measurements are taken 

into account while making the observations to appreciate the difference in a much more concise 

manner. This is completely summarized in Table 6.3 in terms of critical parameters, and in this 

context, the advantages and disadvantages of both NLTLs can be remarked as well. 

 

Table 6.3 Summary and performances of hybrid and gyromagnetic NLTLs 

Hybrid NLTL Gyromagnetic NLTL 
Hybrid NLTL provides an opportunity 
for both rise and fall edge transients to be 
sharpened 

Gyromagnetic NLTL provides an opportunity for 
rise edge to be sharpened 

Hybrid NLTL utilizes both capacitive 
and inductive nonlinearity 

Gyromagnetic NLTL utilizes inductive 
nonlinearity 

Sharpening behavior is improved by 
increasing NLTL sections 

Sharpening behavior is improved by increasing 
NLTL sections 

Several parameter variations (R, L, G, C) 
can be used and so we have enough 
flexibility  

Magnetic field strength can be varied to achieve a 
desired response 

Compression is dependent on parameters 
including load resistance, input pulse 
duration and amplitude, number of 
sections, and nonlinearity of capacitors 
and inductors. 

Compression is dependent on input pulse duration 
and amplitude, damping parameter, saturation 
flux density, number of sections, and magnetic 
field strength. 

The pulse oscillations in comparison to 
gyromagnetic NLTL are quite low. 

Can produce stronger pulse oscillations at higher 
frequencies. 

 

6.7 Conclusion 

A comprehensive pulse compression capability analysis of hybrid and gyromagnetic NLTLs is 

presented and discussed. Both classes of NLTLs are theoretically analyzed and their corresponding 

lumped-element models are developed. Parameters principally responsible for pulse sharpening in 

hybrid NLTLs include the number of NLTL sections, resistive load, input pulse variation, 

capacitive, and inductive nonlinearity. It is shown that there exists an optimum value for each 

parameter selection where the output power becomes maximum. Parameters concerned with pulse 
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sharpening in gyromagnetic NLTLs include the number of NLTL sections, input pulse variation, 

damping parameter, and saturation magnetization. All these parameters are modeled, and the 

selection of optimum value is provided. Finally, the advantages and disadvantages of both classes 

of NLTLs are highlighted and summarized. This work will provide an opportunity for the 

researchers to utilize simultaneous capacitive and inductive nonlinearity in hybrid NLTLs in the 

corresponding interconnection with magnetic materials and will pave the way toward ultrafast 

electronic systems and interconnects. 
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characteristics along with minimum distortion and well-defined pulse shape can also be achieved 

on the receiver side using a monocycle pulse shape [13,146].  

Various techniques are investigated and disseminated for electrical pulse generation, which include 

field effect transistors (FET), bipolar junction transistors (BJT), two-stage FET, CMOS, resonant 

tunnelling diodes (RTD), step recovery diodes (SRD), microstrip delay lines, AHCMOS and ECL 

logic gates, SRD integrated with pulse shaping network and NLTLs, and different combinations of 

PIN diodes and MESFETs [12,61,64,65,72,73,87,90]. Among them, the mixed SRD topology-

based pulse generation technique is promising for realizing low-power picosecond pulse 

generators. Since it is well documented that SRD operates as a charge-controlling switch, its 

capability to quickly alter from a low impedance state to a corresponding high impedance state is 

utilized for sharpening waveform edges. However, the minority carrier lifetime (MCLT) and 

transition time (TT) are the main factors that limit SRD-based pulse compression. To overcome 

this limitation, in [4], NLTLs were integrated with mixed SRD topology to utilize a greater portion 

of non-linearity, thus considerably increasing pulse compression capability. However, such a 

technique can generate a single type of clean gaussian pulse. Also, state-of-the-art wideband 

architectures usually require transmitters to possess multiple pulse shape generation capability. To 

this end, we need a reconfigurable pulse generator that has the capability of generating multiple 

pulse shapes from a single circuit [87]. Also, a pulse sequence is considered to carry a burst of RF 

energy, where a single pulse holds one information per symbol. Consequently, multiple pulses are 

set to provide PSM, which is highly attractive for data encoding [93,147].  

 In this work, a reconfigurable picosecond (ps) pulse generator is proposed, which is inspired from 

the work reported in [4]. The developed pulse generator can switch from gaussian to monocycle 

pulse directly without increasing the pulse width to twice the size of the original gaussian pulse 

[148]. 

7.2 Design and configuration 

The basic schematic of the proposed reconfigurable ps pulse generator based on the NLTL is shown 

in Figure 7.1. The proposed pulse generator comprises of a pulse generating circuit, NLTL circuit, 

pulse shape selector stage, and load. The pulse generation section involves a mixed SRD topology 

whose features are related to the MCLT and TT parameters. The MCLT affects the storage time in 
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Figure 7.2 Simulation results of reconfigurable picosecond pulse generator based on NLTL. (a) 

Gaussian pulse shape without using NLTL in the circuit with PIN diode ON; (b) Gaussian pulse 

shape along with NLTL in the circuit with PIN diode ON; (c) Monocycle pulse shape with PIN 

diode OFF; (d) Controlled FWHM using fine-tuning resistor Rc 

 

Figure 7.3 Controlled monocycle pulse duration using fine-tuning resistor Rc. (a) Pulse 

duration=100ps; (b) Pulse duration=90ps; (c) Pulse duration=8ps; (d) Pulse duration=70ps 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Figure 7.4 Power spectrum of generated monocycle and gaussian pulses 

7.4 Prototype and measurements 

The proposed reconfigurable ps pulse generator based on an NLTL is fabricated, and its measured 

results are shown in each case, as described in Figure 7.5. The experimental setup is shown in 

Figure 7.5 (c) which consists of the proposed pulse generator, a periodic signal generator, an 

oscilloscope, a DC power supply, and a universal test fixture where the proposed circuit is placed. 

The fabricated prototype is also shown in Figure 7.5 (c), which was built on a Roger R04350 

substrate. Figure 7.5 (a) provides the measured results when the PIN diode is ON for the gaussian 

pulse, while Figure 7.5 (b) illustrates the results when the PIN diode is OFF for monocycle pulse. 

 

Figure 7.5 Experimental setup and measured results. (a) Gaussian pulse shape; (b) Monocycle 

pulse shape; (c) Experimental setup with fabricated pulse generators; the related biasing wires are 

not shown 

Universal test fixture

Oscilloscope

DUT

AWG-Keysight-M8190A DC power supply

Prototype

(a) (b)

(c)



138 

7.5 Comparisons with the state of the art 

Table 7.1 provides the comparison with related work in literature, which is based on important 

pulse metrics. A parameter termed as FOM (figure of merit) is defined as [90]. 

 . ( )
( ) (%)

Pulse amp V
FOM

FWHM ns Ringing
� 

�u      (7.5) 

 

Table 7.1 Comparison of the proposed reconfigurable ps pulse generator based on NLTL with 

other reported works recently published in the literature. 

Ref. Pulse shape Amp. (V) Ringing (%) FWHM (ps) FOM 
[13] Monocycle 1.85 ~5.5 300 1.1 
[90] Gaussian 1.67 ~7 214 1.1 

0.83 ~8 153 0.68 
[93] Gaussian 6.8 ~5.8 220 5.3 

1 ~11 60 1.5 
[149] Gaussian 13 14.5 250 3.58 
[16] Monocycle 1.4 ~14 150 0.66 
[151] Monocycle 76 ~6 3200 3.95 
[252] 7th order Gaussian 0.16 ~5 140 0.22 
This 
work 

Gaussian 3.95 ~3 70 18.8 
Monocycle 2.7 ~11 75 3.27 

 

7.6 Conclusion 

A reconfigurable picosecond pulse generator based on the NLTL is designed, analyzed, fabricated, 

and measured for IR-UWB applications. The proposed pulse generator possesses switchable pulse 

shaping features between gaussian and monocycle pulse shapes. An SRD topology in combination 

with an NLTL is used as a pulse generating circuitry while a very simple RC differentiator with a 

single embedded PIN diode is used as a pulse shaping network. Due to circuit simplicity, it can be 

easily and effectively modified to consider other important pulse shapes including doublet and 

high-order gaussian pulses by introducing innovative pulse shaping networks. The simplicity, cost 

effectiveness, and good quality characteristics will make the proposed circuit useful in UWB 

systems and ultrafast techniques that require low-power and clean ps pulses. 
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provides superior performances in comparison to that having a higher FWHM. So, it is crucial for 

the above-mentioned applications to have a pulse of shorter pulse duration along with a reduced 

ringing level. In this regard, UWB and even super wideband (SWB) antennas are explored in more 

detail along with the analysis and synthesis of accompanying radiated fields and received signals. 

However, very limited research has examined the radiative pulse characteristics and receiving 

waveforms [157-161]. 

UWB and SWB antennas become now more and more popular due to their many superior 

attributes. They can be modeled to achieve a great range resolution while focusing energy on a 

specific direction using short-pulse techniques. As a result, UWB signals enable precise position 

determination and object tracking. Furthermore, in multipath situations, UWB short-pulse systems 

perform better than narrowband systems because a UWB short pulse enables the differentiation of 

returns from different scatterers via time delay. It is preferred that UWB antennas emit the majority 

of their energy for short-pulse radiation in the direction where the pulse most closely resembles the 

stimulating waveform or a derivative of it. To achieve this objective, we need to mitigate the 

antenna dispersion and losses in transmission and reception [162,163].  

The dipoles, monopoles, ridged horns, Vivaldi antennas, antipodal Vivaldi antennas, disc cones, 

and bicones are the most commonly utilized UWB antennas. For UWB signals with a 1 ns pulse 

width, the radiating properties of a large current radiator have been investigated in [164] and [165]. 

Additionally, [166] has examined the transmission and reception properties of the same antenna 

for Gaussian input pulse. Since the antenna's radiating aperture determines its radiation properties. 

An antenna for UWB short-pulse radiation has distinct transmitting and receiving properties than 

narrowband antennas. For system design purposes, many UWB applications require a prior 

knowledge of the received pulse shape, duration, and amplitude. This needs advanced pulse 

generation and shaping techniques to accurately analyze the pulse properties at the receiver sides. 

Also, all previous research deals with the input excitation of pulse and does not care about the 

pertinent pulse parameters at the receiver including stretch ratio, FWHM, system fidelity factor, 

and detailed ringing level. 

It has been shown in [167] that an antenna's transmitting transient response is proportional to its 

receiving transient response in terms of time derivative. As a result, a UWB antenna's response in 

the receiving and transmitting modes differ. If we send the first-order derivative of a Gaussian 
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waveform, we will receive the second-order derivative of a Gaussian pulse at the receiver side. So, 

it is also important that we need some scenarios where we have the same pulse characteristics as 

those on the transmitter side. Also, it is well known that the Gaussian waveform has very rich dc 

spectral contents, so we need to modify it to its corresponding derivatives suitable for transmission 

[168-171]. In this regard, the pulse generator is needed that has the capability to reconfigure 

between Gaussian and monocycle pulse shapes. 

From the above discussion, it is evident that a complete system model is needed by considering all 

the above parametric impacts in transmission and reception. Therefore, the first step is the design 

and modeling of a ultrashort reconfigurable pulse generator that has the capability of generating a 

Gaussian pulse with the corresponding transformation to higher orders counterparts while 

maintaining the signal integrity. Then, it is needed to accurately model wideband antennas that 

have the capability of pulse transmission. Finally, the response on the receiver side should be 

studied with different combinations in order to retrieve the originally generated pulse. The 

complete system model for radiative pulse characteristics having all modules is shown in the form 

of a block diagram in Figure 8.1.  

This chapter will give a full model for transmitting and receiving picosecond pulses while 

accounting for antenna effects. The effects of several essential antenna combinations on pulse 

order, system fidelity factor, pulse distortion, stretch ratio, detailed ringing level, and figure of 

merit will be demonstrated on the receiver side. By building up a monocycle pulse generator, 

several wideband antennas, and their combinations, a comprehensive system model will be 

constructed, simulated, and tested. In each case, the experimental demonstration will be carried out 

by providing the radiative pulse characteristics. Finally, a combination of antennas will be proposed 

to receive the desired radiative pulse on the receiver side. This work will possibly pave the way for 

wireless sensing applications such as vital signs monitoring including heartbeat monitoring, tumors 

detection, touchless heartbeat, respiration detection of small conscious animals, and synthetic 

aperture radars. 
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Figure 8.1 Complete system model for radiative pulse characteristics having all modules 

8.2 Design and measurement of ultrashort reconfigurable pulse 

generator with multiple pulse shapes 

Consider a pulse generator that has the capability of adopting Gaussian and monocycle pulse shape 

as shown in Figure 8.2, where Figure 8.2 (a) shows the detailed schematic of the pulse generator 

while Figure 8.2 (b) and (c) show the output response when the PIN diode is ON and OFF, 

respectively. This pulse generator is explained in [73,105] along with parameter optimization and 

critical parameter adjustment. Here, we will only utilize this pulse generator to excite the 

transmitter antenna in the case when the PIN diode is OFF (monocycle pulse shape). It is due to 

the reason that the Gaussian pulse spectrum contains very high dc and low-frequency components. 

Antennas are well recognized for neither transmitting nor receiving wireless signals that contain 

rich dc spectral contents. In light of this, UWB and other short-range radar applications should not 

use the Gaussian pulse. The antenna also alters the shape of the transmitted pulse by differentiating 

or integrating the input signal. Additionally, ringing on the transmitted pulse is caused by the 

antenna's constrained bandwidth and poor low-frequency impedance matching. As a result, the 
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antenna cannot receive the Gaussian pulse directly. The first-order derivative of Gaussian pulse 

known as the monocycle pulse contains no dc content in its frequency spectrum, and its pulse width 

can be used to modify the frequency spectrum and center frequency. Therefore, the monocycle 

pulse is considered as the perfect choice for pulse transmission, and we will utilize it during our 

complete system. 

The amplitude of the monocycle pulse shape reported in [105] is 2.7 V, ringing is almost 11%, and 

FWHM is between 70 ps to 80 ps. The figure of merit is 3.27, which is calculated based on the 

following equation [105]. 

 . ( )
( ) (%)

Pulse amp V
FOM

FWHM ns Ringing
� 

�u
    (8.1) 

The experimental prototype of the circuit is shown in Figure 8.2 (d), which will connect with the 

transmitting antenna from one side and AWG from the other side along with the power supply for 

biasing input. The antennas of concern will be discussed in the next section briefly as well. 

 

Figure 8.2 Ultrashort picosecond pulse generator switching between Gaussian and monocycle 

pulse shape. (a) Schematic of the pulse generator; (b) Gaussian pulse shape; (c) Monocycle pulse 

shape; (b) Prototype of the pulse generator 
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8.3 Various wideband antennas with simulations and measurements  

This section is dedicated to the design of wideband antennas for the transmission and reception of 

ultrashort pulses. In this regard, we have selected different pertinent classes of wideband antennas 

including Vivaldi antenna, antipodal Vivaldi antenna, slotted patch monopole antenna, biconical 

antenna, and double ridged horn antenna. All these antennas will be discussed briefly here to see a 

step-by-step approach toward the final realization. 

8.3.1 Vivaldi antenna 

Gibson first proposed the Vivaldi antenna, a traveling-wave tapered slot antenna (TSA) for 

broadband applications in 1979 [172]. The reason it is referred to as a traveling-wave antenna is 

that when a wave is coupled from a microstrip line to a slot line, its energy is tightly bound to the 

opening width (Wmin), and as it leaks from the transition moving toward the aperture width (Wmax), 

its energy weakens and the wave is radiated to an empty space from the tapered antenna slot [173]. 

An exponentially tapered slot connected to the quarter wave slot with a specific length can be 

defined as [173]: 

( ) r xy x Ae�u�  � r      (8.2) 

where, A represents the minimum width of the tapered slot (Wmin), x represents the position along 

the tapered slot length, and r is the magnification factor rate. It was observed that the performance 

of the antenna, particularly its bandwidth and gain, is significantly influenced by both r and LT. 

From [173] we have: 

T gL �O�!       (8.3) 

where, g c effc f� O � H�  having c is the speed of light and fc is the central frequency of the desired 

operating frequency band. The excitation of this antenna is happening from the coupling between 

the microstrip and slot lines in the transition. Based on this analysis, this antenna can be designed 

in such a way that it is operating between 1 GHz to 18 GHz. The optimized critical parameters 

chosen for the design are, LT=27mm, Lf=28mm, re=1.819mm, and Wmin=0.28mm as shown in 

Figure 8.3 (a). 
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The prototype of the designed antenna with front and back is shown in Figure 8.3 (a) while the 

simulated vs. measured reflection coefficient response is shown in Figure 3(b). It is clear from 

Figure 8.3 (b) that this antenna is well matched within 1 GHz to 18 GHz as the value of the 

reflection coefficient is below -10 dB. Three different values are selected for measuring the 

radiation pattern of the designed antenna. These values fall within the lower, middle, and upper 

range of the operating frequency bands. The radiation patterns at these frequencies are shown in 

Figure 8.4 (a)-(c) while Figure 8.5 (a) shows the snapshot in an anechoic chamber in measurement. 

 

 

Figure 8.3 (a) Prototype of the designed wideband Vivaldi antenna; (b) Simulated vs. measured 

reflection coefficient response of the designed wideband monopole antenna 
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Figure 8.4 Measured radiation pattern of the designed wideband Vivaldi antenna. (a) 4.5 GHz; (b) 

8 GHz; (c) 14 GHz 

 

Figure 8.5 Snapshot during radiation pattern measurement. (a) Vivaldi antenna; (b) Slotted patch 

monopole antenna 

8.3.2 Antipodal Vivaldi antenna  

This section presents the brief design perspectives and results of a wideband antipodal Vivaldi 

antenna. The geometry of the designed antenna can be seen in Figure 8.6, where two symmetrical 

exponential patches are placed on the opposite side of the substrate. The substrate utilized is Rogers 

RT/Duroid 5880 having a dielectric constant of 2.20 and a thickness of 62 mil. Figure 8.6 displays 

the top and bottom views of the constructed antenna where the inner and outer edge tapers can be 

defined as [174]. 

(a) (b)

(c)
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where, x0 and xi represent the distances from the outer and inner edges, respectively. Based on the 

above equation and analysis presented in [174], the antenna is designed in such a way that it is 

operating between 1 GHz to 20 GHz. The prototype of the designed antipodal Vivaldi antenna with 

front and back is shown in Figure 8.6 while the simulated vs. measured reflection coefficient 

response is shown in Figure 8.7. The radiation patterns at 4.5 GHz, 8 GHz, and 14 GHz are shown 

in Figure 8.8 (a)-(c). 

 

 

Figure 8.6 Prototype of the designed wideband antipodal Vivaldi antenna 

 

Figure 8.7 Simulated vs. measured reflection coefficient response of the designed wide band 

antipodal vivaldi antenna 
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Figure 8.8 Measured radiation pattern of the designed antipodal Vivaldi antenna. (a) 4.5 GHz; (b) 

8 GHz; (c) 14 GHz 

8.3.3 Wideband slotted patch monopole antenna  

In this section, the slotted patch monopole wideband antenna is investigated and designed for 

considering and estimating the order, ringing, and FWHM of the pulse in transmission and 

reception.  The antenna is designed on Rogers RT/Duroid 5880 having a dielectric constant of 2.20 

and a thickness of 62 mil. The analysis and design procedure of wideband antennas have been 

explained in [175,176]. Based on it, this antenna is designed in such a way that it is operating 

between 1 GHz to 20 GHz. The prototype of the designed antenna with front and back is shown in 

Figure 8.9 while the simulated vs. measured reflection coefficient response is shown in Figure 8.10. 

This antenna operates between 1 GHz to 20 GHz as its value of reflection coefficient is below -10 

dB. 

The radiation pattern of the designed antenna at three different frequencies are shown in Figure 

8.11 while the snapshot taken during radiation pattern measurement is shown in Figure 8.5 (b). 

These values fall within the lower, middle, and upper range of the operating frequency bands. 

(a) (b)

(c)
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Figure 8.9 Prototype of the designed wideband slotted patch monopole antenna 

 

Figure 8.10 Simulated vs. measured reflection coefficient response of the designed wideband 

slotted patch monopole antenna 

 

Figure 8.11 Measured radiation pattern of the designed wideband slotted patch monopole 

antenna. (a) 4.5 GHz; (b) 8 GHz; (c) 14 GHz 

(a) (b)

(c)
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8.3.5 Ridged horn antenna 

Waveguide-ridged horns radiate from an aperture with a fixed set of dimensions. Waveguide cut-

off frequency on the lower frequency side and higher-order modes on the upper-frequency side are 

set to govern the antenna's bandwidth, respectively. The waveguide's monomode bandwidth is 

increased by the addition of two opposite ridges as shown in Figure 8.14 (a). On the other hand, 

the field distribution in the radiating aperture modifies the dimensions of the ridge. The normalized 

transfer function of the dual ridged horn antenna in transmitting and receiving mode is given by 

equations 8.7 and 8.8, respectively [167]. 
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We will also utilize a double ridged horn antenna in transmitting and receiving mode and will 

examine its output response. The simulated reflection coefficient of the double-ridged horn wave 

antenna is shown in Figure 8.14, which confirms that the antenna operates well within 1.5 GHz to 

20 GHz. 

 

Figure 8.14 (a) Double ridged horn antenna; (b) S11 vs. frequency plot 
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8.4 Radiating pulse characteristics in different scenarios 

In this section, we will discuss the input response of different sorts of antenna to see the output 

pulse response. For the case of experimental demonstration, we have selected Vivaldi, antipodal 

Vivaldi, and slotted patch monopole antenna, however, the analysis will be performed for different 

antennas to see the scenarios where a particular pulse shape is needed. It will include biconical 

antenna, ridged horn antenna, Vivaldi antenna, antipodal Vivaldi antenna, and slotted patch 

monopole antenna. All these antennas are properly analyzed and simulated to see the radiative 

pulse characteristics including pulse parameters of relevance.  

First of all, we will discuss various fundamental pulse shapes that are considered in this work. The 

Gaussian function is in fact the zeroth order derivative. The derivative functions of even orders, 

including the zeroth order, are even functions (i.e., symmetric with respect to zero), and those of 

odd orders are odd functions (antisymmetric with respect to zero). The graphs of Gaussian 

derivative functions, from order 0 to order 2 are shown in Figure 8.15. In the time domain, it can 

be represented by equations (8.9)-(8.11) as follows: 
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Figure 8.15 Various fundamental pulse shapes. (a) Gaussian pulse shape (zeroth order); (b) 

monocycle pulse shape (Order 1); (c) Doublet pulse shape (Order 2) 

(a) (b)

(c)















159 

the same pulse shape is obtained with the same pulse order and FWHM, which means that the 

antipodal Vivaldi antenna differentiates the input signal. However, in this case, we have a 

considerable increase in ringing behavior as compared to the Vivaldi case, which shows the 

antipodal Vivaldi antenna's pronounced impact on the radiated pulse. 

 

Figure 8.24 Measured received pulse at the output for the case where both Tx and Rx antennas 

are antipodal Vivaldi structure 

 

The output response in the case when the transmitting antenna is a slotted patch monopole, and the 

receiving antenna is also a slotted patch monopole as shown in Figure 8.25. It is clear from Figure 

8.25 that we have the same pulse order and pulse duration as the simulated counterparts, which 

suggests that the slotted patch monopole antenna differentiates the input signal. Also, in this case, 

we have a reduced level of ringing. 

Finally, we consider the oblique incidence scenario in Figure 8.26 where we have a pulse distortion 

when the receiving antenna is arranged from the transmitting antenna at specific angles. As can be 

seen in Figure 8.26 that there is a pulse distortion along with a considerable dip in signal level when 

the antenna is moved from 10° to 40° in the azimuth plane. This scenario is modeled for the case 

where the transmitting antenna is a slotted patch monopole, and the receiving antenna is also a 

slotted patch monopole. It can also be modeled for other cases, depending on the desired 

applications and requirements. 
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Figure 8.25 Measured received pulse at the output for the case where both Tx and Rx antennas 

are slotted patch structure 

 

 

Figure 8.26 Measured received pulse distortion at various angles between the Tx and Rx antennas 

for the case where both Tx and Rx antennas are a slotted patch structure 

 

8.6 Received pulse analysis in terms of important pulse parameters 

Here some critical pulse parameters are modeled to show their corresponding values in different 

scenarios. It includes the pulse stretch ratio, system fidelity factor, ringing behavior, FWHM, and 

figure of merit (FOM). 
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that the concept of soliton is applicable in the magnetic domain and NLMTLs follow the modified 

form of the KdV equation. 

The parametric optimization of capacitive, inductive, hybrid, and gyromagnetic NLTLs is 

investigated and various important parameters are highlighted in detail. This will give a piece of 

critical information to the end user in the development and application of a specific class of NLTLs 

based on the desired goals. Finally, the radiated pulse characteristics of these pulse generators are 

explored and based on time domain analysis, the corresponding output response is shown in various 

scenarios of interest. Various antenna combinations are provided in this regard to appreciate the 

received pulse in each case. It was seen that majority of the antenna combination differentiates the 

transmitted pulse and the output pulse is the time derivative of the input pulse. However, in the 

case of the biconical antenna with any other antenna (Vivaldi, antipodal Vivaldi, slotted patch 

monopole, ridged horn) investigated in Chapter 8, it is seen that the received pulse is exactly the 

same shape as the input transmitted pulse. 

It is also shown in Chapter 8 how the proposed pulse generators can be utilized in a practical setup. 

As we know there is a huge number of applications of ultrashort pulses in everyday life that come 

across us. Among them, some of the well-known are UWB radars, wireless vital signs monitoring, 

tumors detection, THz detection, medical imaging, and GPR applications.  

One of them, UWB radar is widely used to detect and/or identify people at a close ranges through 

obstacles like walls and ruins. In contrast to magnetic induction, thermal imaging, X-ray, and some 

other success-restrictive methods, a human subject can be detected based on a subtle motion of his 

or her chest caused by breathing and heartbeat (micro-Doppler effects). This method is also 

unaffected by temperature, the composition of a non-metal wall, or target's clothing. The 

electromagnetic waves that UWB radar typically emits have a large bandwidth and nanosecond or 

picosecond pulse duration. Most notably, UWB radar can locate human individuals with greater 

accuracy when compared to continuous wave radar systems. Consequently, the UWB radar is 

thought to be ideal for localization and detection purposes, especially in the aftermath of natural 

disasters, where an important and critical part of the system is related to the development of a 

ultrashort pulse generation. 

Similarly, breast tumors and cancer detection are another important potential medical and heathcare 

applications of ultrashort pulses. In this setup, Gaussian and monocycle pulses for breast cancer 
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detection are usually used. To guarantee the accuracy of detection, it is important to stabilize the 

pulse width and amplitude of the pulse generator. This technique is advantageous in comparison to 

conventional techniques as it is painless and more accurate.  

The proposed solutions will pave the way toward the development of ultrafast electronics by 

resolving the major issues of compression limitation within electronic structures, which is a 

promising candidate for IR-UWB and high-speed interconnect networks. Breast cancer detection 

in early stages, geophysical exploration, irregular miniaturized tumor detection, etc. would be made 

possible by deploying our proposed pulse generation techniques in the system. The radiated pulse 

characteristic model provided in this work will be significant in GPR for antipersonnel landmine 

detection. The critical part of GPR in such applications is the utilization and selection of an 

appropriate antenna pair setup for transmission and reception that would ultimately help to show 

whether the transmitted pulse is integral, derivative, or the same on the receiver side. In short, this 

work offers a new horizon for the future development of ultrafast electronics especially in 

connection with ultrashort pulse transmission in free space. 
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comparison to single varactor diodes per NLTL section. This scheme was validated to work 

well in a triple-stacked NLTL topology by maximizing the compression factor.  

�¾ Transformation of these ultrashort pulses into higher derivatives of the Gaussian pulse is 

provided in each scheme while maintaining the pulse compression integrity. 

�¾ The radiated pulse characteristics of these ultrashort pulses are investigated in detail. The 

transmission of these ultrashort electronic pulses in free space was explored for specific 

future applications.  

�¾ To transmit the ultrashort pulse in free space via a practical antenna setup, we need a higher 

derivatives of the Gaussian pulse. In this regard, various techniques are provided for 1st and 

second erivative of Gaussian pulses that would be ultimately used for UWB communication 

in breast cancer detection, vital signs monitoring in human beings, vital signs in small 

conscious animals for assessing their health and behavior, and ground penetrating radars.  

�¾ Different antennas are studied and designed for such transmission and reception including 

Bicone antenna, Vivaldi antenna, antipodal Vivaldi antenna, and super-wide band 

monopole antenna. The radiated pulse characteristics are studied by analyzing the 

transmission and reception in different combinations of antennas. 

10.2 Recommendations 

Efforts have been invested into this Ph.D. thesis to provide the most promising techniques for the 

generation, compression, shaping, and transmission of ultrashort pulses. However, more research 

work is still required, which can be summarized below: 

�¾ There is a huge gap in research on the transformation into the arena based on magnetic 

materials. Since it is seen that magnetic materials have the capability of compression, so it 

is much needed that new magnetic materials are explored for the possibility of pulse 

generation and compression. It is believed that NLMTLs will have higher compression 

capability than NLETLs if properly explored. The localized disturbance within 

ferrimagnetic materials and sophisticated dissipative processes need to be explored in much 

more detail with different innovative magnetic materials. This research will possibly 

provide a fresh and successful avenue for investigating magnetic materials and their effects 
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on NLETLs and ultrafast electronics by providing the direction to the researchers for the 

first time. 

�¾ Superconductors, photoconductive switches, and cryo-electronic research will probably 

continue to push for achieving shorter and shorter pulse widths and rise/fall time. Josephson 

junctions and memristors will be a possible key that the researcher will try to unlock this 

area further.  

�¾ Real-life applications were also reviewed from radiated pulse perspectives, where a huge 

gap for research still exists. It is seen that only sub-nanosecond pulses are used in these 

systems. The impact of picosecond-based pulses needs to be studied on these systems with 

new innovative super-wideband radiators for pulse radiation. Wireless vital signs 

monitoring will be one of the most focused research areas in the future, which will have a 

huge impact on the medical domain. 

�¾ Accurate breast tumor detection having irregular shape and size can be managed with such 

ultrashort pulses by utilizing into the future UWB radar transceivers. 

�¾ These extremely ultrashort rises and fall edge transients generated via this Ph.D. thesis 

research need to be used and explored in connection with high-speed and ultra-fast 

interconnects with all pass waveguide structures. The transmission of the ultrashort pulses 

via all pass waveguide structures will efficiently transmit picosecond electrical pulses for 

chip-to-chip interconnects in high-speed circuits while maintaining signal integrity. 

�¾ The radiated pulse characteristic model developed in this work can be used in GPR for 

antipersonnel landmine detection. The critical part of GPR in such applications is the 

utilization and selection of the correct antenna pair setup for transmission and reception that 

would ultimately help to show whether the transmitted pulse is integral, derivative, or the 

same on the receiver side. 








































