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Abstract 

The objective of this thesis is associated with designing a high-power Gaussian pulse transmitter 

for high-depth imaging applications. Two types of pulse transmitters are presented in this work. 

The former configuration is based on Step Recovery Diodes (SRDs), while the latter is based on 

Nonlinear Transmission Lines (NLTLs). Both configurations are thoroughly studied and tested 

theoretically and experimentally. 

 The first system consists of three main parts: an avalanche transistor-based pulse shaping 

network, an improved SRD-based configuration, and a pulse-shifting circuit with a broadband 

combiner to create a second derivative Gaussian pulse for high-power applications. A Gaussian 

pulse transmitter comprises a Gaussian pulse shaping network that converts a sine/square signal to 

a first derivative Gaussian pulse, the monopulse. The monopulse is used to excite the antenna to 

radiate through the medium. The pulse width and amplitude of a monopulse determine the image 

resolution and detection range, respectively. The transistor-based circuit plays a role as an input 

pulse generator for the SRD pulse shaping circuit that produces ultra-short pulses. The SRD-based 

part of the circuit is developed to have a high amplitude output pulse. A balun is accommodated 

at the output of the avalanche circuit to convert the output pulse into two opposite polarity pulses. 

Two parallel SRD-based pulse shaping networks are placed after the balun to sharpen the output 

pulses of the avalanche circuit. The outputs of these two branches are two oppositely polarized 

narrow Gaussian pulses. Note that a delay line is attached for one of the branches to provide the 

delay between the two opposite pulses. A broadband combiner is used after the two SRD-based 

circuits to add the opposite pulses. The final output of the combiner is a monopulse. The last part 



 

iii 

 

of the transmitter can be any broadband antenna such as a Vivaldi antenna or a monopole antenna 

placed after the combiner to radiate the monopulse.  

In order to check the validity of the transmitter for imaging purposes, several experiments for 

buried objects in the sand are conducted. All reconstructed 3D images clearly represent the target 

shape and dimension, confirming the practicality (functionality) of the designed transmitter for 

sensing and imaging applications.  

The second configuration is the Gaussian pulse generator based on the NLTL. The NLTL 

consists of the twenty-one cascaded unit cells of transmission lines with reversed biased varactors 

connected in parallel, which sharpen the rising edge. An analysis of the sharpening process of the 

rising and falling time of a Gaussian pulse is presented in this thesis. Several different simulations 

and circuit tests were established to conduct the analysis, including a lumped-element model and 

a distributed-element model. 
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Chapter I 

Introduction 

Advantages of Ultra-wideband (UWB) radar technology over conventional ground penetrating 

radar (GPR) are having much-developed system precision in detecting various objects, including 

metal and non-metal objects. Underground environmental perception radar can provide non-

contact and real-time details of the buried objects, such as their location, shape, and dimensions.  

Ultra-wideband (UWB) radars are devices involving the generation and transmission of very 

short radio-frequency (RF) pulses, typically in the sub-nanosecond range, that span a very large 

frequency range.  

According to the Canadian Radio Standards Specification RSS-220, a UWB device is a type of 

radiator with either a -10 dB bandwidth of 500 MHz and more or a -10 dB fractional bandwidth 

greater than 0.2.  Moreover, the -10 dB bandwidth for radar imaging devices shall be entirely 

below 10.6 GHz [1]. 

The fractional bandwidth is defined as follows. 

µ−10 =
𝐵−10

𝑓𝐶
= 2 (

𝑓𝐻 − 𝑓𝐿

𝑓𝐻 + 𝑓𝐿
)                                            (1) 

Where, fH is the highest frequency at which the power spectral density of the UWB transmission 

is -10 dB of its peak value; fL is the lowest frequency at which the power spectral density of the 

UWB transmission is -10 dB of its peak value, and fC is the center frequency of the -10 dB 
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bandwidth. 

UWB pulses have good spatial resolution, enabling penetration in dielectric materials, and can 

be used for sensing and imaging applications. Radar imaging systems can obtain images of 

obstructed and hidden objects. This work will present the design and development of high-power 

pulse transmitters for underground environmental perception and penetration of other lossy 

dielectric material. The energy from the radar is intentionally directed down into the ground for 

this purpose.  For the present studies, the system will be used only in an indoor environment. 

Hence, the FCC regulations for outdoor applications are not applicable.  

The main requirements for the environmental underground perception radar are to have enough 

power for penetrating into the ground and also to have a narrow enough pulse width to obtain high 

resolution detection.  

The resolution detection or range resolution is a criterion where the peaks of the overlapped 

reflected pulses should be separated by at least half of their peak values. In other words, the range 

resolution is a minimum distance between objects (or parts of an object) where radar can detect 

them as separate parts. The radar range resolution for a square wave in frequency space is defined 

as follows [2]. 

𝛥𝑅 =  
𝑐

2(𝐵𝑊)√𝜀𝑚𝑒𝑑𝑖𝑢𝑚

                                                         (2) 

Where c is the speed of light in vacuum and c/√𝜀𝑚𝑒𝑑𝑖𝑢𝑚 is the speed of propagation of light in 

the medium. In our case, sand is used as a medium which has a permittivity of𝜀𝑠𝑎𝑛𝑑 = 2.6, and 

BW is the zero-crossing bandwidth of the pulse. Our system aims to have a 3 GHz bandwidth. 

Thus, the radar range resolution is approximately 0.03 m.  
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Furthermore, the range resolution in terms of pulse width can be written as [3]. 

𝛥𝑅 =
𝑐𝜏

2√𝜀𝑚𝑒𝑑𝑖𝑢𝑚

                                                         (3) 

Where c/√𝜀𝑚𝑒𝑑𝑖𝑢𝑚 is a speed of light in the medium, and 𝜏 is the pulse width of the radiated 

pulse.  

Hence, by using the above formula, one can find the range resolution for a transmitting pulse of 

200 ps is 0.0186 m. If the distance between two detecting objects is less than 0.018 m, the radar 

will detect the objects as one object. 

The peak power required for detecting an object depends on the medium attenuation, target radar 

cross-section, antenna gain, operating frequency bandwidth and distance to the object. For 

example, the minimum peak power required for detecting a 10 x 10 cm2 metal object is 4.7 W if 

the object is buried in dry sand at a 2.3 m depth [4].  The goal of this project was to develop 

techniques to generate a pulses of peak power of 5 W and a pulse width of no more than 200 ps 

for such imaging applications.    

 

1.1 Application 

One potential application of the proposed system is the construction industry, where 

environmental sensors play a critical role in autonomously operated robotic systems. UWB radars 

based on diodes can produce Gaussian pulses suitable for object detection. A variety of 

applications range from sensing to imaging, such as characterization of objects buried in the 

ground, pavement damage detection, localization, and imaging of objects [5]-[8]. Recently UWB 
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sensors have been used for multiphase flow metering [9], human vital sign measurements [10], 

people tracking [11], medical imaging [12], and underground scanning and imaging [13]. A higher 

range resolution is required to obtain high accuracy sensing and requires a narrower pulse width 

[14]. A high-power Gaussian pulse can improve the radar detection range [15]. It is challenging to 

design a UWB pulse source with high pulse amplitude and narrow pulse width in the range of a 

couple of hundred picoseconds. Such high-quality pulses are required in some applications, such 

as oil well perforation monitoring [16], [17], and microwave breast imaging in biomedical 

applications [18]-[20]. 

 

1.2 Literature review 

The literature presents various ways of generating Gaussian pulses, such as the systems that 

implement tunnelling diodes (TD), and bipolar junction transistors (BJT), which operate in 

avalanche regions. Also, CMOS technology, step recovery diodes (SRD), and nonlinear 

transmission lines (NLTL) [21] have gained a lot of attention thanks to low cost and ease of 

fabrication. Moreover, the TDs produce low amplitude pulses with a fast rise time, in the order of 

tens of picoseconds [22]. Avalanche transistors are suitable for producing high voltage pulses with 

a pulse width of a few nanoseconds. The avalanche transistors typically work with low pulse 

repetition frequency in the range of a few kilohertz, [23]-[26]. Using CMOS technology, integrated 

circuit pulse generators provide a narrow pulse width with a limited pulse amplitude. However, 

SRD-based pulse generators are appropriate for generating an optimal pulse width and amplitude. 

Nevertheless, these methods cannot satisfy both high amplitude and narrow pulse width for high 

detection range and image resolution.  
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NLTLs have complex configurations which can significantly sharpen the rise/fall time of the input 

pulse and produce a narrower pulse width at the output [27]-[29]. Many authors have mentioned 

the valuable characteristic of the NLTLs [30]-[49]. Hirota and Suzuki, back in the 70s, observed 

the fundamental properties of solitons generated by the nonlinear LC network [28]. Rodwell et al. 

explicitly discussed the circuit design and diode design requirements for picosecond NLTL shock-

wave generators and NLTL-driven sampling circuits [31]-[33]. 

 

1.3 Contribution of this work 

It was mentioned before that SRDs and NLTLs, and other types of circuits by themselves could 

not provide suitable outputs. However, a combination of avalanche transistors and SRDs and 

NLTLs can produce pulses of high amplitude and narrow pulse width.  

Avalanche transistors imply high breakdown voltages to produce a high amplitude pulse. This 

high amplitude pulse can be used to excite the following SRD-based pulse shaping network to 

sharpen the pulse width.  

The SRD-based pulse shaping network proposed in this work comprises a parallel diode 

accompanied by a series one [50]-[56]. The parallel diode is used to shape the rise time. However, 

the series diode cuts off the pulse sharply and forms the falling edge. This conventional structure 

suffers from a limited amplitude, which results from the uncoordinated switching time of series 

and parallel diodes. The source of this imperfection is studied, and a modified configuration is 

proposed to address the problem. By resolving the issue, the highest possible pulse amplitude is 

achieved.   
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   It has been established that a pulse with a dc-offset is not suitable for radiation through the 

antenna [56], [57]. The first derivative Gaussian pulse (monopulse) is a dc-free pulse appropriate 

for radiation. The monopulse is usually produced by differentiating the Gaussian pulse. In this 

study, to achieve a monopulse with the highest possible amplitude, two Gaussian pulses with 

opposite polarities with a calculated delay are combined using a broadband combiner. The output 

pulse is a monopulse with high peak power, used to excite the transmitting UWB Vivaldi antenna 

[58]. 

   The proposed Gaussian pulse transmitters are able to produce a high-power pulse with a narrow 

pulse width in the range of 200 ps and power of P = 5.78 W. It was achieved by separating two 

SRDs which allows us to have more accurate control on the output pulse in terms of its an 

amplitude and a pulse width. Moreover, by using a smart technique based on pulse-shifting, one 

could obtain a higher power monopulse without using a balun and a differentiator.  

Nonlinear transmission lines (NLTLs) are high-impedance waveguides periodically loaded with 

reverse-biased diodes. These diodes appear as voltage-variable capacitors (varactors) and cause 

the propagation delay through the NLTL to depend on the wave amplitude. Nonlinearity arises 

from the voltage-dependent propagation characteristics of the NLTL. Dispersion occurs from the 

periodicity of the NLTL. Depending on the structure’s design (nonlinearity, dispersion, and input 

waveform), one can generate a variety of waveforms.  

   The NLTL-based structures are used for generating solitons, which comprise a self-reinforced 

wave packet that stays unchanged during propagation due to the cancellation of two opposite 

processes, namely, nonlinearity and dispersion [34]. 

   Many papers have presented the ways of producing ultra-fast pulse generators in the picosecond 
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range. For example, some papers mentioned that they could generate narrow pulses by cascading 

the unit cells of the NLTLs with reversed biased varactors by using special taping techniques to 

minimize losses and optimize the output pulse [35]-[40]. Generation of solitons requires a large 

number of the stages of the NLTLs cascading in the series, which increases the physical sizes and 

cost of the fabrication. There is a well-known shock-wave concept of generating ultra-fast pulses 

along with soliton creation. The shock-wave concept considers sharpening the rise and fall time of 

the pulse by changing the biasing polarity of varactors [41]. Another paper suggested subtracting 

the opposite polarity branches of the NLTL-based circuit to decrease the fall time of the pulse [42]. 

In the literature, one can also find a method of utilizing the reflection from the end of the open 

circuit, which can sharpen both edges of the output pulse [43]. The proposed NLTL-based 

Gaussian pulse transmitter in this thesis is able to produce a pulse with a narrow pulse width in the 

range of 175 ps and an amplitude of 12 V. 
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Chapter II 

Avalanche transistors 

   All the transistors have avalanche behaviour; some are developed to work in the avalanche 

region. However, the other transistors break in avalanche voltage. Fig. 1 shows a conventional 

avalanche transistor-based circuit that produces a high amplitude pulse with negative polarity.  

   Fig. 1. A schematic of the avalanche-based circuit and a balun. 

   The circuit consists of an avalanche transistor, FMMT417, capacitors (CCC, CB), resistors (RCC, 

RBE, RL), a voltage supply (VCC), and a waveform generator, which is used for generating a trigger 

pulse that is connected to the base (B) of the transistor. The purpose of CCC is to accumulate the 

charge from the biasing source VCC, while CB prevents dc passing from VCC to the trigger generator. 

RCC controls the current flow from the VCC to the collector of the transistor. Moreover, RCC 

CB

VCC

Q

RCC 

RL

RBE

Balun
Attenuation 

circuit

Input 

Trigger

I

+ -
Ccc
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accompanied by CCC determines the time constant of charging CCC. RBE is used to bias the base of 

the transistor. 

Initially, when the input trigger is not presented, the VBE of the transistor is zero, and the 

transistor is in an off state. A base-emitter voltage of at least 0.7 V is required to turn on the 

transistor. VCC of equal to BVCER (collector-emitter breakdown voltage with given base-emitter 

resistor) and a positive trigger pulse of more than 0.7 V are applied to initiate the avalanche process 

in the circuit. Before the BVCER level is reached, the capacitor CCC accumulates the charge until 

the trigger appears in the circuit. The charging time constant  of the RC circuit is as follows [59]. 

       

 CCC (RCC RL) CCC RCC, when (RL RCC)                              (4) 

 

 In the output, one can see a negative voltage pulse across RL. A balun is placed at the output of 

the avalanche-based circuit to convert the negative voltage dropped on the RL to two opposite 

pulses. The model of the balun is ADT1-1WT+ with the operational frequency from 0.4 to 800 

MHz. The amplitude of the opposite pulses is less than that of the input. These opposite pulses are 

used to excite the next stage. Notably, the attenuation circuits and balun reduce the amplitude to 

keep the next stage from damage. When the capacitor is discharged, the avalanche transistor 

switches to the off state because collector voltage, VC, drops below BVCER, which means the 

electric field in the collector-base path cannot maintain the transistor in avalanche mode.  

The maximum ratings of the main characteristics of the transistor are as follows: collector-base 

voltage (VCBO) = 320 V, collector-emitter voltage (VCEO) = 100 V, and emitter-base voltage (VEBO) 
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= 6 V. However, the transistor breaks down and starts working in the avalanche mode when VCC 

reaches a voltage of more than 100 V.  The attenuation circuit in the π-configuration, including 

RL, is used to adjust the output amplitude of the circuit if needed. This design uses 8.88 dB of 

attenuation and 85 Ω of characteristic impedance to decrease the amplitude. The values of the 

input trigger, biasing voltage of VCC, and all electrical components can be observed in Table I. 

TABLE I 

THE VALUES OF AVALANCHE-BASED 

CIRCUIT 

Notation Model/Value Units 

RBE 50 Ω 

RCC 54 kΩ 

RL 85 Ω 

CB 0.6 nF 

CCC 460 pF 

Q FMMT417  
VCC 302 V 

Input Trigger 8 kHz 

 

Overall, there is a trade-off between the output amplitude and the width of the output pulse. By 

reducing the capacitance value of CCC, a narrow output pulse can be achieved at the cost of lower 

output amplitude and vice versa. In this design CCC of 460 pF is selected to give optimal amplitude 

and pulse width for the next stage. Noticeably, the subsequent SRD-based circuit has a maximum 

tolerable voltage of around 30 volts. CB and RBE constitute a high pass filter to pass the high-

frequency components of the input trigger and sharpen its pulse width.  
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Fig. 2. Input trigger to the avalanche-based circuit. 

Fig. 2 shows the input trigger pulse with frequency and peak-to-peak amplitude of 8 kHz and 

1.6 V, respectively. The output pulse of the avalanche-based circuit, shown in Fig. 3(a), indicates 

the amplitude of -270 V, fall time (tf ) of 4.3 ns, and rise time (tr) of 10.8 ns. Fig. 3(b) shows two 

oppositely polarized pulses on the outputs of the balun. The parameters of the two pulses after the 

balun can be seen in Table II.  

Input trigger
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a) 

b) 

Fig. 3. a) Output pulse from the avalanche-based circuit; b) Positive and negative pulse after the 

balun. 

 

 

 

A negative pulse of a 

balun after the 

avalanche-based circuit

A positive pulse of a 

balun after the 

avalanche-based circuit

Output pulse from 

the avalanche-based 

circuit



 

13 

 

TABLE II 

 OUTPUT PARAMETERS OF AVALANCHE-BASED 

CIRCUIT 

Parameter 

Output 

before 

balun 

Positive 

pulse 

after 

balun 

Negative 

pulse 

after 

balun Units 

Amplitude -270 165 -170 V 

tr 10.8 4.5 15.5 ns 

tf 4.3 16 4.5 ns 

 

The high-power pulse generator is realized on RO4003C with dielectric permittivity (εr) of 3.38, 

dielectric substrate thickness (h) of 0.81 mm, and copper thickness (t) of 18 µm. 
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Chapter III 

SRD Based Pulse-Shaping Circuits 

The next stage of the high-power transmitter is an SRD-based pulse-shaping circuit. A 

conventional diode is made of two semiconductors that constitute a PN junction. To develop a 

conventional diode for fast switching applications, a thin intrinsic layer is dopped between the two 

“p” and “n” type semiconductors. The intrinsic layer represents a small and constant capacitive 

behaviour in the reverse biasing stage [56]. The SRDs are characterized by having a high 

breakdown voltage in reverse bias [53]. Generally, a diode experiences a recovery time when 

switching from ON to OFF states. The recovery time is the time taken by a diode to cease the 

current completely.  

In contrast to a conventional diode, which is gradually switched off during the recovery time, an 

SRD goes to off state abruptly [57]-[59]. Fig. 4 is an illustration of the reverse recovery behaviour 

of a diode in switching from ON to OFF states for a conventional diode and an SRD separately 

with a positive biasing voltage and a negative Gaussian input pulse. According to Fig. 4, the 

reverse recovery time of an SRD has three different segments: ramping time, fast transition time, 

and rounding off. The ramping segment is a stage needed for a diode to prepare for a sharp jump, 

and it is determined by the forward and reverse currents of the diode [53]. Among these three 

segments, fast transition time is of interest to produce sharp rising/falling edges. Table III shows 

the main specifications of the SRD model MP4033, where t1 is the fast transition time, tL is an 

operational period, and fmax is a maximum operating frequency. 
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TABLE III 

THE SPECIFICATION OF THE 

DIODE, MODEL MP4033 FROM M-

PULSE MICROWAVE 

The breakdown voltage 

Vbr (min) 
      

(Ir = 10 µA) t1 tL  fmax 

30 V 

70 

ps 

30 

ns 

14 

GHz 

 

   Fig. 4. Representation of reverse recovery time. 
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3.1 Proposed modified SRD Based Pulse-Shaping Circuit 

The SRDs are suited for shaping ultra-fast Gaussian pulses with a pulse width in the sub-

nanosecond range for microwave and RF applications. In past decades, the literature has mentioned 

various circuit configurations with SRDs. Fig. 5(a) shows a conventional structure that comprises 

a parallel SRD followed by a series one [50]. The parallel SRD is used to sharpen the rising edge, 

whereas series one shapes the falling edge. The forward and reverse currents of the series diode 

are controlled by the voltage drops on the anode of the parallel diode. Hence, the series diode 

imposes a limitation on the output amplitude. Fig. 5(b) reveals a structure using an SRD, a Schottky 

diode (SD), and a delay line. This configuration works based on an incident sharp pulse produced 

by the SRD, added to its reflected pulse across the delay line [59], [64]. Although the configuration 

with a delay line does not have limitations from the series diode, it lucks from the tunability during 

the measurements.  

                          

a)                                       b)                                         c) 

Fig. 5. Different configurations of SRD based pulse-shaping circuit: a) A shunt and series 

configuration of SRDs; b) A delay-based shaping network; c) Improved design of the pulse 

shaping network with the shunt and series configuration of SRDs. 
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This work proposes a new configuration of a series and parallel SRDs, as shown in Fig. 5(c), to 

improve the amplitude of the Gaussian output pulse. Based on this configuration, biasing of the 

series diode is separated using a capacitor and an extra biasing network, including an extra resistor 

and an inductor. Introducing a capacitor between two SRDs enables control of a biasing current 

for each SRD separately. Hence, a higher amplitude can be achieved compared to a conventional 

configuration. The component values of the proposed circuits are as follows: R1,2=333 Ω, L1= 9.5 

nH, L2,3=100 nH, C1=1 nF, C2=13 nF, and C3=1 μF. The Gaussian pulses produced by the 

conventional SRD-based pulse-shaping circuit without a capacitor are shown in Fig. 6(a), driven 

by the input pulse shown in Fig. 3(b). This figure shows that an amplitude of around ±12 V for 

positive and negative pulses with a pulse width of 148 ps is achieved. The improved output results 

of the SRD based pulse-shaping circuit of Fig. 5(c) are presented in Fig 6(b). The positive pulse 

has an amplitude of 26.3 V and a pulse width of 165 ps, while the negative pulse has an amplitude 

of -27.65 V and 170 ps. Fig 6(c) shows a normalized spectrum of the pulses from Fig 6(b). 

a) 

A positive Gaussian pulse 

from the SRD-based 

circuit without a capacitor

A negative Gaussian pulse 

from the SRD-based circuit 

without a capacitor
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b) 

c) 

A positive Gaussian 

pulse with a capacitor

A negative Gaussian 

pulse with a capacitor

Normalized Spectrum of the 

positive pulse shown in Fig. 5(b) 

Normalized Spectrum of the negative pulse 

shown in Fig. 5(b) 
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d) 

Fig. 6. a) Gaussian pulses from the SRD based pulse-shaping circuit without capacitor; b) 

Gaussian pulses from the improved SRD based pulse-shaping circuit; c) Normalized spectrum of 

Gaussian pulses from the improved SRD based pulse-shaping circuit; d) Gaussian pulse after a 

pulse combiner (a balun). 

 

3.2 Conventional Monopulse Shaping network using balun and Differentiator 

Gaussian pulses of two branches shown in Fig. 6 (b) have opposite polarities. A balun of 

broadband operation, model (TC1-1-43A+) with a frequency operation of 650 to 4000 MHz, is 

used to subtract these two opposite pulses and create a Gaussian pulse of higher amplitude than a 

single branch. In Fig. 6(c), one can observe a normalized spectrum of Gaussian pulses from the 

improved SRD based pulse-shaping circuit. Fig. 6(d) shows the output pulse of the balun with 

pulse width and amplitude of 200 ps and 36.7 V, respectively. The experimental results align well 

Gaussian pulse after a pulse 

combiner (a balun)

Simulation result

Measurement result
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with the Advanced Design Systems (ADS) simulation results. The Gaussian pulse of Fig. 6(d) is 

not a dc-free pulse. Thus, it needs a monopulse shaping network or a differentiator. A 

differentiation process can be accomplished using a 90˚ coupler [56], [57], which creates a 

monopulse. The monopulse is the first derivative Gaussian pulse, having no dc component. The 

monopulse shaping network (balun) model used in this test is TCM1-83X+ from Mini-Circuits®, 

with an operating frequency range from 10 to 8000 MHz. The whole configuration of the 

transmitter is shown in Fig. 7.  

Fig. 7. The schematic of the SRD based pulse-shaping circuit with a balun and Differentiator. 

This system includes an avalanche-based circuit, a Gaussian pulse shaping network, a balun, a 90˚ 

coupler as a monopulse converter, and an antenna.  

A 90˚ coupler with a lower cutoff frequency at about 1 GHz is used to convert the Gaussian 

pulse of Fig. 6(d) to a monopulse [52], [53]. Fig. 8 shows the output monopulse with amplitudes 

of +14.2 V and -11.75 V (VP-P = 25.96 V) and pulse widths of 192 ps and 264 ps, respectively.  
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Fig. 8. A monopulse produced by a differentiator (without improvement). 

The spectrum of this pulse is shown in Fig. 9. A -10 dB bandwidth of this pulse is roughly from 

0.2 GHz to 2.3 GHz. This pulse suffers from an asymmetry in amplitude and pulse width between 

its positive and negative parts. The average peak power of 3.37 W is achieved. The following 

section introduces another approach to increasing the amplitude and enhancing pulse symmetry. 

192 psMonopulse produced 

by a differentiator

264 ps
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Fig. 9. Normalized spectrum of the pulse. 

 

3.3 Proposed procedure of generating the monopulse 

In this design, two parallel branches provide two opposite polarities with high amplitude and 

low pulse width. In order to improve the amplitude, pulse width, and symmetry of the output pulse, 

a possible procedure is to prepare an appropriate time delay for the first branch, then add the pulse 

of the other branch to the time-shifted pulse of the first branch. Fig. 10 depicts the summation 

procedure of two distinct pulses with opposite polarities. According to Fig. 10, a combiner with a 

bandwidth consistent with the pulse bandwidth shown in Fig. 6(c) is needed. Fig. 11 shows the 

frequency response of a broadband combiner with a -10 dB bandwidth of dc to more than 12.5 

GHz.  

-10 dB bandwidth from 

0.2 GHz to 2.3 GHz
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Fig. 10. Pulse-shifting technique for a monopulse creation. 

Fig. 11. S-parameters of a combiner of the port 2. 

Fig. 12 shows the schematic of the whole proposed monopulse shaping network. The fabricated 

system is shown in Fig. 13, which is excited using the square pulse of Fig. 2. The measured output 

of this design is a monopulse of low ringing level, high amplitude, and proper pulse width for an 

imaging application. Fig. 14 shows the monopulse with positive pulse width and amplitude of 174 

ps and 17.08 V, respectively. As for the negative part of the monopulse, pulse width and amplitude 

Combiner

Delay line Monopulse

|S11| of a combiner
|S21| of a combiner
|S22| of a combiner
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of 169 ps and -17.1 V, respectively, are obtained with a 50Ω load. Therefore, the output monopulse 

presents a peak-to-peak voltage of 34.18 V with a peak power of 5.87 W.  

Fig. 12. Schematic of a complete circuit. 
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Fig. 13. Fabricated circuit of a complete high-power transmitter. 

Fig. 14. Monopulse produced by using a pulse-shifting technique. 
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Fig. 15 shows the -10 dB bandwidth of this pulse. Note that there is a trade-off between the pulse 

width and amplitude of the monopulse; by tuning either the charging capacitor or the bias voltage, 

a peak-to-peak amplitude of around 40 V and a pulse width of 200 ps can be achieved.  

Fig. 15. Normalized spectrum of the pulse. 

Fig. 16 shows the comparison between pulses in terms of a normalized spectrum. This design 

shows superior characteristics over the previous design, having -10 dB bandwidth from 0.3 GHz 

to 3 GHz compared to the previous design of Fig. 9, with -10 dB bandwidth from 0.2 GHz to 2.3 

GHz. 

-10 dB bandwidth from 

0.3 GHz to 3 GHz
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Fig. 16. Comparison between the improved design and the previous design. 

Table IV illustrates a detailed summary of the comparison of this work with previous 

publications. In [50], the Gaussian pulse has an amplitude of 0.7 V and a pulse width of 94 ps. In 

[56], measurement results illustrate a Gaussian pulse with an amplitude of 0.83 V and a pulse 

width of 153 ps. The monopulse specifications of [56] are 0.34 V of amplitude and 126 ps of the 

pulse width. In the design in [57], the output pulse has an amplitude of 6.8 V and a pulse width of 

173 ps. The monopulse specification of [57] is 2.8 V of amplitude and 220 ps of the pulse width. 

Moreover, [59] and [64] elaborate on another method of generating narrow Gaussian pulses using 

the delay line-based technique. In [59] and [64], Gaussian pulse amplitudes of around 26 V and 

34.5 V and pulse widths of 140 ps and 155 ps are reported. 

 

 

 

Improved design 

Previous design
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TABLE IV 

COMPARISON BETWEEN THE PERFORMANCES OF THE 

IMPROVED 

SRD PULSE-SHAPING CIRCUIT AND SOME PREVIOUSLY 

PUBLISHED GAUSSIAN PULSE GENERATORS 
 Pulse Amplitude of the FWHM (ps) 

Ref. Shaping Gaussian Monopulse Gaussian Monopulse 
  pulse (V) (V) pulse  

[50] 
SRD-

Based 
0.7 - 94 - 

[56] 
SRD-

Based 
0.83(1.67) 0.34(0.14) 153(214) 126(99) 

[57] 
SRD-

Based 
6.8 2.8(-2.1) 173 220 

[59] 
Delay 

line 
34.5 - 155 - 

[64] 
Delay 

line 
25(26) - 140(135) - 

This SRD- 36.7 - 193 - 

work Based 
26.3(-

27.65) 
17.08(-17.1) 165(170) 174(169) 

 

 The design in the current study has superior characteristics over those from previously published 

works in terms of amplitude for high-depth penetration applications. The output result of this work 

is a monopulse with a peak-to-peak amplitude of more than 34 V and a pulse width of around 170 

ps. Fig. 17 shows a diagram of the complete system. 
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Fig. 17. Diagram of the complete system. 

 

3.4 Experimental testing in the air 

The monopulse in Fig. 14 is fed to a transmitting Vivaldi antenna, shown in Fig. 18, used to 

radiate the pulse through the medium for imaging purposes. Fig. 19 indicates that the antenna has 

a -10 dB bandwidth of 0.9 GHz to 12 GHz. The output pulse, the second derivative Gaussian pulse, 

is captured by a receiving Vivaldi antenna located 12 cm from the transmitting antenna. The pulse 

from the receiving antenna can be seen in Fig. 20. This pulse has a pulse width of 164 ps, which 

is proper for a range resolution of less than 2.5 cm in the air.  
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Fig. 18. Vivaldi antennas used for testing a monopulse in the air. 

Fig. 19. |S11| of a transmitting antenna. 

|S11| of a transmitting antenna 
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Fig. 20. Normalized the second derivative Gaussian pulse from the receiving Vivaldi antenna 

with a pulse width of 164 ps. 

 

3.5 Experimental verification of the system 

In order to verify the system, various imaging experiments were conducted. One of them is a 

buried metal object in the sand. Fig. 21(a) and Fig, 21(b) show the geometry of the transmitting 

antenna (receiving antenna is identical), the experimental setup, and the geometry of the buried 

object. The transmitting and receiving antennas are placed parallel with around 4 cm spacing to 

avoid a high mutual coupling. The data is collected in a C-scan configuration with 2 cm increments 

in both x and y directions. The number of the aperture positions is 25 on both x and y axes. In 

these measurements, the number of pulses used for averaging is 16. A python script code automates 

the measurement to move the antennas along the required aperture, and then the data is saved on 

a high frequency sampling oscilloscope. Fig. 22 illustrates the reconstructed images of the buried 

Received pulse after 

12 cm of propagation 

in the air

164 ps
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object in the depth of 26 cm and 40 cm, respectively. Thus, our system is complete and ready to 

use for imaging applications.  

 

a) 

b) 

Fig. 21. a) Experimental setup; b) Top view of the buried object. 

 

22 cm
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a) b) 

  

c) d) 

Fig. 22. Reconstructed images: a) Image cross section at z=-26 cm; b) Isosurface 3D image; c) 

Image cross section at z=-40 cm; d) Isosurface 3D image. 

The depth resolution of the proposed system is equal to 
𝑐𝜏

2√𝜀𝑠𝑎𝑛𝑑
=

3×1010(𝑐𝑚/sec )×164𝑝𝑠

2√2.6
= 1.5 𝑐𝑚. 
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3.6 Conclusion 

A high-power Gaussian pulse transmitter for imaging applications was proposed and fabricated 

in this paper. The transmitter consists of four main parts: an avalanche transistor-based circuit, an 

SRD-based pulse-shaping network, a broadband combiner, and Vivaldi antennas. Moreover, the 

application of our system was tested successfully and can be used for any imaging application. 

In this work, the avalanche-based circuit is developed by using the avalanche transistor with a 

high breakdown voltage for creating a high amplitude Gaussian pulse. The output pulse of the 

avalanche-based circuit has an amplitude of 270 V.  The next stage of the circuit is a balun which 

divides the output pulse into two reverse polarity pulses with an amplitude of 165 V and -170 V.  

The SRD based pulse-shaping circuit is developed to sharpen the rising and falling edges of the 

output pulses. It is carried out by separating two SRDs with a capacitor that blocks dc from the 

first SRD to the second SRD. As a result, the forward current of each SRD is controlled separately. 

The output pulses have amplitudes of 26.3 V and -27.65 V with pulse widths of 165 ps and 170 

ps, respectively.  

A high-power monopulse is produced by implementing the pulse-shifting technique. In fact, by 

delaying a negative Gaussian pulse and combining it with a positive Gaussian pulse, we recorded 

a monopulse of the peak-to-peak voltage of 34.18 V with a peak power of 5.87 W. The positive 

part of the monopulse has an amplitude of 17.08 V and a pulse width of 174 ps. The negative part 

of the monopulse has an amplitude of 17.1 v and a pulse width of 169 ps. 

After transmitting through a Vivaldi antenna, the monopulse becomes the second derivative 

Gaussian pulse when propagating in the medium. After propagating 12 cm in air, the received 
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pulse has a pulse width of 164 ps. As can be seen, it is perfect for high resolution and high depth 

imaging applications.  

Finally, the designed high-power transmitter is validated for a high-depth microwave imaging 

application. An imaging experiment is conducted with the buried objects up to depths of 40 cm. 

The reconstructed images show the buried object’s shape, orientation, and estimated dimensions, 

and the 3D images with the depth resolution of 1.5 cm confirm the functionality of the designed 

transmitter.  
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Chapter IV 

Nonlinear Transmission Line 

Theory 

   The Nonlinear Transmission Line (NLTL) is a nonlinear, dispersive, and lossy network. 

Frequency-dependent losses arise from the resistance of a diode (Rd) and skin-effect losses. The 

periodic structure is an undesired low-pass filter with a cutoff (Bragg) frequency ( 𝜔𝐵𝑟𝑎𝑔𝑔). The 

variable diode capacitance introduces the desired reduction in propagation delay with increasing 

reverse bias, reducing the fall time of waves propagating on the NLTL [31]. The schematics of the 

NLTLs are shown in Fig. 23. From Fig. 23, one can see that the lumped model of the NLTL is 

represented as an inductor in series and a capacitor in parallel. Since varactors have a variable 

capacitance, the total capacitance is a sum of the average capacitance of the varactor and a parasitic 

capacitance created by the NLTLs. The distributed model is represented as a transmission line 

along which the pulse propagates and a shunt varactor, which contributes to the nonlinearity of the 

NLTLs due to the variable capacitance. 
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                               a)                                                                b) 

   Figure 23. a) Equivalent LC model (lumped model) for the unit cell of a periodically loaded 

NLTL; b) Unit cell of a periodically loaded nonlinear transmission line (distributed model). 

 

4.1 Nonlinearity and Dispersion 

   The nonlinearity of the NLTLs mathematically is described by the C-V characteristic of an 

abrupt junction diode (5) [40]. The formula (5) shows that with an increase in the absolute value 

of the voltage V the capacitance of the varactor drops, which implies the nonlinear relation of C 

and V. The plot that showcases the nonlinear behaviour is shown in Fig. 24.  

𝐶(𝑉) =
𝐶0

√1 +
𝑉
𝑉𝑗

                                                                 (5) 

 

   Where, C0 is a capacitance of the diode at a zero bias, Vj is a diode built-in potential. 
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   Figure 24. Plot of the C-V characteristic of an abrupt junction diode. 

   A general formula of a voltage-dependent phase velocity can be found using the formula (6). 

The voltage at the nth diode, the propagation delay and the total capacitance can be found as shown 

in (7), (8), (9), respectively [42]. 

 

𝑣𝑝(𝑉) =
1

√𝐿(𝐶𝑙 + 𝐶𝑑(𝑉)
                                                     (6) 

 

𝑉𝑛(𝑡) = 𝑉𝑖𝑛(𝑡 − 𝑛𝑇(𝑉))                                                      (7) 

                   

𝑇(𝑉) = 𝑇𝑉√𝐿𝐶𝑇(𝑉)                                                            (8) 

 

𝐶𝑇(𝑉) = 𝐶𝑑(𝑉) + 𝐶𝑙                                                          (9) 
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  The formula of the Bragg frequency is shown in (10) and (11). The Bragg frequency corresponds 

to a phase shift of 180° per stage [65]. 

 

𝜔𝑝𝑒𝑟 =  
2

√𝐿(𝐶𝑙 + 𝐶𝑑(𝑉))
                                                   (10) 

𝑓𝐵𝑟𝑎𝑔𝑔 =
1

𝜋√𝐿(𝐶𝑙 + 𝐶𝑑(𝑉))
                                              (11) 

 

   The main characteristics of NLTL’s behaviour depend on the ratio of the Bragg frequency to the 

frequency of the input pulse (12) [41] and the diode (small signal) cutoff frequency at bias voltage 

V (13). 

 

𝑓𝑚𝑎𝑥,𝑖𝑛𝑝𝑢𝑡 =
1

𝜋𝑡𝑟𝑖𝑠𝑒 𝑡𝑖𝑚𝑒
                                                   (12) 

𝜔𝑑 =
1

𝐶𝑑𝑅𝑑
                                                             (13) 

 

   Where, 𝑡𝑟𝑖𝑠𝑒 𝑡𝑖𝑚𝑒 is the rise time of the input pulse, Cd is the diode capacitance, Rd is the parasitic 

series resistance. 

   Suppose the Bragg frequency is much higher than the frequency of the input pulse. In that case, 

the analysis of the NLTL can be done by using the equivalent LC model, which unit cell is shown 
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in Fig. 23(a); otherwise, the approximation does not hold, and one needs to use the distributed 

model, which is shown in Fig. 23(b). Transmission lines with the characteristic impedance Z0 and 

diodes represent the distributed model, where we need to consider the distributive characteristics 

such as the phase of the propagating signal. 

   While the ratio of the Bragg frequency and input frequency can determine whether one can apply 

the approximation, the ratio of the Bragg frequency to the cutoff of the diode can predict the output 

pulse waveform. If the Bragg frequency is much higher than the cutoff of the diode (𝜔𝑑~ <

𝜔𝐵𝑟𝑎𝑔𝑔), then one deals with shock waves. On the other hand, if (𝜔𝑑 > 𝜔𝐵𝑟𝑎𝑔𝑔), then one can see 

the propagation of solitons along the transmission line.  

   Dispersion is a variation in phase velocity with a frequency that has the opposite effect as 

nonlinearity, making the pulse wider and shorter in terms of amplitude [30]. To see how the 

dispersion affects the input pulse, one first must observe the ideal case with no dispersion. In other 

words, theoretically, the pulse should not be changed after propagation through a microstrip line—

only one change one should see, which is a delay of the output pulse. 

   Using Advanced Design System (ADS), two simple microstrip lines (MLIN) were simulated 

with different lengths where the first MLIN is twice as long as the second one (Fig. 25).  
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   Fig. 25. Schematics of microstrip lines in ADS. 

   Afterward, the schematic was simulated, and a plot was created with a phase of S-parameters 

versus frequency. As shown in Fig. 26(a), there are linear trends for both MLINs, with the phase 

delay changing at the same rate as frequency. It is evident that zero-dispersion phase delay happens 

only because of different lengths of MLINs. However, in Fig. 26(b), if one introduces shunt 

varactor diodes, there is a deviation from the linear trend, leading to distortion of pulse shapes in 

output because of dispersion. 
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a) 

 

b) 

Fig. 26. Plot of phase versus frequency response simulated in ADS: a) linear trend; b) nonlinear 

trend due to dispersion. 

   First, before simulation, one needs to calculate a Bragg frequency (cutoff frequency) of our 

system. An input pulse of 5 V with 5 ns rise time, and an output pulse with a 200 ps rise time is 
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needed. Also, an inductance of the transmission line is chosen to be 2 nH and capacitance to be 1 

nF. The maximum operating frequency of the system can be calculated with Eq. (8) and a Bragg 

frequency with Eq. (7). 

   So,  𝑓𝑚𝑎𝑥 =
1

𝜋×200 𝑝𝑠
= 1.6 𝐺𝐻𝑧 and 𝑓𝐵𝑟𝑎𝑔𝑔 =

1

𝜋√2×10−9×(0.58×10−12+1×10−12)
= 5.6 𝐺𝐻𝑧.  

Using the formula (1) or  Fig. 24, the C-V characteristic of the diode can be found, which equals 

C(V) = 0.58 pF. 

   As one can see, the maximum operating frequency of our system is much less than the Bragg 

frequency, so simulation of a simplified version can be done with inductors in series and 

capacitors in parallel as transmission lines.  

   To understand how NLTLs work, first, how the rising edge works will be described. If one looks 

at Fig. 27, there are two circles 1 and 2 in the bottom picture. The region inside circle 1 represents 

the time when the diode is On-stage. In other words, it means that the diode is open and works as 

a short circuit. It implies the diode creates the short circuit with the ground, which one can see that 

the signal equals zero because all signal goes to the ground. However, it lasts only until the pulse 

amplitude reaches a particular value when the diode switches from On-stage to Off-stage. Since 

the diode is connected with the negative pin first, it will switch off when the pulse is positive. 

Usually, for this diode, -0.7 V is enough to switch them off. Regarding region 2, when the diode 

switches to Off-stage one, it has an open circuit with the ground, and all signal goes to the 

transmission line and reaches the output, so one sees the output pulse. 
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   Fig. 27. Diagram how the sharpening of the rising edge works. 

   When one changes the shunt diode’s polarity, switching the consequence of the On- and Off-

stage of the diode happens. In Fig. 28, one can see exactly the opposite phenomenon happens. In 

fact, the diode works Off-stage initially; one can see the signal (the region 2) until it drops to 

approximately 0.7 V (region 1). 
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   Fig. 28. Diagram how the sharpening of the falling edge works. 
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4.2 Design of the NLTL-based circuit 

This work aims to design the Nonlinear Transmission Line (NLTL) based pulse sharpening 

system. The NLTLs are loaded periodically with reversed biased varactor diodes, which create the 

delay of the pulse propagation along the transmission line. It allows us to utilize this process to 

create ultra-fast Gaussian pulses in the range of a few tens of picoseconds. An analysis of the 

sharpening process is explicitly elaborated by implementing simulation in the Advanced Design 

System (ADS), which is used to calculate all graphs and diagrams presented in this section.  

The schematic diagram can be found in Fig. 29, where section 1 is responsible for sharpening 

the rising edge while section 2 is responsible for sharpening the falling edge of the pulse. Section 

1 consists of the transmission line connected with a varactor diode forward biased with a DC 

source. Still, it is reversed biased with the input pulse, and section 2 where the varactor diode 

should be forward biased to the input pulse. 

 

Figure 29. Sharpened output pulse after propagation along the NLTL 
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   Initially, to test and see how the theoretical concept works in the simulations, the schematic of 

the cascaded unit cell is created in the Agilent ADS. As the input pulse for the NLTL, the ideal 

Gaussian pulse of 25 V with the pulse width of 250 ps and 180 ps rise time is chosen. Using (8), 

the highest frequency component of the input pulse is calculated to be approximately 1.7 GHz. In 

order to calculate the Bragg frequency and the diode cutoff frequency, one needs to know the 

simulation model of a varactor diode and the series inductance and the shunt capacitance of the 

transmission line. The varactor model is chosen to be MMSD4148T1G from Mouser Electronics. 

The diode has 𝐶0 = 0.619 pF, 𝑅𝑑 = 1.138 Ω and 𝑉𝑗 = 0.4 V. The series inductance of the 

transmission line of one unit is chosen to be 1 nH, and the shunt capacitance is to be 1 pF. The C-

V characteristic of an abrupt junction diode according to (1) is then 𝐶(𝑉) = 77.6 fF, the Bragg 

frequency according to (7) is then 𝑓𝐵𝑟𝑎𝑔𝑔 = 12.3 GHz. As one can see, the Bragg frequency is 

much higher than the frequency of the input signal. It means one can start analysis using a lamped 

model with an LC network. To predict if one can have solitons or shock waves, one needs to 

calculate the diode cutoff frequency. Using (9), it is found that 𝜔𝑑 = 11.3 THz. The diode cutoff 

is much higher than the Bragg frequency. Thus, one has to work with solitons and an undesired 

ringing that comes with the solitons. However, solitons have a characteristic of having a gain in 

terms of amplitude, which means one can have a higher amplitude of the output pulse than the 

input pulse.  

   After many sessions of the simulations, it is found that by decreasing the inductance and 

capacitance of the transmission line by 10 % of the initial values, one can get an optimized output 

pulse. In Fig. 30, one can see the output pulse generated by 12 cascaded unit cells to sharpen the 

rise time and 5 unit cells cascaded to sharpen the falling edge. 
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   From Fig. 30, one can see that amplitude increased from 25 V to 28.7 V, the rise time 

significantly decreased from 180 ps to 9 ps, as well as the fall time dropped to 24 ps, and the pulse 

width became 19 ps. Although there is a tremendous improvement in the pulse width, one has a 

ringing at the level of 4 V.  

   Figure 30. Plot of the output pulse of the lumped model of the NLTLs with the 25 V input pulse. 

   Figure 31. Plot of the output pulse of the lumped model of the NLTLs with the 17.5 V input 

pulse. 

   The next step is to use the Gaussian pulse produced by the actual physical circuit as the input for 
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the NLTL. The waveform of this circuit is used to feed the NLTL. The input pulse amplitude is 

17.5 V, and the pulse width is around 200 ps. In order to obtain a similar result as it is in Fig. 30, 

14 unit cells for sharpening the rise time and 3 unit cells for sharpening the fall time are used. The 

output pulse can be observed in Fig. 31. It is apparent that one has a gain in amplitude (20 V) as 

well as a significant decrease in the rise time (9 ps), fall time (25 ps) and pulse width (24 ps).  

   The next stage is to use a distributed model of the NLTLs. The same analysis is done to generate 

the same result. To get a similar result, 11 unit cells are cascaded for the sharpening of the rise 

time, and only one unit cell is used to sharpen the fall time due to the noticeable drop in the 

amplitude when one tries to use more than one unit cell. The result can be seen in Fig. 32. 

   Figure 32. Plot of the output pulse of the distributed model of the NLTLs with the 17.5 V input 

pulse. 

   From Fig. 34, one can see an almost similar result with less ringing level and the rise time is 12 

ps, fall time being 53 ps and the pulse width being 26 ps. 

   The reason to use around 12 unit cells to compress the rise time is that the rise time of the output 

pulse depends on the highest Bragg frequency of the last unit cell. It is found that the inductance 
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and capacitance of the transmission line should be decreased from 1 nH and 0.1 pF for the first 

unit cell to 0.01 nH and 0.001 pF for the last unit cell, respectively. Hence, the Bragg frequency 

should be around 127 GHz. To obtain the rise time of 10 ps, the output pulse frequency (8) should 

be 31.83 GHz. It means that the Bragg frequency should be at least three times higher than the 

highest frequency component of the desired output pulse. Note that one can still have fewer unit 

cells to obtain a rise time of 10 ps by increasing the rate of a decrease of L and C from 10% to 

30% or even 50%, but one will have a drop in the amplitude. Each succeeding unit cell cuts the 

previous unit cell’s wave formation, resulting in an amplitude decrease. 

   The results obtained early are ideal and far from the realistic results. One should take into 

consideration that the diode model that was used for simulations is not able to represent the actual 

behaviour of the diodes fully. Since the length of the last stages is very short and comparable with 

the diodes’ size, one should consider the pins of didoes as transmission lines as well.  

   Thus, the schematics should be updated with a shunt transmission line representing diodes’ pins. 

In Fig. 33, one can see the modified schematic for the NLTLs. 
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   Figure 33. Modified unit cell with the pins of the diode taken into consideration. 

   It was found that if one increases the number of the unit cells and removes the last reverse 

polarity diode, one can mitigate the level of ringing. The trend of decrease in the length of 

transmission lines can be described by the formula of the exponential function shown below. 

𝐿𝑛 = 𝐿1(1 − 𝑏)𝑛−1                                                          (22) 

Where, Ln is the length of the nth line and b = 0.15.  

   The simulation with a modified schematic was done by cascading twenty-one unit cells with the 

same polarity diodes. Moreover, a shunt inductor of 22 nH and a coupling capacitor were added at 

the end of the last unit cell, representing a high-pass filter to suppress the ringing further. The 

output pulse amplitude is 14.3 V, and the pulse width is 74 ps. The plot is shown in Fig. 34. 

   As one can see, with the introduction of parasitic elements in parallel with a transmission line, 

one gets worse results. In a parametric study, one found out that if one increases the capacitance 

of the diode model, one has the same undesired trend. Therefore, it can be claimed that shunt 
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transmission lines represent shunt parasitic capacitors connected in parallel with diodes and make 

the output pulse worse. However, the results are more realistic and expected to be obtained in the 

experimental results. 

   In order to get even closer to the expected experimental result, one needs to proceed with the co-

simulation with the layout structure. The co-simulation enables us to create physical parts (layouts) 

and add them to a circuit simulation to get closer to the experimental results. The result can be 

seen in Fig. 35. 

   Figure 34. Plot of the output pulse of the distributed model of the NLTLs with the 17.5 V input 

pulse and modified unit cell. 
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   Figure 35. Plot of the co-simulation with layout structure. 

   It is evident from Fig. 35 that the result will be worse in terms of amplitude and the ringing level. 

The pulse width of the output pulse is 76 ps, and the amplitude is 12.8 V. 

   Furthermore, an optimization was done to improve the result obtained in Fig. 34 and Fig. 35. 

The next step is to have variable width the same as it was done with the length of the transmission 

lines. It was decided to implement the same exponential function with the width decreasing 

gradually from 44 mil to 10 mil. The output result can be seen in Fig. 36. In Fig. 36, the amplitude 

decreased by the parasitic effects from an additional transmission line is restored. The output pulse 

amplitude is 15.3 V, and the pulse width is 73 ps. Now is to proceed with the experimental testing. 
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   Figure 36. Output result of the modified length and width of the NLTL. 
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4.3 Experimental results 

   The experimental test is presented to validate the simulation results in this section. The system’s 

configuration was chosen with all varactor diodes with the same polarity to sharpen the rising edge 

to show the process of the soliton and shock waves creation. One needs a very long transmission 

line to separate solitons, leading to significant losses. Thus, the circuit will be designed to utilize 

the shocks primarily with a partial soliton generation. Since the falling edge will not be sharpened 

enough and will have ringing, the high-pass filter will be used to suppress the ringing. The high-

pass filter is a simple circuit with a capacitor in series and an inductor in parallel. The circuit 

consists of twenty-one unit cells, starting with a broader conductor and continuing with a narrower 

conductor in the end. Also, the length decreases gradually using the exponential decrease function 

mentioned before. It was done to minimize losses since the NLTL is a lossy network. The width 

of the NLTLs decreases slowly from 44 mil to 10 mil because 44 mil is a 50 Ohm transmission 

line, and 10 mil is the smallest distance one can fabricate in our laboratory. The circuit is shown 

in Fig. 37. 

   Figure 37. Fabricated circuit. 

   An input pulse of the circuit is a Gaussian pulse of 19 V with a pulse width of 500 ps. The output 

result is presented in Fig. 38. In Fig. 38, one can see that there are various outputs results. 

VCC

Varactor diodes Inductor
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Depending on the output inductor, one can tune the output pulse. An amplitude and a pulse width 

of the output pulse vary from 15.5 V to 12 V and from 220 ps to 175 ps, respectively.   

   Figure. 38. Output results of the experimental results. 

TABLE V 

COMPARISON BETWEEN THE PERFORMANCES OF THE 

DIFFERENT NLTL-BASED SYSTEMS   

Ref. Pulse Shaping Amplitude (V) FWHM (ps) 

[33] NLTL-based 6.8 20 

[41] NLTL-based 3.95  95 

[66] NLTL-based 3.3 130 

[67] NLTL-based 1.0 70 

[68] NLTL-based 0.27 5 

[69] NLTL-based 2.97 129 

This 

work 
NLTL-based 12 175 

 

   As can be seen from Table V, previous published work could achieve shorter pulses at the cost 

of the output amplitude. My work aimed at generating a high signal output with a narrow pulse 

width of less than 200 ps and an amplitude as high as possible. 

19 V 500 ps (input)

15.5 V 220 ps (22 nH)

13.8 V 200 ps (11 nH)

12 V 175 ps (9.5 nH)



 

57 

 

4.4 Conclusion 

The NLTL-based circuits have a huge potential when it comes to sharpening both the rise time 

and fall time of any input pulse. Apart from sharpening the signal, they can obtain a gain of the 

amplitude if one can tune it properly. Two different analyses were established with the help of the 

lumped-element model and the distributed-element model. It was calculated mathematically and 

demonstrated by simulation the correlation among the fundamental characteristics of the NLTL, 

such as the Bragg frequency, the frequency of the output pulse, and the diode cutoff frequency. 

The design of the Ultra-fast Gaussian pulse generator that was presented in this thesis has reached 

the pulse width of 175 ps with an amplitude of output pulse of 12 V. 

 The output pulse of the presented design can be used in a vast range of applications. The range 

of applications can vary from sensing to imaging, such as characterization of buried objects in-

ground, pavement damages detection, localization, and imaging of objects.  
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Chapter V 

Conclusion and Future work 

   This thesis presented two different UWB radars that can be used for various imaging 

applications. The first configuration consists of the avalanche transistor-based circuit, SRD-based, 

and monopulse generating network. The second configuration is based on the NLTLs, a pulse 

shaping network. Both circuits are thoroughly studied, fabricated and tested for various 

applications, providing a deep analysis of pulse generation. 

   The main achievements associated with this work are related to ease and low-cost in-house 

fabrication design of the high-power Gaussian transmitter. The new, improved configuration of 

the SRD-based circuit was presented in this work. The separated biasing was implemented for the 

shunt and series SRDs which allowed us to achieve more control over the diodes’ fast recovery 

transition time and therefore obtain a high power output pulse. Moreover, a smart technique for 

creating the monopulse was presented. Instead of using a differentiator for creating the monopulse, 

the pulse shifting technique was implemented, allowing us to eliminate the power loss associated 

with the poor performance of the differentiators. 

   Furthermore, the NLTL-based configuration was introduced to compare and analyze available 

ways of the narrow pulse generation used for imaging applications. The NLTL-based design has 

advantages, such as a simple configuration and a low voltage biasing (1V), and potentially can 

produce a pulse in the range of 10 ps. However, compared to the SRD-based circuit, the NLTL 
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configuration could not provide a higher amplitude (13.8 V, 200 ps), while the SRD-based one 

could generate a 36 V, 200 ps pulse. The reason behind the low amplitude of the NLTL-based 

circuit is a lack of proper soliton creation. The solitons are reinforced pulses with higher amplitude 

than the input pulse. However, in order to generate solitons, one needs a significant number of the 

stage, around 100 stages and very precise soldering, which can be achieved only with the help of 

the industrial PCB equipment. 

   In future work, both types of configurations need improvement to be a finalized product. 

Although the SRD-based circuit produces a high-power pulse, its power consumption is 

significant. The first stage is the avalanche-based circuit which works in avalanche regions and 

needs a substantial biasing voltage. It can be improved further by replacing the avalanche transistor 

with a standard transistor and using a booster circuit to amplify the output pulse. Finally, the system 

can be powered with batteries and placed in a case to be portable and used in outdoor conditions. 

   Regarding the NLTL-based circuit, improvements can be made by increasing the stages' number. 

The increased number of stages can increase the cost and size of the final product. Thus, smaller 

varactors and precise machinery soldering might improve the circuit performance. 
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