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Abstract—Previous research has shown the applicability of
nonlinear transmission lines (NLTLs) in high speed and wide
bandwidth systems. These applications involve techniques for
forming and sharpening a short electrical pulse to achieve
pulse compressors, frequency multipliers, phase shifters, and,
in addition, radio frequency (RF) generation, holding, in this case,
a great potential for replacing vacuum electron tubes with a low
cost and fully solid-state technology. Based on the analysis of rel-
evant experimental results of different types of NLTLs reported
in the literature, this paper presents an investigation about
the correlation between the performance limits of NLTLs and
specific characteristics of the materials used in their construction,
concluding that there is a pressing demand for the development of
high-performance dielectric and magnetic materials with special
characteristics such as highly nonlinear behavior, low losses at
microwave frequencies, and thermal stability that would allow
for an improvement in the performance of NLTLs, enabling their
operation at higher frequencies and with better electrical-to-RF
conversion efficiency. The achievement of a stable behavior over a
broader operating temperature range would allow the application
of NLTLs in military and aerospace devices.

Index Terms— Ferrimagnetic material, ferrite, ferroelectric
material, nonlinear transmission lines (NLTLs), RF generation,
Schottky diode, soliton, varactor diode.

I. INTRODUCTION

INCE the 1970s, nonlinear transmission lines (NLTLs)

have been the subject of several studies that have inves-
tigated their performance by means of mathematical analy-
sis [1]-[3], computer simulation, and practical experiments
that have shown their suitability for application in high speed
and wide bandwidth systems. These applications involve tech-
niques for pulse forming and sharpening which are applied
in signal processing such as pulse compressor [4], [5],
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Fig. 1. Circuit model of a capacitive NLTL.

frequency multiplier [6], [7], phase shifter [8], [9], oscilla-
tor [10], [11], high-speed metrology [12], radar [13], defense
electronic countermeasures (jamming) [14], electron beam
driver [15], [16], and RF power generation [17]-[19], holding,
in this case, a great potential for replacing vacuum electron
tubes as a low cost and fully solid-state technology requiring
no vacuum systems.

The generation of solitons (solitary pulses with a constant
shape and velocity) can be obtained with three different types
of NLTLs: 1) in a line where there is a balance between
nonlinearity and dispersion; 2) through the effect of damped
precession motion of magnetic dipoles moments in a line
built with ferrimagnetic materials (ferrites) that are polarized
with external magnetic field; and 3) in a line that exhibits
anomalous dispersion and nonlinearity.

A discrete NLTL consists of a nonlinear dispersive medium
where electrical solitons propagate in the form of voltage
waves with a constant shape and velocity. Soliton formation
occurs due to the balance between the effects of disper-
sion and nonlinearity. Dispersion arises from the periodic
nature of the elements while the nonlinearity is introduced
by nonlinear dielectric materials, such as voltage-dependent
capacitors, and/or nonlinear ferrimagnetic materials, such as
current-dependent inductors, which are arranged in a series of
LC section low-pass filters. Indeed, this type of NLTLs can be
categorized as capacitive, inductive, or hybrid lines according
to the nonlinear elements used. A circuit model of a capacitive
NLTL is shown in Fig. 1.

For a discrete NLTL, the general and traditional mathemat-
ical analysis of wave propagation is described by the solution
of the nonlinear partial differential Korteweg-de Vries (KdV)
equation (1) whose solution is given by the hyperbolic secant
square function (2), when a linear capacitance behavior (3) is
assumed [20]
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where x, is the initial space position (phase) and v is the wave
propagation velocity, noting that (2) shows the dependence of
the amplitude of solitons on their velocity. C(V) is the capac-
itance as a function of the applied voltage and Cp and b are
the initial capacitance and a constant coefficient, respectively.

The approach of using the KdV equation as the approximate
partial differential equation governing the behavior of discrete
NLTLs was discussed in [1], where Nikoo and Hashemi
presented the exact nonlinear partial differential equation (4)
which has soliton solutions showing the well-known properties
of the KdV solitons (5) and adopting a more realistic model
for the capacitor nonlinearity (6)

d*F[V(n,1)]
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Validated through the comparison with simulation and
experimental results, this mathematical model has shown to be
suitable for both nonlinear capacitors and varactors [1]. In (4),
the nonlinearity is represented by the functional F[V (n, 7)]
on the left-hand side, V (n, ) is the time-dependent voltage
at the nth node of the line, 7 is the normalized time, A is the
peak voltage, Ly is the linear inductance, Cy is the capacitance
without bias, C(V) is the voltage-dependent capacitance, V is
the applied voltage, and V; is a constant.

The nonlinear property sharpens the rise time as the pulse
propagates along the line while dispersion causes the pulse
to breakup into multiple sinusoidal oscillations as harmonic
components propagate at different speeds. There are three
basic equations for describing the discrete LC ladder network:
the phase velocity vy, the characteristic impedance Zo, and
the cutoff frequency f., also called the Bragg frequency
because of the similarity to Bragg diffraction in optics, which
corresponds to a phase shift of 180° per stage. These equations
are given as follows:
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where L(7) is the inductance as a function of current and
C(V) is the capacitance as a function of voltage.

The voltage modulation depth (VMD) is a useful parameter
for comparing pulses with ac and dc components as a means
to quantify the level of modulation. The VMD is often defined
as the average peak-to-trough load oscillation voltage (Vayg)
for the first three pulse cycles [21]

23:1 (th)j
3

where j is the oscillation cycle number and V) is the peak-
to-trough load voltage. Accordingly, the average power (Payg)

VMD = Vg = (10)
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Fig. 2. Block diagram of a gyromagnetic NLTL showing the precession of
the magnetic moments M in the ferrite. Reproduced from [26], 978-1-5090-
6241-6/17 © 2007 IEEE.

for the first three RF cycles can be expressed in terms of
VMD as [21]

(VMD/2)?
Pavg i —
Ry

where Ry is the resistive load. In NLTLs, the RF power
output calculated from the VMD is much lower than the
peak instantaneous power as the waveform has a large dc
component. While most of the input power is well matched
to the NLTL input impedance, typically 20% of this power
is converted to the output RF power [22] since RF power
includes high-frequency power components not present in the
input pulse [23].

NLTLs can operate in either pulse sharpening or microwave
generating modes. In a capacitive NLTL, the operating mode
depends on the pulse rise time reduction caused by the LC
elements, as well as on the rise time of the input pulse. A rough
estimative for the pulse rise time reduction (AT) caused by
the LC ladder sections can be made by calculating the time
delay difference between the lower amplitude portion and the
peak of the propagation pulse which is described in [24] as

AT =ty — tro = n(v/LCo — v/LC (Vinax)) (12)

where f;; is the input rise time, #,, the output rise time, n is
the number of sections, and Vi, is the maximum voltage
applied to the capacitor. When the rise time #; is larger than
AT, only pulse sharpening occurs. On the other hand, for the
case iy < AT and since the rise time is limited to 1/f,, the
propagating pulse is broken into a train of solitons (Fig. 1)
rather than simply pulse sharpening. In a discrete capacitive
NLTL the number of sections, the fractional change in the
nonlinear capacitance, the frequency-dependent losses and the
characteristics of the input signal (amplitude, frequency, duty
cycle, and rise time) establish the signal propagation behavior
along the line [23], [25].

The gyromagnetic line is another type of NLTL that consists
of a continuous and nondispersive medium formed by a coaxial
transmission line loaded with ferrite-based magnetic cores
immersed in a constant external axial magnetic field (Fig. 2).

In a gyromagnetic NLTL, the microwave oscillations arise
from the damped gyromagnetic precession of the spin mag-
netic moments of the electrons and are reinforced by the
nonlinearity of the ferrimagnetic material. The high-frequency
precession in the ferrite induces a high-frequency oscillation
on the pulse as it travels through the NLTL. The resulting
pulse at the output of the NLTL has the form of the input

(1)
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pulse but with superimposed RF oscillations. The frequency
of the precession is dependent upon the axial magnetic field,
the input voltage, load impedance, and the magnetic properties
of the ferrite material [27].

An incident high-voltage pulse disturbs the magnetic
moments in the azimuthal direction and causes their pre-
cession. The precession motion of magnetic dipole moments
is mathematically described by the Landau-Lifshitz—Gilbert
equation [17], [26]

O = — kolM x H] + M x e

where ¢ is the magnetic permeability of free space, y is
the electron gyromagnetic ratio (1.760 x 10''rad - s=!T~1),
o denotes the Gilbert phenomenological damping factor which
is characteristic of the material, with typical values in the range
of 0.001—0.1, and My is the static magnetization at saturation.
The first term on the right-hand side of (13) represents the
precession motion of the magnetization vector (M) around
the effective magnetic field (Hefr), which results from the
interaction of the axial biasing field and azimuthal incident
field. The second term on the right-hand side of (13) is
the damping term, which reduces the precession angle and
causes the alignment of the magnetic moment with the external
magnetic field.

The duration of the output RF pulse produced by NLTL is
mainly limited by the relaxation time of gyromagnetic pre-
cession, which is represented by the second term on the right-
hand side of (13) and is usually of the order of several ns. The
high-voltage input pulse must have a rise time shorter than the
precession relaxation time to excite an RF pulse. Because of
this, experiments with gyromagnetic NLTLs require an input
pulse with the rise time of the order of 2-3 ns. Furthermore,
in gyromagnetic lines, the relaxation time of the magnetic
spin, which is in the range of 2-3 ns, bounds the lower output
frequency at around 300-500 MHz as the period of oscillations
should not be higher than the relaxation time [17].

To evaluate the upper frequency, we note that the precession
frequency of a gyromagnetic NLTL can be estimated as [26]

13)

f= s (@Ms _,UOH)
2r \ x

where in SI units, y /27 ~ 28 GHz/T, the magnetization of
ferrite at saturation uoMs = 0.35T, ug = 47 x 1077 H/m,
with H given in A/m; the azimuthal magnetic susceptibility y
is a dimensionless parameter which varies with the azimuthal
field generated by the line pulse current, which in turn
depends on the peak of the input pulse applied. The first
term on the right-hand side of (14) becomes much larger
than the second one if y is small, which occurs when the
ferrite saturates in the presence of a strong azimuthal magnetic
field. By neglecting the second term and if y decreases to no
less than unity at ferrite saturation, the maximum expected
frequency to be generated from a gyromagnetic line would
be of the order of 9.8 GHz (= 28 GHz/T x 0.35 T). This
reasoning is based on the fact that y never goes to zero since
the relative permeability (u,) of ferrite never drops below 2
during saturation at most, noticing that y = ux, — 1. In fact,

(14)
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Fig. 3. Synchronous wave NLTL. Reproduced from [30], 1-4244-0914-
4/07 © 2007 IEEE.

the above estimate is consistent with frequencies of 6 GHz
experimentally measured in [50].

Gyromagnetic NLTLs can either operate in pulse sharpen-
ing or microwave generating mode depending on the initial
magnetization of the ferrimagnetic material and the applied
magnetic field. The magnetic biasing of ferrimagnetic mate-
rials is achieved by an axial magnetic field produced by an
external solenoid or permanent magnets that align the mag-
netic moments of the ferrite material along the axis of prop-
agation. Under the application of a high-voltage input pulse,
an azimuthal magnetic field is generated, and if sufficiently
strong, saturates the ferrite quickly, reducing its permeability.
The decreased permeability increases the phase velocity of
the propagating wave. The peak of the pulse will then travel
faster than its lower amplitude components. The propagation
velocity in a nonlinear magnetic medium is given by [28]

c

NGO
where ¢ is the speed of light in vacuum and ¢, and g, are
the relative permittivity and the relative magnetic permeability
of the medium, respectively. As the leading edge of the input
pulse with higher amplitude travels faster than the portion with
smaller amplitude, the emerging output pulse is sharpened.
In this case, the pulse rise time reduction at the output of the
line is estimated by [28]

AT =~ LC — /LgyC

where L is the coaxial line inductance far from saturation,
Lgy is the saturated inductance of coaxial line, and C is
the coaxial line capacitance. The pulse rise time reduction is
limited by the switching characteristics of the ferrite due to the
time it takes to switch from one state to another on the B—H
curve of the material, which is related to the magnetization
relaxation process in the magnetic material.

Another topology of NLTLs described in the literature is
called the synchronous wave NLTL, in which the propa-
gation of the shock waves occurs due to the combination
of the anomalous dispersion and the magnetic nonlinearity.
Fig. 3 illustrates the configuration of a planar synchronous
wave NLTL, where the cross-linked capacitors (Cx) produce
the anomalous dispersion and the magnetic nonlinearity is
obtained with polarized inductor ferrites.

The synchronous wave NLTL can have planar or coax-
ial geometry [30]-[32] and is based on the synchronism
between the RF wave phase velocity (v,) and the shock wave

15)
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Fig. 4. RF formation in a synchronous wave NLTL. Reproduced from [30],
1-4244-0914-4/07 © 2007 1IEEE.

velocity (vy), making it possible to adjust the frequency of the
oscillations by means of the phase velocity. Fig. 4 illustrates
the propagation of RF oscillations produced along the satu-
rated line, which was designed to present group velocity (vg)
of the RF wave less than its phase velocity (v)).

The adjustment of the phase velocity is obtained by varying
the magnetic bias of the ferrites. The phase of the RF oscil-
lation produced is constant with respect to the shock wave,
i.e., the shock wave consists of half of the first RF cycle. The
energy flows from the shock wave to the RF oscillations that
have a group velocity less than the velocity of the shock wave,
which explains why the number of oscillations increases as the
shock wave propagates along the line.

II. RESEARCH ON NLTLS BASED ON NONLINEAR
DIELECTRIC MATERIALS

The literature reports the practical implementation of a
capacitive NLTL in which the nonlinear components are made
of a ferroelectric dielectric. Commercially available ferroelec-
tric materials are found in some ceramic capacitors that exhibit
a capacitance change when subjected to a great variation of
voltage. A few researchers [19], [33], [34] also reported the use
of ceramic blocks specially manufactured to use as a nonlinear
dielectric in NLTLs, which also require the application of
higher input voltages in the range of several kV.

A. Characteristics of Nonlinear Dielectric
Materials Used in NLTLs

Ferroelectric materials are characterized by having two
phases: paraelectric (or nonpolar) and ferroelectric (or polar).
In the first, the polarization of the material has a linear
behavior when subjected to an external electric field and the
oriented dipoles return to their original states when the field
is removed. In addition to being nonlinear, in the ferroelectric
phase there is a spontaneous electric polarization that can be
reversed by the application of a strong external electric field
and, as a result, the relative permittivity (dielectric constant)
in the ferroelectric phase can vary by the application of an
external electric field. These materials usually present high
values of electric permittivity which are temperature dependent
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Fig. 5. Phase transformation of a ferroelectric material at the Curie
temperature (a) crystalline structure, (b) polarization response with applied
electrical field, and (c) relative permittivity behavior with applied electrical
field.

due to the well-known structural phase transition at the Curie
temperature (7;), as pictured in Fig. 5(a).

The spontaneous polarization arises from the symmetry
breaking of the crystalline structure, whose switching under an
external electric field results in a typical ferroelectric hysteresis
loop. The hysteresis loop changes with temperature (7") and
undergoes a phase transition as the temperature is increased
[see Fig. 5(a) and (b)]. The dependence of the polarization (P)
and the corresponding relative permittivity (¢;) on the applied
electric field (E) plotted in Fig. 5(b) and (c), respectively, for
both the ferroelectric and paraelectric phases, show that there
is a nonlinear relation between polarization and electrical field,
which gives rise to the electrically tunable relative permittivity,
also called dielectric constant.

The dielectric losses in ferroelectric materials arise from
conduction losses (ohmic conductivity), hysteresis losses
(denoted by the area enclosed within the P—FE loop) and relax-
ation losses (reorientation of the electric dipoles in response
to an alternating electric field). Dielectric losses cause the
degradation in the performance of an NLTL by reducing its
conversion efficiency and limiting its operating frequency.

The nonlinear characteristic of ferroelectric materials finds
application in the construction of NLTLs but requires the con-
trol of several factors that effectively enable the access of the
nonlinearity of ferroelectric materials: 1) the Curie temperature
of the compound should be near the operating temperature
(room temperature) to allow operation of the dielectric in
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Fig. 6. Illustration of a capacitive NLTL in a parallel-plate shape loaded
with ferroelectric nonlinear dielectrics.

its paraelectric phase, where depending on the material it
can present a strong nonlinearity; 2) the breakdown voltage
should be high enough to allow achieving higher nonlinearity
of the dielectric, that is, to obtain the required variation of the
capacitance across the range of applied voltage; and 3) low
dielectric losses in the radio frequency (RF) range at least at
a repetition pulse rate in the tens of hertz without external
cooling.

B. NLTLs Built With Ceramic Blocks

Surveys report the investigation of dispersive NLTLs using
a nonlinear dielectric in a parallel-plate design (see Fig. 6)
with ceramic blocks made of ferroelectric compounds such
as barium and strontium titanate [19] and [33], or lead
magnesium niobate [34], which present an extremely high
relative permittivity. To maximize the nonlinearity of these
ferroelectric materials, they should be used near to the Curie
temperature (around 120 °C barium titanate) and to be exposed
to an electric field variation of the order of kilovolts. The per-
mittivity and the relaxation frequency of a dielectric material
are dependent on additives and processing techniques during
manufacture. Unfortunately, the investigation on the addition
of compounds to the dielectric materials for maximizing the
nonlinearity has shown an increase of the relaxation time of
the electric dipole moments leading to an increase in dielectric
losses, which, in turn, prevents the generation of oscillations
in an NLTL [33].

Good results were obtained in [19] with the generation
of 10-MW peak power at frequency around 300 MHz,
using 24 slabs made of barium and strontium titanate
(Sr0.4BapTiO3). This line was tested immersed in an oil
bath with a termination load of 5 €, and fed with a single
shot pulse input signal of 14 kV/50 ns. This line showed an
average power conversion efficiency of 10%. The production
of 60-MW peak power around 200 MHz is reported in [34] by
using ceramic blocks made of barium and strontium titanate
(Sr0.91Bag,09TiO3). The electrical tests were conducted with
the line cooled to 77 K using liquid nitrogen and fed with
a single shot input pulse signal between 10 and 30 kV.
In [35], the results of a parallel-plate NLTL constructed with
ceramic slabs made of lead—magnesium—niobate are presented.
This line was fed with input voltages from 4 to 43 kV and
only showed the production of low-intensity solitons due to
the dielectric losses associated with this material, which are
macroscopically represented by a resistor in series with the
variable capacitors in Fig. 1. Branch and Smith [33] reported

the generation of shock waves with 10-kV amplitude and rise
time of 410 ps in an NLTL built with ceramic blocks with
composition Bag 75Srg25Tip.95Zr0,0503. In this experiment,
the NLTL was fed by a single pulse of 10 kV terminated with
a 1.9-Q resistor, which was made from an aqueous copper
sulfate solution.

C. NLTLs Built With Ceramic Capacitors

The ferroelectric ceramics used in the construction of
discrete NLTLs consist of commercially available ceramic
capacitors that exhibit nonlinear capacitance when a voltage
is applied. For a commercial ceramic capacitor, the datasheet
of the manufacturer only provides the change in capacitance
with applied dc voltage. The reduction of capacitance with
increasing voltage is not a property of all capacitors, but
only applies to capacitors made of ferroelectric dielectrics like
barium titanate constructed without the addition of dopants to
control thermal stability and, as a result, their capacitance has
both strong temperature and voltage dependences.

The generation of high-power pulsed signals with fast rise
times is the main application of NLTLs using commercial
ceramic capacitor as a nonlinear element and requires the
use of high-voltage input signals to effectively obtain the
desired nonlinear behavior. With the use of ceramic capacitors,
the following constraints are observed [36].

1) The nonlinearity is achieved with capacitors with large
temperature dependence, and the heat generation by the
hysteresis losses must be considered.

2) The commercial ceramic capacitors are normally lim-
ited up to 5 kV rated voltages and have self-resonant
frequencies (frequency at which the capacitor starts
behaving like an inductor) in the hundreds of megahertz
range. This is a limiting factor for high-power and high-
frequency applications.

3) The phenomenon of aging in ceramic capacitors is
well known, and the manufacturers usually quote an
aging rate in terms of the reduction of the value of a
capacitance as a logarithmic function of time, and this
process tends to be accelerated when they are subjected
to a high level of electric stress that is required to
produce the nonlinear response.

Experimental results with high-voltage NLTLs were pre-
sented in [37] showing the generation of pulsed RF waveforms
at tens of kV and frequencies from around 10 to 90 MHz.
These NLTLs were built using obsolete ceramic capacitors
that had an excellent capacitance ratio and were stacked to
improve their voltage rating. Single pulses around 30 kV were
generated to supply these lines. The whole assembly operated
submerged in insulating oil.

A reduction of the rise time from 340 to 50 ns for an
NLTL of 15 sections built with inductors of 1.5 xH and
ceramic capacitors of 1.24 nF (nominal value) at zero applied
voltage that showed a capacitance decrease of 63% for a
25-kV incident pulse was reported in [38]. A 10-section NLTL
built with inductors of 1.6 uH and three ceramic capacitors
of 2.2 nF with a breakdown voltage of 6 kV in a series
configuration is presented in [38]. The higher operating voltage
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produced by the series configuration allowed the application
of an input voltage of 18 kV which led to an 82% decrease
in nominal capacitance and a reduction of the input pulse rise
time from 500 to 120 ns. The production of RF oscillations
with frequency about 4 MHz and peak voltage of 800 V was
also reported in [39] with a discrete capacitive NLTL built
with inductors of 3.3 ¢H and commercial ceramic capacitors
of 1 nF which showed a capacitance change of 62%. The
generation of high-voltage oscillations is reported in [25] for
an NLTL in a circular configuration, consisting of two boards
with 24 sections in parallel, each line being the load of the
other, sharing a common input. Built with ceramic capacitors
of 10 nF and inductors of 1 ¢H and fed by a single-shot 12-kV
pulse, this line produced oscillations with frequency of about
16 MHz and peak voltage of 45 kV.

III. RESEARCH ON NLTLS BASED ON
SEMICONDUCTOR MATERIALS

Several researches have reported the use of commercial
semiconductor devices as the nonlinear element in NLTLs.
The nonlinearity of these devices arises from the junction
capacitance under a reverse bias. Typically, the operating
voltage of these devices ranges from few volts for silicon
varactors diode and can reach the value of 3.3 kV for
carbide silicon Schottky diodes. Therefore, by using these
diodes in stacked configuration, an upper bound above 3.3 kV
can be reached in high-voltage NLTLs. Besides the lumped
lines, these capacitive NLTLs can be constructed with compact
dimensions using different forms of planar transmission lines
such as microstrip line, slot line, coplanar waveguide (CPW),
and finline.

A. Characteristics of Semiconductor Diodes Used in NLTLs

The literature reports the construction of capacitive NLTLs
using three different types of diodes that exhibit nonlinear
capacitance with reverse applied voltage, which are varactor
diodes, heterostructure barrier varactors (HBVs), and Schottky
diodes. These devices have different characteristics due to their
different construction and materials employed. A capacitive
NLTL built with these diodes would have its performance
directly influenced by the diode reverse breakdown voltage,
the cutoff frequency, and the capacitance ratio.

In a diode, the depletion region, which is formed at the p-n
junction under a reverse voltage polarization, gives rise to a
junction capacitance. All diodes exhibit this variable junction
capacitance, but varactors are manufactured to exploit this
effect and to increase the capacitance variation. Unfortunately,
as diode doping profile is made more abrupt the cutoff
frequency also decreases [40]. Varactor diodes are used to
construct low voltage capacitive NLTLs.

A Schottky diode is a semiconductor diode formed by the
junction of a semiconductor with a metal. This diode presents a
higher power handling capability, low power loss, low forward
voltage drop, and a very fast switching action.

HBV diodes exhibit symmetric capacitance—voltage and
asymmetric current—voltage characteristics. This leads to the
generation of only odd harmonics of an applied signal since the

IEEE TRANSACTIONS ON PLASMA SCIENCE

even harmonics are canceled due to the symmetric nature of
the nonlinearity, so they are used to build NLTLs that operate
as frequency multipliers [6].

The capacitance of diodes that exhibit nonlinear behavior
in the reverse state can be controlled by changing the bias.
Junction capacitance change (C,) arises from the variation of
the charge carriers in the depletion layer in the p-n region and
the C-V relation can be approximated by [25]

Co

S A+v/vyr

where Cy is the unbiased capacitance, V is the applied voltage,
V; is the junction voltage, and 7 is a grading coefficient related
to the device doping profile (concentration of carriers) which
express the voltage sensitivity of C;. Besides the voltage—
capacitance relation, another important figure of merit of a
varactor is the cutoff frequency ( f;) which is described by [41]

Cy A7)

_ Smax - Smin

fe= 27 R,

where Smax and Spin are the maximum and minimum differ-
ential elastances (inverse of capacitance), respectively, during
a pump cycle and R; is the parasitic series resistance. For
high efficiency, any varactor diode must exhibit low series
resistance Rs and must accommodate a large elastance swing,
i.e., a high Spax/Smin ratio.

The minimum pulse rise in an NLTL is determined by the
Bragg frequency (9), and for pulse propagation in an NLTL
it is required that the diode cutoff frequency be higher than
the Bragg frequency. A shock wave will result if the pulse
rise time is lower than the inverse of the Bragg frequency.
The cutoff frequency is defined as the frequency at which the
capacitive reactance is equal to the series resistance. It is also
a function of voltage, achieving its maximum value at the
breakdown voltage, being an important consideration in diode
selection. Ultimately, the minimum pulsewidth which may be
generated on an NLTL is limited by the diode cutoff frequency
and the total line loss [42].

The oscillation depth and total number of solitons generated
can be increased by varying the nonlinearity and the total
number of stages; however, the conductive and dielectric losses
will dissipate much of the energy of the oscillations. This can
significantly reduce the overall efficiency of the lines with
many stages [22].

(18)

B. Lumped NLTLs With Varactors

Research on low-voltage NLTLs using varactors allows the
investigation of parameters that affect their performance since
the test equipment needed to perform these experiments are
easily found in electronics labs. Fig. 7 shows a 60-section
NLTL assembled on a PCB with surface mounted varactors
and inductors.

The experimental results with low-voltage NLTLs were
presented in [37], reporting the generation of pulse bursts
at frequencies ranging from a few megahertz to 250 MHz.
These lines were constructed using varactors diodes (BB212)
and specially manufactured inductors (air cored and wound
in-house).
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Fig. 7. Capacitive NLTL assembled in a PCB with surface mounted devices.

The results of research on low-voltage capacitive NLTLs
built with varactors and inductors assembled on PCBs reported
the generation of pulses on the order of 100 V with a rise
time of 10 ns [25]. This 48-section NLTL employed inductors
of 1 xH and low-voltage varactors (1N5822). The diodes
presented a capacitance variation between 400 and 70 pF,
when subjected to voltage pulses of the order of 40 V.

Another project investigated the performance of a 30-section
capacitive NLTL constructed with inductors of 2.7 uH and
varactor diodes (BB809). This line resulted in RF signal
generation of the order of 33 MHz [23], concluding that
the propagation of the signal along the line is influenced by
several factors such as the capacitance rate variation (77%),
frequency-dependent losses, and characteristics of the input
signal (amplitude, shape, rise time, frequency, and duty cycle).

Elizondo-Decanini et al. [25] pointed out that the strays on
a nonlinear line assembled on a PCB dominate the minimum
capacitance value. In fact, in NLTLs built with varactor diodes
up to 200 V, the frequency limit is about 250 MHz, causing
above 300-MHz stray impedances in the lumped NLTL which
seriously impair the performance of the line and RF formation
dies away [29].

C. Monolithic NLTLs Using Varactors
Schottky and HBV Diodes

Since the 1990s, several researchers have reported the
construction of monolithic NLTLs, which enables the con-
struction of very compact NLTLs structures loaded with
Schottky or HBV diodes that are fabricated in a semiconductor
substrate. These semiconductors have very high cutoff fre-
quency (THz) but have a breakdown voltage of less than 10 V,
allowing the construction of low-voltage NLTLs.

Rodwell er al. [40] reported the construction of a mono-
lithic NLTL built with a CPW structure loaded by reverse-
biased gallium arsenide (GaAs) Schottky diodes at spacing d,
as shown in Fig. 8. The experiments generated electrical step
functions of about 5-V magnitude and with less than 1.4 ps
of fall time, which allowed for the development of sampling
circuits with bandwidth around 300 GHz. The authors pointed
that in a CPW structure the circuit layout introduces a parasitic
series inductance and shunt capacitance at the diode locations.
However, CPW skin loss is a major parasitic parameter that
must be minimized.

@%'T:?:?Fﬁ

II

—
e

(c)

Fig. 8. Illustration of a monolithic GaAs nonlinear transmission line
(a) circuit diagram, (b) equivalent circuit, and (c) layout. Reproduced from
[40], 0018-9480/91/0700-1194 © 1991 IEEE.
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Fig. 9. Layout of a monolithic nonlinear transmission line constructed with
a finline structure periodically loaded with HBV diodes. Adapted from [6],
1051-8207/00 © 2000 IEEE.

An NLTL implemented in a 90-nm CMOS technology is
reported in [5], with a supply voltage of 1.2 V this line showed
the compression of the input pulse from 37 to 14 ps (62%). The
construction of a monolithic NLTL was presented in [6]; this
NLTL consists of 15 discrete GaAs-based HBV diodes period-
ically soldered across a finline transmission line with tapered
slot couplers at the input and output (Fig. 9). The HBV diodes
presented a capacitance variation of 74% (6.8 pF/26 pF).
This line worked as a frequency multiplier and exhibited
10-dBm peak radiated power at 130.5 GHz with more than
10% frequency tunability at the 3-dB bandwidth and 7% con-
version efficiency. Another frequency tripler using InP-based
HBYV diodes in stacked configuration showed an output power
of 10 dBm with an efficiency of 12% at 247 GHz [7].

Using diodes with variable capacitance in embedded copla-
nar or microstrip line, it is possible to achieve frequency
in the GHz range, but with extremely low power. For very
high Bragg frequencies, diode areas and spacing become
impractically small, and parasitic effects can dominate the cell.
Dissipation is also an issue for very high Bragg frequency lines
since waveguide dimensions must become very small [43].

Experimental results of an NLTL constructed with silicon
carbide (SiC) diodes (C4D05120E) are reported in [25]. This
24-section NLTL was assembled on a PCB using 1-uH
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Fig. 10. Geometry of the periodic gas gap structure: (1) electrodes and (2)
dielectric. Adapted from [44], 0093-3813 © 2007 IEEE.

inductors and diodes which showed capacitance variation from
380 to 40 pF for an input voltage of 100 V. A peak voltage
of 700 V with oscillations was obtained at the output for a
circular configuration.

Experiments [15] with an NLTL-based beam modulator
generated an output signal with peak voltages around 1 kV,
an average current from 1 to 3 mA, and with a pulsewidth
around 2 ns at a frequency of 100 MHz. This NLTL was made
of 78 sections mounted in a PCB using inductors of 120 nH
and reverse-biased SiC Schottky diodes (C2D05120A).

IV. RESEARCH ON NLTLS BASED ON
PERIODIC GAS GAP STRUCTURE

The experimental results on the generation of high-voltage
RF pulses using a 12-section periodic gas gap structure are
reported in [44]. This NLTL has a coaxial geometry in which
the inner cylindrical conductor sections are separated by gas-
discharge gaps (Fig. 10) which cause the delay time of
breakdown to exhibit a nonlinear dependence on the amplitude
of the applied field, and so the central frequency in the pulse
spectrum is a function of the amplitude of the incident TEM
wave. The radius of the central stainless-steel conductor of the
line was r = 59 mm, and the radius of the outer conductor
was R = 100 mm. The dielectric structure was fabricated from
polyethylene. The impedance of the line was 32 Q.

The microwave generation occurs through successive break-
downs of overvoltage gas gaps producing an output signal
which consists of an in-phase composition of RF fields pro-
duced by currents in the periodic gas gap structure of the
inner conductor. Experiments were carried out in a chamber
with the line filled with pure nitrogen that allowed the control
of pressure between 1 and 20 atm. The central frequency of
RF oscillations could be tuned by the gas pressure, with a
range of optimum pressures leading to an energy conversion
of around 10%. The line was driven by a pulse generator
that provided 50 to 250 kV at a maximum repetition rate
of 100 Hz. Experiments were carried out both with a matched
resistive load and with RF irradiation into the free space by a
horn antenna. The authors reported a most stable and efficient
narrow-band operation (0.83-1.12 GHz) of the system with
12 cylindrical gas gaps producing an RF pulse of 200 kV at
1 GHz and an RF power of several hundreds of megawatts.
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Fig. 11. NLTL with periodic gas gap structure: signal from the wideband
receiving antenna (5 ns/div) and the FFT spectrum below (500 MHz/div).
Adapted from [44], 0093-3813 © 2007 IEEE.

Fig. 11 shows a typical waveform of the RF pulse taken by
the receiving dipole antenna 3 m away from the horn antenna
for 12 discharge gaps with a period d = 110 mm, annular
gaps Ad of 4 mm, pressure of 4.7 atm, and supply voltage
of 175 kV.

V. RESEARCH ON NLTLS BASED ON
FERRIMAGNETIC MATERIALS

Research on the construction of coaxial-based NLTLs
loaded with ferrimagnetic materials report the use of fer-
rites beads and inductors made of windings in ferrite cores.
The gyromagnetic properties of ferrites induce high-frequency
oscillations which are reinforced by the nonlinearity in syn-
chronous wave and gyromagnetic NLTLs.

A. Ferrimagnetics Materials

The macroscopic magnetic properties of a magnetic material
are a consequence of interactions between an external mag-
netic field and the magnetic dipole moments of the constituent
atoms. The relative magnetic permeability (x) is defined as the
ratio of magnetic flux density (B) to magnetic field intensity
obtained from the slope of the B/H curve.

Ferrimagnetic materials are characterized by having
domains in which the molecular magnets moments are already
aligned. When a magnetic field is applied the domains progres-
sively align with it. During this magnetization process, energy
barriers must be overcome, giving rise to a hysteresis loop,
as shown in Fig. 12.

Hysteresis in magnetic materials means lagging of the
magnetization behind the magnetizing field and represents the
losses when the material subjected to an alternating magnetic
field. These losses arise due to the limit of magnetization
switching frequency. In the B/H curve, the area of the
hysteresis loop is associated with core losses, which increase
in direct proportion to frequency, since each cycle traverses
the hysteresis loop.
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Fig. 12. Hysteresis loop of a ferrimagnetic material.
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Fig. 13. Example of temperature change of permeability for a ferrite [45].
Adapted from [45], © 2018 TDK Corporation.

Another contribution to losses is the eddy currents which
are induced in the core material by the time-varying magnetic
flux; these currents, in turn, induce flux in opposition to the
initial flux. Due to the high resistivity characteristic in the
ferrimagnetic materials, eddy current losses in the core are
usually much less than those due to hysteresis.

Ferrimagnetic materials are characterized by the tempera-
ture dependence of the magnetic properties. Above the Curie
temperature, the ferrimagnetic materials undergo a phase
transition and become paramagnetic, giving rise to a sharp
change in magnetic properties due to the random orientation
of magnetic moments. The behavior of permeability as a
function of temperature is shown in Fig. 13. After reaching
a maximum value at a certain temperature, the permeability
of magnetic materials drops abruptly (coming to be equal to
the permeability of free space, u = 1) as the temperature rises
further.

Magnetic oxides can be classified as soft (magnetic core
material), hard (magnet material), garnet and hexaferrite. The
literature reports the use of soft ferrite and garnet ferrites in
the construction of NLTLs due to its high initial permeabil-
ity (uj), low coercivity (H.), high intrinsic resistivity, and low
hysteresis losses.

Fig. 14. Synchronous wave NLTL packaged in an aluminum box. Reproduced
from [30], 1-4244-0914-4/07 © 2007 IEEE.

The magnetic properties of ferrites are strongly depen-
dent on their chemical composition and on their microstruc-
ture. Soft ferrites have cubic spinel crystalline structure and
their general composition is MeFe,O4, where Me represents
one or several of the divalent transition metals, such as
manganese, zinc, nickel, cobalt, copper, cadmium, iron, and
magnesium. Commercial soft ferrites are usually composed
by combinations of manganese and zinc (MnZn) and nickel
and zinc (NiZn). Garnet ferrites have cubic centered crystalline
structure and their chemical formula is Me3FesO1,, where Me
is a trivalent ion such as a rare earth metal or yttrium.

B. Synchronous Wave NLTLs Using Ferrites

The investigation on synchronous wave NLTLs using axially
biased ferrite and capacitive crosslinks is reported as a feasible
technique to improve the performance of capacitive NLTLs,
which present the decay of the amplitude of the oscillations
(caused by losses) and wide frequency spectrum [46]. These
lines are usually built with coaxial transmission line configu-
rations, providing simple means of axial biasing and increased
voltage handling capability.

Seddon er al. [30] presented the experimental results of a
synchronous NLTL (Fig. 14) which produced 20-MW peak
power with center frequencies from 200 MHz to 2 GHz
that could be electronically tuned by adjusting the circuit
parameters (L, C, Cx) and feeding a continuous dc bias current
through the NLTL, which allows for the control of the initial
state of the nonlinear inductors. This line was fed by an
electrical input pulse of 30 to 50 kV, with a 10-ns rise time
and a 50-ns flat top and can be operated in phased arrays. The
transmission line is approximately 6 m long, but it was folded
into a serpentine shape and enclosed in an aluminum box
that is 0.5 m square and 0.07 m deep. To provide an electric
insulation, the aluminum box was filled with insulating oil.

Another type of synchronous NLTL reported the con-
struction of a line in a coaxial oil-insulated geometry [32]
that generated RF with tunable frequency in the range
of 0.9 to 1.5 GHz and instantaneous peak power on the order
of 100 MW. This NLTL used an axial bias to control the shock
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Fig. 15.  Output power waveform for two lines of 41 cm (solid line) and
77 cm (dashed line) (a) with no external magnetic field and (b) Hp—40 kA/m.
Reproduced from [44], 0093-3813 © 2007 IEEE.

speed and spatially dispersive geometric structure to provide
a broad tuning range.

C. Gyromagnetic NLTLs

Recently researchers reported the generation of high-power
RF using gyromagnetic NLTLs. These lines consist of a uni-
form coaxial line whose center conductor is encapsulated by
ferrite beads. The biasing field can be provided by a solenoid
wrapped around the NLTL or even by permanent magnets.
The operational frequency can be controlled by varying the
dimensions of the ferrimagnetic material, which affects the
azimuthal magnetic field and material losses, or by varying
the bias field strength.

The experimental results of two gyromagnetic NLTLs built
with NiZn ferrite rings distributed with a step of 9 cm and
length of 41 and 77 cm is reported in [44]. The experimental
setup consists of two uniform sections filled with transformer
oil and the NLTL between them. The NLTL was filled with
transformer oil for increasing the electric strength. The max-
imum amplitude of the input voltage pulse was 295 kV. The
performance of these lines was evaluated with the ferrites
in both unsaturated and saturated condition. The saturated
condition was achieved with the application of an external
magnetic field (Hp < 80 kA/m) generated by a dc solenoid.
The experiments were conducted with a matched load and
signals were measured with broadband capacitive dividers.
Power waveforms at the load for the lines with 41 and 77 cm
are shown in Fig. 15(a) and (b) for unsaturated and saturated
condition, respectively.

The authors observed that increasing the ferrite section
length decreases the pulse duration due to irreversible energy
losses [Fig. 15(a)], while the power integral remains nearly
constant with increasing the system length [Fig. 15(b)]. The
energy conserved in the pulse propagating in the NLTL with
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Fig. 16.  (a) Photograph and (b) general schematic of the gyromagnetic
NLTL RF source used in biological research. Reproduced from [47], with the
permission of AIP Publishing.

saturated ferrite is indicative of a minor role of dissipative
processes in the video to radio pulse energy conversion. With
the ferrites in the saturated condition, the peak power of
oscillations was around 700 MW with the voltage amplitude
of 140 kV. The highest efficiency of power conversion for
the maximum line length was estimated as 10%. The central
frequency of oscillations could be adjusted from 0.6 to 1.1
GHz by varying the amplitude of the input voltage from 110 to
295 kV.

Romanchenko et al. [47] reported the development of a
gyromagnetic NLTL source used in biological research which
is illustrated in Fig. 16. This line produced RF pulses at
frequencies from 0.6 to 1 GHz, with the ability to change
the peak amplitude by about 400 times (52 dB), reaching
a maximum value of nearly 40 kV/cm and decreasing to
tens of V/cm. The experiments were performed using nickel
zinc ferrite beads with saturation field Bg;y = 0.35 T and
coercivity H, = 410 A/m. This NLTL was built in an air-
filled waveguide and was fed by a driver which produced
pulses with 9-ns width whose amplitude can be varied from
150 to 270 kV and optimal bias magnetic field of about
50 kA/m. The approximate length of this NLTL was about 1 m.
This paper also reported on the investigation of the influence
of both the ferrite and the NLTL diameter on the output depth
modulation, and better results were achieved when the inner
ferrite diameter almost coincided with the NLTL inner diam-
eter. In this case, deeply modulated RF pulses were produced.
The effect of the dielectric insulator on the performance of this
line was also investigated. The insulator was used to prevent
voltage breakdown between the inner and outer conductors,
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where the incident pulse varied from 150 to 270 kV. The
efficiency of RF generation of this gyromagnetic NLTL was
evaluated for three types of insulators with different dielectric
properties: SFg (¢; ~ 1), vacuum pump oil (g &~ 2.15), and
castor oil (¢; &~ 4.05). Better efficiency was obtained with
vacuum pump oil. With SFg, the efficiency was lower and
there was a decrease in center frequency while for castor oil
insulation the efficiency is strongly reduced, and the center
frequency is increased. The reduction in efficiency for castor
oil insulation was attributed to high dielectric losses, which
results in the suppression of the NLTL pulse sharpening effect.
The SFg insulation affects the wave velocities so that the
reduced efficiency is probably caused by worsened conditions
for synchronism between the phase and the electromagnetic
shock wave velocity.

The investigation reported in [48] presented the construction
of gyromagnetic NLTLs loaded with NiZn and MnZn ferrites.
Due to the large electric fields found inside the NLTL, a fully
encapsulating dielectric medium (SF¢ pressurized to 680 kPa)
was used as an insulator to prevent breakdown. A secondary
dc power supply provided the necessary current through a
solenoid wrapped around the outer conductor of the NLTL to
produce the axially directed, magnetic biasing field. By alter-
ing the bias magnitude, length of bias, and ferrite, the NLTL
could be actively tuned for specific delay times. These NLTLs
were fed by a single shot pulse around 30 kV. The line built
with MnZn ferrite proved to be too lossy and did not produce
microwaves, while the lines built with NiZn ferrites produced
RF power of 4.8 MW with pulse lengths ranging from 1 to 5 ns
and tuning frequency in the range of 2 to 4 GHz. The NiZn
ferrites had different compositions; however, oscillations with
higher amplitudes were achieved with ferrites that have relative
permeabilities in the upper hundreds and saturation magneti-
zations around 3500 G. This paper also conducted an analysis
of precession frequency of the ferrites using the ferromagnetic
resonant spectroscopy (FMR) technique by measuring the
resonance linewidth, which is directly related to the damp-
ing factor, concluding that for NiZn ferrites with different
chemical compositions, the smaller the resonance linewidth
(a parameter which is connected to the relaxation processes),
the greater the amplitude of the oscillations. However, despite
the MnZn ferrite having also presented a very narrow resonant
linewidth, the NLTL built with this material did not produce
oscillations due to its lower resistivity, which is 5-8 orders of
magnitude lower than the NiZn ferrites.

Chadwick et al. [27] reported the construction of fully solid-
state high-power microwave source that was built using a
semiconductor opening switch diode as a pulse generator and
a gyromagnetic NLTL. This structure produced peak output
power about 90 MW and frequencies between 700 MHz
and 1 GHz.

The suitability of yttrium iron garnet ferrites for use in
gyromagnetic NLTLs was reported in [49]. The generation
of microwave oscillations with peak power up to 200 kW
was noted for an input signal of less than 6 kV with sub-
nanosecond rise time. The resulting output of this NLTL was
radiated, and field levels exceeding 1 kV/m at a target distance
of 3 m at frequencies between 1.7 and 1.8 GHz were observed.
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65°C ——100°C ——150°C

—723°0C
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4 6 g8 10 12 14 16 18 20
Time [ns]
Fig. 17. Influence of the temperature on output oscillations of gyromagnetic
line with 40-kV incident pulse and 19 kA/m bias. The shots shifting from
left to right are increasing in temperature. For color copy: —20 °C—purple,
0 °C—blue, 23 °C—green, 65 °C—orange, 100 °C—red, and 150 °C—black.
Reproduced from [50], 093-3813 © 2012 IEEE.

Bragg et al. [50] reported the temperature dependence of
a ferrimagnetic-based NLTL that had been tested under the
temperature range of —20 °C up to 150 °C. This temperature
range covered a wide range of potential operating temperature
and provided some insight into operational performance above
the Curie temperature. The experiments were conducted with
a single shot operation and the NLTL consisted of a coaxial
line with toroidal ferrites loaded on the inner conductor.
The experiments showed an increase of 50% in peak power
relative to room temperature and a significant decrease of the
frequency between 0 °C (maximum frequency obtained) and
100 °C, shown in Fig. 17. This paper concluded that the exact
mechanisms responsible for power and frequency changes are
not fully understood, and therefore, further experiments are
needed to know the behavior of permeability, relaxation time,
and switching time versus temperature.

The excellent result obtained with a gyromagnetic NLTL
capable of producing RF pulses with estimated peak power
of 260 MW at frequencies around 1 GHz with 100-Hz pulse
repetition rate is described in [51].

The synchronized operation of four gyromagnetic NLTLs
based on the parallel arrangement and loaded onto con-
ical helix antennas is reported in [52]. The experiments
showed that the radiation power density of synchronous four-
channel operation is higher than for one-channel operation for
16 times. An effective potential of radiation of 360 kV at a
center frequency of 2.1 GHz at a pulse repetition rate of 1 kHz
was generated. The general schematic is depicted in Fig. 18(a).
Four identical NLTLs (Fig. 18) had a length of 700 mm filling
by NiZn ferrites with saturation Bsat = 0.4 T and coercivity
Hc = 80 A/m.

This system was driven by RF source producing high-
voltage pulses up to 500 kV. The transformer oil at five-bar
pressure was used for NLTL insulation. Each NLTL was biased
by five sectional solenoids, of which the first two sections were
used for the delay control (about 300 mm of the ferrite filling),
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from [52], with the permission of AIP Publishing.

(a) General schematic of the four-channel high power RF based

while the other three were used for optimal RF generation
(about 400 mm of the ferrite filling).

The effect of the ferrite temperature on the RF phase
between channels was also evaluated. For this purpose, two
NLTLs in a vertical pair were heated simultaneously by
solenoids to temperatures not higher than 50 °C. It was
observed that the delay in the heated NLTLs underwent a
decrease of approximately a quarter-period of oscillations or
higher with respect to nonheated NLTLs. This experimental
result showed an increase in the shock front velocity for heated
NLTLs indicating that the effective magnetic permeability
corresponding to the shock front wave inside the NLTL is
a decreasing function of the temperature.

Another work using four gyromagnetic NLTLs in the
synchronized operation is reported in [53]. The test results
confirmed that using this configuration is possible to achieve
the increase of flux power density in 16 times against that
a single line. The high-voltage signals produced a pulse
amplitude of —175kV at a modulation depth of RF oscillations
to 50% and an effective frequency around 4 GHz. The electric
field strength achieved 250 kV/m at a distance of 3 m from
the antenna.

The energy compression achieved with a high-voltage
sub-nanosecond pulse generator which used a ferrite-filled
gyromagnetic NLTL is reported in [54]. This system
offered technical solution for pulse rise time reduction from
2 ns to 180 ps, increasing the voltage pulse amplitude from
—185 to —325 kV.

VI. DISCUSSION

An overview of relevant frequency and power limits
achieved in experimental results with different types of NLTLs
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TABLE I

OVERVIEW OF RELEVANT EXPERIMENTAL RESULTS WITH NLTLs

Input Frequency Output
Stfructzre MaKt:Zial Pulse Range Peak Ref.
yp (kV) (GHz) Power
CPW HBYV diode 0.008 231-247.5 10 mW 7
Varactor
PCB . 0.02 0.12-0.25 98 W [37]
diode
Parallel Blocks of
Plate Sty +Bag (TiO; 14 0.25-0.40 15,6 MW [19]
PCB Ceramic 30 0.01 - 0.09 2MW  [37]
Capacitor
Coaxial Ferrite 30-50 0.20-2.00 20 MW [30]
. Ferrite
Coaxial (NiZn) 260 0.95-1.45 100 MW [32]
. Ferrite
Coaxial (YIG) 3-6 1.70 - 1.80 200 kW [49]
Coaxial Ferrite 30-50 2-6 1.3 MW [50]
Coaxial Ferrite 30 2-4 30MW  [48]
oaxia (NiZn)
. Ferrite
Coaxial (NiZn) 150 -270 0.60—1.00 3GW [47]
. Ferrite
Coaxial (NiZn) 200 2.0-2.20 200 MW [52]

currently reported in the literature is shown in Table I. The
examination of the constraints related to the materials is
discussed in what follows.

A. Constraints of NLTLs Built With Semiconductor Materials

NLTLs built in CPW structures produced higher frequency
oscillations, however, the miniaturized design showed a low-
power handling capability [7]. The Schottky diodes used
to build this line provided very low values of capacitance
(around fF) providing oscillations around 240 GHz. To achieve
higher frequencies, the dimensional reduction of the diode
junction capacitance is required, but this is limited by the
capability of the technological process of manufacture. On the
other hand, the low reverse breakdown voltage of the Schottky
diodes determined power level limitation. This line showed
losses due to skin effect in the semiconductor and layout para-
sitic impedances associated with the high-frequency operation.

The capacitive NLTLs assembled in a PCB using varactor
diodes have their performance limited by the maximum reverse
breakdown voltage of the varactor. The operating frequency (9)
is related to the minimum capacitance value provided by the
varactor. The maximum frequency is around 300 MHz, since
the stray impedances of the PCB is of order of several pF
for a minimum capacitance value provided by the commercial
available varactors (pF) and of tens of nH for a minimum
inductance provided by the inductors formed on the PCB track
layers [29].
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B. Constraints of NLTLs Built With Ferroelectric Materials

The use of ferroelectric ceramic materials to build high-
voltage NLTLs was reported in [19], [33], [34], [35], and [37],
showing that the operational frequency is limited to 400 MHz.
The best result achieved for RF generation using NLTLs
built with nonlinear dielectric ceramics was reported in [19]
using ceramics blocks based on barium and strontium titanate.
These surveys have demonstrated that: 1) high-voltage values
(around tens of kilovolts) are needed to access the nonlinear
behavior of the relative permittivity; 2) the intrinsic temper-
ature dependence behavior of the relative permittivity is a
critical parameter; and 3) the dielectric loss was the main
constraint for ferroelectric materials, since it can prevent the
RF generation. Furthermore, the difficulty of coupling the RF
pulse from the nonlinear lines efficiently into a linear resistive
load is well known and is caused, primarily, by the voltage
dependence of the line impedance [3], [55].

The analysis of the results obtained with capacitive NLTLs
built with ferroelectric ceramics indicates the need of new
research on ferroelectric materials to find materials with low
dielectric losses at frequencies above 400 MHz. Considering
that chemically different perovskites display very differ-
ent ferroelectric behavior, Benedek and Fennie [56] and
Mulder et al. [S7] reported the connection between struc-
tural distortions and the ferroelectricity in perovskite oxides.
Since prototypical ferroelectrics, such as BaTiO3 and PbTiO3,
do not have structures with octahedral rotation distortions,
the authors suggested that the design of new ferroelectric mate-
rials should pay attention to the structural stability (tolerance
factor) in such a way to avoid the ferroelectricity suppression
caused by octahedral rotation distortions. Using this approach,
the research on different ferroelectric compositions could
reveal useful materials to build NLTLs.

Another non-ferroelectric materials that also exhibit the
nonlinear behavior of the relative permittivity with the applied
electrical field is the bismuth zinc niobate (BZN) [58], [59].
BZN compounds are advantageous over ferroelectric mate-
rials due to the temperature-stable behavior of the relative
permittivity [58]. Several researches have analyzed the cor-
relation between the physical-chemical properties and elec-
trical characteristics of bulk [60], [61] and thin-film BZN
ceramics [62], [63]. There are two main phases in the BZN
system [57]: 1) a cubic pyrochlore phase Biz/ »ZnNb3,207,
called a-BZN phase, with ¢, = 150 and temperature coef-
ficient of & around —400 ppm/°C and 2) a low-symmetry-
structure with monoclinic zirconolite-like pyrochlore phase
BizZn2/33Nb4/307, called f-BZN phase, with ¢ = 80
and temperature coefficient of & around +200 ppm/°C.
Then, from the mixture of the phases, it may be possible
to achieve composites with a zero-coefficient temperature.
Wang [61] reported the investigation of microwave dielec-
tric properties for bulky samples of a BZN-based mater-
ial [(Bij.92Cag.08)(Znges Nbi36)O7] that showed a relative
permittivity of 76, loss tangent of 0.0013 and temperature
coefficient of & of 272 ppm/°C. Research on BZN ceramic
thin films with low losses (~5 x 10™* at 1 MHz) and large
tunability (55%) is discussed in [59]. Since nanosize materials
are known to have properties that are very different from their

bulk counterparts, studies on a possible nonlinear behavior
of relative permittivity of BZN bulk materials need to be
investigated.

C. Constraints of NLTLs Built With Ferrimagnetic Materials

Some characteristics of ferrites have decisive impact on the
performance of gyromagnetic NLTLs: the initial relative mag-
netic permeability (uin), the coercivity (Hc), the saturation
magnetization (Bs), the microwave dielectric losses, and the
temperature dependence of magnetics properties.

The maximum operating frequency of gyromagnetic NLTLs
is of the order of few gigahertz. The initial relative mag-
netic permeability of the ferrite contributes to the operating
frequency (14), although the frequency is mainly affected by
the axial magnetic polarization and the amplitude of the input
field [64]. On the other hand, care must be taken to not exceed
the breakdown voltage of the ferrite.

The dielectric loss value of commercially available fer-
rites is typically stated in their datasheet, but the magnetic
loss is generally unknown. Experiments with gyromagnetic
NLTLs using ferrites with different chemical compositions
(NiZn and MnZn) were conducted in [48]. The investiga-
tion about the correlation between magnetic losses and the
amplitude of output oscillations were made by analyzing
the measurement of the ferrite linewidth. For distinct lines
built with NiZn ferrites with different chemical composi-
tions, the amplitude of microwave oscillations is higher for
the NiZn ferrites with narrower linewidths. The line built
with MnZn ferrites did not produce microwave oscillations,
although these ferrites have shown values of linewidth lower
than for NiZn ferrites. In this case, however, the low value
of resistivity of MnZn ferrites prevented the generation of
microwave oscillations (5-8 orders of magnitude lower than
for NiZn samples) [48].

The efficiency of gyromagnetic NLTLs is strongly related to
magnetic losses of the ferrite materials. The parallel arrange-
ment of four gyromagnetic NLTLs was reported in [52] as
a way to improve the device efficiency. This research also
investigated the connection between the efficiency and the
physical dimension of the ferrite geometry (filling factor),
concluding that the efficiency could be maximized by an
optimal arrangement of ferrite dimensions, bias magnetic field
and the amplitude of the incident pulse.

Due to high-voltage oscillations, gyromagnetic NLTLs
require the use of electric insulation to prevent breakdown,
as 1illustrated by different types of insulator investigated
in [32], [47], and [48]. The efficiency of the gyromagnetic lines
is affected by the insulator due to its dielectric properties [47].

The temperature-dependent behavior of gyromagnetic
NLTL’s performance was reported in [S0]. The unstable behav-
ior of the magnetic properties of the ferrites is responsible
for the variation in the oscillations (amplitude and frequency).
Gyromagnetic NLTLs are also subject to the temperature
rise caused by heat dissipation due to resistive and magnetic
switching losses in the ferrites operating under pulsed repeti-
tion mode.

The development of new ferrimagnetic materials that
present stable behavior with temperature of magnetic
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TABLE 11
PERCENTAGE CHANGE OF CAPACITANCE IN CAPACITIVE NLTLs

IEEE TRANSACTIONS ON PLASMA SCIENCE

TABLE III
REQUIRED PROPERTIES OF NONLINEAR DIELECTRIC MATERIALS

Blement  [OCCnOSe Change - OURM ket
V(;;;g(citeor (from 2764 t(()f)6.8 pF) 130 GHz r°}
S((:i}ilg(titl( Y (from 49535 (:/((; 30 pF) 100 MHz (3]
Vgirg(cit:or (from 5767 too/013 pF) 33 MHz 23
CCa;r;gltiocr (from glt;%())7 pF) 16 MHz 23
S(c:ili]g(tlttl; Y (from 32?)2/3 40 pF) 23 MHz =
Vgirgzteor (from 5763 ;)(/;)50 pF) 230 Mz Bl
;;{:gi:r (from 1830()(;).38 nF) 4 MHz B

properties is clearly needed. The research of gyromagnetic
NLTLs using nickel-zinc—cobalt ferrites would probably pro-
vide a more stable temperature behavior because cobalt is
a bivalent cation that has an ionic radius similar in size to
the zinc and nickel atoms and also has the highest Curie
temperature among the chemical elements too. However,
the investigation about the effect of the cobalt addition on the
magnetic properties and as result on the performance of the
NLTL is also required.

D. Required Characteristics of New Materials

The nonlinearity of capacitive elements is an important
characteristic which enables the RF generation in capaci-
tive NLTLs. Table II presents a summary of the nonlinear
capacitive behavior discussed in different experiments reported
in the literature. It can be observed that the construction
of capacitive NLTLs using nonlinear components with low
values of capacitance allows the generation of high frequencies
oscillations [see (9)]. Furthermore, the wide operating range
of the capacitance is essential to produce oscillations with
high values of peak amplitude and VMD. The generation
of RF oscillations was observed for a percentage change of
capacitance values higher than 62% [37].

Another import characteristic of nonlinear dielectric mate-
rials used in capacitive NLTLs is the dielectric losses that
occur in dielectric materials due to the relaxation frequency
of electrical dipoles and could prevent the RF generation.
In [33], the relaxation frequency of barium strontium titanate
is estimated as 1 GHz. The dielectric strength (breakdown
voltage) will place a limit on the maximum power handling
capability. The main properties of nonlinear dielectric material
and their influence on the performance of the capacitive
NLTLs are listed in Table III.

In the literature, experiments with gyromagnetic NLTLs
reported the use of NiZn, MnZn, and YIG ferrites. Better
performances were achieved with NiZn ferrites, which are

Effects on NLTL

Property Required Values

Performance
. . . Percentage change of
High nonlinearity Capaci%ance Wtigth
behavior of relative el ) e Sl High operating
permittivity with ot e s frequency
applied voltage [37]
To allow the
. construction of
xig;::in ::0 l:rvrrli\;tailuift:s nonlinear capacitors High operating
V[3p3] vity with values around pF frequency
(depending on the size
of capacitor)
Low dielectric losses Ig:eg;luggz;a;f;
(s bR . Higher than 1 GHz higher RF
frequency of electric conversion
dipoles [33]) e —

TABLE IV
REQUIRED PROPERTIES OF FERRIMAGNETIC MATERIALS

Property Effects on NLTL Performance

High relative permeability High operating frequency

D e il Low magnetic loss which allows

high RF conversion efficiency
Narrow resonance linewidth

Low magnetic field to achieve the

L ration flux . . .
ow saturation flu saturation condition of the ferrite

characterized by relative permeabilities in the upper hundreds,
saturation magnetizations around 3500 G and high resistivity
(>10° Qm) [48].

The experimental results of a gyromagnetic line using
YIG ferrites [49] showed that this line was driven by input
voltages up to 6 kV, which is a lower value than the input
voltage required to drive gyromagnetic NLTLs build with NiZn
ferrites, indicating that the YIG ferrites presented a lower
value of saturation magnetization. Additional investigations
are required to accurately determine the ranges of values of
properties of new materials. Mostly, the main properties of new
ferrimagnetic materials and their influence on the performance
of NLTLs are listed in Table IV.

The research on high-performance dielectric and ferrimag-
netic materials is a great challenge since the desired properties
depends on the structural phase transformation at Curie tem-
perature, motivated by the fact that the use of cooling systems
is an expensive and complex alternative, but may be needed
for NLTLs operating at higher repetition rates (kHz). The
internal heating due to thermal energy dissipation inside the
materials should also affect the ferroelectric and ferrimagnetic
properties. Moreover, the development of new materials should
involve the characterization of their required properties as the
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nonlinear behavior of relative permittivity and permeability,
breakdown voltage, damping factor, dielectric losses, magnetic
losses, and temperature stability.

VII. CONCLUSION

NLTLs have proven to be a robust, low cost, and fully
solid-state technology for many applications in high-speed and
wide bandwidth systems that require pulse sharpening and RF
generation. Currently, the main achievements related to NLTLs
reported in the literature can be classified as follows.

1) High-voltage capacitive NLTLs built with ferroelectric
ceramic blocks based on strontium barium titanate have
shown RF generation in frequencies of up to 300 MHz
and peak power of 15 MW. Such lines required the
application of high input pulses around tens of kilovolts,
which allowed the access of the nonlinear dielectric
behavior;

2) Low-voltage capacitive NLTLs which can be divided
in two groups: 1) lines that were able to produce RF
at frequencies up to 300 MHz with peak voltages up
to 1000 V, assembled in a PCB using commercial
inductors and varactors diodes and 2) lines with mono-
lithic or coplanar geometry having small dimensions
were able to operate in frequencies up to 300 GHz, but
with extremely low power. In this case the limitation
is related to the parasitic layout effects and minimum
geometries of the varactor diodes;

3) Gyromagnetic NLTLs able to generate signals up to
6 GHz with peak power levels reaching hundreds of
megawatts. These lines were built usually in a coaxial
transmission line configuration and besides the appli-
cation of high input pulses from tens to hundreds of
kilovolts they require the use of a high current source
to provide the axial biasing magnetization.

The performance of NLTLs is strongly related to the proper-
ties of nonlinear ferroelectric and ferrimagnetic materials that
are employed. The improvement of the performance of NLTLs
is still hampered by the lack of materials that present simulta-
neously nonlinear behavior, low losses, and thermal stability.

The literature reports the construction of capacitive NLTLs
constructed with ferroelectric materials, in which the nonlinear
behavior arises from the symmetry breaking (distortion) of
the crystalline structure, which in turn is associated with
the Curie temperature. However, the research on nonlinear
dielectric materials that are non-ferroelectrics is a possibility to
be investigated. The development of new nonlinear dielectrics
materials for NLTLs requires materials that show the following
characteristics:

1) nonlinear capacitance dependence on voltage, meaning

a capacitance ratio above 62 percent [37], low values of
capacitance are also needed to achieve higher frequency
values;

2) low losses, avoiding the energy dissipation and, therefore
increasing the conversion efficiency of the NLTL above
400 MHz up to microwave frequencies;

3) thermal stability of the relative permittivity, being a key
factor to achieve a good performance of NLTLs in the
range of the use.

The improvement of the performance of gyromagnetic
NLTLs demands the development of new magnetic materials
which present high initial saturation magnetization, lower
saturation flux density, low losses at microwave frequen-
cies, and the thermal stability in the range of use. Finally,
the achievement of a stable behavior over a broader operating
temperature range would allow the application of NLTLs in
wider areas such as military and aerospace devices, which can
involve pulse repetition of tens of kHz.
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