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Abstract: In the past few decades, Pulsed Power (PP) has been one of the fastest growing tech-
nologies, with more and more systems frequently emerging in domains such as civil, medical and
military. These systems are based on high-voltage pulses, up to several hundreds of kilovolts, with
temporal parameters ranging from microsecond levels to sub-nanosecond levels. One of the biggest
challenges in this technology is the accurate and precise measurement of the generated PP. The PP
measurement systems must possess high-voltage and wideband properties simultaneously, which
is often conflicting. The central elements of a PP measurement system are a voltage divider and a
termination load. The work presented in this article is dedicated to the second element of the PP
measurement system. This paper describes the development of a 50 () coaxial termination load and its
connectors for a high power ultrawideband (UWB) pulse measurement systems. The principle roles
of these devices are to serve as a dummy matched load for the former and to facilitate the connections
between different components of the pulse measurement system for the latter. These devices are

lc‘f;edc:tfgsr designed to withstand pulse voltage amplitudes at least up to 500 kV with temporal parameters,
Citation: Khan, M.S.; Agazar, M.; Le such as rise time and pulse duration, varying from nanosecond to sub-nanosecond ranges. The main
Bihan, Y. Design, Simulation, and challenge in the development of a high-voltage UWB termination load is the tradeoff between the
Fabrication of a 500 kV high-voltage and wideband characteristics, both of them requiring opposite dimensional aspects

Ultrawideband Coaxial Matched for the load device. This challenge is overcame by the special exponential geometry of the load
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critically dimensioned shielding conductor of an exponential inner profile. This shrinking coaxial
structure makes it possible to maintain a good level of matching all along the 50 () load. The results
obtained through 3D electromagnetic modeling and vector network analyzer measurements show
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Gockenbach device. Moreover, calculations demonstrate that the load device is very well adapted for nanosecond
Received: 15 November 2023 and sub-nanosecond pulses with voltage peaks as high as 500 kV. These results demonstrate the
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Attribution (CC BY) license (https://  Of pulses, to deliver a very large amount of power to a given load or in other words to a
creativecommons.org/ licenses /by / given application. Since their establishment in the 1960s, these technologies have found
40/). applications in various domains and have now become one of the rapidly growing areas
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of research [1-9]. This is principally due to the fact that these pulses have relatively low
energy content though they are capable of delivering very high levels of power. Historically,
typical loads were primarily defense- and military-related applications, such as, among
others, high-frequency transmitters, radars, satellites, space probes, pulsed power thrusters
and intense electromagnetic interference antennas. However, after declassification of many
of these works, several civil and medical applications have emerged in recent years. Among
them, the most important ones are ground penetration radars (GPR) [10-12], X-ray ma-
chines [13,14], cancer treatment [15-19], monitoring of human organs [20], pasteurization
of food [21] and electromagnetic vulnerability testing of electronic equipment [22], proving
the strong potential for innovation that lies behind these technologies. For these applica-
tions, nanosecond and sub-nanosecond pulsed power needs to be measured with good
levels of accuracy in order to achieve better control of the voltage impulses used in terms
of amplitude and time parameters. This will provide a better knowledge of the pulse and
avoid any side-effects and unnecessary irradiation of the targeted objects. The measure-
ments of the pulsed power are often carried out through voltage sensors [23-28]; however,
another important element in the measurement setup is the load device. It fulfills two
important roles. The first one is the termination impedance matching to the characteristic
impedance of the transmission line coming from the pulse source. The second one consists
of the dissipation of the energy present in the incident high-voltage pulse. Consequently,
for the high-voltage UWB pulse termination load, a fast response time, low-inductance
with a wide frequency bandwidth (f), at least up to 2.5 GHz for sub-nanosecond pulses of
rise times (t,) down to 140 picosecond, f. = % [29], and high insulation properties must
be achieved simultaneously. Several measurements systems based on a voltage divider and
a matched load have been published [2,24,28,30-42]. However, three main issues can be
identified in the termination load devices used in these setups:

e  They do not have a sufficient broadband frequency to measure pulses with rise times
in the range of few hundreds of picoseconds and fall times going down to a few tens
to hundreds of nanoseconds.

e  More importantly, the amplitudes levels are limited only up to a maximum of a
few hundred kilovolts. Therefore, these systems are not suited to measure voltage
amplitudes up to 500 kV levels.

e  The absence of connectors makes these systems rigid and they lack flexibility which
makes it difficult to calibrate each component separately to avoid their footprint.

In this work, a UWB 50 Q) load device capable of withstanding voltage peaks up
to 500 kV is obtained with a special load geometry, which is studied thoroughly and
presented together with the electromagnetic modeling and the mechanical conception.
In addition, the connectors capable of withstanding voltage peaks as high as 500 kV are
unavailable in the market. Connectors are therefore developed with a 50 Q) characteristic
impedance, as the main transmission line characteristic impedance, and are capable of
providing good insulation to the voltage amplitudes at least up to 500 kV for nanosecond
and sub-nanosecond pulses.

The article is arranged as follows. Section 2 describes the conception of a UWB 500 kV
coaxial 50 Q) device, including the choice of the different elements such as the 50 () resistor
and the main line insulator. The theory behind a reflection-free load device together
with the electromagnetic simulations with real materials fed into the model as a proof of
concept are also presented in this section. In Section 3, details about the fabrication of the
high-voltage connectors and their transition cones (transmission lines with progressively
varying diameters) are presented. Section 4 is devoted to the high-frequency and high-
voltage characterization of the devices developed in this work, and the obtained results are
presented and discussed. Section 5 briefly gives an overall view of this work describing the
main challenge, methodology and assumptions. Finally, Section 6 summarizes the main
achievements of this paper.
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2. Conception of Broadband 500 kV Coaxial 50 () Load

A coaxial termination load mainly consists of three elements, namely, a resistor as the
central line element, a metallic shielding and an insulator between them, as presented in
Figure 1. In the domains where high power as well as high frequency is concerned, such is
the case in this work, the transmission line terminations should be built in such a way that
the incoming energy from the incident pulse is absorbed as much as possible, which would
result in a minimum reflection of the incident pulse. The following sub-sections describe
the optimization of the main elements necessary to fabricate a broadband 50 (2 load device
capable of withstanding voltage peaks as high as 500 kV.

Thin film or pockets of air at resistor-
insulator interface (breakdown path)

Insulator Shielding

Short circuit

Metallic contact Resistive element Metallic contact

Figure 1. Longitudinal cross section of a load device with probable presence of air at the resistor and
insulator interface.

2.1. Choice of the 50 Q) Resistor

For high power, an important property of the load device is to guarantee a sufficient
high-voltage insulation. However, the inevitable presence of the thin layers or pockets of
air at the resistor-insulator interface and even in the tubular cavity of the resistor could
drastically reduce the dielectric strength of the whole load device and could eventually
cause flashovers between the metallic contacts of the resistor. As a solution, relatively long
resistors are used as the resistive element constituting the PP coaxial loads. Therefore, for
the conception of the 50 () termination load device, the choice of an appropriate resistor for
the coaxial load is critical. It should possess the following properties:

A low-inductance resistor with a DC resistance value of 50 Q).

A sufficient high-voltage insulation and an adequate level of separation between the
metallic contacts of the resistor to avoid flashovers. These flashovers could also appear
at the resistor-insulator interface, as indicated in Figure 1 by the dotted line represent-
ing air pockets. The flashovers could be transmitted to the measuring instruments
present in the measurement circuit, resulting in their breakdown.

e Abulk resistor for better energy dissipation. The load, apart from its principal role of
matched termination of the transmission line, is also destined for the dissipation of
the energy present in the incident pulse. Bulk resistors facilitates this process.

e  High specific heat of the resistive material used to avoid excess heating of the load.
Materials with low specific heat constituting the resistor could rise rapidly in tempera-
ture and cause extra heating of the load. This heating could therefore change the value
of the resistor and the 50 2 value of the load resistor will not be assured.

In search of the abovementioned properties, different resistors, such as wire-wound
resistors and thin film resistors, were tested. However, for the lengths of resistors necessary
to avoid flashovers between their metallic contacts for voltage peaks up to 500 kV, these long
resistors presented high inductance values and poor energy dissipation properties. Finally, a
tubular low-inductance bulk ceramic resistor with embedded metallic conducting particles
was chosen. Unlike a film resistor, which typically comprises a “thin” or “thick” conductive
film deposited or printed onto a non-conductive, insulating flat or tubular, usually ceramic,
substrate, the chosen ceramic composition resistors consist of a matrix of conductive
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metallic particles that are mixed with ceramic materials, formed into a desired shape and
then fired at very high temperatures. Furthermore, the bulk construction advantageously
produces an inherently low-inductance resistor, a property inversely proportional to the
bandwidth of the resistor. This construction facilitates a uniform distribution of energy
and power throughout the entire ceramic body, which helps to withstand high operating
temperatures with, at the same time, high power dissipations.

A 30 cm long 50 Q) (50 Q) £ 10%) nominal value resistor (889SP500) based on this
manufacturing process from OHMITE was chosen. The separation between the metallic
terminations (length of the resistive bulk) is 26 cm, which is more than sufficient to avoid
flashovers between them due to the presence of air. Indeed, to avoid flashovers in the air,
which has generally a dielectric breakdown strength of around 30 kV/cm, a minimum
distance of at least 17 cm is needed for pulses of peak voltages of 500 kV.

2.2. Main Line Insulator

Virgin-grade PTFE was chosen to be the dielectric present between the 50 () resistor
and the shielding for its low dielectric constant and high dielectric strength. The PTFE di-
electric was characterized in terms of its complex relative permittivity (¢;) and loss tangent
(tan 6) up to 1 GHz through S-parameter measurements using a vector network analyzer
(VNA) and the method described by Nicolson and Ross [43]. For these measurements, a
cylindrical sample of length d = 5 cm of the PTFE is placed in a coaxial waveguide of char-
acteristic impedance Zy with only air as a dielectric, without the sample. The measurement
is performed after calibrating the VNA using a “Through, Reflect, Line” method, and the
S-parameters of the coaxial guide were measured [44,45]. This waveguide is presented in
Figure 2, where &1 and p; represent the complex relative permittivity and relative perme-
ability of the PTFE sample, respectively, and Z represents the new characteristic impedance
of the same coaxial waveguide with the PTFE sample as dielectric material.

Coaxial waveguide Z,

PTFE sample
Z

€1, M

| d |
Figure 2. Coaxial waveguide with a PTFE sample for S-parameter measurements.

Through the measured S-parameters (S1; and Sy1), the relative complex permittivity
of the PTFE is obtained by Equation (1) [43]:

.[(1—R
€ :](1+R) (% X ZnT) 1)

where ¢ is the speed of electromagnetic wave in vacuum, w is the angular frequency and
the coefficients R and T are defined as follows:

R

+1 @)

5112 —Su*+1 N S112 = Sy2+1
2511 45112

and
~ 1—(S1+511)R

T = 3
5,1 +511—R ®)
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The measured values of the real part of &1 and of tan § through the VNA up to 1 GHz
for the PTFE sample is presented in Figure 3. Their average values were found to be
2.03 £ 0.07 and 0.003 = 0.006, respectively, in the concerned bandwidth from 50 MHz to
1 GHz for 340 equally spaced measurement points. The measurement uncertainties are
given with a coverage factor of k = 2. The measurement values of the real part of ¢; and tan
¢ are fed into the EM simulations of the designed load, presented in Section 2.4, within the
measurement uncertainty limits.

2.044
2.042
2040 |
2,038 |
2036 ||

| J1 ")"._
2.03a T .
2.032 [
03, [
2.030 1

Real part of complex g,

2.028 '
2.026

2.024
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(a) Frequency (MHz)

0.018

0.016

0.014

0.012

0.010

0.008

tan é

0.006
0.004
0.002

0.000
0 200 400 600 800 1000 1200

(b) Frequency (MHz)

Figure 3. Measured values of the properties of the main line PTFE insulator up to 1 GHz; (a) real part
of the complex permittivity £1; (b) loss tangent tan .

2.3. Theoretical Analysis of a Reflection-Free Load

The characteristic impedance Zj of a loss-free coaxial transmission line can be deter-
mined by Equation (4):
1
L [Hok1g, € 4)

Z =
0~ ox €0€1 a

where:

to: permeability of free space (1o = 1.25663706212 x 10~¢ H/m);
u1: relative permeability of the dielectric of the transmission line;
go: permittivity of free space (g = 8.8541878128 x 10712 F/m);

€1: relative permittivity of the dielectric of the transmission line;

c: inner radius of the metallic shielding of the transmission line (m);
a: radius of the central conductor of the transmission line (m).
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Furthermore, the reflections are quantified by the scattering reflection coefficient (S11),
shown in Equation (5) for a uniform coaxial transmission line with characteristic impedance
Zy, terminated by a load of impedance Z :

_Zp— 2y

Gy = 2L =0
=77

®)

It can be easily concluded from (5) that for the case where the transmission line is
terminated by an impedance equal to its characteristic impedance, i.e., Z} = Zy, the refection
coefficient value will be zero and the incident pulse can be measured accurately. However,
it is difficult to develop a broadband termination load with a zero-reflection coefficient
value, especially in the high-voltage domain that imposes uncompressible dimensions of
the elements used to fabricate the load device for a sufficient level of high-voltage insulation.
The values of 517 directly contribute to the measurement uncertainty and, consequently;,
larger values of 1517 | could lead to increased measurement uncertainty. For example, in
the case of modeling of a normal cylindrical 50 () termination load through CST Microwave
Studio®, presented in Figure 4a, with a 30 cm long and 12.7 mm radius ceramic resistor
enclosed in an aluminum shielding with a radius of 42.55 mm with PTFE as insulator
between them, it can be observed that a significant amount of the incident signal is reflected
back, as high as 20%, due to mismatching, as shown in Figure 4b.

(a)

(b)
08
E Incident signal
g 06 |
3 g
s 0.4 :
% 2;’ Reflected signal
2 lZ \ z =‘1 02! \ /
\ LY VH— o L ; ;
— - : ‘ - \/ﬁ/——
Load Input PTFE  Metallic  Normal 50 Q 50 Qresistor  Short circuit oz o 05 1 2 25

PR 15
dielectric ~ shiclding coaxial line Time (ns)

Figure 4. (a) Modeled normal cylindrical high-voltage 50 () coaxial load; (b) incident and reflected
signals of the modeled geometry.

This level of reflection as obtained is principally due to the size of the resistor. At
higher frequencies, in the case of rapid pulses, this resistor lose its discrete properties since
its length is no longer negligible in comparison to the wavelength of the travelling pulses.
This phenomenon results in a mismatching of the load impedance to the characteristic
impedance of the transmission line, causing a significant amount of reflection. It could
cause, then, a superposition of the reflected pulse to the measured pulse and, in some cases,
it becomes difficult to discriminate from the real pulse and the reflected one.

Nevertheless, the reflection coefficient value can be minimized through some special
geometrical compensations. Theoretically, to obtain reflection-free performance of the load,
as demonstrated by Harris [46], the characteristic impedance of the coaxial line enclosing
the resistor at any cross section must be equal to the load resistance beyond that cross
section. Considering Ry as the total resistance of the resistor and R(z) being the remaining
ohmic resistance at a distance z from the short-circuited end of the resistor of total length [,,
then R(z) can be written as follows [47]:

R
R(z) = z7° ©)
Therefore, for reflection-free transmission, as stated before, the value of R(z) must be
equal to the local characteristic impedance Zy(z) of the coaxial line at any point z, which is

given by Equation (4). This leads from the Equations (4) and (6) to the following equality:

Ro 1 Jpop1, ¢
0 2 In-= 7
z I, 27\ epeq n a @
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From Equation (7), given that a is a constant determined by the radius of the resis-
tor, the required profile of the outer radius ¢ of the metallic shielding can be calculated

as follows:
27‘[ZR0

¢ = ae Zwlr (8)

where Z, = ,/ % is the plane wave characteristic impedance in the dielectric of the

coaxial line.
Equation (8) results in an exponential profile for the shielding, shown in the Figure 5.

Z, = R(2)

| a T P——

Z=0

—~~— Cylindrical

resistor

" Metallic exponential
shielding
2mZRy
« l, g c = ae Zwlr

Figure 5. Exponentially tapered profile of the inner radius of the shielding as defined by Equation (5).
The vertical hatched line shows an example of the reflection-free condition, where the characteristic
impedance of the line Zz is equal to the remaining ohmic resistance R(z) at this longitudinal
cross section.

There are further improvements in the shielding conductor profile which have been
published in the literature [47,48], such as tractorial terminations based on a tractrix profile,
which is a steeper form of the exponential profile. However, for the resistive loads with
a long resistive element for better insulation from flashovers, the difference in the results
announced are not that overwhelming [47].

2.4. Electromagnetic Simulation of Exponential 50 Q) Load

The CST Microwave Studio® software is used to perform the electromagnetic modeling
and the optimization of the 50 () load device based on the exponential profile of the
shielding conductor given by Equation (8). To evaluate their differences, both a normal
cylindrical profile as in Figure 4 and an exponential coaxial profile as in Figure 5 for the
same resistor and the same insulating material are modeled. A 50 ) tubular ceramic
resistor 30 cm in length was modeled as the central conductor with an outer radius (a) of
12.7 mm. This resistor was put in a normal cylindrical coaxial line with an inner radius of
the shielding aluminum conductor (c) of 42.55 mm, calculated to attain a 50 (2 characteristic
impedance all along the resistor length with PTFE as the dielectric. Later, the exponential
profile was modeled for the shielding conductor. The results of this modeling in terms
of reflection coefficient and Time-Domain Reflectometry (TDR) response are presented in
Figure 6a and Figure 6b, respectively.
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e

(a) Female connector

Figure 6. Comparisons between the responses of the two geometries of the load; (a) reflection
coefficient (S11) and (b) TDR responses.

The modeling results presented in Figure 6 prove the better matching capabilities of
the 50 (2 load based on exponential geometry, which is a key requirement for the accurate
and precise measurements of the pulses through the pulse measurement systems. In light
of the superior quality of the frequency adaptation results obtained from the modeling of
the exponential geometry, a coaxial 50 () load device is fabricated and characterized. The
characterization results will be presented in the Section 4, after the development of the load
connection devices shown in Section 3.

3. Development of High-Voltage Connectors and Transition Cones

The connectors are necessary to connect the different elements of a measurement
system together, such as the load to the voltage probes and even the complete measurement
system to the PP generator for measurements. In the best-case scenario, to avoid any
further adaptations and mismatching problems, their dimensions and the characteristic
impedance should be equivalent to that of the elements they would connect together.
However, connectors capable of withstanding voltage peaks of 500 kV are unavailable in
the market. The geometry of the female and male connectors developed in this work are
presented in Figure 7a and Figure 7b, respectively. They possesses a 50 () characteristic
impedance and are capable of providing good insulation to the voltage amplitudes at least
up to 500 kV for nanosecond and sub-nanosecond pulses.

Shoeldzg

'
N
5]

— Reflection coefficient

!
A
S

Ceztral condactor Transmission coefficient

|
-
=]

(b) Male connector

|
Y

|
N
o o
o

Breakdown path

S-Parameters (dB)

5 YA

190 Jemee \/ Y v

-140

(d) -160
0

0.5 E 2 L5 2 25 3
F (GHz)

L

T

(c) Connectors meeting

Figure 7. Modeling of the connectors; (a) female connector; (b) male connector; (c) meeting of male
and female connectors; (d) reflection and transmission coefficients of the connector assembly as
shown in (c).

Sufficient security measures against flashovers and dielectric breakdown are taken
in the design of these connectors. This is principally due to the meeting surfaces of the
dielectric in the connector which could cause flashovers if they are not designed properly
with respect to the dielectric breakdown strength of the air. The Breakdown path is mentioned
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in Figure 7c. Hence, the breakdown path for the connectors is designed to be 27 cm with
10 cm of margin from the actual length needed.

The mating geometry of the connectors, presented in Figure 7c, is modeled on the
CST software using real material properties, such as aluminum for the shielding, PTFE
as the dielectric and copper as the central conductor. The waveguide ports are placed at
the extremities and the results obtained in terms of the reflection coefficient (S11) and the
transmission coefficient (Sz1), presented in Figure 7d, are analyzed. Extremely low values
of around —100 dB are obtained for the reflection coefficient, whereas the transmission
coefficient values were found to be around 0 dB for frequencies up to 10 GHz, proving
that the integration of these connectors in the measurement system to connect different
components together would have negligible effects on the measured waveform. Further-
more, these connectors can be easily adapted to be inserted in any coaxial device through
adaptors that can be easily designed.

To facilitate the VNA characterization of the exponential 50 () load, transition cones
with progressively varying diameters are developed to keep a constant characteristic
impedance while ensuring a transition between the dimensions of the high-voltage con-
nectors and the Type-N connectors, which are present at the input of the VNA. These
VNA characterizations are performed in terms of S-parameters at low power levels. The
transition cones possess male or female high-voltage connectors at one end, and Type-N
connectors at the other end. Photographs of the fabricated 50 (2 load device and transition
cones are presented in Figure 8.

(@)

il

High voltage chnc connector 50 Q Exponential Load

Type-N connector High voltage High voltage Male
Female connector connector T Type-N connector

Figure 8. (a) The 50 Q) exponential load; (b) transition cone with high-voltage female connector and
(c) transition cone with high-voltage male connector.

4. Characterization

During the first phases of validation and testing, each of the developed components,
such as the 50 () exponential load, high-voltage male and female connectors and the
transitions cones, are tested mechanically for their final dimensions and integration into
each other. After these mounting tests, each of them are characterized separately, thanks
to the connectors developed, in order to measure their frequency responses from tens of
kilohertz to a few gigahertz in terms of S-parameters through a VNA. These results are
then compared to results obtained from the EM modeling of the same components using
CST Microwave studio®. On the other hand, the high-voltage characteristics of the 50 Q)
exponential load are confirmed through the heat dissipation properties of the 50 () bulk
ceramic resistor and through the calculation of the temperature rise in such by the passage
of a modeled 500 kV pulse.

An Agilent VNA E5071C [49] with a frequency bandwidth ranging from 9 kHz to
4.5 GHz is used for the S-parameter measurements. Prior to the measurements, the VNA
is calibrated to remove the systematic errors terms: directivity, source match, reflection
tracking, transmission tracking and load match. This calibration is performed through
the “unknown thru method” [50]. This method is based on the use of three impedance
standards (open, short and 50 () loads) and an additional unknown thru connection.
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1000

This latter is a transmission line for which the characteristics are determined during the
calibration process.

4.1. Characterization of Connectors and Transition Cones

The frequency responses in terms of S-parameters of the high-voltage connectors
with the transitions cones are measured through the calibrated VNA to evaluate their
footprints. The two-port measurement setup is presented in Figure 9, where the two
Type-N output connectors of the transition cones are connected to the VNA inputs. A
comparison between the moduli of the S-parameters obtained through these measurements
and the CST modeling up to 3 GHz is presented in the Figure 10.

VNA

TransitiV
cone Transition
cone
Female
connector Male

connector

Type-N
Port 2

Figure 9. S-parameter measurement setup for transition cones and high-voltage connectors.
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(d)

Figure 10. Comparisons of measured and modeled moduli of the S-parameters of the assembly
of the transition cones with high-voltage connectors up to 3 GHz; (a,b) reflection coefficients,
(c,d) transmission coefficients.

It can be observed from Figure 10 that the reflection coefficients (511 and Sy;) are in very
good agreement between the modeled and the fabricated transition cones with high-voltage
connectors. However, a small difference can be noticed in the comparisons between the
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measured and modeled transmission coefficients (S;; and Sy;). This is principally due to the
mechanical imperfections in the realization of the conical cavity, for the central conductor,
of the PTFE dielectric used in the transitions. Indeed, during the fabrication process, it
was noticed that the 170 mm long conical cavity at the center of the PTFE cone presented
some anomalies due to the passage of the drilling instrument and was not smooth. Taking
into account the acceptable values of the measured transmission coefficient up to 2 GHz
(—0.23 dB), it was decided to move forward with these imperfections.

4.2. Characterization of 50 () Exponential Termination Load

The reflection coefficient of the fabricated 50 () exponential load is measured though
the calibrated VNA. The one-port measurement setup is presented in Figure 11 and the
comparison of measured and modeled results of the reflections coefficients and the modulus
of the impedance (Z) at the input of the load are presented in Figure 12.

50Q
Termination Load

Female —
connector

~~ Transition

cone

T Male

connector

—Type-N

Port 1

Figure 11. Reflection coefficient measurement setup for the 50 () transmission line termination load.
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Figure 12. Measurements of the 50 () exponential load compared to the modeled load, (a) reflection

coefficients, (b) impedance at the input of the load, shaded space represents the absolute measurement

uncertainty of 5 Q) with a coverage factor of 2.

The results presented in the Figure 12 show that the measurements of the reflection
coefficient of the 50 () exponential load are close to the modeling results, at least up to the
concerned high-frequency limit of 2.5 GHz within the absolute measurement uncertainty
of 5 (), obtained through statistical methods, with a coverage factor of 2. The maximum
measured value of the reflection coefficient (S17) is found to be —27 dB up to 2.5 GHz. The
small differences observed between the modeling and measurements are principally due to
the mechanical tolerances that are necessary for the fittings of the different elements of the
load and the high-voltage connector. Furthermore, these elements are of tens of centimeters
in length, around 50 cm for the PTFE dielectric, for which the control and the corrections of

the coaxiality are often difficult to perform.

4.3. High-Voltage Characterization

A similar ceramic bulk resistor (889SP500) as mentioned in Section 2.1 with 51.5 Q)
DC resistance is tested with applications of different pulses to evaluate the deviation of its
resistance value from the DC value independently of the high-frequency characteristics of
the resistor. The schematic of the measurement setup is presented in Figure 13.



Energies 2024, 17, 166

12 of 16

Oscilloscope

Current Monitor 5 N ¥
A 3

\
= n

____ Voltage sensor
> —a

Pulse generator

I (| R
ARR—

Figure 13. Measurement setup of the pulse behavior testing of the 50 (2 ceramic resistor.

The current pulse converted to a voltage pulse by the current sensor and the voltage
pulse at the extremities of the resistor are measured simultaneously on an oscilloscope.
The output of the current sensor is further converted to obtain the peak current value Ipeq
and, through the voltage peak value measured by the voltage sensor V., the value of the

resistance (mek / Ipmk) is calculated. Pulses of voltage amplitudes varying from 17 kV to

50 kV with a rise time of 230 ns and a duration of 25 us are generated from a high-power
pulse generator and were applied to the ceramic resistor. These pulses, at a 50 kV voltage
level, represent around three times the total pulse energy of a 500 kV pulse with a rise time
of 1 ns and a duration of 100 ns. The resistance value is presented in Figure 14a as a function
of the pulse amplitude. It can be noticed that the measured values of the resistance are in
agreement with the DC value within the evaluated absolute measurement uncertainty of
2 () with a coverage factor of 2. In addition, to evaluate the heating effect of the resistor,
1000 continuous pulses at an interval of 1 s with pulses of 12 kV voltage amplitude and
a rise time of 1.2 us with a duration of 50 us were applied to the ceramic resistor and the
resistance values were calculated in the same way. These results are presented in Figure 14b,
and demonstrate that the measured values are still in good agreement with the DC value
of the resistance within the same measurement uncertainty value as above.
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Figure 14. (a) Resistance values measured by the applications of 230 ns/25 us pulses of 17 kV to
50 kV levels of voltage amplitudes; (b) resistance values measured at different time intervals during
the application of 1000 pulses of 12 kV amplitude.

Furthermore, the temperature rise of the same resistor during the application of a
500 kV pulse is also calculated to evaluate the deviation of the resistance value with respect
to the temperature coefficient of the resistor. The temperature coefficient announced by the
constructor is between +0.2%/°C and —0.08%/°C. The local rise in temperature AT of the
resistor is calculated with the help of Equation (9).

E
AT = ——
me

©)

where:

E: total energy dissipated in the resistor;
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E =

A2(u x 103

m: mass of the resistor;
Cp: specific heat of the resistor.

From the dimensions and the mass density of the resistor, the mass m was calculated
to be 163.3 g and the specific heat indicated by the constructor was 0.25 cal/(g.°C), which
can be written as 1.046 ] /(g.°C). The energy accumulated in the resistor at a given time ¢ is
calculated by the following equation:

Crtu)?
E_/O ot (10)

where R is the load resistance value of 50 () and U(t) represents the waveform of the
input pulse. As an example, a double exponential pulse is considered which is defined by
the following:

U(t) = Al,l(e”"t - e*ﬂf) (11)

Using Equation (10), a 500 kV pulse is modeled with a rise time of around 5 ns and
full-width at half maximum (FWHM) value of almost 100 ns that is also called the pulse
duration. These pulse characteristics are the upper limits of the incident pulse in terms
of peak voltages and temporal parameters, which are intended to be measured in this
work. The parameters used to model this pulse are A = 1.0372, U =500 kV, & =7 us~! and
B =1000 us~!. The pulse waveform obtained through (11) is presented in Figure 15.

Modeled Pulse for energy calculation
600

500

400

Amplitude U (kV)
w
8

0 100 200 300 400 500 600 700 800
t (ns)

Figure 15. Modeled 500 kV double exponential nanosecond pulse for energy calculations.

From Equations (10) and (11), the total pulse energy at a given time ¢ is calculated by
the following equation:

Ll G- ()] o

Using (12), the value of the total energy E for the pulse presented in Figure 15 for
FWHM of t = 100 ns is around 330 J, which represents a 2 °C rise in the resistor temperature
calculated through Equation (9). This rise in temperature, for a 50 () resistor, represents a
variation from 0.2 () to 0.08 () using the temperature coefficient values announced by the
constructor. These relatively small variations in the value of the considered resistor are
considered negligible.

5. Discussion

The main challenge in the development of a high-voltage UWB coaxial load device
is the tradeoff between two domains that are exactly opposite to each other, namely, high
voltage and high frequency. Indeed, the high-voltage domain dictates the principle of
incompressible separations between conducting elements having a potential difference,
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whereas the high-frequency domain require extremely small dimensions compared to
the wavelength for the conducting elements to avoid propagation effects. These require-
ments become more predominant as voltage amplitude and frequency are increased. The
work presented in this article demonstrates a successful practical solution to the above-
mentioned issue. The exponential geometry and the components used to develop the
50 () load allow this device to be compatible with both domains. The results presented
in Sections 4.2 and 4.3 prove that the UWB and high-voltage-withstanding properties are
simultaneously obtained for the load device.

A critical designing process was used in the development of the exponential 50 ()
load device. The theoretical approach behind the exponential geometry of the load device
is validated through electromagnetic modeling with real material properties fed into the
model. The load device is then fabricated following the dimensions used in the modeling.
The results obtained from the VNA characterization and the electromagnetic modeling are
compared, and good agreement is obtained between both results. The theoretical analysis of
the load device and the measurements carried out on the 50 () resistor in Section 4.3 prove
that the developed exponential load device is very capable of withstanding voltage peaks
as high as 500 kV for nanosecond and sub-nanosecond pulses. Based on the theoretical
analysis, the authors are confident that the UWB 50 (2 load device presented in this paper is
capable of withstanding voltage peaks even higher than the 500 kV levels for nanosecond
and sub-nanosecond pulses.

6. Conclusions and Outlook

In this article, a new UWB high-voltage 50 (2 dummy load for nanosecond and sub-
nanosecond pulse measurement systems up to 500 kV is presented. High-voltage and
high-bandwidth characteristics have been demonstrated simultaneously for this dummy
load. Such properties are almost nonexistent for a single device in the literature. The
S-parameter measurements through a calibrated VNA are compared to the EM simulations
in the concerned frequency domain and are found to be in good agreement. The main
features of the matched load are the capability of withstanding pulse voltage peaks up to
at least 500 kV and a maximum reflection coefficient (S;1) of —27 dB for frequencies up to
2.5 GHz, which guarantees a negligible amount of interference for the measured pulses at
the output of the measurement systems for high levels of accuracy. Other components that
are unavailable in the market for these voltage levels, such as high-voltage male and female
connectors and transitions cones, are also developed. The factors affecting the frequency
responses of these components and, even more importantly, their voltage-withstanding
capabilities for voltage peaks up to 500 kV are discussed. Another important aspect of this
work is that the dummy load can be easily mounted to any pulse measurement system of
50 Q) characteristic impedance through these connectors with the help of adaptors that can
be easily designed for this purpose. Furthermore, following the same design, other dummy
loads with different impedance values can be developed as required.

This work paves the first step toward the accurate and precise measurements of
high-voltage pulses in the nanosecond and sub-nanosecond domain, constituting the key
element of the PP systems. Indeed, the characterization of these high-voltage fast pulses
with low levels of uncertainty will help National Metrology Institutes (NMlIs) to respond to
the need for the metrological traceability to the International Systems of units (SI) of PP in
the nanosecond and sub-nanosecond range, which is almost absent today.
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