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Coaxial Termination Load for High-Voltage
Fast Transient Pulse Measurement

Seung-Kab Ryu and Yong-Hoon Kim, Member, IEEE

Abstract—A high-voltage fast transient pulse termination load
using a 10-mm distributed ceramic-carbon-rod resistor has been
developed. It is capable of measuring a pulse’s voltage amplitudes
up to 100 kV and a rise time less than 300 ps. A difficulty for the de-
velopment of the high-voltage ultrawideband (UWB) termination
device is the compromise of the resistive element size considering
opposite characteristics of the high voltage and the wideband
frequency. A smaller resistor shows the better high-frequency
performance but the worse high-voltage insulation characteristic.
Many previous studies in the area of pulsed-power development
have used a nonscaled load device for the pulse termination;
nevertheless, a mismatch between a source and a load impedance
results in significant misunderstanding of the output voltage in
a high-voltage fast transient pulse measurement. In this paper,
we propose a newly developed high-voltage UWB coaxial load
improving impedance characteristics of a nonscaled load device.
Physical length of a rod resistor is far longer than a wavelength
of an input pulse so that the impedance linearly increases in the
moving direction of the incoming pulse. The proposed log-scaled
coaxial load device with a distributed ceramic-carbon-rod resistor
has a property of compensating impedance variations, which is
caused by the usage of an electrically long rod resistor, by means of
diminishing coaxial characteristic impedance exponentially along
the resistor. This diminishing coaxial structure makes it possible
to maintain consistent impedance through the entire load device.
Experimental results show good agreement with expectations in
aspects of the voltage standing-wave ratio under 1.25:1 from
dc to 10 GHz; peak impedance variations under 10% with the
final converged impedance of 54.86 €2; and negligible reflections
when injecting the repetitive pulsed input with amplitudes from
15 to 100 kV, a rise time below 300 ps, and repetition rates
under 10 kHz.

Index Terms—Distributed rod resistor, high-voltage fast tran-
sient pulse termination, ultrawideband (UWB) coaxial load.

I. INTRODUCTION

EASUREMENT of a high-voltage fast transient pulse
has received considerable attention in many fields such
as high-power vulnerability studies on information and commu-
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nication electronic equipment pieces in electromagnetic (EM)
compatibility area [1]-[5], a dielectric surface treatment and
a modification in the material science area [6]-[8], and a
noninvasive cell manipulation experiment in the biomedical
area [9], [10]. An important instrument for measuring such a
high-voltage fast transient pulse is the load device, as well as a
voltage signal probe or a pulse-attenuating device [1]. For the
high-voltage ultrawideband (UWB) pulse termination load, a
fast response time with a wide frequency bandwidth and a high
insulation property should be simultaneously achieved. Many
investigations relating developments of a sub- or a nanosecond
range pulsed-power source have been carried out. Results of
the output amplitude and rise times were obtained using a ca-
pacitive voltage divider (CVD) with a matched load [11]-[16].
However, the termination load device does not seem to have a
broadband frequency performance enough to measure the out-
put pulse having a rise time less than 100-300-ps range because
none of the matched resistors are small enough to function as a
component with lumped parameters at voltage greater than tens
of kilovolts. For this reason alone, good matching is practically
unattainable [12]-[15]. When the impedance of the load is not
matched, results of output voltage amplitude can be seriously
misunderstood, which could be read as doubled values than the
real one. In [11], an oil-filled load device was used with a CVD
for testing the impulse amplitudes up to 160 kV with a rise time
of 180 ps. It was composed of an oil-filled transmission line and
a noninductive 45-€) bulk resistor. The insulation and frequency
performance could be achieved partially in the low-frequency
region, but the high frequency matching performance would be
poor due to the distributed characteristics of the bulk resistor. It
might be also troublesome due to additional considerations of
filling the oil and preventing oil leakages. Spikings had shown a
tapered coaxial load-type attenuator that has a similar structure
with this paper [17]. However, the input side of a conjunction
face between a cable center line and a transition electrode
might show poor impedance performance due to the integrating
structure. A breakdown could be also occurred, even using the
oil around the center line, since the breakdown happens along
the surface of dielectrics. For operating at higher voltage levels,
the input structure should be changed, as described in this paper.
Barth Electronics Inc. is famous for products of high-voltage
fast transient diagnostics. It produces many types of attenuators,
connectors, terminators, and so on. However, the termination
products have the limit of operation voltages up to 10 kV. For
extending the voltage levels up to 100 kV, the insulation and
impedance matching structure should be changed to avoid a
breakdown at the input side.

0093-3813/$31.00 © 2013 IEEE
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(a) (b)

Fig. 1. Structure for the nonscaled high-voltage coaxial termination load:
(a) cross-sectional view and (b) assembly view.

In this paper, we propose the log-scaled coaxial load for ter-
minating the high-voltage UWB pulse signal using a distributed
ceramic-carbon-rod resistor without any insulation oils or
gases. The proposed load device has an exponentially diminish-
ing dielectric structure compensating impedance variations due
to the usage of the distributed rod resistor. The aim of this paper
is to develop a coaxial 50-{2 termination load handling pulse
voltages up to 100 kV, full-width at half-maximum (FWHM)
amplitude in 2-10-ns range, a rise time below 1 ns, and rep-
etition frequencies below 10 kHz. Static EM analysis of the
impedance matching at all of the interfaces is performed using
CST Microwave Studio. Results of EM analysis would give an
intuitive understanding of the design for the high-voltage UWB
pulse termination load.

This paper is organized as follows. Section II covers op-
eration principles of a high-voltage UWB coaxial termination
load adopting a distributed resistive element of a tube- or rod-
type carbon resistor. We introduce two cases showing different
characteristics of the coaxial impedance. One is a case of no
transformation in coaxial structures of enclosing dielectric’s
diameter. This structure is called with a nonscaled coaxial struc-
ture. The other one is a case of changing dielectric’s diameter
exponentially. We call this structure with the log-scaled coaxial
structure. In Section III, the coaxial load structure is described
in detail with simple formulas to calculate the coaxial charac-
teristic impedance. We show some simulation results relating
load performances in time and frequency domains using CST
Microwave Studio. Connectors and adaptors for an interface of
the high-voltage pulsed-power sources having amplitudes up
to 100 kV with a rise time below 300 ps are also presented.
In Section IV, the experimental setup and techniques are rep-
resented, including a Marx-driven high-voltage UWB pulse
generator and a capacitive voltage pulse divider. Measurement
results will be described and discussed in Section V. Finally,
Section VI will draw summaries and conclusions.

II. OPERATION PRINCIPLE OF THE PROPOSED STRUCTURE
A. Nonscaled Coaxial Structure

A nonscaled coaxial structure for the load device is shown
in Fig. 1. Thickness of a center conductor at the transition
from a feeding cable to a contacting electrode of a resistor

Fig. 2. Photograph of the implemented nonscaled coaxial load device.

is linearly increased in order to use a solid rod-type carbon
resistor of which the diameter is 10 mm. In the nonscaled
structure, characteristic impedance of the coaxial line does not
need to be changed. Many previous works used this structure
[12]-[15], but it imposes open impedance characteristics as the
frequency of the input pulse goes higher. A problem when using
such a nonscaled load device with a CVD for measuring the
high-voltage fast transient pulses is that results could contain
errors in measured voltage levels differing from the real values.
It is because termination impedance is much greater than the
source impedance in the high-frequency region. The nonscaled
coaxial termination load was implemented to verify the theorem
above and is shown in Fig. 2. A carbon resistor was used as a
center conductor, of which the diameter and length are 10 and
100 mm, respectively. We used CST Microwave Studio for a
small-signal analysis and modeled the ceramic carbon resistor
having uniformly distributed sheet resistance on a specific
cylindrical volume. Simulated frequency response was well
coincident with the expectation that shows —10 dB return loss
just below 100 MHz. If the front of a pulse rises within 3—4 ns,
the device no more operates as a termination load. Fig. 3
describes results of the time-domain reflectometry (TDR). Re-
flected pulses are appeared on 650 ps, which denote the junction
between the input electrode and the carbon resistor. Reflection
ratio is about 40%. It implies that a nonscaled structure cannot
be a good device for terminating a high-voltage wideband
pulse signal.

B. Log-Scaled Coaxial Structure

In this paper, we propose a log-scaled coaxial structure for
compensating impedance variations, which is caused by the
usage of a distributed carbon resistor, by means of decreasing
coaxial characteristic impedance linearly along the direction of
an incoming pulse.

Fig. 4 represents an operation principle of the log-scaled
coaxial load. When a short pulse travels an electrically long
resistor, it does not operate as a lumped element. Due to the
distributed characteristics, the synthetic coaxial impedance is
varied at every position. If a volume resistor has a linear char-
acteristic with respect to its physical length, it can be modeled
as the uniformly distributed resistive material. The impedance
would be increased from 0 to 50 €2 linearly.

The impedance mismatching problem could be solved by
changing the coaxial characteristic impedance in accordance
with the impedance variation due to the inserted rod resistor
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Fig. 4. Operation principle of a log-scaled coaxial termination load.

along the longitudinal direction. In Fig. 4, the resistance of
the distributed ceramic-carbon-rod resistor varies from 0 to
50 Q linearly in the step of 0.5 2/mm. The physical length
of the resistor is 100-mm long. Conversely, the characteristic
impedance of the coaxial line is linearly decreasing from 50 to
0 Q with the same rate of the impedance variations caused by
the rod resistor. Thus, the synthetic impedance of the log-scaled
coaxial load device can be maintained with 50 {2 consistently
over the entire load structure along the propagation path of an
incoming pulse.

Reflection diagram of a nonscaled coaxial load device: (a) incident pulse waveform (dotted line) and (b) reflected pulse waveform (solid line).

III. DESIGN OF THE LOG-SCALED COAXIAL LOAD DEVICE
WITH A DISTRIBUTED CERAMIC-CARBON-ROD RESISTOR

A. Distributed Resistor Model

A commercial ceramic-carbon-rod resistor (diameter of
10 mm, length of 100 mm) is considered for the center conduc-
tor in the coaxial line. As the operation frequency goes higher, a
current will flow along a surface of the material so that a volume
resistor can be modeled having sheet resistance. Although
the resistance distribution property is strongly dependent on a
manufacturing process of the carbon resistor, we assumed that
the deposited resistive material is uniformly distributed on the
surface of the resistor. Equations (1)—(3) represent modeling
procedures of the sheet resistance for applying to EM simula-
tions. R denotes the sheet resistance; p is the resistivity; o is the
conductivity; [ is the length of the resistor in millimeters; and S
and r are the cross-sectional area and radius in millimeters of
the rod resistor, respectively. The calculated conductivity of the
resistor is 25.46 S/m

l l l
= )— = p— = 1
R 'OSZ Poare = omr? M
o {%0767“03 [in S/mm] 2)
= Rrr? [in S/m]. 3)

B. Log-Scaled Coaxial Structure With a Distributed
Ceramic-Carbon-Rod Resistor

Required parameters for constructing the log-scaled coaxial
line are extracted using the following equations:

2re
¢= ln(D/d) @
L=5k (D/d) 5)
Holir | 138
\f 5o St In(Dd) = —= =0/ ©
D =dexp (Zl\?{?) @)
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Fig. 5. Log-scaled coaxial structure with a 100-mm ceramic-carbon-rod resistor.

where C' and L denote the capacitance and inductance of the
coaxial line, respectively; Z is the characteristic impedance;
and D and d are the outer diameters of the dielectrics and
the center conductor, respectively. We used a rod resistor of
which the diameter is 10 mm and the length is 100 mm. With
fixing an inner diameter of the center electrode with 10 mm,
the outer diameter in the coaxial line could be extracted by
changing the parameter of Z from 0 to 50 €. At the position
of the junction between the transition electrode and the resistor,
coaxial impedance has to be constructed having impedance
of 50 Q and be gradually decreasing until reaching the
impedance of 0 €2 within the finite length of 100 mm, as shown
in Fig. 4.

Geometry of the log-scaled coaxial line with the calculated
parameters is depicted in Fig. 5. A corrugated dielectric struc-
ture of the folded shape at the connector area extending the
surface propagation length from the center conductor to its
housing bodies provides a better high-voltage insulation per-
formance. When using dielectrics as an insulation material, the
pulsed breakdown is occurred along the dielectric’s surface. For
instance, air medium has a breakdown voltage about 3 kV/mm.
Depending on the dielectric material, breakdown voltage goes
to tens of kilovolts per millimeter. By the way, the conjunc-
tion area for assembling a rod-type resistor in the log-scaled
coaxial geometry should be designed to resist for the input
pulses having amplitudes over several tens of kilovolts. Folded
structure can be one of the best solutions under a constraint of
the finite space. When attaching an end of the resistor to the
center conductor, diameters of the conjunction faces should not
be changed in order to avoid impedance mismatching. We used
copper cottons at the contact faces and tighten a resistor to the
center conductor by an external screw.

C. High-Voltage Insulation

A difficulty for the high-voltage UWB termination load
development is how we can determine a size of the resistive
element between insulation and frequency performances. Al-
though physically and electrically long resistors give enough
insulation performance to prevent a breakdown phenomenon,
they do not operate as the lumped parameters. It means that

the electrically long resistor has limited frequency performance.
In the aspect of the high-voltage insulation, the weakest point
is the conjunction face of connectors (see the breakdown path
depicted with arrows in Fig. 5) because there is the shortest
propagation path of an electrical breakdown between the signal
line and the ground. Normally, dielectric material has a strong
insulation property exceeding tens of kilovolts. Insulation prob-
lems normally happened at the conjunction faces of the dis-
continuous dielectrics (see folded dielectrics in Fig. 5) filling
with air. Although air is normally a good insulator, it becomes
partially conductive when stressed by a pulsed voltage having
enough electric field strength.

Consistent pulsed power can culminate the complete electri-
cal breakdown forming an electrical spark or arc that bridges
the entire gap. Surface propagation length for preventing an air
breakdown has to be calculated. Corrugating structure of the
conjunction faces of connectors provides the longer dielectric
surface propagation length under the restrictions of the finite
outer diameter in the coaxial geometry, as shown in Fig. 5. The
designed load device has an insulation performance operating
up to 132 kV.

D. EM Simulation Analysis

The proposed log-scaled coaxial termination load is designed
and analyzed in the time and frequency domains using CST
Microwave Studio. When inserting a 100-mm rod resistor into
the nonscaled coaxial transmission line, as shown in Fig. 8, the
synthetic impedance is varying at every positions of the load
device, as depicted in Fig. 6. Results of a TDR and S-parameters
according to changing a diameter of dielectrics (Polytetra-
fluoroethylene (PTFE), permittivity 2.2) from 20 to 40 mm with
the step of 4 mm are represented in Figs. 6 and 7. The distrib-
uted ceramic-carbon-rod resistor having a diameter of 10 mm
and a length of 100 mm is used as a center conductor. As a
reference, the TDR result when using a center conductor of a
brass electrode having same dimensions with the rod resistor is
plotted in Fig. 6. Horizontal time axis denotes a distance along
the resistor with the propagation velocity of 20.225 cm/ns. As
we expected, synthetic coaxial impedance is varying from 30 to
100 © in 10-cm distance.
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Fig. 8. Cross-sectional view of a nonscaled coaxial simulation model with
changing diameters of dielectrics. Parameter “rt5” in Figs. 6 and 7 denotes a
radius of dielectrics in a coaxial geometry.

One more thing that should be carefully designed is the
conjunction face of a metallic electrode and the rod resistor.

In Fig. 7, the case using a brass electrode instead of the rod
resistor shows that mismatching occurs at frequencies beyond
3 GHz. It is caused by a mounting cab on the location of
conjunction faces between the BeCu electrode and the rod
resistor (see Fig. 8). Matching performance is getting worse
and worse as the frequency goes higher due to the impedance

Fig. 9. Log-scaled coaxial load modeling in CST Microwave Studio.

discontinuity at the mounting cab. In the holding structure
of the mounting cab, the ratio of the coaxial diameter is
changed so that the coaxial impedance is not maintained at
this point. When designing the proposed log-scaled coaxial
load, this fact is considered and designed to have a direct
facing structure without any holding cabs at the conjunction
faces, as shown in Fig. 9. The load device is composed of
inner BeCu electrodes, enclosing PTFE dielectrics, a resistive
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Fig. 11.  Simulated return loss of the proposed log-scaled coaxial load using a

100-mm distributed ceramic-carbon-rod resistor.

solid rod, and an outer metal housing, as represented in Fig. 5.
The outer housing metal was modeled as a perfect electric
conductor for saving analysis time. For the dielectrics, PTFE
was chosen having a dielectric constant of 2.2. For the resistive
solid rod, the commercial carbon-rod resistor of R1005A05117,
produced by HVR Company Ltd., is used. BeCu electrodes
were used for inner metal electrodes. TDR and S-parameter
analysis were performed to estimate impedance variations in
percent values and matching performance in the frequency
range of 0.1-10 GHz, respectively. Simulated results are shown
in Figs. 10 and 11. In Fig. 10, the reference plot means a normal
coaxial geometry that a metal electrode is used as a center
conductor in the nonscaled coaxial structure. The nonscaled
structure represents a case that the carbon-rod resistor is used
at the position of the center conductor. A log-scaled structure
denotes an impedance-compensated case for the nonscaled
structure by means of diminishing the coaxial characteristic
impedance. A log-scaled coaxial case provides a notable im-
provement in the aspect of the impedance variation. Matching
performance was improved with ten times better than the non-
scaled one.

Fig. 11 shows a simulation result of the impedance matching
performance in the frequency domain achieving return loss
below —20 dB up to 10 GHz. It means that a reflected power
value is only below 1% with respect to the incident signal
power.

L1
+24 TR La
Inverter =
Fig. 12. Circuit diagram of a laboratory-developed UWB pulse generator.

Marx Bank

Fig. 13. Three-dimensional CAD model of the Marx generator and PFN
structure in a laboratory-developed UWB pulse generator. The Marx generator
is composed of four-stage parallel capacitors, each having a charging voltage
rate of 50 kV.

IV. EXPERIMENTAL SETUP
A. High-Voltage UWB Pulse Generator

A Marx generator-driven LC' resonant spark-gap pulse gen-
erator was designed and implemented for testing a termination
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performance with respect to high-voltage fast transient pulse
signals. Fig. 12 shows a circuit diagram of the pulse generator.
It consists of a primary power supply with a battery (24 VDC/
4AH), an inverter circuit, a high-voltage transformer, a four-
stage Marx generator with spark-gap switches between each
capacitor’s ends, and a pulse forming line for shaping a pulse
with a rise time below 1 ns. The inverter circuit generates high-
frequency (several hundreds of kilohertz) pulse-modulated sig-
nals from the battery. Capacitors in the Marx generator are
charged by the LC' resonant circuit until reaching at its max-
imum charged voltage, and then break down through the con-
nected spark-gap switches in a short time. A pulse compression
is occurred at the final stage of the pulse forming network
(PFN). A rise time of an output pulse is under 300 ps. The
Marx capacitor bank is charged up to 200 kV in the open-
load condition when spark-gap switches of SG1-SG3 are all
closed. In the matched condition, a 100-kV voltage pulse can be
achieved at the load. The implemented Marx generator and PFN
with a CVD are shown in Fig. 13. Fig. 14 shows the output pulse
waveform of the laboratory-developed UWB pulse generator,
implemented by HVP Inc. in Korea. An FWHM pulsewidth is
about 1.2 ns, which is relatively long compared to its rise time.

The developed pulse generator uses nitrogen (N3) gas for
tuning the output pulse amplitude with the rise time. Gas
pressure range is from 10 to 20 bars. The output pulse in Fig. 14
was plotted when the gas pressure is 17 bars. A peak voltage is
about 90 kV with the rise time of 270 ps. At 20 bars, amplitudes

/ / HY 100kv

Connector

CVD: Cross-sectional view in (left) a CAD drawing and (right) implemented photograph.

of pulse go to above 100 kV with the rise time of 250 ps. It
can also generate bipolar pulses by tuning an external electrode
(SGbi). The amplitude of bipolar pulse is about 150 kVpp.

B. CVD

A high-voltage fast transient pulse signal cannot be measured
with a wideband oscilloscope directly due to the dynamic range
limit. A possible voltage range of an oscilloscope that operates
with gigahertz bandwidth is limited within several volts. High-
voltage wideband pulse attenuators could be necessary, but it
is very expensive and complicated to design. A CVD is the
one of good candidates to measure a high-voltage fast transient
pulse signal in low cost. Additive parasitic capacitance between
the center conductor and the ground is created by inserting
a metal piece into a coaxial line nearby the inner surface of
an outer conductor, which is separated by the dielectric film.
Dielectric film is formed with a layer of thin synthetic plastic
films such as Mylar over a flat electrode surface. It can provide
a capacitance value to ground of about 2-20 nF. The layer of
Mylar can be fastened to the flat surface of the electrode using
a special adhesive and metal piece of copper foil. The thickness
of Mylar films required for making such high capacitance
values is a few micrometers. A cross-sectional view of CVD
construction on the coaxial transmission line is depicted in
Fig. 15. A tightening piece is for maximizing a division ratio
by minimizing a gap distance. Calibration of the CVD was
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Fig. 17.  Assembled photograph of the proposed log-scaled load device.

performed using a commercial pulse generator of FPG 20-P,
manufactured by FID GmbH in Germany. The implemented
CVD device shows the division ratio of 1/330 having amplitude
up to 100 kV with the rise time below 300 ps. A division ratio of
the CVD was evaluated by comparing the division pulse voltage
of the CVD with attenuated values using the commercial high-
voltage pulse attenuators, as shown in Fig. 22.

C. High-Voltage Connectors and Adaptors

Configuring measurement setup for a log-scaled coaxial load
device requires customized connectors and transition adaptors
for evaluating termination performances with respect to high-
voltage subnanosecond pulse signals. Fig. 16 shows assembly
drawings and pictures for the high-voltage cable connectors
and adaptors. Interface of connectors and adaptors was de-
signed satisfying 50-{2 coaxial impedance and the insulation
performance over 100 kV, i.e., same with the proposed log-
scaled load device (see Fig. 17). A grooved structure on the
dielectric surface of connectors and adaptors also provides a
convenient feature to change from female geometry to male
one by fitting a grooved hole with a dielectric ring and a
piece of internal electrode. Cable connectors are configured to
allow the core of the high-voltage coaxial cable to be coupled
with the inner electrode of the connector in a threaded manner
so that assembling and disassembling are easier rather than
soldering way. An insertion loss of a fabricated high-voltage
cable assembled with connectors at both ends is measured with
0.45 dB/m at 1 GHz, and return loss is below —20 dB from
40 MHz to 10 GHz.

D. Measurement Setup

Measurement setup for a high-voltage impulse termination is
shown in Fig. 18. A pulse generator is made up of two different
types of sources. One is a commercial semiconductor switch-
based pulse generator, FPG 20-P, and the other is a laboratory-
developed spark-gap switch-based UWB pulse generator. TDR
results with FPG 20-P would provide operation frequency
validity up to 10 GHz for the proposed load device, but it cannot
show the voltage insulation capability up to 100 kV because
the maximum output voltage is limited less than 20 kV. The
developed UWB pulse generator can give a validity of the high-
voltage insulation performance up to 100 kV but cannot give
any information of its frequency usage up to 10 GHz, vice
versa. Table I represents electrical specifications of two test
sources in detail.

FPG 20-P shows an amplitude of < 20 kV, a rise time of
< 150 ps, and repetition rates of < 10 kHz. The laboratory-
developed UWB source shows an amplitude of < 100 kV, arise
time of < 300 ps, and repetition rates of < 100 Hz. Both two
sources have an output impedance value of 50 2.

In Fig. 18, an in-house developed high-voltage coaxial cable
assembled with connectors connects the output of a pulse
generator to the input of the CVD device. The division port of
the CVD is connected to 40-dB pulse attenuators, manufactured
in Barth Electronics Inc., and the output port of the CVD is
linked to the input of the proposed coaxial load device through a
100-kV male-to-male adaptor. Scaling factor of an oscilloscope
is 1/33 000 since the division ratio of the CVD is about 1/330.
Small-signal test setup is not explained in detail, but a vector
network analyzer of 37347C, manufactured in Anritsu Cor-
poration, is used with in-house developed cable-type adaptors
transforming from a 100-kV interface to an n-type interface.

V. EXPERIMENTAL RESULTS
A. UWB Frequency Performance

The small-signal network performance of an impedance
matching property is measured from 40 MHz to 10 GHz, as
shown in Fig. 19. Return loss is below —20 dB in the entire
test frequency band. The solid line represents a measured return
loss plot of the proposed log-scaled load device, and the dotted
line denotes a simulated result in CST Microwave Studio.
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TABLE 1
SPECIFICATIONS OF TWO DIFFERENT TYPES OF UWB PULSE GENERATORS

Developed UWB

Items FPG 20-P
Source

Waveform Gauss exponential Bell-shape
Peak amplitude 15-20kV 50 - 100 kV
Rise time 100 - 150 ps 250 - 300 ps
FWHM? 1 ns 1.4 ns
Impedance 50 ohm 50 ohm
Repetition frequency <10 kHz <100 Hz

*FWHM is abbreviation for Full Width at Half Maximum amplitude.

Return Loss [dB]

—— Measured result

------------- Simulated result
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Frequency [GHz]

Fig. 19. Return loss plot of the proposed log-scaled load device: (dotted line)
simulated result and (solid line) measured result.

Measured performance is well coincident with the simulated re-
sults except frequencies above 6 GHz. It might be caused by the
cable-type conversion adaptors having similar S11 trajectory in
Fig. 19.

Fig. 20 shows a comparison of a measured return loss be-
tween the nonscaled and proposed log-scaled structures. Return
loss is notably enhanced in the entire test frequency band. As
aforementioned, the nonscaled load device does not operate as
a proper termination device and may cause serious errors in the
analysis data. Matched impedance property may be expressed
with a TDR analysis in the time domain.

We used a TDR scope, a model of TDS520, produced by
Tektronix.

A pulse generator in the TDR equipment generates a fast
transient impulse with a rise time of 20 ps, and its output
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Fig. 21. Measured TDR plot for the proposed log-scaled load device.

impedance is 50 2. Fig. 21 represents a measured TDR per-
formance of the log-scaled load device.

In the TDR plot, impedance is finally converged to 54.86 Q2
after passing through the log-scaled coaxial load device. Fluc-
tuations of the impedance might be caused by discontinued
conjunction faces in the adaptor and components of the load
device. The reason we analyzed that impedance peaking is
caused by the discontinuity in the load device is the fact that
the location of the peak value is coincident with conjunction
surfaces between the transition electrode and the carbon re-
sistor, as shown in Fig. 5. Results of S-parameter and TDR
analysis imply that the proposed log-scaled structure is useful
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(see the right test setup) applying output pulses of FPG 20-P in wide temporal span (5 ns/div.).
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Fig. 23. Measured pulse waveforms of an attenuated case and a coupled case using a CVD with the log-scaled load in narrow temporal span (500 ps/div.).

for obtaining performances of high-voltage insulation and
UWB frequency simultaneously even using an electrically long
distributed resistor.

B. High-Voltage Pulse Termination Performance

A high-voltage repetitive pulse termination is evaluated using
an experimental setup, as shown in Fig. 18. High-voltage oper-
ation is diagnosed by measuring reflected pulses at the division
port of the CVD in the predictable time range of 15 ns when
reflection occurs at the conjunction point of the CVD and the
load device. In Fig. 18, a high-voltage coaxial cable with in-
house implemented connectors is 1.2-m long and the length of
the CVD device is about 10 cm. Measured reflected pulses are
represented in Figs. 22 and 23. In Figs. 22 and 23, FPG 20-P
was used as a test source. Two cases were benchmarked that
one is a case of using commercial pulse attenuators (see the left
picture of the test setup in Fig. 22) and the other is a case of
using in-house developed CVD with the log-scaled load (see
the right picture of the test setup in Fig. 22) device.

Additional two 20-dB attenuators of Barth Electronics Inc.
are used in cascade at the division port of the CVD. Both cases
represent almost the same waveforms in aspects of a rise time
and peak voltage amplitudes. In addition, there are no reflection
pulses after an incident pulse within 15 ns, which means that
the attached load device to the CVD output provides excellent
impedance matching performance with respect to a pulsed input
in that of amplitudes up to 20 kV, a rise time below 150 ps,
and repetition rates below 10 kHz. For investigating maximum
operation voltage, a laboratory-developed UWB pulse gener-
ator was used in a test configuration in Fig. 18. Measured
pulse waveform at the division port of the CVD with additional
attenuation of 40 dB is plotted in Fig. 24.

An output pulse amplitude in Fig. 24 is about 114.5 kV, and
arise time is about 250 ps. Time and amplitude resolutions are
5 ns/div. and 100 V/div., respectively. Attenuators connected
to the division port of the CVD are calibrated by setting offset
values with 1/100 in an oscilloscope. As shown in Fig. 24, there
are no reflected pulses within 25 ns after a time spot where a
peak pulse is detected.
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Fig. 24. Measured pulse waveforms using a CVD with the log-scaled load device applying a 114.5-kV pulse using a laboratory-developed UWB pulse generator

in wide temporal span (5 ns/div.).

VI. SUMMARY AND CONCLUSION

In this paper, we have presented a design method and evalua-
tion results of the log-scaled coaxial load device for terminating
the high-voltage subnanosecond pulse signals using a 10-cm
distributed ceramic-carbon-rod resistor. The physical length of
a rod resistor is far longer than a wavelength of an input pulse
so that impedance linearly increases in the moving direction of
an incoming pulse. A proposed high-voltage UWB log-scaled
coaxial load with a distributed ceramic-carbon-rod resistor has
a property to compensate the varying impedance, which is
caused by an electrically long rod resistor by means of dimin-
ishing the coaxial characteristic impedance exponentially along
the resistor. Consequently, it can provide consistent impedance
in the entire load device.

Experiments are performed with TDR and S-parameter anal-
ysis to verify small-signal wideband performance. For high
voltage diagnostics verifying the high-voltage operation va-
lidity, commercial FPG 20-P and laboratory-developed UWB
pulse generator are used. FPG 20-P has a performance of an
amplitude of < 20 kV, a rise time of 100-150 ps, and repetition
rates of < 10 kHz. The laboratory-developed UWB pulse
generator has output amplitudes of 100 kV at gas pressures
of 20 bar, a variation range from 50 to 100 kV by controlling
gas pressures, and a rise time of 250-300 ps with a maximal
repetition frequency of 100 Hz.

The UWB capacitive voltage probe device (CVD), which
has a division ratio of 1/330, is also implemented and used
to measure a high-voltage pulse reflection in the time domain.
Experimental results show good agreement with expectations
for the voltage standing-wave ratio under 1.25:1 from dc to
10 GHz, a peak impedance variation under 10%, and a stabi-
lized value of 54.86 () with negligible reflections. An injected
input pulse has amplitudes from 15 to 100 kV, a rise time
below 1 ns, and repetition rates under 10 kHz. The proposed
coaxial load device is adequate for terminating a high-voltage
fast transient pulse signal of which the duty cycle is below
0.001% because of a capacity of heat dissipation of the rod
resistor.
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