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INVESTIGATION OF AMPLITUDE-TEMPORAL CHARACTERISTICS
OF A HIGH-VOLTAGE RESISTIVE VOLTAGE DIVIDER

Purpose. Determination of the possibility of using the developed autonomous voltage divider for measuring high-voltage pulses
with sharpened fronts (down to 1 ns). Methodology. We use the technique to determine the division ratio of the divider using a
calibrated oscillator and oscilloscope. To determine the rise time of the transition characteristic of the divider, we use an
experimental technique based on a high-voltage pulse generator with a steep front and computer simulation using circuit
program Micro-Cap. Results. Oscillograms of high-voltage nanosecond pulses with subnanosecond fronts are experimentally
obtained using an autonomous resistive voltage divider. A computer simulation of the operation of the created divider in various
modes is carried out. Originality. We have shown that an autonomous shielded resistive high-voltage voltage divider can have a
rise time less than 1 ns. The values of the parasitic parameters of the divider, which lead to a distortion of the sharpened pulse
firont with a rise time of =0.1 ns, are established. Practical value. The divider can be used to measure the characteristics of high-
voltage pulses with a steep front (up to 1 ns as the lower limit). References 7, figures 15.

Key words: voltage divider, high-voltage pulse generator, computer simulation, electrical circuit, rise time, transient response,
pulse front.

Mema. Buznauenus moxucaugocmi 6UKOPUCHAHHA DPO3POOIEHO20 AGMOHOMHO20 OiNbHUKA HARPYy2U O GUMIDIOGAHHA
GUCOK060IbMHUX IMnyabcie 3 3azocmpenumu poumamu (00 1 nc). Memoouka. 3acmocoeano memoouKky 6uU3HAUEHHA
Koegpiyienma Oinenna OinbHuKa 3a 00NOMO2010 Kanioposeanozo zewepamopa i ocuyunozpaga. /lna eusnauennsa uacy
Hapocmanns nepexionoi xapaxkmepucmuku OiNbHUKA GUKOPUCHOBYBANACL EKCHEPUMEHMANbHA MemOoOuKa Ha O0CHO8I
2eHepamopa 6UCOKO060JIbMHUX IMRYIAbCI6 3 KPymum Qponmom i Komn’romepne MoOeat08antsa 3 6UKOPUCHAHHAM RPOZPAMU
cxemomexniunozo  mooenrwsauna  Micro-Cap.  Pesynomamu.  Excnepumenmansho  ompumano  ocuyunozpamu
BUCOKOBOJIbMHUX HAHOCCKYHOHUX IMRYIbCI8 I3 CYOHANOCEKYHORUMU (hpOHmMamu 3a 00NOMO2010 CHEOPEHO20 AGHMOHOMHO20
pesucmugnozo Oinonuka nanpyeu. Ilposedeno komn’romepne mooenio8amus pooomu CcmeopeHo2o OiNbHUKA 6 PIZHUX
pexcumax. Haykoea noseusna. Ilokazano, ujo aemoHoMHUli eKPAHOBAHUI Pe3UCMUBHUIL OIIbHUK GUCOKOT HaAnpyzu modxuce
Mamu yac HapoCmauHua menwe, Hiye 1 nc. Yemanoeneni eenuuunu napasumuux napamempie OinbHUKA, W{0 6UKTUKAIOMb
GUKPUBJICHHA 3A20CMPENn020 ¢ponmy imnynvcie 3 yacom napocmanus =0,1 nc. Illpaxmuuna 3nauywicme. /linonuk modxcna
3acmocogyeamu 01sa 6UMIPIOGAHHA XAPAKMEPUCHUK GUCOKOBOIbMHUX IMRYNbCI6 3 Kpymum ponmom (00 1 nc y akocmi
Huxcnboi epanuyi). bidn. 7, puc. 15.

Kniouosi cnosa: pinbHUK HANIPYTH, TEHEPATOP BHCOKOBOJIBTHHUX IMIIYJIbCiB, KOMII’IOTePHE MO/IEJIIOBAHHS, €JICKTPHYHA CXeMa,
4aCc HAPOCTAHHA, IEPEXiIHA XapAKTEePUCTUKA, (PPOHT iMmyJibcy.

ILlens. Onpedenenue 603M0HCHOCIMU UCHONB306AHUA PA3PAOOMAHHOZO0 ABMOHOMHO20 OeUmeNA HARPANCEHUA 014 UIMEPEHUs
BbICOKOGOILIMHBIX UMRYALCO8 ¢ o0bocmpennvimu Gponmamu (00 1 nc). Memoouxa. Ilpumenena memoouxa onpeoeneHus
KoIhpuyuenma oenenusn derumens nPU NOMOULU KAAUOPOGAHHO20 2eHepamopa u ocyuanozpaga. /Ins onpedenenus epemenu
Hapacmanus NepexooHoll XapaxKmepucmukuy Oeaumens UCHOIb308ANACy IKCHEPUMEHMANbHAA MEMOOUKA HA O0CHOGe
2eHepamopa BblCOKOGONbMHBIX UMNYIALCO8 C KPYMbIM (PPOHMOM U KOMRbIOMEPHOE MOOenUposanue ¢ UCHONb308AHUEM
npozpammul cxemomexHuueckozo mooenuposanus Micro-Cap. Pesynbmamol. IKcnepumenmanbHo noayuensl 0CYUIA0ZPAMMBbL
6bICOKOBOIbMHBIX HAHOCEKYHOHBIX UMNYIbCO8 C CYOHAHOCEKYHOHLIMU (BpOHmMAMU NPU NOMOUWU CO30AHHO20 A6MIOHOMHOZ20
pezucmuenozo oenumens Hanpaxycenus. IIpoeedeno KomnvlomepHnoe modenupoganue padomyl cO30aHHO20 Oeaumens 6
paznuunvix pexcumax. Hayunasn nosusna. Ilokazano, umo agmonommulii IKpAHUPOGANHLLI PE3UCMUBHDLIL OeUMENb GbICOKOZ0
HANPANCEHUS MOIICEM UMEMD 6pemsa Hapacmanua menee 1 nc. Ycmanoenenvl genudunsl RApasumHuIx RApamempos deaumens,
npUBOOAMUX K UCKAHCEHUI0 000CMpPEennozo gpouma umnynvcoe ¢ epemenem Hapacmanua =<0,1 nc. Ilpakmuueckas
3Hauumocmeo. /lenument MOMHCHO NPUMEHAMb ONA UBMEPEHUA XAPAKMEPUCHUK 6bICOKOGOJIbMHBIX UMNYIbCO8 C KPYMbIM
dpornmom (00 1 nc kak nuscnei cpanuyspt). budn. 7, puc. 15.

Kniouesvie cnosa: nejMTeNb HANPSKEHHSl, FeHEPATOP BbICOKOBOJBTHBIX HMMIIYJIbCOB, KOMIBIOTEPHOE MO/eIHPOBaHMNe,
3JIeKTpUYecKasi cXxeMa, BpeMsl HapacTaHMs, lepexXoAHasi XapaKTePUCTUKA, (PPOHT UMITY.JIbCA.

Introduction. In high-voltage pulse technology, the
solution of the problem of measuring nanosecond
differences (first of all, fronts) of high-voltage pulses at
different loads is relevant [1-5]. In the work, the results of
which are presented in [6], a compact autonomous
resistive  shielded low-resistive  voltage divider
(ARSLVD) is developed and tested to measure the record
amplitude-temporal characteristics of high-voltage pulses
from a generator in an apparatus for broadband
electromagnetic pulse therapy (ABEMPT). The generator

design is described in [6]. If the generator in ABEMPT
operated without the use of a sharpening of the pulse
front, then the voltage divider transmitted the expected
pulse shape, including its front (=2.5 ns), without
distortion. If the mode of operation of the generator with
the sharpening of the pulse front was used, then the
divider introduced significant distortions at the front of
the measured pulses. To register pulses from an ABEMPT
generator, a C7-19 analog oscilloscope with a 5 GHz
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bandwidth was used. It is known [2] that for a satisfactory
measurement of the amplitude-temporal characteristics of
pulses, the rise time of the transient characteristic of a
voltage divider (VD) should be noticeably shorter than the
measured pulse front duration. Since the sharpening of the
pulse front using spark gaps — sharpeners leads to a
shortening of the front by about 10 times, the required rise
time of the transient characteristic of the voltage divider
used should be shorter than 0.2 ns for measuring pulses
with sharpened fronts without significant distortion.

The definition of a scientific problem and the
justification of its relevance with the identification of
unsolved problems. In high-voltage pulse technology
there is the problem of measuring the amplitude-temporal
characteristics of high-voltage pulses with high accuracy
[1]. Its relevance is determined by the fact that for
different high-voltage electrical technologies, radars,
high-voltage tests of various equipment high voltage
pulses with a very steep front (units ns or less) are
required [1-5].

The goal of the work is the determination of the
possibility of using the developed autonomous voltage
divider for measuring high-voltage pulses with sharpened
fronts (up to 1 ns).

Tasks that need to be solved to achieve the goal:

e to determine the rise time of the transient response
of an autonomous compact resistive voltage divider
developed;

e to create a computer model of a two-stage resistive
voltage divider;

e to determine what caused the appearance of high-
frequency oscillations with large amplitude at the front of
the measured high-voltage pulses with an extremely steep
front (0.1 ns);

e to determine whether a combination of a short
transient response (less than 1 ns) of the created
autonomous voltage divider with a large division ratio
(more than 500) is possible.

The circuit, the design of the divider and the
experimental results to determine its division ratio and
the rise time of the transient response. The first
mention of the divisor considered in this paper is in [6].
The electric circuit of the divider is shown in Fig. 1.

According to measurements made with a multimeter
M890G, Ry =738 Q, R, =3Q,R;=239Q, R, =17 Q,
Rs =47.2 Q taking into account the uncertainty (error) in
the readings of the multimeter of 0.4 Q.
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Fig. 1. The electrical circuit of the system of the generator G of pulses, resistive divider taking into account the parasitic capacitances
and inductance L,, ,, coaxial broadband connecting cable with a characteristic impedance Z. = 100 Q
and oscilloscope with input resistance R;, ,, input capacitance C;,,

The divider is designed and manufactured as
autonomous, collapsible in an aluminum case. At the
input and output of the divider, coaxial connectors-
sockets CP-50-165®B are applied, the pulsed electrical
strength along the insulation surface of which determines
the maximum allowable working voltage of the divider.
Photo of the divider is presented in Fig. 2. The divider is

o BN,

The second stage is formed by the resistances R;
(high voltage arm of the second stage of the divider) and

made on the volume resistors TBO-1, TBO-0,5 and TBO-
0,25 and is two-stage. The first stage is formed by the
resistances R (high-voltage arm of the first stage of the
divider) and R, with a chain connected in parallel to it
(the low-voltage arm of the first stage of the divider), if
generator G is connected to the divider as in Fig. 1, i.e. to
the 75-Q input, and has a division ratio K7s ;.

w .

Fig. 2. Photo of autonomous resistive shielded low-resistive voltage divider (ARSLVD)

R4 (low voltage arm of the second stage of the divider)

and has a division ratio Kjys,. Resistance Rs in
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combination with the rest of the resistances of the divider
forms a matching resistance equal to the characteristic
impedance of 50 Q of the coaxial cable, if one is
connected between the output connector of the divider
and the input of the oscilloscope. In this case, the input
resistance of the oscilloscope can be either low-resistance
(for example, 50 Q) or high-resistance (for example, 1
MQ): this does not lead to additional parasitic reflections
in the cable as a long line. The total division factor of the
divider can have two values: K7sj;=K75.1K7s2, if the input
of the oscilloscope is  high-resistance, and
K75100~2K751K75,5, if the input is low-resistance, i.e.
oscilloscope input impedance R;,,=50 Q. This allows
matching the coaxial cable (if used) with a wave
resistance of 50 Q connecting the 50-Q output of the
divider with the input resistance of the oscilloscope
R;, ;=50 Q from both ends. The body-screen of the divider
can be conditionally divided into five component parts:
two extreme cylindrical, each connected to its own
coaxial connector CP-50-165®B, one central cylindrical,
separated from the extreme cylindrical parts by two disk
parts. In one extreme cylindrical part, the resistance
R, = 73.8 Q is located. In the other extreme cylindrical
part — resistance Rs = 47.2 Q. In the central cylindrical
part of the body, the resistance R; = 23.9 Q is located. In
the disk parts of the body there are resistors R, = 3.0 Q
and Ry = 1.7 Q. Resistance R, is formed by 7 TBO-0,25
resistors with nominal resistances of 22 Q each,
connected in parallel (see photo in Fig. 2). Resistance Ry
is formed by 4 TBO-0, 5 resistors with nominal
resistances of 6.8 Q each, connected in parallel.

If we do not take into account the influence of
parasitic inductances and capacitances, then the division
factor Ky of the considered divider when applying a
signal from the pulse generator to its 75-Q input and
using an oscilloscope with a high-resistance input can be
defined as follows (see circuit in Fig. 1):

K75 /7[Rt Ry(Rs+Ra) (Ry R +Ra) V[ Ro( Ryt Ry) /(RyHR3+R)
Ki52=(R3tR4)/Ry.

Then:

Kisnigi=[RiHRy(R3HR)/ (RytR3+R4) [/ [Ry(R3+Ry)/
H(RotRy+Ry)|(RytR4)/Rs =
=[73,8+3(23,9+1,7)/(3+23,9+1,7)1/
/[3(23,9+1,7)/(3+23,9+1,7)](23,9+1,7)/1,7=
~ (76,485/2,685)-25,6/1,7 ~ 28,5-15,1=430,35.

So,

K75high:K75']K75'2:28,5'15,1 = 430,35

Here K75[0w = 2]{75‘1]{75‘2 =~ 228,515,1 = 860,7

The input and output of the divider can be reversed,
since the same coaxial connectors CP-50-165®B, capable
of withstanding pulse voltages up to 6 kV, are installed at
the input and output. This changes the division ratio of the
divider.

The division ratio Ksopg, of the considered divider
when applying a signal from the pulse generator to its
50-Q input and using an oscilloscope with a high-
resistance input Ksopigi=Ks0.1K50.2.

Ks0.1=[RstRy(Rs+Ry) (Ry Ry +Ry) Y [Ra( R+ Ry) (Ry Ryt Ry) ),
Ks0,=(R3tRy)/R;.

Ksonigi=[RstRa(Rs+R:)/(Ry+R3+R4) )/ [Ry(R3+Ry)/
/(R2+R3+R4)](R3+R2)/R2:[47,2+1 ,7 (23,9""3)/
/(3+23,9+1,7)1/[1,7(23,9+3)/(3+23,9+1,7)]-(23,9+3)/3 =
~ (48,799/1,599)26,9/3 ~ 30,52-8,97 ~ 273,76.

Then K5010,~2K’50.1K50,~2:30,52-8,97 = 547,52, if the
oscilloscope input resistance is R;, ,=75 Q.

The input resistances of the divider are selected as
low-resistance, since it is the low-resistance resistive
voltage dividers that have the shortest rise time of the
transient characteristic [2]. Specific values of 75 Q and
50 Q of input resistances are chosen based on the fact that
the characteristic impedances of the most common
coaxial cables in practice are 75 Q and 50 Q, and the
input resistance of high-speed oscilloscopes with a wide
(more than 1 GHz) bandwidth is, usually, 50 Q.

As a generator in the experimental determination of
the division factor of the divider, we used a Cl1-74
oscilloscope calibrator, which generates sinusoidal signals
with known amplitude-frequency characteristics.

The division factor of the divider has been
experimentally determined in two stages. At the first
stage, we determined the K35 division factor of the first
stage of the divider as the ratio of the voltage amplitude
from the calibrator at the 75- Q input of the divider to the
voltage at the low-voltage arm of the first cascade divider.
At the second stage, K5, has been defined as the ratio of
the voltage amplitude from the calibrator at the input of
the second stage of the divider (at series-connected
resistances R; and Ry, Ry+R4 = 25.6 Q) to the voltage at
the low-voltage arm of the second stage of the divider (on
resistance Ry).

At the first stage, the signal from the calibrator has
been fed through a coaxial tee to the 75- Q input of the
divider and to the input (I MQ, 30 pF) of the C8-13
oscilloscope. At the same time, the 50-Q input (output) of
the divider has not been connected to external devices.
Thus, the signal from the calibrator at the input of the
divider has been measured. The oscillogram of this signal
is presented in (Fig. 3).

Fig. 3. Oscillogram of the voltage pulse from the calibrator of
the C1-74 oscilloscope loaded on the input resistance R;, = 75 Q
of the voltage divider (the scale along the time axis it is 1 ps/div,

and along the signal axis is 0.1 V/div)

After that, the signal has been measured — the
voltage on R, = 3 Q in the disk part of the divider case
with the remainder of the divider connected in parallel to
R, — the low voltage arm of the first stage of the divider.
The middle part of the body was removed from the
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voltage divider, the C8-13 oscilloscope input has been
connected to R, using a coaxial cable, and The 75-Q
divider input has been connected to the calibrator with a
separate coaxial cable. The result of measurements in the
form of an oscillogram of voltage at R, — the output of the
first cascade of this two-stage divider is shown in Fig. 4.

Fig. 4. Voltage pulse from a low-voltage arm
the first stage of the voltage divider (the scale along the time
axis is 1 pus/div, and along the process axis it is 0.01 V/div)

The ratio of the voltage amplitudes on the
oscillograms in Fig. 3, 4 represents the experimentally
determined division factor KE75.1 of the first cascade:
Kigrs1 = 27.1, which, taking into account the uncertainty
(error) of measurements using oscillographs = 10 %, is in
good agreement with the value K75, = 28.5 obtained by
calculation by the resistances of the divider elements
Ri... Ry

At the second stage, the voltage (signal) from the
calibrator has been fed through a coaxial tee to the input
of the second stage of the divider, i.e. for series
connection of resistances R; and R4, and to the input
(1 MQ, 30 pF) of the recording oscilloscope C8-13. The
50-Q input (output) of the divider remained not connected
to external devices, and the output of resistance Rj,
initially connected to the corresponding pins of R; and R,,
has been disconnected from the connection point. This
was done to ensure that the very low resistance R, = 3 Q
does not short the calibrator output. Thus, the signal from
the calibrator at the input of the second stage of the
divider has been measured. The oscillogram of this signal
is presented in Fig. 5. Its amplitude is less than on the
oscillogram in Fig. 3, because the calibrator in this case is
loaded on the total resistance R3;+R4~25.6 Q, significantly
less than the input resistance of the divider = 75 Q, which
was the load of the calibrator in the first stage.

Fig. 5. The voltage pulse from the calibrator of the C1-74
oscilloscope at the input of the second stage of the divider (the
scale along the time axis is 1 ps/div, and along the process axis

itis 0.1 V/div)

Next, the signal has been measured — voltage on
Ry = 1.7 Q (low-voltage arm of the second stage of the
divider) in the disk part of the divider case. The CP-50
connector of the divider, connected by its central output to
R4 through Rs, has not been connected to external devices.
The C8-13 oscilloscope input has been connected to Ry
with the help of a coaxial cable, and the input of the
second stage of the divider has been connected to the
calibrator with a separate coaxial cable. The measurement
result in the form of the oscillogram of voltage on R, — the
output of the second stage of this two-stage divider is
shown in (Fig. 6).

Figure 7 shows an oscillogram of voltage from the
low-voltage arm of the second stage of the divider for the
mode in which in parallel to the high-resistance (R;, =1
MQ) C8-13 oscilloscope input a 50 Ohm load has been
connected.

Fig. 6. The voltage pulse from the low voltage arm of the second
stage of the voltage divider at the input resistance of the
oscilloscope R;, , = 1 MQ (the scale along the time axis

is 1 ps/div, and along the process axis it is 0.01 V/div)

Fig. 7. The voltage pulse from the low-voltage arm of the
second stage of the voltage divider when connecting a load of
50 Q in parallel to the input resistance of the oscilloscope
R;, =1 MQ (the scale along the time axis is 1 ps/div, and along
the process axis it is 0.01 V/div)

From Fig. 6, 7 it follows that connecting of a 50 QQ
load in parallel to the input resistance of the oscilloscope
R;,,=1 MQ reduces the voltage amplitude from the output
of the second stage of the divider by about half, i.e.
approximately doubles the division ratio of the divider.

The ratio of the voltage amplitudes on the
oscillograms in Fig. 5, 6 represents the experimentally
determined division factor K5, of the second stage:
Kg75,=15.5, which, taking into account the uncertainty
(error) of measurements using oscillographs =~ 10 %, is in
good agreement with the value Kjg;5,=15.1 obtained by
calculation using the resistances of the divider elements
Ry;=239Q,R,=1.7Q.
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So,

KE75high: Ki51Kg752 = 27,1-15,5 = 420,05;
Ke1510w=2K15.1K£7527840,1;
K75high/KE7Shigh:K7510w/KE7SIuw:430935/420305 ~1,0245,
i.e. the relative error (uncertainty) between the calculated
value and the experimental value of the division factor for

this divider does not exceed 2.5 %.

Determination of the rise time of the transition
characteristics of the divider in the experiment. There
are two main options for determining the rise time in the
transmission system [2]. The first option implies as the
rise time a period, during which the measured value (for
example, voltage) increases from 0.1 to 0.9 of its
maximum value. In the second variant, the rise time is the
time during which the output signal reaches a certain
percentage of the steady-state value when a rectangular
pulse or voltage jump u;(f) of a given amplitude U, is
input to the system

(0= Unl (0),
where 1(¢) is the unit function:

l(t):{o at 1<0;

1 at ¢>0.

If a jump occurs after a time interval ¢ after the
origin, then the unit function is zero at <z, equal to 1 at
1, and is denoted by 1(z—1) [7].

The voltage u,(f) causes the voltage u,(f) — the
response to a rectangular pulse in the output of the system
(in our case, in the output of the voltage divider connected
to the oscilloscope input and matched with it). The
dimensionless function of time

h(t) = ux(1) Uy )
is called a transition function or temporal characteristic of
the system [2, p. 39], as well as the transient response of
the circuit [7, p. 116].

In our case, A(?) is represented as oscillograms. Here,
the voltage at the output of the divider u,(f) can be
determined using the Duhamel integral as a response to
the input signal u,(¢) of any form [2, p. 40]:

7=t
uy (t) =u; (+ O)h(t)+ Iul (t - T)h(T)dT . 2)
=0

Since in our case the duration of the pulse front from
the generator, both when using sharpening and without
sharpening, is much less than the half-drop time (drop to
half the pulse amplitude) = 50 ns, as far as in the first
approximation, the pulse from the generator can be
considered as a voltage jump (square pulse). Therefore,
the time derivative u'(f — 7) in (2) can be taken equal to
zero, since the function u; itself has only two values (two
constants): 0 for <z and 1 for £7 (taking into account the
limits of integration — at ¢ = 7), and formula (2) is
simplified to:

uy(t)=uy (+0)ale). 3)

If we take into account that u;(+0) = Uy in (1), then
(2) fully corresponds to (1).

Fig. 8 shows the oscillograms of voltage pulses from
the output of the voltage divider under study, connected to
the input of C7-19 oscilloscope with 5 GHz bandwidth
and an input active resistance of 50 Q.

d

Fig. 8. Oscillograms of the pulses as a whole and of the front part of the pulses from the generator, measured by the divider and
recorded with the C7-19 oscilloscope: a, ¢ — without sharpening of the pulse front; b, d — using the sharpening of the front.
On oscillograms a, b the scale along the time axis is 100 ns/div and 50 ns/div, respectively, on the oscillograms c, d, the scale along
the time axis is 2.5 ns/div. The scale along the process axis is 1.5 V/div on all oscillograms, the division ratio
of the divider K7s,,,,~860.7
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The front of the pulses from the high-voltage
generator [6] without sharpening is = 2.5 ns. The divider
transmits it without distortion (see the oscillogram in
Fig. 8,a). From oscillograms in Fig. 8,b,d it can be seen
that at sharpening (significant shortening) of the pulse
front from the generator, parasitic oscillations occur on it
(at the front). These oscillations are excited in this
resistive voltage divider containing parasitic capacitances
and inductances, by sharpened (subnanosecond) pulse
front from the generator. Oscillogram in Fig. 8,d shows
that the first voltage surge during sharpening of the front
of measured and recorded pulses is significantly steeper
than in the absence of sharpening, and in the rise time
itis <0.5 ns.

To validate the experimental results and find out
exactly which parasitic capacitances and inductances in
the divider to the greatest extent affect its transient
characteristic (function), computer simulation of the
resistive voltage divider taking into account its parasitic
parameters is carried out. The presence of a broadband
coaxial cable with an impedance of 100 Q and electrical
length of 5-10 ns between the output of the high-voltage
pulse generator and the input of the divider is also taken
into account.

Computer simulation of the operation of the
divider. The circuit used to model the operation of the
divider when applying voltage pulses to the 75 Q input

with different fronts duration from the generator through a
coaxial cable with an impedance of 100 Q and an
electrical length of 5 ns, is shown in Fig. 9. The values in
the circuit elements varied. From the diagram in Fig. 1 it
differs taking into account the parasitic inductances in the
divider. In the diagram (Fig. 9), the pulse generator has
the following characteristics. The amplitude of the pulses
is 5 arbitrary units (for example, 5 kV). The delay before
the start of the pulse is 10 ns. The duration (rise time) of
the pulse front from the generator is 0.1 ns. The duration
of the decay of pulses from the generator is 1000 ns. Pulse
width (shelf on top) is 100 ns. The pulse repetition period
from the generator is 5000 ns. The recording oscilloscope
C7-19 in the diagram is represented by the input active
resistance R6 = 50 Q and included in parallel with the R6
input capacitance C1 = 15 pF. The parasitic inductance L3
at the point of connection of the divider output to the
oscilloscope input during modeling varied in the range
L3 =0.1 ... 10.0 nH, and L1 — in the range L1 = 0.5 ...
10.0 nH. The values of inductances L1 and L3 have a
significant effect on the shape of the front part of the
pulse voltage at the output of the divider connected to the
input of the oscilloscope.

The maximum step duration in modeling in
Microcap-10 was 0.001 ns, the number of points in time
was 100,000.

1ip 1p 1p
C10 Cco ce
|- n u
Eik is VE\LUE=ZEJI_;1C|CITD=5ns|_1 R1 L2 R2 -
5n 0.01n 0.5n 73.8 0.5n| 239 47.2
10 5 ] 2 < 5 At

- i + =

Fl49 ip ip 3 1D_L i

T ca] <R3 gd [ v

i

DCOACO Pulse 0 510n0.1n 10000 100n 5000n

Fig. 9. Circuit for computer simulation of the voltage divider operation

The simulation results for the circuit (Fig. 9) are
shown in Fig. 10. In Fig. 10,a the amplitude of the voltage
v(1) and v(2) at points 1 and 2 is less than the amplitude
v(8), v(9) and v(10), because the characteristic impedance
Z0=100 Q of the cable line 72 is greater input resistance
(=75 Q) of the divider. The division coefficient K75, of
the first stage of the divider can be determined from the
graphs in Fig. 10,a,b, as K75 ~Vuax(1)/Viax(3)=
~ 4270/150=28.5 excluding the outlier, which
corresponds to the above calculated value of K7s;. From
the graphs in Fig. 10,c,d, similarly, we determine
K752 = Vinax(3)/Vimax(5) = 150/9.95 = 15.1, which also
corresponds to the calculated value K7s,.

Regular bursts with a repetition period of 10 ns on
the graph (Fig. 10,a) of the voltage transient at point 2 (at
the 75-Q input of the divider) at the pulse front from the
0.1 ns generator are caused by the longitudinal capacitance
in the divider 1/(1/C8+1/C9+1/C10) = 0.33 (pF).
The repetition period is determined by the electric length
of 5 ns of the cable 72 and is equal to twice the running

time of the voltage wave from the generator through the
cable to the input of the divider. Similar bursts were
observed on oscillograms from the C7-19 oscilloscope.
Only the period of these bursts was longer (approximately
20-25 ns) due to the longer cable length. If the
longitudinal capacitance in the divider during modeling is
reduced by an order of magnitude — to 0.033 pF, then the
amplitude of bursts sharply decrease and become hardly
noticeable. The bursts also decrease with increasing
duration of the pulse front from the generator, which
agrees well with the experimental data (see Fig. 8).

The numbers affixed to Fig. 9 are the numbers of
the points at which the voltage was measured in the
simulation (the voltage between this numbered point of
the circuit and the grounded point of the circuit — the
body of the divider). Filter C11-L5-R9 provides on the
resistance R9, to which the input of a coaxial cable with
an impedance Z0 = 100 Q and an electrical length
of 5 ns, is connected, the pulse shape in the form of a
falling exponent with a steep front. If in the diagram in
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Fig. 9 take C1 = 5 pF instead of 15 pF, the amplitude
(range) of oscillations at point 6 at the input to the
oscilloscope decreases slightly, and negative surges in
oscillations disappear, as shown by the curves in
Fig. 10,d and Fig. 11.

According to [2, p. 49] t; = 0.35/B, where B is the
bandwidth determined by attenuation 3 dB, # is the rise

time for the system under study, in our case for the
studied low-resistance resistive voltage divider or for a
recording oscilloscope. Therefore, for a C7-19
oscilloscope with a 5 GHz bandwidth, the front # of
pulses, which it transmits without significant distortion,
t~ 0.35/5 GHz = 0.07 ns.
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Fig. 10. The results of the simulation of transient in the circuit in Fig. 9
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Fig. 11. The voltage at the output of the divider according
to the circuit in Fig. 9 at C1 =5 pF

If in the circuit in Fig. 9 to increase L3 from
0.1 nH to 0.5 nH, then the amplitude of oscillations at
point 6 at the pulse front from the generator increases
by about 2.5 times, which illustrates the simulation
result in Fig. 12.

Fig. 12. The oscillations at the output of the divider according
to the circuit in Fig. 9 at L3 = 0.5 nH

Under these simulation conditions, the oscillations at
point 6 at the front decay beyond = 0.6 ns, which is less
than in the experiment (see Fig. 8,d).

If in the simulation circuit in Fig. 9 set the duration
of the pulse front from the generator not 0.1 ns, but 2.5 ns,
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which corresponds to the operation of a real pulse
generator in the mode without sharpening of the front, as
a result of the simulation we obtain the dependence of
voltage on time at various points of the circuit, shown
in Fig. 13.

Small fluctuations in the form of bursts and
valleys at a front duration of 2.5 ns are caused by
breaks in the initial pulse from the generator: at the
beginning of the pulse and when going from the front
to the flat top.
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Fig. 13. The results of the simulation of the transient according to the circuit in Fig. 9 at a pulse front duration 2.5 ns
from the generator

Modeling at extremely short rise times of the front
from the pulse generator, causing the appearance on the
front of the oscillograms from the output of the divider of
high-frequency oscillations (see Fig. 8,d), turned out to be
the most difficult at modelling the operation of the
divider.

The task is complicated by the fact that the duration
of the pulse front from the generator in experiments in the
sharpening mode is unknown. It was only clear that the
shorter the front from the generator, the greater the
amplitude of oscillation on the oscillograms from the
output of the divider.

Experiments have shown that the amplitude of these
oscillations reaches twice the value compared with the
amplitude of the voltage from the output of the divider in
the mode without sharpening the front. The selection of
the parasitic inductances and divider capacitances in the
simulation of oscillations on the front part in the mode of
sharpening the front of pulses made it possible to achieve

good agreement between the simulation results and the
experimental results (see Fig. 8,d). The circuit, which
allowed to model the oscillations on the front of a
sharpened pulse, is shown in Fig. 14, and the simulation
results are presented in Fig. 15. The front part of the
simulated pulse, close to that in the experiment using the
sharpening mode, was obtained with a front duration of
0.1 ns of the original pulse from the generator in the
simulation circuit. Hence, in the sharpening mode, the
duration of the front from the generator in the experiment
was also = 0.1 ns.

The simulation does not take into account the
processes in the divider as in a long line, which lead to
the emergence of higher types of electromagnetic waves
when a long line is excited by pulses with steep fronts
whose duration is comparable or less than the electric
line length (in our case, of the voltage divider). With a
pulse front duration of 0.1 ns, the corresponding path
length of an electromagnetic wave in air is 3 cm, and the
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divider length is 18 cm. Therefore, the appearance of
higher-type waves in it is real. This can explain the
somewhat higher intensity of oscillations at the front of

a sharpened pulse at the output of the divider in the
experiment (as compared with the results of computer
simulation).
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Fig. 14. Circuit with parasitic inductances and divider capacitances, which provided the simulation results of the pulse front at the
divider output, closest to the experimental ones

Thus, computer simulation has allowed to clarify the
duration of the pulse front from the high-voltage
generator used in the experiment in the sharpening mode
and to estimate quantitatively the values of the parasitic
inductances and capacitances in the considered divider. In
particular, the value of the simulated parasitic inductance
at the input of the divider was L1 = 7 nH, and at the
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output the divider L3 = 10 nH. The rise time of the front
of the voltage pulse v(7) at the RC-input of the
oscilloscope (R6 = 50 Q, C1 = 10 pF in Fig. 14 at point 7)
was approximately 0.7 ns (see Fig. 15,b), while the rise
time of the voltage pulse front v(7) from the generator at
point 8 is 0.1 ns. From here it follows that the rise time
the transitional characteristics of the divider is = 0.7 ns.
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Fig. 15. The results of the simulation of the transient at the output of the divider, close to the experimental results;
a —pulse as a whole, b — front part of pulse

Simulation has shown that the influence of parasitic
capacitances and inductances in the investigated divider at
subnanosecond and even shorter rise times of pulses at the
input of the divider should be taken into account.

Conclusions.

1. Theoretically (using computer simulation) it is
reasonable and experimentally it is confirmed that the
developed voltage divider with the rise time of the
transient response =~ 0.7 ns allows to measure high-
voltage pulses with a steep front (up to 1 ns as the lower
limit) and provides the division factor K7s;,,~ 861 when
using a 75-Q divider input and with an oscilloscope input
resistance of 50 Q (Ks,,,~548 when using 50-Q divider
input and at the input resistance of the oscilloscope, equal
to 75 Q).

2. A computer model of VD is created, with the help of
which it was possible to explain the presence in the
experiment of oscillations with amplitude twice as large

as the amplitude of the pulses according to the division
factor of the divider at the front of the pulses from the
output of the divider. These oscillations (arising when
pulses with a very steep front =~ 0.1 s are applied to the
divider input) are caused by the presence in the divider of
a parasitic longitudinal capacitance ~ 0.3 pF and parasitic
inductances, the total value of which is = 17.5 nH).

3. This divider can be recommended for measuring the
characteristics of high-voltage pulses with steep
(nanosecond) fronts.
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