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Abstract. The present paper describes a new architecture of a high-voltage solid-state pulse generator. This generator combines the two types
of energy storage systems: inductive and capacitive, and consequently operates two types of switches: opening and closing. For the opening
switch, an isolated gate bipolar transistor (IGBT) was chosen due to its interesting characteristics in terms of controllability and robustness. For
the closing switch, two solutions were tested: spark-gap (SG) for a powerful low-cost solution and avalanche mode bipolar junction transistor
(BJT) for a fully semiconductor structure. The new architecture has several advantages: simple structure and driving system, high and stable
controllable repetition rate that can reach 1 kHz, short rising time of a few nanoseconds, high gain and efficiency, and low cost. The paper starts
with the mathematical analysis of the generator operation followed by numerical simulation of the device. Finally add a comma the results were
confirmed by the experimental test with a prototype generator. Additionally, a comparative study was carried out for the classical SG versus the
avalanche mode BJT working as a closing switch.

Key words: pulsed power, nanosecond generator, Isolated Gate Bipolar Transistor (IGBT), spark gap, avalanche mode Bipolar Junction Transistor.

1. Introduction

Since their first appearance, high-voltage pulse generators
(HVPG) have undergone many improvements. These improve-
ments were related especially to switching devices, starting
with spark gaps (SG) in vacuum and gas-filled tubes and
extending to semiconductor switches. All these developments
were carried out to meet needs emerging from the applica-
tions of HVPG. These applications are still increasing. They
started with radar and magnetron development during the Sec-
ond World War, advanced to nuclear weapon programs in the
Cold War era, and presently span unlimited number of usages.
A large part of the older applications was collated by Friingel
in his four-volume book [1], but new possibilities are still being
invented [2].

The general architecture of a high voltage pulse generator is
shown in Fig. 1. It contains four main components: the first one
is a primary power supply that can be any source of electrical
energy: typically a power network or a pack of batteries. The
second part is the storage device that can be either capacitive
or inductive. It accumulates energy over a longer period and
releases it instantaneously to create a short powerful pulse. The
third part is the switching system. It plays a very important role
because the final pulse shape and characteristics of the whole
system depend strongly on the used switches. The principal
role of the switch is to control the energy flow within the gen-
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Fig. 1. General architecture of a pulse generator

erator: it connects the storage device to the supply in the first
phase, and, it rapidly switches the storage to the load. The last
component of the system is the load that depends on the target
application.

In reality, many other supplementary parts are necessary for
the optimal functioning of the generator. For example a power
conditioning, such as a flyback transformer [3], a rectifier
or Cockroft—Walton multiplier, may help the power supply
to charge the storage device more effectively. For some appli-
cations the shape of generated pulses must be further improved
by a pulser or a pulse forming network [4, 5]. In most cases, it
is inevitable to match the impedance of the generator to that
of the load for maximal power transfer. A pulse transformer
or a transmission line or a combination of transmission lines
(called a Lewis transformer [6]) can be used for this purpose.

Switches in the pulsed power field are generally classified
into two categories: closing and opening switches. The first
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Table 1
A comparison of properties of different switches

Type Reference Voltage (kV) Current (A) Rise time (ns) Controllability Price ($)

SG 3 mm in air 10 any 5 closing auto even 1$
IGBT IXGF30N400 4 30 55 full 55

MOSFET IXTFIN250 2.5 1 25 full 42.5

SiC-MOSFET | SCT2750NYTB 1.7 5.9 24 full 6
BIT FMMT417TD 0.32 60 1 closing 11

category is the most popular, and it contains several types of
switches such as SG, pseudo spark gaps, and different sorts of
gas-filled tubes like thyratrons and ignitrons and other lamps.
Many studies described this category. A good overview of gas
discharge closing switches can be found in [7]. In addition
to that, several semiconductor devices such as thyristors [8, 9],
metal-oxide semiconductor field-effect transistors (MOSFET)
[10, 11], IGBTs [12, 13] are often used as closing switches in
pulsed technology. Typically, this category of switches is com-
bined with capacitive storage. The most popular architecture
based on this type is the well-known Marx generator.

The second category (opening switches) is more compat-
ible with inductive storage. It also includes several different
types such as fuse opening, explosive-driven switches [14] and,
of course, semiconductor switches. A good review of opening
switches can be found in [15].

In this work, we present a new generation of low-cost pulse
generator designed to be small, portable, and easy to control.
It can deliver short and fast pulses of high voltage and low
power. Possible applications include biomedical treatments [16]
and purification. Some industrial applications include pollution
control, testing surge protection devices [17], and the ignition
systems in plasma cutting and welding machines, or in electro-
magnetic pulse (EMP) generation [18, 19].

For such applications, the traditional Marx generator with
SG is not convenient due to several reasons. First, its voltage
gain is proportional to the number of stages, which implies that
the generator size is proportional to the output voltage. Second,
the repetition rate is not controllable because it depends on the
oscillation of the RC circuit and it is also limited by the recov-
ery time of the SG. Additionally the traditional Marx generator
needs a high voltage supply, which makes the system heavier,
more expensive, and less efficient. All these limitations favour
the development of other alternative solutions such as genera-
tors based on semiconductor switches.

This type of designs has received tremendous interest in
recent decades due to their numerous advantages (especially
those using MOSFETs or IGBTs) [20—-24]: they can provide
quasi-square pulses with controllable repetition rate and pulse-
width and have much more compact structure.

Many of the modern solutions inherit Marx generator archi-
tecture and substitute SG by semiconductor switches [25, 26],
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while other solutions are based on boost converter topol-
ogy [27, 28] or some other structures [29, 30]. However, almost
all of these generators cannot provide fast rising pulses. This
weakness is caused by the dynamics of the semiconductor
switches, which can reach 20 ns in the best cases. Fast semi-
conductor switches with nanosecond rise time, such as semi-
conductor opening switches (SOS) [31] and drift step recov-
ery diodes (DSRD) [32-34], were proposed, but they are not
available in the market. Another interesting alternative is the
avalanche mode bipolar junction transistor (BJT). Studies cov-
ering these devices started in the early fifties [35] and continue
to date [36]. Avalanche BJT is really very fast (it’s rise time can
reach 1 ns), and the jitter is very low. However, the power range
for these devices is limited, especially the voltage that cannot
exceed some hundreds of volts. The series connection to raise
the voltage capabilities is possible, but it raises the cost of the
generator. The quest for a solution to this problem guided us
to a new design.

The idea of the design presented in this paper is to combine
the two types of switches to obtain better performance by exploit-
ing their advantages. To achieve the goal, we have profoundly
studied each of them to determine the pros and cons. The main
properties of different types of switches are illustrated in Table 1.
Based on this comparison, we attempted to create the best possi-
ble fusion: an SG was chosen as the main switch due to its fast
switching, high power range, simple structure, and low cost. Its
drawbacks, such as complex triggering and low repetition rate,
were overcome by combining it with an IGBT working as an
opening switch. IGBTs are very successful in power electronics
and motor driving due to their power range and full controlla-
bility in closing and opening. They have also small size, simple
driving system, and fast switching capabilities. This makes them
convenient to use with micro-controllers and digital processors.

It is worth mentioning that, in the pulsed power field, the
IGBTs are usually used as closing switches, as in [12, 13,
25-27, 37]. Its application as an opening switch is rare. One of
the purposes of the presented paper is to show the advantages
of such a solution.

In the next sections, the general architecture of the proposed
generator is presented and analyzed. Results of the theoretical
study are supported by computer simulation and some labora-
tory tests.
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2. Functioning principle

The proposed generator consists of an inductor, an IGBT,
a diode, a capacitor, an SG, or an avalanche mode BJT as dis-
cussed later, and a load as shown in Fig. 2.

L D ! i
YV Py B *+— SG —
E S C R,
— T — BJT §
o o

Fig. 2. Architecture of the new high voltage pulse generator. Two
versions: first with a spark gap and second with an avalanche BJT
are shown

The operational cycle can be divided into four phases. In
the first phase, the energy flows from the input supply to the
inductor through the closed IGBT. The second phase starts
when the IGBT opens and the current changes its path, thereby
charging the capacitor. The serial connection of the inductor
and the capacitor creates a high gain of charging voltage. The
third phase starts when the voltage across the capacitor exceeds
the breakdown value of the SG and a very short pulse occurs
across the load. After the discharge of the capacitor and the end
of the spark, the system enters the fourth phase, waiting for the
next closing of the IGBT.

The functioning principle of this generator was briefly
explained in [38]. In the following paragraphs, we will explain
every step in detail in order to deduce the general equations
that describe the model.

2.1. The first phase: inductive storage. Initially, the capacitor
is fully discharged, and the IGBT and the diode are off: there-
fore no current flows in the circuit. When the IGBT is turned
on by the control unit, the current starts to flow from the DC
supply through the inductor and through the IGBT back to the
source. Consequently, the inductor starts storing energy. The
current rises linearly according to equation (1) as shown in
Fig. 3 (phase 1).

L= 0

The IGBT is controlled to be closed after an interval 7,
called the activation time. During the activation time the induc-
tor current raises, reaching its final value /; given by (2). This
phase ends by switching off the IGBT.

E

[O = [L(Ton) = f : Ton (2)
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Fig. 3. Main system signals from top to bottom: IGBT triggering signal;
inductor’s current /; ; capacitor’s voltage V; output voltage V,,,. The
phases of operation are indicated by numbers in circles

2.2. The second phase: charging of the capacitor. After
switching off the IGBT, the inductor current is forced to pass
through the capacitor, thereby charging it. The equivalent circuit
of the generator in this phase can be represented by a voltage
source connected in series with an inductor and a capacitor.
The voltage across the capacitor can be obtained by solving the
differential equation (3).

di,

Ve=E—L-
¢ dt

3)

Analysing (3) we can notice that the capacitor is charged in
two steps: the first when E > V, in this step the current still
rises, which means that the energy of inductor is still increasing.
In other words, the DC supply provides energy for both the
inductor and capacitor. The second step starts when the volt-
age across the capacitor becomes higher than the input voltage
(Ve > E). Then, the current starts decreasing and both the DC
supply and the inductor transfer their energy to the capacitor
and finally make it overcharged.
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The dynamics of the inductor current is governed by the
second order differential equation

qp = (4)

with the initial condition L(0) = I, given by (0) at the end of the
first phase. The natural frequency of the circuit @ is determined
by the capacitance and inductance:

©0=—. (5)

Solving equation (4), we obtain the general current expres-
sion given as:

[L(t):[max'Sin(a)' t+¢) (6)

2
where [, = [3 + % is the maximal current and ¢ is the
-

phase shift given by ¢ = atan <%) = atan(w-T,,). Inte-

grating this solution, we can derive the expression for the max-
imal capacitor voltage V), given by

Vc;,ZE'(l—i-\/l—i-a)z'Z,zn). (7)

For small values of the inductance and capacitance, the
product of the natural pulsation times the activation time
becomes much higher than 1, so we can approximate the output
pulse voltage with the linear equation:

Vch%E'(l—’—w'Ton)' )

Formulas (7) and (8) show that the output pulse voltage V,,
is a function of activation time 7, and also of the natural fre-
quency of the LC circuit that reflects the resonance phenomena
between the inductor and the capacitor. This allows to amplify
the input voltage and charge the capacitor with a substantially
higher voltage than the supply.

The ratio between the output pulse magnitude and the input
(charging voltage) is always higher than 2 and almost linearly
dependent on 7,,,. It can be very high, in theory infinite, accord-
ing to (7), but in reality, it is limited because the charging cur-
rent is limited by the inductors’ resistance (neglected in this
model for simplification reasons).

The second phase ends when the inductor current crosses
zero, which corresponds to switching the diode off. From (6),
we can deduce the length of this phase. The charging time 7,
is given as

Top = : )

2.3. The third phase: discharging of the capacitor. When
the capacitor voltage exceeds the breakdown voltage of the
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SG, the gas between the electrodes is ionized, and the current
commences to flow from the capacitor through the load. The
rise time of the output voltage is controlled by the dynamics of
the ionization within the SG and the parasitic inductance of the
capacitor and the wires (and, eventually, the load).

SG setup. For best performance of the generator, the break-
down voltage (which is the same as the pulse amplitude)
denoted V, should be equal to the maximal charging voltage
of the capacitor, i.e., V, = V,;. For a given SG, we can adjust
this value by changing the distance between the electrodes or
the pressure of the gas. However, one should remember that
these factors will influence the dynamics of the switch. We note
that if the breakdown voltage is lower than the charging one
V, < V,;, then the SG switches on before the capacitor is fully
charged. If it is higher (V,, > V,;), the breakdown will never
occur or will eventually occur after accumulating energy from
several charging cycles.

To sustain the ionisation between the electrodes of the SG,
the current should be higher than a specific value called the
maintenance current [39]. After the discharge, the capacitor
cannot provide the required current to maintain the ionisation
and the SG switches off. Depending on the load, the discharge
of the capacitor could be faster or slower. The time needed
for that operation is called the pulse width and denoted 7,
For resistive load, the discharging time can be estimated as the
circuit time constant multiplied by five.

I,,=5-R-C (10)
BJT as an alternative to SG. Avalanche BJTs are based on
a phenomenon called current mode second breakdown, which
can be destructive, but for a short time, BIT may be used as
a fast, low jitter, high-voltage switch [40]. In this mode, the
voltage across the BJT is switched from its maximal value to
a very small one in a very short time and then current rises dra-
matically, hence the name ”’Current mode second breakdown”.
The BJT can be forced to switch by triggering its base, but in
the present design, it is used in the auto-firing mode. In this
case, it behaves exactly like an SG.

When using avalanche BJT instead of SG (shown as an
option in Fig. 2), the breakdown voltage is a characteristic of the
device that cannot be adjusted. On average, the breakdown volt-
age of a single BJT is a few hundred of volts. A series connection
of several BJTs is always enables to reach a higher voltage.

2.4. The fourth phase. By the end of the spark between the
electrodes (or switching the BJT off), the capacitor is fully
discharged. The IGBT and the diode remain opened. The sys-
tem waits for the next triggering signal from the control unit
to repeat the cycle.

3. Discussion

Analysis of the generator’s operation, presented in the previous
chapter, shows that that the cooperation of both switches allows

Bull. Pol. Ac.: Tech. 68(2) 2020
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for using their strengths. The IGBT, which has a long switching
time and cannot handle high current, is not adequate as the main
switch for the capacitor discharge. However, it is fully control-
lable with a simple driving circuit, which makes it perfect for
interface with the control unit. On the other hand, the SG is
hardly controllable, but its power capabilities and fast operation
makes it perfect for discharging the capacitor. Summing up,
the generator operation combines two pulses: the first is a slow
current pulse controlled by the IGBT to charge the capacitor,
the second is a fast voltage pulse controlled by the SG. This
can be observed in Fig. 3 (compare the slope of the current in
the first phase and the slope of the voltage at the beginning of
the third phase).

We note that the IGBT is working in the soft switching
mode. It switches on in the zero current switching mode (ZCS)
and switches off in the zero voltage switching mode (ZVS)
[41]. That implies that the IGBT switches only when its current
or voltage is zero. Contrary to the hard switching mode, the soft
one has several advantages such as minimizing the switching
losses and extending the IGBT’s lifetime.

To predict the theoretical maximal repetition rate of the gen-
erator we can calculate the time needed for phases 1-3 (see
Fig. 3):

1

RR, = ——m.
e Ton+Tch+pr

(m)

It is very important to understand that in practice, there are
two main parameters that limit the repetition rate. The first one
RR,,.., which is already discussed, is determined by the design
of the system. However, the practical repetition rate is also
limited by the dynamics of the SG. In general, the repetition
rate of SG is very limited, especially at ambient pressure. It is
one of the major limitations of SG.

Yet another point is that the used SG is not externally
triggered. The breakdown occurs naturally when the voltage
between the electrodes becomes higher than the limit given by
Paschen’s law. This may cause a relatively high jitter, which
makes this design unsuitable for some applications that need
high time precision. We will return to this issue later in this
article.

We also note that the output pulse is highly exponential.
Double exponential pulse pulses have some applications, for
instance, testing equipment for electromagnetic compatibility
as in MIL-STD-461 standard test RS105. However, the new
tendency is to use rectangular or bipolar pulses in such tests
because of their high harmonic contents. The present gen-
erator in its current state can not create rectangular pulses.
However, by connecting a Blumlein line at the output, we
could generate perfect rectangular pulses with pulse width
as short as 10 ns.

Finally, the limited lifetime of SG cannot be ignored. In
general, the SG lifetime is measured by the maximal accumu-
lated quantity of charge that the SG can pass. If the quantity
of charge per shot is high, the maximal number of shots will
be limited. However, the proposed design is dedicated for low
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power application; hence, the lifetime in terms of the number
of shots should not be an issue.

4. Simulation
To assess the previous mathematical model, a first numerical

simulation, shown in Fig. 4, was performed using ANSY'S Sim-
plorer [43].

Spark gap

Spark-gap
P1

., ',.m ">| \/\PZ

Vin

@]
I
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o
zd Id

Pl _ P2
YW
Rload

Fig. 4. Model of the generator and the load in ANSYS Simplorer

The simulation used a simple linear coil model: an induc-
tance with a resistor in series to model the resistance of the
winding. The spark gap model was constructed according to
[44] with the threshold voltage set to 1.2 kV. The other param-
eters were taken as follows:

e Coil: L = 1 mH with a resistance RL of 50 mQ;
e Capacitor: C = 4 nF;

e Input voltage: 25 V;

e Repetition rate: 100 pps;

e [oad resistance: 100 Ohm.

For the considered range of frequency, modelling the load
as a single resistor is not accurate; hence, we have used a serial
connection of a resistor with 10 uH inductance, and parallel
with 20 pF capacitance as shown in Fig. 4. The connectors were
modelled as a small resistance of 1 mQ.

The obtained results are presented in Fig. 5. The current
and voltage waveforms are very close to those predicted by the
theoretical simplified model, with some differences caused by
the simplifications of the analytical model. The most important
one is that the capacitor voltage is never zero because when
the IGBT is open, a small current flows from the supply to
the capacitor and charge it. However, in the present study, we
are interested in high voltage gain, which means that the input
voltage can be neglected compared to the output one.
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Fig. 5. Simulated waveforms (activation time: 100 us): a) Current through: the inductor (dashes), the capacitor (points), the load (continuous);
b) Voltage across: the capacitor (dashes), Output voltage (continuous)

4.1. Realistic model of the coil. To ascertain the influence of
the inductor core saturation on the functioning of the generator,
a second simulation was performed. The simulation used a high
fidelity finite element model of the inductor that was elabo-
rated using ANSYS Maxwell 3D. This model was incorporated
into the global Simplorer model of the generator to observe
the influence of this saturation and, the losses inside the mag-
netic material on voltage gain, and the power efficiency of the
generator. The used inductor geometry is shown in Fig. 6. The
magnetic core is made of Ferrite 3F3. The magnetic character-
istics of this material are given in [42]. In Fig. 7, the obtained
results are compared to those of the first simulation.

IL= 0 30 60 (mm)

Fig. 6. FE model of the inductor in ANSYS Maxwell 3D

Study of the effect of the inductor saturation on the
behaviour of the generator is important for many reasons: the
first is that the core size should be possibly reduced because it
represents a large part of the generator weight. The minimiza-
tion of the inductor size will inevitably introduce the saturation
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Fig. 7. Simulated influence of the core saturation on the power effi-
ciency and voltage gain: a) Power efficiency as a function of activation
time; b) Voltage gain as a function of activation time

effect. The second reason is the influence of the core losses
on the generator power efficiency. It is obvious that maximi-
zation of the power efficiency will increase the autonomy of
the device.

Figure 7a shows the power efficiency of the generator, cal-
culated for both models, as a function of the activation time 7,,,.
It is clear that the second model shows lower efficiency, taking
into account more losses than the first one. This difference is
more evident for 7,, > 200 us when the saturation occurs.
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Both models predict maximal efficiency for 7,, = 100 pus.
This can be explained by the fact that for maximum power
transfer between the LC circuit and the supply, an impedance
matching condition should be met. In other words, the induc-
tor’s resistance plus the DC supply impedance should be equal
to the effective input impedance of the generator which is
a function of the activation time and the LC parameters. In the
presented case, it corresponds to 7, = 100 ps.

By analyzing the voltage gain dependency shown in Fig. 7b,
we note that for the linear model, the voltage is a linear function
of 7, as predicted by (8). However, when the saturation occurs,
we observe a considerably higher gain of the voltage. This dif-
ference can be explained by reviewing (5) and (8). According
to these formulas, the voltage gain is inversely proportional
to the square root of the inductance: when the magnetic core
becomes saturated, the inductance decreases; this in turns gives
a higher gain.

5. Experimental results

To validate the proposed design, a small prototype genera-
tor was built and tested in the High Voltage Laboratory of
the Faculty of Electrical Engineering at Warsaw University
of Technology. Figure 8 shows a photo of the built generator
and the measurement test bench. The generator is powered by
two 12 V batteries connected in series and used as a DC sup-
ply. It consists of a 12 kV/30 A IGBT, an optically triggered
switch, a 4 nF high voltage capacitor, a | mH inductor, and
a spark gap.

Fig. 8. Photo of the experimental test bench

The choice of the real system’s parameters, such as capaci-
tance and inductance, was made to fulfil some constraints: the
chosen capacitance depends on the load and the quantity of
charge required to obtain the pulse width suitable for the tar-
geted application. The inductance is then calculated according to
equations (5-9) to obtain the minimum charging time. However,
the IGBT current should not exceed the maximal tolerated value.
A high current will, of course, limit the IGBT lifetime.

A typical example of the obtained waveforms is shown in
Fig. 9. Two pulses can be distinguished from the figure: the
slow current pulse (in green) controlled by the IGBT, and the
fast voltage pulse (in blue) controlled by the SG. These results
truly validate the synergy of the two switches.

T |
| TELEDYNE [ECROY
| Everywharayoulook”

=

500 Vidiv
-1.500 KV ofst

70.4 ps | Trigger
20.0 ys/div Stop 50 mA
2(GS/s Edge Negative
-16.0 ps

400 kS
X1=20.0 ps AX=
X2=4.0 ps 1/AX=-62.5 kHz

Fig. 9. Experimental waveforms: inductor current (green); output pulse (blue); capacitor’s voltage (red)
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1‘ TELEDYNE LECROY
\ Everywhereyoulook™

Measure P1:nse(C2) P2.--- P3.---
value 2821 ns
mean 25708 ns
min 1941 ns
max 3.669 ns
sdev 473.7 ps
num 461
status 4

P4--- P5--- P6-- - - P7---- Pg----

Fig. 10. The rising edge of the output voltage (461 pulses), zoomed to illustrate pulse reproducibility

Figure 9 was recorded using 762 Q resistance load and
150 p activation time, which were chosen for better visualiza-
tion. All the following results were obtained using 100 Q load
and 100 p activation time, which corresponded to the maximal
power efficiency predicted by the simulation.

Figure 10 shows a zoom on the rising edges of the output
pulse. The figure shows 461 overlaying pulses. The average
value of the rise time was estimated as 2.57 ns by using the
oscilloscope. This figure also confirms the reproducibility of
the pulses and the sustainability of the generator.

Another important test was carried out to determine the
maximal repetition rate allowed by the generator. The gener-
ator reached 1000 pps with a very stable repetition rate and
without any abnormalities. The results are shown in Fig. 11.
The upper inset shows the waveform in the real time scale,
while the bottom one is a zoom of the pulses. It is clear that
even at this repetition rate, the output pulses are very similar,
which is yet another confirmation of the sustainability of the
proposed design.

As mentioned before, the use of SG working in auto break-
down mode without any external triggering creates some prob-
lems—especially the jitter. To estimate the precision of the pro-
posed generator we studied the jitter time between the IGBT
triggering signal and the SG breakdown.

The generator was fired for 2000 times at the repetition rate
of 100 pps. The delay between the triggering signal and the
real output pulse was measured and recorded. More precisely,
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the delays between turning off the IGBT and the breakdown
of the SG were gathered in files and analyzed statistically. The
results are presented in Fig. 12. It shows the histogram of the
delays. The delays vary from 3.16 s to 3.85 ps which implies
the maximal jitter of about 700 ns. More statistical parameters
were calculated as follows: the mean value of 3.4 us represents
the time needed to charge the capacitor (7,;). The standard
deviation of this value was 100 ns.

Finally, the following parameters of the generator were
obtained for 100 us activation time and 100 Q load:

e Voltage gain: 50;

e Output pulse voltage: 1.2 kV;

e Rise time: 2.57 ns;

e Pulse width: 1 ps;

e Maximal stable repetition rate: 1000 pps.

In the second part of experiments, we replaced the SG with
an avalanche BJT switch made by connecting 10 transistors in
series. All transistors are identical (FMMT417TD, a product
of Diodes Incorporation) with the maximal breakdown voltage
of 320 V. The obtained results are presented in Fig. 13, which
shows two pulses. The first (the upper inset) was obtained
using 100 Q load. The pulse shape is very similar to the pre-
vious configuration, but it has a shorter rise time (around 1 ns)
and lower jitter. However, when the load is high (50 kQ), as
shown in the bottom inset of Fig. 13, the BJT cannot stay in
the secondary breakdown mode for a long time due to the low
current. After 300 ns, it switches to the primary avalanche
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Vout

Fig. 11. Sequential test at the repetition rate of 1 kpps

Number of pulses

3.1 32 33 3.4 3.5 3.6 3.7 3.8 39 4

Time (us)

Fig. 12. Delay histogram (jitter estimation test)
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h,

Measure P1l:max(Cl) P2:rise{C1) P3:- - - P4 P35 P
value 1.88 kv 1.0 ns
status v v
ct
500 Widiv 100 ns/div Normal 110V
-1.275 kV ofst 4 k5 4 GS/s Edge Positive
\\\
Ty ]
"
k
Measure P1:max(Cl) P2:rise{C1) P3:- - - P4 P5 PB
value 2.86 kv 1.9ns
status v v
500 Vidiv 500 ns/div Mormal 200V
-1.275 kV ofst 20k8 4 G3/s Edge  Positive

Fig. 13. Generated pulses using avalanche BJT

mode where the voltage across the BJT is not zero, which
creates a power dissipation in the transistor. Hence, BJTs are
not recommended for applications that require long pulses.
Additionally, we can observe a significant difference in pulse
magnitude: for 100 Q load, it reaches 1.88 kV and for 50 kQ
loads — 2.86 kV. The difference is caused by a voltage drop
on the BJT switch, which even when on, shows noticeable
impedance.

Summarizing, the use of BJT as the main switch instead of
an SG has several advantages such as faster switching, lower
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jitter and high repetition rate. However, it also has some limita-
tions regarding the voltage level, the maximal current that set
measures to the load, and a limited pulse width. Additionally,
the cost of BJT is significantly higher.

6. Conclusion

A new architecture of a pulse generator was proposed. Funda-
mentally it uses the synergy of two types of switches: opening
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(IGBT) and closing (SG or avalanche mode BJT), and two types
of storage systems: inductive and capacitive.

A mathematical description extended by ANSYS Simplorer
and Maxwell 3D simulations was used to design the generator.
A reduced prototype was then built in the laboratory and tested.
All results prove the validity of the proposed design. Based on
the experimental results, a comparison was performed between
SG- and avalanche BJT-based variants of the device. Addition-
ally, an experimental estimation of the jitter time of the spark
gap was performed.

Table 2

Comparison between the two generators

Characteristics SG BJT
rise time (ns) 2.57 1
minimum load () - 50
jitter few pus <1ns
pulse width limits no <500 ns
switch cost ($) <l 110

Comparing to the other structures reported in the literature,
the proposed one has several advantages such as a very compact
and simple structure, low voltage supply, fast switching and
high repetition rate, high power efficiency and high voltage
gain. These features make the generator very convenient for
embedded applications.

The basic generator architecture with SG has some limita-
tions such as limited repetition rate, high jitter and the neces-
sity to regularly clean the electrodes. However, for low power
application, these limitations are not crucial. For more precise
firing with a higher repetition rate, the use of avalanche BJT
is recommended at the expense of the higher cost and lower
power limits.
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