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ABSTRACT Avalanche transistor-based Marx bank circuit (MBC) is widely used to generate high voltage

nanosecond pulses with high amplitude, high repetition rate, fast rise time, and low jitter. Researchers have

tried to modify the circuit structure by using parallel or series avalanche transistors to increase peak power.

However, in this work, the detailed process of analyzing and designing a compact Marx generator using

avalanche transistors will be described. The purpose of this article is to report our experimental observations

on the mechanism of operation of the MBCs. By studying the influence of amplitude and pulse width of

the trigger circuit, a Gaussian pulse with a rising edge of 160 ps, full width at half maximum (FWHM) of

660 ps, and amplitude of 5000 V are obtained. The design improves the output voltage and pulse repetition

frequency (PRF) effectively while reducing the use of the number of transistors. Based on the conventional

principles of avalanche transistors and Marx circuit, a list of useful and interesting conclusions obtained

from experiments will be reported.

INDEX TERMS High power pulse source, Gaussian signal, Marx circuit, avalanche transistor.

I. INTRODUCTION

In recent years, avalanche transistors are being widely used

to provide both fast response and large peak power because

of their fast speed, high stability, and easy cascading [1].

Pulsed power sources made based on avalanche transistors

have beenwidely used in ultra-wideband radar [2], laser pulse

switching [3], high-speed camera driving [4], and cellular

medicine [1]. The ultra-wideband radar made from them is

also used for oil logging and mineral exploration due to the

excellent penetration and high-resolution performance [5].

Avalanche transistors can also be used to make pulse sources

which can collect pollutants as a gas treatment device to

reduce atmospheric pollution as well as being applied to

industrial radiography to control smog [6]. One can use a high

power pulse source made by avalanche transistors in energy

spectrum measurement experiments to provide a nanosecond

uniform pulsed electron beam [7]. Many articles on Marx’s

pulse sourced have been published in recent years. Such as:

Li et al. [8] have reported a pulse source with an adjustable

range of 1,600 V to 3,000 V considering the design issues,

such as the relationship between the pulse parameters and the

electroporation effects for applications in the nuclear or cell

membrane.

The associate editor coordinating the review of this manuscript and

approving it for publication was Pu-Kun Liu .

Yuan et al. [9] used a hybrid pulse technique combining the

topology utilizing the combination of modularized avalanche

transistor Marx circuits, direct pulse adding, and transmis-

sion line transformer. The authors reported an output having

2-14 kV amplitude, 7-11 ns width, and a maximum 10 kHz

repetitive rate on a matched 50-300 � resistive load.

Zhang et al. [10] reported the use of the avalanche transis-

tor as the switch of Marx circuit with four high-stability pulse

generators combined, which generated a higher peak voltage

up to 3.9 kV.

With the development of power electronics, avalanche

transistors are becoming more and more suitable for pulsed

power applications. They could provide the pulsed power sys-

tems with compactness, reliability, high repetition rate, and

a long lifetime [8]–[10]. For producing high voltage pulses

Marx generator is the most popular and is the most widely

used method [11]. It can only get a high amplitude output

from a few components, but the circuit’s pulsewidth control is

a problem. Numerous publications deal with ways to increase

pulse voltage or current amplitudes by connecting multiple

avalanche transistors in series, parallel, or configurations

such as the Marx bank. Ultra-short pulse generator based

on Marx circuit, whose switch is avalanche transistor, could

generate a very short pulse with high peak voltage [12], [13].

The ultra-fast rising-edge of the pulse is mainly determined

by the transistor’s avalanche effect. The circuit’s structure has
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FIGURE 1. Marx circuit schematic diagram.

been changed from the gap discharge structure to the stable

avalanche transistor Marx circuit structure [14]–[17], and the

pulse width control has been possible from microsecond,

nanosecond to sub nanosecond. After solving the pulse width

problem, the next question is how to reduce the pulse width

while increasing the pulse source’s output. It is difficult to

meet all the parameters simultaneously due to the limitations

of switching devices [18], [19]. Among various methods to

generate nanosecond pulses, the avalanche transistor-based

Marx bank circuit (MBC) gives a promising choice, due to

the high switching speed of the avalanche transistor and the

simplicity of the circuit [20].

Avalanche transistors generally work in high-speed mode

and the avalanche transistors’ characteristics are different

from the ordinary transistors in that the avalanche transistor

mainlyworks in the avalanche region of the transistor. Bipolar

transistors operated in avalanche breakdown mode are com-

monly used to construct pulse generators [21]. By increasing

the electric field in the collector junction’s space charge

region, the electrons collide with the lattice to form a new

pair of electron holes. The original pair of electron holes in

the space and the new pair move in the opposite direction

together. When the reverse voltage increases to a specific

value, the carrier doubling situation occurs like an avalanche.

It causes the reverse current to rise sharply—thus causing

the collector junction breakdown. Thus, one can use the

avalanche multiplier effect of transistors to generate a nar-

row nanosecond pulse with high amplitude. One limiting

factor in avalanche transistor circuits based on the basic

triggered-switched capacitance-discharge topology is the rate

at which the energy storage element at the collector can be

recharged [16].

Several reports have been published over these years on

the design and performance of different variants of this cir-

cuit, but a few analyses of the trigger signals. In this work,

the detailed process of analyzing and designing a compact

Marx generator using avalanche transistors has been taken

up. In this paper, we propose a modification of the circuit

structure and trigger circuit architecture to improve the out-

put. Compared with the widely used conventional circuits,

FIGURE 2. The charging phase of the Marx circuit.

the use of a lower number of avalanche transistors reduces

the cost and produces a large peak pulse. In the second part,

we introduce the circuit stage number selection procedure

using the saturation trend curve of Marx structure stages and

present the preliminary experimental results from a 40-stage

module circuit. In the third part, we introduce the features of

the circuit improvements by comparing results from the par-

allel experiments of capacitors with the conventional single

capacitor. In the fourth part, we study the influence of trigger

signal on output and present the results from the study using

the trigger circuit structure when loaded with an experimental

circuit to verify the trigger device’s rationality and practica-

bility. Finally, the experimental results are summarized and

compared with the existing structures and the conclusions,

as well as the complete design process, are discussed.

II. THE CIRCUIT STAGE NUMBERS STUDY

The Marx circuit structure collects charge by capacitors, and

the avalanche transistors in the circuit turn on stage by the

stage when the trigger signal arrives, releasing large pulses

of current at the load. Theoretically, as the stage numbers

increases, the pulse amplitude will also increase, but this

increase is limiting by the amplitude and will not increase

indefinitely [9], [22]. Therefore, it is essential to select the

appropriate stages output pulse to obtain the maximum peak

power output with saving the devices. After describing the

working principle of the Marx circuit, we will deduce the

appropriate circuit stage numbers through experiments as

the basis of subsequent experiments.

A. THE CHARGING PHASE

When there is no trigger signal input in the circuit, the charg-

ing power supply voltage is lower than the bias voltage

between the base and collector of the avalanche transistor.

At this time, all avalanche transistors Ki on the circuit is in

the off state. The current limiting resistors Ri, Rfi, and the

energy storage capacitor Ci form the charging path.

B. THE DISCHARGING PHASE

When the trigger voltage signal arrives, the bias voltage

between the first avalanche transistor’s base and collector
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exceeds its avalanche voltage. The first avalanche transistor

enters the avalanche state and then conducts rapidly. The

trigger signal is passed and drives the subsequent avalanche

transistors to work in turn. After the last avalanche transistor

is turning on, all energy storage capacitors, avalanche transis-

tors, and load resistors on the circuit form the RC circuit to

discharge. And instantly release a pulse signal.

C. THE EXPERIMENT

The conventional approach to increase the output voltage is

to use a string of avalanche transistors, or a Marx bank-type

design. The Marx bank-type design has the advantage of a

lower power supply voltage but at the cost of much more

stored charge. According to earlier researchers’ observations,

we know that the Marx circuit will eventually stabilize the

voltage growth with the stage numbers. Thus one needs to

find this stability trend. After determining the material’s per-

mittivity on the board, we need to select the Marx circuit’s

grade. The next thing we need to do is find the most appro-

priate stage number. We set up three controlled experiments

to determine the optimal Marx stages setting for the circuit

board used. By making a 50-stage board, increasing the Marx

circuit stages step by step, and testing, the 50-stage test results

are aggregated into a growth curve.

FIGURE 3. The discharge phase process of the Marx circuit.

We used 47 pF, 470 pF, and 1 nF as the control experiment.

Setting the resistance value of the Rfi in Fig.3 as 10 k�

and according to our estimation in (Eqn. 2), the final study’s

capacitance value should be between these capacitor values.

The circuit board’s voltage growth characteristics with the

same material and wiring form should be consistent with this

experiment’s trend. The test results are drawn step by step as

shown in Fig. 4.

In Fig. 4, we can see that all the three curves in the figure

indicate that the output amplitude increases with the increase

of the stage number. Still, with the rise of the circuit stage, the

output amplitude increases slowly and finally tends to be the

same. Among the three curves, from the output curve with

a 47pF capacitor, one can observe the output characteristic

when the stage numbers are small. The output has a trend

to get saturated; this is because the 47 pF capacitor is small,

discharge speed is too fast, which increased the resistance

FIGURE 4. Different capacitance values grow with the stages test output
results.

of the output circuit leading to stabilization. As the output

curve levels off in the end, a continuous increase in series is

challenging to increase the total output circuit. In the output

curves of 470pF and 1nF capacitors, we can observe that the

output curve tends to saturate at the end of the stages.

Due to the small number of stages in the above experi-

ments, the difference in output curve characteristics of 470pF

and 1nF is not significant. For the investigation, the circuit

board’s subsequent output is substantial, and its output trend

determines the matching degree of the experimental results in

the function fitting. Because there are few reference points at

the stable circuit output, the fitting algorithm mainly refers

to the points at unstable state output as the basis of func-

tion fitting, which will lead to a big difference between the

function fitting result and the real situation’s production. This

will affect the judgment of the overall conclusion. Therefore,

the output curve of the 47pF capacitor with the most appro-

priate fitting effect as a reference for subsequent experiments

is considered. Its fitting curve is as follows:

The fitting equation is:

y = A · (1 − exp (−k · (x − xc))) (1)

The terms in this equation are

A = 1281.67 k = 0.101 xc = 0.843

And k is the circuit stages number.

As in (Eqn. 1). This shows that there is an upper limit to

the total output amplitude as the Marx circuit stages increase.

D. STAGES SELECTION CONCLUSION

According to (Eqn. 1) and the experimental curve, we found

that with the increased number of stages, the output signal’s

peak voltage tends to get saturated. By selecting the number

of stages before saturation, the output can be made high

enough, and the use of the number of avalanche transistors

can be made minimum.

Referring to Fig.4, we found that with the increase of

stages, the output signal’s peak voltage leads to saturation.
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In this experiment, to improve the pulse source output signal’s

peak voltage as high as possible, we finally selected the Marx

circuit of 40 stages to generate the pulse signal.

III. SETTING OF ENERGY STORAGE CAPACITOR

A. CALCULATION OF CAPACITANCE VALUE

Marx circuit technology is nowmatured since its creation and

will not be discussed for the specific index demonstration.

The empirical formula of an essential index of the pulse

source circuit is shown below to deduce device parameters.

Assume that the impulse signal generating circuit consists of

N-stage avalanche transistors. When N-stage energy storage

capacitors discharge in stages, the energy stored by all energy

storage capacitors is equal to κε times of the pulse signal

source’s output energy [23].

Ci =
√

π
√
2ln(1.2)

TeκεU
2
e

Rl(nU0)2
(2)

As in (Eqn. 2). Take κε = 1.2, T e = 0.6 ns, Ue = 5 kV,

U0 = 300 V, Rl = 50 �, n = 40, and the energy storage

capacitor is the same in all the stages, then calculated energy

storage capacitor will have a capacitance of C i = 284 pF.

B. CAPACITANCE TYPE STUDY

According to the circuit structure shown in Fig.3, in the last

stage of conduction, the whole circuit starts to discharge.

Theoretically, the loss of the circuit during discharge comes

from the intrinsic impedance of the transistor in the circuit

and the equivalent stage resistances, so we infer that the actual

voltage obtained at the load end may be calculated using

Eqn. 3.

UR =
U0 · R

R+ nrd + nrc
(3)

In the formula, UR is the actual voltage received on

the load, R is the load Resistance value, U0 is the output

voltage that Marx circuit can produce, n is the Stages, rd
is the intrinsic impedance of the transistor, and rc is the

equivalent stages resistance, namely ESR(Equivalent Stages

Resistance). According to (Eqn. 3), when the stages n is

determined, the transistor’s selection has been determined

and cannot change its inherent resistance rd This improves

the voltage UR loaded on the load and reduce its loss in each

link, however, the experiment can only lower the ESR value,

rc of the capacitor.

In (Eqn. 3), which describes the capacitor’s ESR effect on

the output, we can make a reasonable choice based on our

research to reduce the impact. According to our experimental

principle, the impulse signal source’s impulse signal can be

expressed analytically by the first-order Gaussian function.

U0 is used to represent the maximum value of the first-

order Gaussian signal, and T0 is the half-peak width of the

Gaussian pulse.

U0(t) = U0exp(−α0t
2)α0 =

4ln2

T 2
0

(4)

FIGURE 5. Circuit output and fitting curve of 47 pF.

FIGURE 6. The spectrum after the Fourier transform.

After Fourier transform

F0(ω) = U0exp

(

−ω2

4α0

)

(5)

Substituting the value U0 = 4000, T0 = 0.5 ns, and we

show the spectrum of (Eqn. 5) in Fig.6.

Observing the spectrum distribution in Fig. 6, we can find

that the frequency component of the output pulse mainly

concentrated in the low-frequency range from 0-1GHz, so the

capacitance with low-frequency loss and for the correspond-

ing frequency band should be selected to meet the experi-

mental requirements to achieve the purpose of improving the

circuit performance.

Therefore, the C0G material capacitor with the smallest

ESR is selected according to the query of the existing patch

capacitor on the market. Then, according to the frequency

range in Fig.6 above, the capacitor working at 10 MHz-

1000 MHz was selected in detail, and the ESR curves were

sorted out as follows.

According to Fig.7, we selected the capacitance value for

working in the appropriate frequency band to reduce the

influence of ESR of the capacitor in the experiment to make
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FIGURE 7. ESR curves of different capacitance values.

the load end receive more output. However, the 47 pF capaci-

tance curve and the 270 pF capacitance curve are too close

to distinguish improvement in practical applications. Then

we set the experiment of six stages of parallel capacitance.

The experiment was performed to increase the capacitance,

reduce its own ESR, discuss the situation that it is not in par-

allel, and find out the most appropriate scheme to improve the

output, which is the purpose of the design of this experiment.

C. EXPERIMENT AND CONCLUSION

After setting the shunt capacitor structure, the sameMarx cir-

cuit board was used for the comparative experiment. Since a

282 pF capacitor was not available in the market, we selected

a similar situation for a relative verification. A shunt capacitor

group of 6∗ 47 pF and a single energy storage capacitor

of 300 pF and 270 pF were chosen for the comparative exper-

iment. To intuitively reflect the data difference, the oscillo-

scope waveform is shown in Fig.8.

FIGURE 8. Output curves of different capacitance values.

In control experiments, all other components being equal,

we can see from the contrast curves in Fig. 8, multiple parallel

capacitor output amplitude curves are better than a single

capacitor output amplitude curve. It is also observed that the

output of the 300 pF capacitor and the output of the parallel

capacitance are the same, but we observe a large capacitance

output and a longer pulse time. Under the condition of the

same output amplitude preference, pulse width smaller output

curve, so we decided to set up the experiment of the energy

storage capacitor part based on the capacitor in parallel.

IV. TRIGGERED ARCHITECTURE ADJUSTMENT

A. TRIGGER CIRCUIT EXPERIMENT

The voltage amplitude generated by the traditional Marx trig-

ger circuit is the voltage that causes the avalanche transistor

to enter the avalanche state, which has a smaller amplitude

and a wider pulse width. Observed in Fig. (4), in connection

with the fitted Equation (1) in the previous experiment and

the output at the load end part Equation (3). This may be

explained as the increase of stage numbers will lead to the

rise of internal resistance, and there is a limit to increasing

output amplitude by increasing circuit stages. To improve

the circuit’s output amplitude, there is a way to enhance the

amplitude of the trigger signal. As can be seen from Fig.3,

in the discharge phase, the theoretical voltage on the load

will be the cumulative voltages of all the energy storage

capacitors plus the voltage of the trigger signal. According

to Equation (3), all avalanche triodes’ internal resistance at

the conduction stage will consume a part of the total output,

so the voltage applied to the load will have a fixed ratio.

Theoretically, as the voltage generated in the Marx circuit

has been fixed, and increasing the amplitude of the trigger

voltage will increase the corresponding output, which will

improve the trigger circuit performance. A high amplitude

pulse source is set in the front as the trigger source to pro-

vide the trigger signal for the subsequent 40-level circuit.

The trigger signal through experiments is then improved and

optimized to improve the system’s total output.

B. THE EXPERIMENT

According to the previous corollary, the trigger voltage ampli-

tude has a significant influence on the output. To determine

the effects of each parameter of the trigger signal on the

output result, we increased the circuit levels of the trigger part

step by step according to the idea of the previous selection of

stage numbers. To observe how the variation of parameters

such as trigger amplitude, pulse width, and rising edge influ-

ence the output. next, we plot the relationship between the

trigger voltage and the output amplitude.

In the experiment, Fig.9 attracts our attention because at

about stage 20 of the trigger voltage curve, the following

stage trigger output is smaller than the previous output. The

smaller trigger voltage generates more significant output than

the larger trigger voltage output is contradicts our reasoning.

To find out the cause and solve the problem, we analyze

the part that has the problem. We compare trigger voltage

output curves of stage 19 and stage 20 side by side for better

observation.

In the figure, we can see that the highest output amplitude

is at the back end of the waveform, and the peak output

voltage of stage 19 is greater than that of stage 20. The pulse

width and rising edge of both are almost the same. However,

in this waveform, we can observe that the most significant
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FIGURE 9. Trigger voltage and output amplitude curve.

FIGURE 10. Comparison diagram of trigger voltage output curve of
stage 19 and stage 20.

difference between the two waveforms lies in part marked

by the solid white line. The output of the first peak of the

two waveforms is different, and the output of the first peak

of stage 20 is greater than that of stage 19. Considering our

experiment forecast result is about within 1ns pulse width.

Fig.10 shows that the rising time is more than 1 ns. According

to Marx circuit, instantaneous discharge characteristic, at dis-

charge stage, the rising time is determined by the avalanche

transistors’ nature, and the rise time is usually very short

about hundreds of ps. So we infer that it plays a decisive

role in rising fast peak output voltage for the first period,

namely, the first rapid increase of peak voltage amplitude

which affected the result of the experiment.We then rearrange

the output curve for the stages with the first peak output.

To further verify this conjecture’s correctness, we set the

zero-order Gaussian signal as the trigger signal so that the

waveform has only one output peak while ensuring the accu-

racy of the measurement of the rising time. We set the same

pulse width, rising time to change the trigger voltage ampli-

tude experiment.

After the control pulse width and increase the time, the trig-

ger of the output curve, as shown in the figure shows,

triggered the first peak of the output signal. This has the most

significant influence on the subsequent circuit. Considering

if the peak rise time has exceeded the avalanche transistor

FIGURE 11. First peek voltage and output amplitude curve.

FIGURE 12. After correcting the trigger voltage and output curve.

FIGURE 13. Trigger signal pulse width and output amplitude curve.

rise time, at the amplitude of that moment, transistor rise time

will affect the output of the circuit. An increase in the output

voltage of the peak will lead to trigger the rise in the initial

stages resulting in the slope increase, which will improve

the output amplitude. During the rise time, the greater the

amplitude is, the greater the output will be. Next, we changed

the pulse width experiment to control the output amplitude,

keeping the time of rising edge to be the same, and the pulse

width to observe the output.

As shown in Fig.13, we found that with the increase

of trigger pulse width under the same trigger amplitude
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FIGURE 14. Total output of the final circuit.

FIGURE 15. Contrast curves of different situations.

condition, the output amplitude increases. Because of trigger

pulse width is determined by the capacitance from the trigger

circuit, within a specific range of trigger circuit pulse width

is smaller, in the control experiments, maintaining the same

output amplitude will make the circuit capacitor decrease.

At the discharge stage, the capacitors from the Marx circuit

and signal source capacitance together form the discharge

circuit of the equivalent capacitance will lead to correspond-

ing reductions and the output amplitude will decrease. Refer

to Equation (2). So the trigger pulse width has a significant

influence on the output pulse width.

To obtain an output signal with a high amplitude and a

narrow pulse width, we refer to the Fig.12 and Fig.13 to select

a trigger voltage with a wide amplitude and a narrow pulse

width. To meet the requirements, we made a circuit with an

amplitude of 3160 V and a 4.4 ns pulse width as the trigger

signal. The final experimental components were selected as

follows: Avalanche transistors were all FMMT415, the cur-

rent limiting resistance chosen was 10 k�, and the capaci-

tances were selected as 6∗ 47 pF to form the energy storage

capacitor group.

Then get an amplitude of 5 kV and a 660 ps pulse width.

When compared with the circuit without the trigger mod-

ule, it is observed that the circuit without the improved trigger

signal increases the series to 66 stages (using the same num-

ber of avalanche transistors as the loaded trigger circuit), and

the improved trigger signal significantly increases the output

amplitude.

It is observed from Fig. 15 that the improved trigger signal

has a significant influence on the increase of the output

amplitude of the pulse source and could be a possible new

direction for further research.

V. THE CONCLUSION

In this work, the application prospects of the current Marx

circuit are described considering the limitations in improve-

ments of other circuit forms. We proposed a newMarx circuit

trigger configuration that can obtain an output of higher

amplitude due to improved traditional capacitance structure.

Compared with other parallel circuits with peak output, this

circuit ensures a higher peak output voltage while reducing

avalanche triodes’ usage. Theoretical and experimental study

results on a high-voltage nanosecond Marx generator based

on avalanche transistors have been presented. The main con-

tributions and findings of this work are as follows:

1. The hierarchical growth curve model of the Marx circuit

is tested and drawn step by step, which provides the basis of

stage selection for future workers’ follow-up research.

2. The circuit configuration of the existing applica-

tion structures is improved. Through experimental analysis,

we proposed the improved design to be a parallel structure of

multiple capacitors.

3. A high-amplitude trigger structure was assumed to be

helpful to improve the output of the Marx circuit, which was

verified by experiments designed to test how the rising time

and peak voltage of the trigger circuit influence the output.

The optimal parameters were obtained by comparing the

results of different experiments. Finally, it is proved that the

matching trigger circuit can improve the output of the circuit

The conclusions as well as the complete design process

may provide a reference (guideline) to the similar methods

of generating high-voltage nanosecond pulses using semicon-

ductor switching devices.
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