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Abstract

The purpose of impedance matching for a Marx generator and DBD lamp is to limit the output current

of the Marx generator, provide a large discharge current at ignition, and obtain fast voltage rising/
falling edges and large overshoot. In this paper, different impedance matching circuits (series inductor,

parallel capacitor, and series inductor combined with parallel capacitor) are analyzed. It demonstrates

that a series inductor could limit the Marx current. However, the discharge current is also limited. A

parallel capacitor could provide a large discharge current, but the Marx current is also enlarged. A

series inductor combined with a parallel capacitor takes full advantage of the inductor and capacitor,

and avoids their shortcomings. Therefore, it is a good solution. Experimental results match the

theoretical analysis well and show that both the series inductor and parallel capacitor improve the

performance of the system. However, the series inductor combined with the parallel capacitor has the

best performance. Compared with driving the DBD lamp with a Marx generator directly, an increase

of 97.3% in radiant power and an increase of 59.3% in system efficiency are achieved using this

matching circuit.
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1. Introduction

Dielectric barrier discharges (DBDs) are widely used in var-

ious applications, such as surface treatment, ozone generation,

depollution of gas streams, wastewater treatment, and excimer

DBD ultraviolet (UV) sources [1–8]. KrCl* excimer sources

can emit an intense narrow-band UV radiation at 222 nm

using DBD. In addition, the 222 nm radiation has been proved

to make a significant contribution to water purification, air

deodorization, and so on [9].

DBDs are traditionally driven by sinusoidal voltages. In

recent years, pulsed operation of DBDs was found to be

superior in terms of discharge homogeneity and energy effi-

ciency [10–17]. Liu and Neiger studied DBDs driven by

unipolar square pulses [11]. It was found that compared with

sine wave excitation, an improvement of about 30% in energy

efficiency is achieved for ozone synthesis. Afterwards,

intensive work has been done to compare the performance of

DBDs driven by various voltage waveforms in wide fields

including ozone generation, vacuum ultraviolet radiation,

plasma jet plume, atmospheric air discharge, etc [12–17]. This

research demonstrated that DBDs excited by square pulses

have superior performance compared with those excited by

sinusoidal voltages, especially in energy efficiency.

However, the energy efficiency is based on the energy input

into DBD reactors, which is calculated by integrating the pro-

duct of measured external voltage and current in the case of

pulse excitation. The efficiency of pulsed power supplies (PSs)

to DBD reactors is seldom considered. According to Han [7], the

power delivered to the KrBr* excimer DBD lamp is merely 40%

of the PS output power in the case of pulsed PS, and approxi-

mately 70% in the case of rectangular and sinusoidal PSs. In

order to improve system efficiency, an impedance matching

circuit should be inserted between the PS and DBD reactor.
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Impedance matching is well studied for DBDs excited by

sinusoidal PSs [18–20]. In general, a circuit composed of passive

components (inductors, capacitors and/or resistors) is added

between the sinusoidal PS and DBD reactor to make the impe-

dance of the whole load resistive, seen by the output terminals of

the PS. If a matching frequency is given and values of some

components are chosen, the values of the rest elements can be

calculated. However, there are no matching frequencies for

DBDs driven by pulsed voltage. Hence, it is unable to be

employed here. There are also numerous articles about the issue

of matching a DBD reactor to a pulsed PS [21, 22]. But in these

works, pulse voltages are delivered to the DBD reactors through

transmission lines. Thus the impedance matching techniques and

matching networks are not suitable for the matching of pulse

voltage converter and DBD reactor. Therefore, new impedance

matching techniques must be developed.

In our previous work, an inductor was inserted between

pulse generator and KrCl* excimer DBD lamp [23]. It

demonstrates that with the help of the inductor, the radiant

power becomes larger and system efficiency higher though

with the same input power. However, more detailed work has

not been done.

In this paper, we first introduce load characteristics and the

pulse generator briefly in section 2, and then analyze various

impedance matching circuits in section 3. In order to verify the

theoretical analysis, experiments with these matching circuits are

conducted. The experimental set-up is described in section 4, and

the experimental results are presented and discussed in section 5.

Finally, the conclusion is made in section 6.

2. Load characteristics and pulse generator

2.1. Load characteristics

A schematic diagram of the KrCl* excimer DBD lamp is

illustrated in figure 1(a). Coaxial geometry is adopted. r1 and

r2 are the inner and outer radius of the inner quartz tube, while

the inner and outer radius of the outer quartz tube are r3 and

r4, respectively. The high voltage electrode is composed of

two pieces of stainless steel foil, which are attached firmly to

the inner surface of the inner tube. The outer surface of the

outer tube is wrapped in a ring metal mesh that is grounded.

Chlorine and krypton are filled in the annular discharge

cavity. The effective discharge length LD is 14 cm.

The equivalent electrical model of the DBD lamp is

shown in figure 1(b). Cg and Cd represent the equivalent

capacitance of gap and dielectric layer respectively. The

equivalent capacitance of the gas gap is
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and the capacitance of the DBD lamp is given by
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where ε0=8.85×10−12 F m−1 represents the permittivity

of free space, and εr is the relative permittivity of the quartz

tube. By substituting the lamp parameters, the equivalent

capacitance values are calculated; the results are listed in

table 1.

2.2. Pulse generator

As the DBD lamp is mainly a capacitive load, the generation

of pulses requires both high currents to charge the lamp

capacitance and also techniques to release the energy stored in

the lamp capacitance in order to terminate the pulse. What’s

more, the voltage amplitude of the pulses should reach several

kilovolts to ignite the DBD lamp. The radiant power is almost

proportional to the repetition rate. Therefore, a high repetition

rate is needed to achieve high radiant power. A Marx gen-

erator with active recharging switches is suitable enough to

excite the DBD lamp, as shown in figure 2 [24, 25].

In the charging mode, switches SDC, Sci are on and Sdi
are off. Capacitors Ci are charged by a constant current source

in parallel. In the discharging period, switches SDC, Sci are off

and Sdi are on. Capacitors Ci are connected in series and a

positive voltage is applied to the DBD lamp. In addition, the

DBD lamp is short circuited by Sci during the charging per-

iod. Thus, the energy stored in the lamp capacitance is

released at the beginning of the charging mode. In this way,

the voltage pulse is terminated and a steep falling edge is

obtained.

Figure 1. Schematic diagram of the KrCl* excimer DBD lamp:
(a) cross sectional configurations, (b) equivalent electrical model.

Table 1. KrCl* excilamp parameters and capacitance values.

Parameters Value Parameters Value

r1 13.5 mm r2 15 mm

r3 18.5 mm r4 20 mm

LD 14 mm re 3.7

Cg 37.1 pF Cd,inner 273.52 pF

Cd,outer 369.64 pF Cd 157.20 pF

CDBD 30.04 pF
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A Marx generator laboratory prototype was implemented.

It operated within the voltage amplitude from 0–5.5 kV. The

pulse width can be adjusted from 2 to 20 μs, and the repetition

rate from 0.1 to 50 kHz. The pulse rise and fall times were both

about 20 ns.

3. Impedance matching circuits analysis

The DBD lamp is mainly capacitive. If a capacitive load is

directly connected to a voltage pulse generator, large charging

and discharging currents will be produced. This causes ser-

ious electromagnetic interference (EMI), large turn on loss for

MOSFETs, and has a risk of exceeding the maximum current

of MOSFETs. Therefore, the primary goal of the matching

circuit is to limit the output current of the Marx generator

iMarx illustrated in figure 3.iMarx should be small at the rising

edge of the Marx output voltage vMarx to reduce switch-

ing loss.

What’s more, a large DBD current iDBD should be pro-

vided at ignition through the matching circuit to enhance the

discharge of the DBD lamp.

Fast rising/falling edges and a large overshoot of the

DBD voltage vDBD are good for the discharge. This is the

third goal for the matching circuit.

Inductive current limitation is superior to resistive current

limitation in efficiency and rise time. Therefore, only inductive

current limitation is considered. Rs in figure 3 is the stray

resistance of the circuit. In addition, the capacitor in parallel to

the DBD lamp could dramatically enhance the discharge

energy support. We will analyze their performance in detail

below. As the falling edge of the pulse is almost symmetrical to

the rising edge, we will focus on the rising edge for simplicity.

3.1. RLC network

Figure 4(a) illustrates a simplified circuit with a current lim-

iting inductor L. R is the resistance of the inductor winding. In

order to obtain a fast voltage slope and high voltage overshoot

at the capacitive load, the circuit is designed to achieve an

underdamped system. Thus, the voltage across the capacitor

and current through the capacitor are given by

v t V t t1 e sin cos , 4t
C s

d
d d
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w
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⎣
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Figure 2. All-solid-state Marx generator with n stages to excite the KrCl* excimer DBD lamp.

Figure 3. DBD lamp driven by the pulse generator with impedance matching circuit.
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The corresponding voltage and current waveforms are

shown in figure 4(b).

3.1.1. Overshoot. In our previous work [23], we found that

the radiant power of the DBD lamp increases with the applied

voltage amplitude. Thus an interesting point is which

overshoot factor could be achieved theoretically. From

equation (4), the first peak of the capacitor voltage can be

achieved at time t :dp w=

V V 1 e . 6C,pk s d= + a pw- )( ( )

The circuit’s quality factor is related to the circuit attenuation

α as follows:
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2
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By inserting equation (7) into (6), we obtain the dependence

of the overshoot ratio from the circuit’s quality factor:

V

V
OSR 1 e . 8QC,pk

s

4 1s
2

= = + p- - ( )

Equation (8) is illustrated by figure 5. The RLC circuit is

underdamped when Qs>0.5. Thus, the OSR begins from

Qs>0.5. In order to get a high voltage overshoot, Qs should

be large enough. The minimum quality factor is defined as

Qs=10, which corresponds to a voltage gain of 1.85.

3.1.2. Rise time. For a high Qs circuit, ,d 0w w»
T LC2 2 .0p w p= = Therefore, the rise time tr of voltage

pulse is

t LC2 , 9r pµ ( )

C is the capacitance of DBD lamp and its value is relatively

fixed. Thus, the rise time tr increases with inductance L.

However, according to previous research [23, 26], the radiant

power and system efficiency increase with faster rise time.

3.1.3. Current limiting effect. The moment of the first current

half wave’s maximum is derived by setting the differential

equation of (5) equal to zero. Then we have
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The rise time of the Marx generator is about 20 ns, i.e.

tr,Marx≈20 ns. In order to reduce switching loss, ti=max

Figure 4. (a) Simplified circuit with a current limiting inductance. (b) Typical voltage and current waveforms.

Figure 5. Overshoot ratio OSR dependent on the quality factor Qs.
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should be larger than tr,Marx, i.e. ti=max�tr,Marx. The

capacitance of the DBD lamp C can be derived through the

geometrical structure or measured by an LCR meter. There-

fore, one constraint condition that the inductor should meet is

L
t

C

4
. 12

r,Marx
2

2

p

( )

What’s more, iC,max should be smaller than the maximum

current of MOSFETs ID. Thus, another constraint condition

for the inductor is

L
CV

I
. 13s

2

D
2

 ( )

In summary, an increasing inductance results in larger voltage

overshoot and better current limiting effect, which benefit radiant

power and system efficiency. But the increase of inductance also

leads to a larger rise time. Therefore, we need to find a tradeoff.

3.2. Parallel capacitor

The insertion of an inductor between the pulse generator and

DBD lamp could limit the output current of the Marx gen-

erator, iMarx. It is beneficial for the pulse generator in terms of

switching loss and EMI. However, the DBD current iDBD is

also limited, and the achievable peak current and current slope

have an influence on lamp efficiency and homogeneity.

Adding a capacitance in parallel to the DBD lamp provides an

extra voltage source to support the discharge energy.

As illustrated in figure 6, the discharge energy is provided

by a current source iMarx fed by the series inductor and a charge

transfer from Cg to the plasma for a bare DBD. If the DBD lamp

is equipped with an external parallel capacitor Cp, three sources

provide energy to the plasma. Besides the current source iMarx,

Cg and Cp transfer charge to the plasma. The equivalent capa-

citance accessible by the discharge is enlarged to:

C C
C C

C C
. 14support g

p d

p d

= +
+

( )

The equivalent series capacitance of Cp and Cd, i.e. Ceq, should

be larger than Cg to effectively support the discharge. In

addition, Ceq increases with Cp, as shown in figure 7. It seems

that If Cp is larger, then there will be more energy to support the

plasma. However, larger Cp also enhances the total capacitance

that has to be driven by the pulse generator. What’s more, the

growth rate of Ceq slows down with larger Cp. Thus, Ceq should

be smaller than Cd/2. The valid range of Ceq is marked by the

red line shown in figure 7.

For a bare DBD, the plasma current in the discharge gap is

i
C

C
i t C

v t

t

C

C
i t C

v t

t

1
d

d

d

d
. 15

plasma
g

d
Marx g

DBD

g

DBD
Marx g

DBD

= + -

= -

⎛

⎝
⎜

⎞

⎠
⎟ ( )

( )

( )
( )

( )

For a DBD with attached parallel capacitor, the plasma current

in the discharge gap is

i
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When the external current iMarx(t) remains constant, the internal

voltage source support is enhanced by a factor of

(CDBD+Cp)/CDBD.

When the impedance matching circuit composed of a

series inductor and parallel capacitor is employed, the theor-

etical analysis in section 3.1 still works, but the capacitor

C=CDBD+Cp.

4. Experimental set-up

Figure 8 shows the experimental setup. The KrCl* excimer

DBD lamp was driven by a pulse generator through three

different impedance matching circuits: series inductor, par-

allel capacitor, and series inductor combined with parallel

capacitor, respectively. A high voltage probe (Tektronix

P6015A, 1000:1, rise time 5 ns) and a current probe (Pearson

P4100, 1 V A−1, rise time 10 ns) were connected to a digital

oscilloscope (Agilent Technologies MSO-X 3024A, band-

width 200MHz, sample rate 4 GSa s–1) to measure the volt-

age and current waveforms of the DBD lamp [27].

The input power Pin of the pulse generator from the

power grid was measured by a power meter (PF9901).

A sensor (Hamamatsu, H8025-222) of the UV power

meter (Hamamatsu c8026) was used to detect the 222 nm

irradiance of the KrCl* excilamp. The radiant power Prad of

222 nm is calculated according to Keiz formula [28]:

P
DL

E
2

2 sin 2
, 17rad

2
Dp

a a
=

+ ( )
( )

where E is the measured irradiance (Wm−2). The irradiance

was recorded on average, over 60 s continuously, with a

sample interval of 1 s. D represents the distance (m) from the

lamp axis to the UV sensor; LD refers to the effective dis-

charge length (m) of the lamp; and α is the half angle

(radians) subtended by the DBD lamp at the sensor position,

i.e. tan α=LD/(2D). In our experiments, LD was 0.14 m, and

D was set as 0.5 m.

Figure 6. Discharge support by the parallel capacitance.
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The system efficiency can be derived from the ratio of

measured radiant power Prad and input power of the pulse

generator Pin:

P P . 18rad inh = ( )

When voltage pulses with the same amplitude, pulse width,

and repetition rate are fed into different impedance matching

circuits, the radiant power of the DBD lamp and system

efficiency could be used to evaluate the performance of the

matching circuits.

5. Experimental results and discussion

First, we used the homemade pulse generator to drive the

DBD lamp directly. The pulse generator operated at a voltage

amplitude of 1150 V, with a pulse width of 2 μs and a

Figure 7. Equivalent series capacitance of Cp and Cd dependent on Cp. (Cd=157 pF.)

Figure 8. Schematic diagram of the experimental setup.
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repetition rate of 50 kHz. It is found that a serious oscillation

at a frequency of 17.73MHz occurs before the ignition of the

lamp, as shown in figure 9. The oscillation is caused by stray

inductance, stray resistance and lamp capacitance. The lamp

capacitance was measured to be 32.57 pF by an LCR meter,

which is consistent with the calculated result in table 1.

According to equation (5) and the measured current wave-

forms, the values of stray inductance and resistance were

calculated to be 2.68 μH and 21.19Ω, respectively.

5.1. Series inductor

The minimum series inductance could be determined by

equations (7), (12), and (13). R in equation (7) was set as

21.19Ω. tr,Marx was set as 20 ns based on experimental

results. According to the datasheet of MOSFET, ID was 24 A.

C equalled the DBD capacitance, i.e. 32 pF. The minimum

inductance was calculated to be 20 μH.

In order to test the performance of the inductor, several

inductors with different values were employed; the minimum

inductance was 5 μH, the maximum was 350 μH. The pulse

generator operated at a voltage amplitude of 4.10 kV, with a

pulse width of 2 μs and a repetition rate of 50 kHz. In the

following experiments, the operation conditions of the pulse

generator were fixed.

Typical voltage and current waveforms of the DBD lamp

are shown in figure 10. Compared with driving the DBD lamp

directly, the insertion of inductors could obviously slow down

the voltage rise time and enlarge the voltage overshoot. In

addition, the amplitude of the DBD current decreases a lot,

especially during the rising edge of the Marx output voltage,

which reduces switching loss.

The electrical parameters dependent on series inductance

are shown in figure 11. The rise time of the Marx output

voltage vMarx is almost independent of inductance. In fact,

with the insertion of inductors, the rise time of vMarx decreases

from 23 to 20 ns. However, the rise time of the DBD voltage

vDBD increases with inductance. When the inserted inductance

is smaller than 50 μH, the overshoot of vDBD increases from

17.20% to 63.70% quickly with inductance. After that, the

overshoot increases slowly. The peak value of the DBD

current iDBD decreases from 14.9 to 6.19 A quickly when the

inserted inductance is smaller than 50 μH. Then the peak

current of iDBD decreases slowly with increasing inductance.

Figure 9. Voltage and current waveforms of the DBD lamp excited
by a pulse generator. The voltage amplitude is not high enough to
ignite the lamp.

Figure 10. Typical voltage and current waveforms with different
series inductors.

Figure 11. Series inductance dependence of the electrical parameters.

Figure 12. Series inductance dependence of radiant power and
system efficiency.
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Figure 12 shows that radiant power and system efficiency

increase quickly with inductance first, and then decrease

slowly. The peak radiant power and system efficiency are

3.14W and 1.19% respectively, reaching at 25 μH series

inductance. Compared with driving the DBD lamp with a

pulse generator directly, an increase of 43.2% in radiant

power and an increase of 43.7% in system efficiency are

achieved. According to figure 12, a minimum inductance that

meets equations (7), (12), and (13) is enough. A larger

inductance degrades the performance of the DBD discharge.

5.2. Parallel capacitor

As analyzed in section 3.2, capacitors paralleled with the

DBD lamp could increase the discharge current. In this

section, capacitors with different values were paralleled with

the DBD lamp directly.

Typical voltage and current waveforms of the DBD lamp

with a 100 pF parallel capacitor are shown in figure 13. It

demonstrates that the parallel capacitor enlarges the discharge

current. However, the Marx current enlarges at the same time,

which increases switching loss.

Figure 14 illustrates the electrical parameters dependent

on parallel capacitance. With the increase of parallel capaci-

tance, the peak current of the Marx generator increases con-

tinually. However, the peak current of iDBD increases first,

and then no longer increases. One possible reason is that the

stray inductance and resistance between external capacitor

and DBD lamp limited the DBD current. The rise time and

overshoot of vDBD increase with the parallel capacitance too.

The radiant power increases with parallel capacitance

continually, as illustrated in figure 15. However, the growth

rate decreases dramatically when the parallel capacitor is

larger than 100 pF. The system efficiency increases with

parallel capacitance first, and then decreases. The peak system

efficiency is 8.48% higher than bare DBD, arriving at 100 pF

parallel capacitor.

5.3. Inductor combined with capacitor

According to the above analysis and experimental results,

both a series inductor and parallel capacitor could improve the

radiant power and system efficiency. However, a series

inductor limits the discharge current and a parallel capacitor

Figure 13. Typical voltage current waveforms with a 100 pF parallel
capacitor.

Figure 14. Parallel capacitance dependence of the electrical
parameters.

Figure 15. Parallel capacitance dependence of radiant power and
system efficiency.

Figure 16. Typical voltage and current waveforms with a 25 μH
series inductor and a 100 pF parallel capacitor.

8
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enlarges the Marx current. A series inductor combined with a

parallel capacitor is a good solution. The Marx current could

be limited by a series inductor while the DBD current could

be enlarged by a parallel capacitor.

Since the highest system efficiency is achieved with a

100 pF parallel capacitor in figure 15, the parallel capacitance

was fixed to be 100 pF. Several inductors with different

values were employed to find the best point where the highest

radiant power and system efficiency could be achieved.

Typical voltage and current waveforms are shown in

figure 16. A 25μH series inductor combined with a 100 pF

parallel capacitor was inserted between the pulse generator and

DBD lamp. The DBD current iDBD is enlarged significantly at

ignition. It is obvious that multiple discharges occur. What is

more, the Marx current iMarx is relatively small during the

rising edge of the Marx voltage vMarx. These features are

beneficial to both the pulse generator and DBD discharge.

As shown in figure 17, when the series inductance is

smaller than 50 μH, the peak currents of iMarx and iDBD
decrease rapidly with increasing inductance. After that, iMarx

and iDBD decrease slowly. An interesting phenomenon is that

the peak value of iDBD is always larger than that of iMarx with

the help of a series inductor combined with a parallel

capacitor. The overshoot of the DBD voltage vDBD increases

quickly with inductance when the series inductance is smaller

than 50 μH. After that, it is almost unchanged. However, rise

time of vDBD keeps increasing with inductance. Therefore, a

series inductance that is smaller than 50 μH is preferred.

Figure 18 shows that radiant power and system efficiency

increase first with inductance and then decrease. The peak

radiant power and system efficiency are 4.32W and 1.32%

respectively, reaching 25 μH series inductance. Compared

with exciting the DBD lamp with a pulse generator directly,

an increase of 97.3% in radiant power and an increase of

59.3% in system efficiency are achieved.

Compared with using a series inductor or parallel capa-

citor alone, a series inductor combined with a parallel capa-

citor makes the best performance.

6. Conclusion

In this paper, different matching networks (series inductor,

parallel capacitor, and series inductor combined with parallel

capacitor) are analyzed. The results show that a series inductor

could limit the current at the rising edge of the Marx output

voltage. Thus, switching loss is reduced. However, a discharge

current at ignition is also limited. The voltage overshoot is

enlarged whereas the rise time increased. A parallel capacitor

could provide a large discharge current at ignition. However,

the output current of the pulse generator is also enlarged at the

same time, which increases the switching loss. A series

inductor combined with a parallel capacitor turns out to be a

good solution, with its full advantages of inductor and capa-

citor. In addition, the methods to calculate the value of the

series inductor and parallel capacitor are given.

Experiments with these three different matching net-

works were conducted, and the experimental results match the

theoretical analysis well. It also demonstrates that the radiant

power and system efficiency increase with inductance first,

and then decrease. The radiant power increases with parallel

capacitance. However, the system efficiency increases first,

and then decreases. A series inductor combined with a parallel

capacitor gives the best performance not only in radiant

power and system efficiency, but also in the switching loss of

the pulse generator. Compared with the DBD lamp directly

excited by a pulse generator, an increase of 97.3% in radiant

power and an increase of 59.3% in system efficiency are

achieved through this matching circuit.

Although the theoretical analysis and experiments were

conducted with a DBD lamp, the conclusions could also be

suitable for other DBD reactors excited by pulse generators.
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Figure 17. Electrical parameters dependent on the series inductance.
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