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Abstract—Nanosecond(ns) pulses have been proven to drive di-
electric barrier discharge (DBD) more efficiently. However, the
DBD device is a capacitive load, which will cause distortions in the
pulse waveform of the power supply. To maintain the ns pulse wave-
form, a parallel resistor is normally set to overcome the influence of
DBD loads in the traditional methods, which will cause extra energy
loss. This article proposed a bipolar ns pulse power supply for DBD
based on Blumlein transmission lines and pulse transformer. It does
not need to set a parallel resistor and can adapt well to the load
characteristics of DBD. This topology can output bipolar ns pulses
on DBD loads with a rise time of 100 ns, a pulsewidth of 300 ns,
an adjustable amplitude of 0–5 kV, and a maximum repetition
frequency of 20 kHz. In this context, the operating characteristics of
the circuit are derived based on the lossless transmission line model
and Laplace transform, and then the correctness of the theoretical
derivation is verified by the prototype. The results showed that the
proposed ns power supply can drive DBD loads with adjustable
output voltage amplitude and frequency.

Index Terms—Bipolar nanosecond pulse, Blumlein transmission
lines (BLTs), dielectric barrier discharge (DBD), pulse transformer,
pulsed power technology, solid-state switches.

I. INTRODUCTION

D IELECTRIC barrier discharge (DBD) has attracted exten-
sive attention because it can produce a large number of
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active particles at low temperatures and atmospheric pressure.
At present, DBD technology has been widely used in material
surface treatment [1], [2], [3], [4], waste gas and sewage purifi-
cation [5], [6], [7], ozone synthesis and UV generation [8], [9],
and biomedicine [10], [11].

Now, the excitation power sources used to generate DBD
could be mainly divided into three types: high-frequency high-
voltage ac power sources [8], [12], [13], microsecond pulse
power sources [14], [15], [16], and nanosecond(ns) pulse power
sources [17], [18], [19], [20], among which researchers follow
with interest in nanosecond pulse power sources due to their
characteristics of short discharge time and steep rising and
falling edges, which are conducive to the formation of uniform
and stable discharge [21], [22]. Obtaining stable DBD plasma
in millimeter gaps requires not only pulse amplitudes reaching
thousands of volts but also pulse repetition frequency reaching
high frequencies. Thus, solid-state switches have been widely
used in ns pulse power supplies due to their superior performance
[23]. Rao et al. [16] fabricated an ns pulse power supply based
on the magnetic switches, combined with the Marx structure and
BTLs for DBD with a maximum output amplitude of 20 kV and
pulsewidth of 220 ns. However, the output waveform oscillated
severely due to the mismatch of impedance. In [17], an ns pulse
power supply based on the magnetic compression structure with
a maximum amplitude of 30 kV and a pulsewidth of 70 ns
suitable for DBD was proposed, but the maximum repetition
frequency of the output pulse was only 1 kHz due to the per-
formance of the magnetic switch. Mi et al. [18] obtained an ns
pulse power supply suitable for DBD with a maximum repetition
frequency of 10 kHz and a maximum amplitude of 13 kV by
improving the performance of the magnetic switch. Dhakar
et al. [20] used a wide bandgap device instead of magnetic
compression on the primary side, which improved the repetition
frequency of the power supply.

However, since the DBD device is a capacitive load, many
topologies designed compensation circuits to adapt the load
characteristics of DBD. Bonnin et al. [12] and Hao et al. [13]
designed compensation circuits to improve the energy consump-
tion on the load side of DBD. Usually, to maintain the ns pulse
waveform, a parallel resistor is set to overcome the influence of
DBD loads. Shao et al. [17], [18], [19], [20] and Wang et al.
[25] used parallel resistors with different resistance values to
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Fig. 1. Typical circuit diagram of BLTs, which mainly consist of a DC power
supply, control switch S, charge resistor R, two transmission lines T1 and T2,
and load RL.

maintain the ns pulse. Although a parallel resistor is helpful to
retain the pulse ns waveform, it will also cause extra energy
loss, which may be much larger than the energy consumed by
the DBD loads.

To avoid extra energy consumption on the parallel resistor
and improve the energy utilization of ns pulse topologies for
driving the DBD loads, this article proposes a structure that
combines the BTLs with a step-up pulse transformer. It can
produce high-voltage bipolar ns pulses on the DBD load without
the parallel resistor and has the advantages of Blumlein transmis-
sion lines (BLTs) and solid-state switches: compact structure,
simple controllability, and good stability. Combined with a pulse
transformer, it can adapt well to the load characteristics of
DBD and overcome the disadvantages of the conventional BLT
structures that can hardly maintain high pulse amplitude and
high repetition frequency simultaneously. This power supply
can output ns pulses with a rise time of 100 ns, a pulsewidth
of 300 ns, an adjustable amplitude of 0–5 kV, and a maximum
repetition frequency of 20 kHz.

The rest of this article is organized as follows. Section II ex-
plains the effectiveness of the proposed power supply topology
based on the transmission line theory and Laplace transform.
Section III studies the specific production process of power
supply, including the production of BLTs and pulse transformer.
Then, the DBD experiments based on the proposed power supply
are carried out and the results are discussed in Section IV.
Finally, Section V concludes this article.

II. SCHEMATIC ANALYSIS OF THE CIRCUIT TOPOLOGY

A typical circuit of BLTs has shown in Fig. 1. The basic
operating principle is as follows: First, the high-voltage dc power
supply charges the transmission lines T1 and T2 to the desired
charging voltage through the current limiting resistor R. Then,
the control switch S is closed to form a fold reflection of the
voltage wave on the load RL. Assume that the impedance of
transmission is Z and the amplitude of UDC is 1 V when the
impedance of load RL changes from 3.5 to 0.5Z, and the voltage
waves on the load RL are shown in Fig. 2.

It can be seen that when the load impedance equal 2Z, a
square-wave pulse with a pulsewidth twice the propagation
time will be produced on the load. In contrast, when the load
impedance does not equal to 2Z, the voltage wave will oscillate
obviously.

Now, consider the structure of BLTs combined with a pulse
transformer and a DBD load, as shown in Fig. 3, in which

Fig. 2. Voltage waves on the load RL when its impedance changes from 3.5
to 0.5Z, where τ means the propagation time of transmission.

Fig. 3. Circuit topology of BLTs combined with a pulse transformer and a
DBD load.

Fig. 4. Circuit topology of the proposed pulse power supply in which the
secondary side of the pulse transformer is converted to the primary side.

the parasitic capacitance between the primary and secondary
windings is ignored.

In Fig. 3, C3 and L3 are the stray capacitance and leakage
inductance at the primary side; R3 is the winding resistance at
the primary side; C4 and L4 are the stray capacitance and leakage
inductance at the secondary side; R4 is the winding resistance at
the secondary side; the transformation ratio of pulse transformer
is 1: k and CDBD is the load at the secondary side of the pulse
transformer.

The parameters of the secondary side are converted to the
primary side, and the stray capacitance and winding resistance
of the primary side are ignored [24]. The equivalent circuit is
shown in Fig. 4.
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Fig. 5. Equivalent circuit diagram of lossless transmission line of BLTs after
charging, where i1, i2, u1, and u2 are the currents and voltages on transmission
lines T1 and T2, respectively, and L1, C1, L2, and C2 are the distributed in-
ductance and distributed capacitance of the two transmission lines, respectively.
And UDC is the charge voltage of transmission lines.

In Fig. 4, there are⎧⎪⎪⎨
⎪⎪⎩
C ′ = k2(CDBD + C4)
LS = L3 +

1
k2L4

R1 = R3 +
1
k2R4

ZL = R1 + sLs +
1

sC ′ .

(1)

When the charging of the transmission line is completed and
the switch S is closed, the equivalent circuit diagram of the
lossless transmission line of BLTs is shown in Fig. 5.

The telegraph equation of transmission lines is⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

L1
∂i1
∂t + ∂u1

∂x = 0
∂i1
∂x + C1

∂u1

∂t = C1UDC

L2
∂i2
∂t + ∂u2

∂x = 0
∂i2
∂x + C2

∂u2

∂t = C2UDC.

(2)

The above equations are transformed to the Laplace domain⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

sL1I1 +
∂U1

∂x = 0
∂I1
∂x + sC1U1 = C1UDC

sL2I2 +
∂U2

∂x = 0
∂I2
∂x + sC2U2 = C2UDC

(3)

where s is the Laplace variable. Also, there are boundary con-
ditions ⎧⎪⎪⎨

⎪⎪⎩
U1(0, s) = 0
U1(l, s)− U2(l, s) = ZLI1(l, s)
I1(l, s) = I2(l, s)
I2(2l, s) = 0.

(4)

Now, consider the transmission line as an equilibrium state

{
Z1 =

√
L1

C1
= Z2 =

√
L2

C2
= Z

v1 = 1√
L1C1

= v2 = 1√
L2C2

= v
(5)

where Z1 and Z2 are the characteristic impedances of the
transmission lines T1 and T2, respectively. v1 and v2 are the
propagation speeds of the voltage wave in the transmission lines.

The general solution of the equation is obtained as follows:⎧⎪⎪⎨
⎪⎪⎩
U1 = A1e

x
v s +B1e

−x
v s + UDC

s

I1 = 1
Z (A1e

x
v s −B1e

−x
v s)

U2 = A2e
x
v s +B2e

−x
v s + UDC

s

I2 = 1
Z (A2e

x
v s −B2e

−x
v s).

(6)

Bringing in the boundary conditions, we have⎧⎪⎪⎪⎨
⎪⎪⎪⎩
A1 +B1 = −UDC

s

A1e
x
v s −B1e

−x
v s = A2e

x
v s −B2e

−x
v s

A2e
4x
v s = B2[(

ZL

Z + 1
)
A1 −A2

]
e

x
v s = [(ZL

Z − 1)B1 +B2]e
−x
v s.

(7)

Let

τ =
l

v
. (8)

The solution gives⎧⎪⎪⎨
⎪⎪⎩
I2(s, l) =

1
Z · 2UDC

s ·
[

e
3l
v s−e

l
v s

(
ZL
Z +2)e

4l
v s+2−ZL

Z

]

UZL
= −ZL

Z · 2UDC
s ·

[
e
3l
v s−e

l
v s

(
ZL
Z +2)e

4l
v s+2−ZL

Z

]
.

(9)

For the load, there are

UC ′ = − 1
sC ′ · 1

Z · 2UDC
s ·

[
e3τs−eτs

(
ZL
Z +2)e4τs+2−ZL

Z

]
= − 2UDC

s ·
[

e3τs−eτs

(R1C ′+LsC ′s2+1)(e4τs−1)+2ZC ′(e4τs+1)

]
.

(10)
Then, the voltage on the DBD load is obtained as follows:

UCDBD = k · UC ′

= −k · 2UDC
s ·

[
e3τs−eτs

(R1C ′+LsC ′s2+1)(e4τs−1)+2ZC ′(e4τs+1)

]
.

(11)
Let ⎧⎨

⎩
a = k2Ls(C4 + CDBD)
b = k2R1(C4 + CDBD)
c = 2k2Z(C4 + CDBD).

(12)

It is obtained that

UCDBD =−k · 2UDC

s
· e3τs − eτs

(as2+bs+1)(e4τs − 1) + c(e4τs + 1)
.

(13)
In the ideal case, the stray capacitance as well as the leakage

inductance of the pulse transformer are very small, while in
general, the load CDBD is a small capacitance of pF level, so the
above formula can be approximated as follows:

UCDBD ≈ −k · 2UDC
s · [ e3τs−eτs

e4τs−1 ]

= −k · 2UDC
s · (e3τs − eτs) · 1

e4τs−1

= −k · 2UDC
s · (e3τs − eτs) ·

∞∑
n=1

e−4nτs.

(14)

Transform the above formula to the time domain

uCDBD = −2kUDC ·
∞∑

n=1

σ[t+ (3− 4n)τ ]− σ[t+ (1− 4n)τ ]

(15)
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Fig. 6. Theoretical DBD load voltage waveform when the step-up ratio is 1:5
before gas discharge and assume the amplitude of UDC is 1 V.

Fig. 7. Equivalent model of DBD load, where Cg is the capacitance of gas and
Cd is the dielectric capacitance. The switch SDBD is closed when gas discharge
happens and circuit (a) can be converted to circuit (b) in [25].

where σ(t) represents the step function. And the time-domain
waveform at the load side is shown in Fig. 6.

Based on the above derivation, when the loss on the line is not
considered, it is clear that before the gas discharge, the topology
of Fig. 3 will produce a periodic unipolar pulse with a pulsewidth
of 2τ and amplitude of 2k times the charging voltage on the
DBD load. Ideally, the DBD load can be equivalent to an infinite
resistance based on the formula (9)–(11) before discharge.

In the actual case, the DBD load can be equivalent to the
circuit of Fig. 7 [25], the switch SDBD is closed when the gas
discharge occurs, and the load is a time-varying plasma resistor
Rp(t) and series capacitor Cd.

To simplify circuit analysis, the DBD load is equivalent to a
resistor in parallel with a capacitor, as illustrated in Fig. 7(b).

Then, we have

ZL = R1 + sLS +
1

sC4
‖(Red‖ 1

sCed
)

k2
(16)

UZL
=

ZL

Z
· 2UDC

s
·
[

e3τs − eτs

(ZL

Z + 2)e4τs + 2− ZL

Z

]
(17)

UDBD = UZL
·

1
sC4

‖(Red‖ 1
sCed

)

k2 · ZL
· k. (18)

TABLE I
VALUES OF PARAMETERS IN FORMULA (18)

Fig. 8. Theoretical DBD load voltage waveform when gas discharge occurs.
Assume the amplitude of UDC is 1 V.

Assume that the values of parameters in the transmission lines
and pulse transformer and DBD load are shown in Table I.

Since the function UDBD does not have an analytic expression
in the time domain, its time-domain waveform is calculated by
numerical integration, and from the Laplace inverse transform,
we have

uCDBD = 1
j2π

∫ σ+j∞
σ−j∞ UCDBD(s, l) · estds

= eσt

2π

∫ +∞
−∞ UCDBD(s, l) · ejωtdω

= eσt

2π

∫ +∞
−∞ UCDBD(jω + σ, l) · ejωtdω.

(19)

And its time-domain waveform is calculated, as shown in
Fig. 8.

It can be seen from Fig. 8 that the actual discharge waveform
amplitude is lower than the amplitude before discharge, and the
load waveform will no longer be an equal-amplitude oscillating
pulse but an oscillating decay pulse.

Based on the above analysis, the following points are proved.
1) The topology proposed in this article can obtain a high-

voltage pulse with a pulsewidth of 2τ on the DBD load to
drive DBDs.

2) The amplitude of the ns pulse is influenced by the DBD
load. When the value of plasma resistor Rp(t) is very
high, the amplitude is close to 2k times the dc charge
voltage. When the resistance of plasma becomes small,
the amplitude will become lower than 2k times the dc
charge voltage.

Besides, it has already been proven that if the DBD is driven by
a bipolar pulse, the discharge intensity will be significantly larger
than that driven by a unipolar pulse. This is because the charge
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Fig. 9. Overall structure diagram of the proposed power supply in this context.

Fig. 10. Actual structure diagram of DBD load connected by the pulse power
supply.

accumulation after the previous discharge can reduce the electric
field intensity of the second discharge of opposite polarity [26].
Using two switches on the two ends of the transmission lines can
generate a bipolar voltage pulse due to the reflection principle
of the voltage wave. Therefore, a bipolar ns pulse power supply
for DBD by combining the BLTs with a pulse transformer will
be designed and manufactured in this study.

III. DESIGN AND MANUFACTURE OF PULSE POWER SUPPLY

Fig. 9 shows the structure of the pulse power supply.
The principle of the pulse power supply is given as follows.

First, the field programmable gate array (FPGA) generates the
original control signals. It propagates through the optoisolator
and driving circuit to produce the charging signal to control
the opening of the charging MOSFET S1. Then, the high-voltage
dc power supply charges the BLTs through the noninductive
current limiting resistor R. When the charging is completed, the
charging signal is withdrawn, and then the discharging signal
is generated to control the discharging MOSFETs S2, S3, and the
BLTs are discharged through the pulse transformer to drive the
DBD load.

The image of the pulse power supply is shown in Fig. 10,
and it is mainly divided into two parts: the BLTs and the pulse
transformer. BLTs mainly consist of transmission lines T1 and
T2, MOSFETs, and noninductive current limiting resistor R, which
is used to protect the dc power supply. When S2 is turned ON, a
negative polarity pulse will be generated on the load RL. When
S3 is turned ON, a positive polarity pulse will be generated on

TABLE II
ELECTRICAL PARAMETERS OF THE MAIN COMPONENTS

Fig. 11. Collected voltage waveform of the 100 Ω noninductive resistor load
connected by the BLTs.

Fig. 12. Collected single-voltage waveform of the 100Ω noninductive resistor
connected by the BLTs.

the load RL. The electrical parameters of the main components
of the BLTs are given in Table II.

At a dc charging voltage of 250 V and a repetition of 10 kHz,
the continuous bipolar pulse on the 100 Ω noninductive resistor
load is measured, as shown in Fig. 11.

The single pulse waveform is shown in Fig. 12, with a
pulsewidth of 300 ns, an amplitude of 240 V, and a rising edge of
40 ns. Under a purely resistive load, bipolar pulses of different
amplitudes and frequencies can be obtained by adjusting the
operating timing of the semiconductor switches in the BLTs and
the charging voltage.

It can be seen that the pulse amplitude output by only BLTs is
not enough to drive DBD loads. Therefore, based on the analysis
in Section II, to drive the DBD, a pulse transformer is required.

Currently, pulse transformers are mainly used in gas pedals,
radars, and high-energy physics [27], [28], [29], [30], [31]. The
performance of the pulse transformer is mainly determined by
the pulsewidth and rise time [24].

For pulse transformers, there are

e1 = N1
dϕ

dt
≈ N1

Δϕ

Δt
= N1

ΔBmaxSKC

twidth
= Uin (20)
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Fig. 13. Experimental platform of DBD.

where ϕ represents the magnetic flux of the coil per turn, N1

represents the number of turns of the primary-side winding,
twidth represents the pulsewidth of the pulse transformer, and
ΔBmax is the maximum induction increment, which equals the
difference between the saturated magnetic induction intensity
and the rest magnetic induction intensity of the pulse transformer
core. KC represents the duty cycle coefficient of the core, S
represents the cross-sectional area of the core, and Uin represents
the voltage on the primary side of the pulse transformer.

The number of turns of winding N1 and N2, and the cross-
sectional area of the core S influences the leakage inductance
and distributed capacitance. To get a fast rise time of the pulse
on DBD load, it is necessary to reduce the leakage inductance
and distributed capacitance of the pulse transformer.

Increasing the magnetic permeability of the core can achieve
a larger magnetization inductance, thus reducing the number of
turns while maintaining the same winding inductance. Besides,
a larger ΔBmax also helps to reduce the core cross-sectional
area S, thus reducing the leakage inductance and distributed
capacitance, to shorten the pulse rise time.

Based on the analysis above, the nanocrystalline core is
selected, which has a saturated magnetic induction of 1.25 T
and a rest magnetic induction of 0.2 T, with KC of 0.77. Com-
pared with the conventional core material, the nanocrystalline
core has a larger saturated magnetic induction, a smaller rest
magnetic induction, and high efficiency of energy transfer. The
final homemade pulse transformer of this study has a primary
winding of 3 turns, a secondary winding of 15 turns, and a 1:5
ratio. According to the calculation of the empirical formula,
the equivalent leakage inductance obtained from the primary
side is 0.126 μH, and the equivalent distributed capacitance is
18.6 pF, which meets the requirements of obtaining a steep rising
edge [24].

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To verify the effectiveness of the proposed power supply, an
experimental platform is built in Fig. 13.

The DBD load used is a net plate structure; the barrier medium
is 2 mm thick quartz glass close to the electrode plate, and the air

Fig. 14. Maximum output voltage waveform of power supply in this article.
The voltage scale is 1 kV/Div., and the timescale is 400 ns/Div.

gap distance is 2 mm. After being measured by the impedance
analyzer (KEYSIGHT E4990A), the equivalent capacitance of
DBD load before discharge is 46.2 pF. The high-voltage dc
power supply is Dongwen high-voltage power supply DW-P102-
100C50. The output dc voltage of this power supply is 0–1000 V;
the maximum output current is 100 mA; the output pulse is
measured by Tektronix P6015A high-voltage probe, and the
load current is measured by Pearson broadband current sensor
(model: 150, bandwidth: 40 Hz–20 MHz, sensitivity: 0.5 V/A).
The waveform is recorded by Tektronix MDO4104C mixed
domain oscilloscope (bandwidth: 1 GHz, maximum sampling
frequency: 5 Gs/s). The image of the experimental platform is
shown in Fig. 13.

Fig. 14 shows the maximum output voltage waveform of
the pulse power supply in this article. The pulse amplitude is
5 kV and the pulsewidth is 300 ns, which meets the design
requirements.

After testing the maximum output of the power supply, the
amplitude adjustability and repetition frequency adjustability of
the output voltage are tested, respectively.

A. Experimental Verification of the Adjustability of Pulse
Amplitude

Fig. 15 shows the voltage waveforms of DBD load with dc
charging voltage at a repetition frequency of 10 kHz. From
the actual measurement, it can be seen that the load-side volt-
age waveform is a pulse waveform with oscillation decay, the
pulsewidth is around 300 ns, and the rising edge is about 100 ns.
At the same time, the output voltage can change continuously
with the dc charging voltage and keep the load waveform without
distortion, which is consistent with the analysis in Section II.

B. Experimental Verification of the Adjustability of Repetition
Frequency

To verify the adjustable range of the output frequency of
this power supply and to observe the changes in the discharge
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Fig. 15. Voltage waveforms on DBD load under different charging voltages.
(a) Positive waveforms. (b) Negative waveforms.

Fig. 16. Discharge images at different repetition frequencies with exposure
times of 0.1 s.

situation under different repetition frequencies, the discharge
images of the DBD load under the conditions of the output
amplitude of 3 kV and repetition frequencies of 2 kHz, 5 kHz,
10 kHz, and 20 kHz are presented, respectively, in Fig. 16.

The DBD becomes more intense when the repetition fre-
quency increases from 1 to 20 kHz. Especially when the repeti-
tion frequency is 20 kHz, the number of microdischarge channels
becomes much more than that is 10 kHz. The results show that
the proposed power supply can adjust the repetition frequency
in the range of 0–20 kHz as required.

V. CONCLUSION

In this context, a bipolar compact ns pulse power supply with a
maximum amplitude of 5 kV, a maximum repetition frequency of
20 kHz, a pulsewidth of 300 ns, and a rise time of 100 ns for DBD
loads is proposed based on the BLTs structure combined with
a pulse transformer. Based on the prototype, an experimental
platform is built, and the DBD phenomenon under different
repetition frequencies is preliminarily tested, and the following
conclusions can be derived.

1) The characteristics of BLT and pulse transformer make
the proposed topology adapt well to the DBD load. And
it can maintain the ns voltage pulse without a parallel
resistor, which will not cause extra energy loss. To some

extent, it helps to improve the energy utilization of ns pulse
topologies for driving DBD loads.

2) The transmission lines theory and Laplace transforms can
well explain the principle of the proposed structure in
this article. And it provides a good way to analyze pulsed
power supplies, which consist of BLTs structure.

3) The output waveform of this power supply is stable and
adjustable under different charging voltages and repetition
frequencies, which provides a solution for designing a
nanosecond pulse power supply, especially for driving the
DBD loads.

4) The proposed power supply in this article has a modular
structure, which improves reliability and scalability. The
maximum output voltage can be adjusted by changing
the pulse transformer modular and also can use repeat
frequency technology in BLTs modular to improve the
maximum frequency of the pulse.
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