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In recent years, extensive research has been conducted on the ultrahigh-frequency (UHF) method. Considering that acquiring a
partial discharge UHF signal is the first step in a series of tasks, such as fault diagnosis and defect location, the UHF sensor plays
an important role in the UHF method. An antipodal Vivaldi antenna installed at a transformer’s joint is designed in this study
according to the structural features of 750 kV transformers in China. Several effective structures, such as linear gradient microstrip
and slot edge, are employed to improve the return loss and radiation characteristics. A metal box is designed after analyzing the
influence of the metal around the antenna. The metal box can effectively shield against electromagnetic interference and does not
deteriorate the performance of the antenna significantly. Experimental data show that this antenna is much more sensitive than
the rectangular plane spiral antenna. The proposed antipodal Vivaldi antenna is suitable for detecting partial discharge in large
transformers.

1. Introduction

Several local defects, such as bubbles, cracks, burr on the
electrode, and suspended conductive particles, are difficult
to avoid in the manufacture process of transformers [1].
These defects cause uneven distribution of the electric field,
which results in the generation of partial discharge and
prompts transformer insulation degradation. Statistics show
that transformer accidents are mostly caused by insulation
degradation [2]. Partial discharge is accompanied by numer-
ous phenomena, such as light, electric pulse, ultrasonic wave,
and electromagnetic wave. By detecting these phenomena,
partial discharge can be detected indirectly. The dielectric
insulation status and defect types can be determined, and
the insulation life of the electrical equipment can even be
predicted. Therefore, current research institutions, manu-
facturers, and electric power system operation departments
place a high value on partial discharge detection technology.

Rutgers from theNetherlandKEMALaboratory and Judd
from the University of Strathclyde found that the rising edge
of oil-immersed transformer partial discharge signals is steep,
and the pulse width is in nanoseconds (more than 1GHz

UHF signals can be stimulated) [3–5]. Thus, the ultrahigh-
frequency (UHF) method was established and is currently
used widely because of its strong anti-interference ability,
high positioning accuracy, and other advantages [6].

The UHF antenna sensor plays an important role in the
UHFmethod. It can be divided into two types, namely, built-
in and external, according to the difference in antenna instal-
lation position. Typical built-in antennas include monopole
[7], Hilbert [8], and Goubau antennas [9]. They are usually
installed in the hand hole, manhole, and oil drain valve. Built-
in antennas possess high detection sensitivity and strong anti-
interference ability, but the transformers put into operation
usually cannot be modified. Common external antennas
include Archimedes and planar equiangular spiral antennas
[10–12]. These antennas can be installed at the dielectric
window and the casing.Mounting the sensors at the dielectric
window is recommended by the International Council on
Large Electric Systems and is the most commonly used
method at present [13]. However, the dielectric window
needs to be reserved in the transformer factory, so many
transformers that have been put into operation cannot be
modified. Furthermore, installing the sensors at the casing
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Figure 1: Joint between the barrel and base of a 750 kV transformer.

decreases the creepage distance of the casing. As shown
in Figure 1, the 750 kV oil-immersed transformer in China
has a certain particularity. The Chinese power transformer
maintenance guidelines indicate that a transformer must be
overhauled within the first five years and every 10 years
after that. In the process of overhaul, the barrel is moved
to repair the iron core and winding, and this procedure
differs from those adopted in other countries. Therefore, the
transformer gasket used in China is much larger, and a joint
that is about 2 cm exists between the barrel and the base.
Several Chinese scholars have conducted preliminary studies
on utilizing this joint to detect partial discharge. They used
Archimedes and planar equiangular spiral antennas to receive
the signals in a laboratory [14–19]. Considering that these
scholars merely wished to prove that signals can leak out of
the joint, many factors, such as electromagnetic interference,
influence of metal around the antenna, and installation, were
not considered.However, these studies provided a newmeans
of transformer partial discharge online monitoring.

When the antenna is installed on the transformer, it is
inevitably placed near the transformer metal shell. Usually,
the influence of metal around the antenna is ignored in
the UHF antenna sensor design. However, this disregard
seriously degrades the performance of external antennas and
is one of the important reasons for low sensitivity, which
is shortage limitation of previous designs. In this study, we
reduced the deterioration in antenna performance asmuch as
possible by designing ametal box.Thebox also shields against
electromagnetic interference. The laboratory experiment
showed that the antenna canmeet the requirements of partial
discharge detection for subsequent UHF signal analysis.

2. Design of the UHF Antenna Sensor

2.1. Selection of the UHF External Antenna Sensor. The
UHF external antenna sensor should meet the following
requirements:

(1) Broadband and appropriate working band: the signal
generated by partial discharge is weak over 3GHz.

Thus, extending the antenna bandwidth below 3GHz
can effectively increase the received signal energy and
can collect abundant spectrum information.

(2) High gain: the propagation loss in the joint is large; a
high-gain antenna will increase antenna sensitivity.

(3) Easy to install: given that the 750 kV transformer joint
is wide and deep, inserting the antenna into the joint
is indeed the most convenient means of installation.
Furthermore, it will decrease the energy loss before
signals are received and improve the problem that
the signals received by the external antenna have low
signal intensity. Based on this consideration, a broad-
band and high-gain Vivaldi antenna was selected in
this study as the detection antenna.

The Vivaldi antenna can be classified into three types:
typical, antipodal, and balanced [20–22].Themain difference
between them is the feeding mode. The typical Vivaldi
antenna uses the microstrip-slotline balun. Given that the
characteristic impedance of the slotline increases monotoni-
cally with increasing frequency, it exhibits obvious dispersion
properties and possesses certain return and insertion losses
in a broadband. The antipodal Vivaldi antenna uses the
microstrip balun; it has almost unchanged characteristic
impedance and shows low dispersion properties, which are
the advantages of the antipodalVivaldi antenna.Thebalanced
Vivaldi antenna uses the stripline balun, whose transmission
loss is lower than that of the microstrip one. However, the
stripline is buried in the dielectric layer and is difficult to
process and weld. Thus, the antipodal Vivaldi antenna was
selected as the final design in this study.

2.2. Basic Structure and Principle of the Antipodal Vivaldi
Antenna. As shown in Figures 2 and 3, the antipodal Vivaldi
antenna consists of a substrate and bonding copper on both
sides of the substrate. It can be divided into two parts: radia-
tion area and balun. Given that transmitting and receiving
antennas are equivalent, the transmitting antenna was uti-
lized to explain the basic principle. After an electromagnetic
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Figure 2: Three types of Vivaldi antennas.
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Figure 3: Antipodal Vivaldi antenna.

wave is transmitted from the balun to the radiation area,
it radiates from the tapered slot to the free space. A low-
frequency electromagnetic wave radiates from the wide area
of the slot because of the long wavelength. Simultaneously, a
high-frequency electromagnetic wave radiates from the nar-
row area of the slot. This is the main reason why the Vivaldi
antenna possesses the characteristics of broadband and stable
directivity. If the wavelength of the electromagnetic wave
is more than twice the maximum slot width of the Vivaldi
antenna, it would not radiate efficiently, and the radiation pat-
tern would gradually become similar to that of a monopole.

The final parameters of the antenna are shown in Table 1,
in which ℎ is the substrate thickness. The other parameters
are shown in Figure 3.

2.3. Design of an Antipodal Vivaldi Antenna. In the initial
phase of antenna design, the substrate material should not
affect the subsequent parameter calculation. In antenna
design, FR4 (dielectric constant = 4.4, dielectric loss tangent
= 0.02) is often utilized as the substrate because of its low
price. However, FR4 has two disadvantages. One is that its
high dielectric loss tangent causes a large energy loss. The
other is that FR4 from different manufacturers and various
batches have different doping concentrations,whichmake the
dielectric constant unstable. Controlling the characteristic
impedance of this antenna is difficult, so FR4 is always
utilized in the band of less than 1GHz. In this study, Teflon
(dielectric constant = 2.2, dielectric loss tangent = 0.001) was
used as the substrate.
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Table 1: Design parameters with final optimized dimension of the
antipodal Vivaldi antenna.

Dimension Value (mm)
𝑊 100
𝐿 100
ℎ 2
ℎ1 10
𝑑 4.1
𝑑0 6.3
𝑑1 4
𝐿0 5
𝐿1 15
𝑘 30
𝑥1 40
𝑚 16
𝑛 7

2.3.1. Selection of the Shape of the Inner Edge. The tapered
slot is the main radiation area. Therefore, the shape of the
inner edge is the key factor in antenna performance. The
exponential profile curves provide the antenna with relatively
better performance than the parabola, the trigonometric
function, and so on [23]. However, analyzing the antipodal
Vivaldi antenna in theory is difficult because of the change-
able characteristic impedance and transmission constant of
the tapered slot [24]. In this study, the antenna was mainly
designed through simulation calculation. For a convenient
simulation calculation, a coordinate system was established
and is shown in Figure 3. Two endpoints, namely, (𝑥1, 𝑦1) and
(𝑥2, 𝑦2), and 𝑘 were set as variables. The exponential profile
curves employed in this design can be described by

𝑥 = ± (𝑎𝑒𝑘𝑦 + 𝑏) ,

𝑎 = 𝑥1 − 𝑥2
𝑒𝑘𝑦1 − 𝑒𝑘𝑦2

,

𝑏 = 𝑥2𝑒
𝑘𝑦

1 − 𝑥1𝑒𝑘𝑦2
𝑒𝑘𝑦1 − 𝑒𝑘𝑦2

,

(1)

where 𝑥1 and 𝑥2 are the abscissa of two endpoints, 𝑦1 and 𝑦2
are the ordinate of two endpoints, 𝑘 is the gradual change ratio
of the exponential function, and 𝑎 and 𝑏 are two parameters
of the exponential function. Through simulation calculation,
the optimal parameters are 𝑘 = 30, 𝑥1 = 40mm, 𝑥2 =
−35mm, and 𝑦2 = −2.05mm.

2.3.2. Design of the Balun. The balun is a balanced-un-
balanced transformer. It has two main functions:

(1) Change high-frequency signals from a single input to
a balanced output.

(2) Achieve impedancematching at the input and output.

Through simulation calculation, the optimal impedance
matching between the microstrip and radiation area was
determined to occur in 𝑑 = 4.1mm. However, the character-
istic impedance is 65Ωwhen ℎ = 2mm and 𝑑 = 4.1mm.This
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Figure 4: Influence of different microstrips on the return loss of the
antenna.

condition indicates that a certain energy loss occurs when
the microstrip is connected to a 50Ω coaxial cable directly.
Therefore, to ensure impedancematching between themicro-
strip and 50Ω coaxial cable, the microstrip was designed
as a linear gradient structure in this study, as shown in
Figure 3.The calculation formula of microstrip characteristic
impedance showed that 𝑑0 = 6.3mm.

As shown in Figure 4, the linear gradient microstrip gen-
erally decreases the return loss of the antenna (S11).Thework-
ing band is widened from 0.825–2.78GHz to 0.815–3GHz.

2.3.3. Optimization of the Radiation Area. Several common
optimizationmethods are available.The firstmethod involves
etching slots on the fins. This method can efficiently increase
gain and improve return loss [25]. The second method
involves circular termination and a double exponentially
tapered slot. Their effect is similar to that of the first method
[26, 27]. The third method is parasitic ellipse and dielectric
lens. These two can increase the gain at a high frequency [28,
29]. Given that we mainly focused on low-frequency bands,
we selected the simplest method, that is, the first method.

This etching procedure causes the current distribution to
concentrate on the inner edge and more energy to radiate
from the tapered slot, thereby increasing the gain and
improving the return loss. Figure 5 shows the surface current
distribution at 3GHz.The surface current at the inner edge is
large when slots are etched on the fins. Considering that the
surface current is large on the balun and the junction between
the balun and radiation area, we did not view this part to
avoid misleading.

The process of determining the slot number, size, and
location was divided into two parts to reduce the time cost
of simulation calculation:

(1) The number of symmetrical regular slots was deter-
mined. The conditions of 3–7 pairs of equal-height
slots were simulated. By adjusting ℎ1, 𝑑1, 𝑚, and 𝑛,
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(b) Five pairs of slots

Figure 5: Surface current distribution.
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Figure 6:Three different patterns of slots: (a) equal-height slots; (b) the height of the slots decreases linearly along the direction of the antenna
opening; (c) the height of the slots increases linearly along the direction of the antenna opening.

every condition’s optimal S11 curve and gain were
obtained.

(2) The pattern of the slots was determined. Under the
condition of optimal numbers of slots, three different
patterns of slots were simulated. As shown in Figure 6,
the patterns were equal-height slots, the height of the
slots increases, and the height of the slots decreases
linearly along the direction of the antenna opening.
The optimal results were obtained and compared.

Figure 7 and Table 2 show that the slot edge improves
the performance of S11 and gain. However, the number of
slots exerts a minimal effect on S11 and gain. In general, the
performance of S11 is slightly better than that of gainwhenfive
or six pairs of slots are etched on the fins; the performance of
gain is the best when five pairs of slots are etched on the fins.

Figure 8 and Table 3 show that the return loss is slightly
poorer at about 1.1 GHz than that in the other two conditions
when slots with linearly increased height are etched on the
fins. The gain is slightly poorer than that in the other two

conditions when slots with linearly decreased height are
etched on the fins. Thus, equal-height slots were determined
as the final pattern of slots.

2.3.4. Measured S11 and Simulated Radiation Pattern of the
Antipodal Vivaldi Antenna. Figure 9 presents a photograph
of the fabricated antenna. Figure 10 shows a comparison
of simulated and measured data on return loss obtained
from the network analyzer. The working band of the antenna
is 0.807–3GHz. A certain difference exists between the
simulated andmeasured curves because of the simulation and
manufacturing error. The simulation error mainly originates
from the grid division and cannot be too fine. The manu-
facturing error mainly originates from the burrs generated
by welding. However, the overall trend is similar. This result
indicates that the simulation calculation is reliable.

In Figure 11, the solid lines denote the 𝐻 plane, and
the dashed lines denote the 𝐸 plane. Figure 12 shows
the gain in the 𝑦 direction versus frequency in 2D. The
antenna has strong directivity at 2 and 3GHz. However, it
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Table 2: Influence of different numbers of slots on gain in the 𝑦 direction at different frequencies.

Numbers of slots/pairs 1 GHz/dB 1.5 GHz/dB 2GHz/dB 2.5GHz/dB 3GHz/dB
0 −3.5 2.7 5.6 6.7 7.7
3 −3.5 3.6 6.3 6.7 9.4
4 −3.6 3.7 6.3 6.7 9.2
5 −3.6 3.7 6.4 6.9 9.4
6 −3.6 3.9 6.3 6.7 9.2
7 −3.5 3.9 6.4 6.8 9.4

Table 3: Influence of different patterns of slots on gain in the 𝑦 direction at different frequencies.

Patterns of slots 1 GHz/dB 1.5 GHz/dB 2GHz/dB 2.5GHz/dB 3GHz/dB
Equal height −3.6 3.7 6.4 6.9 9.4
Linearly decreased −3.5 3.6 6.3 6.4 8.9
Linearly increased −3.6 3.9 6.3 7.1 9.1
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Figure 7: Influence of different numbers of slots on the return loss
of the antenna.

becomes an omnidirectional antenna below 1.4GHz because
the wavelength of the electromagnetic wave is more than
twice the maximum tapered slot width of the antenna. Two
stages were observed. The radiation pattern between 1 and
1.4GHz is similar to that in Figure 11(b) and to that in
Figure 11(a) below 1GHz. Although the gain in the𝑦 direction
is low, the maximum gain is about 2 dB, which indicates that
radiation ability still exists. Therefore, the input resistance
is not immediately reduced to 0 below 1.4GHz, as shown
in Figure 13. The antenna demonstrates good return loss
between 0.8 and 1.4GHz.

To insert the antenna into the joint, the antenna needs to
be miniaturized. Therefore, we performed a detailed simu-
lation at a low frequency. We found that the etched slots
cannot reduce the working frequency, which is different
from the conclusions of other researchers. If the minimum
wavelength of the lowest working frequency is 𝜆, the size of
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Figure 8: Influence of different patterns of slots on the return loss
of the antenna.

this antenna is 0.267𝜆 × 0.267𝜆, which most of the antipodal
Vivaldi antennas cannot reach.

3. Laboratory Experiments on the Antipodal
Vivaldi Antenna

The installation method of the antenna and the experiment
platform are shown in Figure 14. A 10 kV three-phase trans-
former was used as the experiment platform because of
the limited laboratory conditions. Its external dimensions
are 800mm × 465mm × 590mm. Its cover is lifted by
2 cm to simulate the joint of a 750 kV transformer. The
needle-to-plate model immersed in transformer oil was used
to simulate the real source of partial discharge. After the
installation was completed, the voltage on the needle-to-plate
model was increased by a transformer until partial discharge
was generated. Then, the voltage, pulse current signals, and
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Figure 9: Photograph of the fabricated antenna.
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Figure 10: Comparison of simulated and measured data on return loss.

UHF signals were obtained by a voltage divider, measured
impedance, and antenna.

3.1. Design of the Metallic Shell of the Antipodal Vivaldi
Antenna. A large amount of electromagnetic interference
exists, so external antenna sensors should be placed in ametal
box to shield them against the electromagnetic interference
originating from the flank and back. The metal box is shown
in Figure 15(a). Figure 16 shows that the metal around
the antenna sharply reduces the return loss. Reference [30]
indicated that the absorbing material can improve the return
loss. However, the efficiency and gain of the antenna are
reduced at the same time. Experimentation revealed that
almost no difference is observed in the amplitude of received
signals regardless of whether an absorbing material exists in
themetal box.The area of the absorbingmaterial covering the
surface inside the box exerts a minimal effect on amplitude.

Therefore, changing the structure of the metal box is the only
means to improve antenna sensitivity.

The simulation calculation showed that adjusting the size
of the metal box slightly, changing the shape of the metal
box, and adding an extra metal structure in the metal box
cannot improve the return loss. However, in the process of
simulation calculation, the return loss will be improved if
several extra parts of the metal box are removed. Tomaintain
the directivity of the antenna, a metal box was fabricated, as
shown in Figure 15(b).However, it could not shield against the
electromagnetic interference. The metal box was improved
further, as shown in Figure 15(c). Two layers of metallic shell
were added.The innermetal box using the structure is shown
in Figure 15(b), and the outer metal box using the structure
but with a larger size is shown in Figure 15(a). In the field test,
the inner metal box and antenna were inserted into the joint
initially and then the joint was covered with the outer metal
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Figure 11: Radiation pattern of the antipodal Vivaldi antenna at different frequencies.

box.The outer box can be properly changed as long as there is
enough space on either side of the inner metal box. Figure 16
shows that the return loss in the third condition is slightly
poorer than that in the second condition but is much better
than that in the first one.

3.2. Receiving Performance Test for the Antipodal Vivaldi
Antenna. At the inception voltage, the abovementioned
antennas with three differentmetallic shells and a rectangular
plane spiral antenna were used to receive the electromagnetic
wave that leaked out of the joint [31]. Their positions are
shown in Figure 17, and the single received signal’s waveform
is shown in Figure 18. The antenna shown in Figure 15(b)

exhibits the best performance in terms of sensitivity. The
amplitude of the signal received by this antenna is seven times
that received by the rectangular plane spiral antenna. The
antenna shown in Figure 15(c) is slightly poorer but is still
more sensitive than the rectangular plane spiral antenna.The
measured result agrees with the analysis in Section 3.1.

3.3. Characteristic of Partial Discharge in Transformer Oil. As
shown in Figure 19, the partial discharge signals in a power-
frequency cycle were acquired through UHF and pulse
current methods. The power-frequency cycle was acquired
from the voltage divider. The partial discharge mainly occurs
in the one-fourth and three-fourth cycles. The amplitude
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(a) (b)

(c)

Figure 15: Antennas with three different metallic shells: (a) the front side of the metal box is removed; (b) the front side and a part of the
flank of the metal box are removed; (c) two-layer metal box.
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Figure 16: Return loss curves of antennas with three different metallic shells.

Figure 17: Placement of the antipodal Vivaldi antenna and rectangular plane spiral antenna.
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Figure 18: Waveform of the signal received by antennas with three different metal boxes and the rectangular plane spiral antenna.
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and times of partial discharge are random, and whether the
voltage of two electrodes is positive or negative exerts a
minimal effect on them.Owing to the oscillation, every signal
has both positive and negative components.

Comparison of the UHF and pulse current signals shows
that the antipodal Vivaldi antenna exhibits excellent perfor-
mance in terms of sensitivity. A large proportion of pulse
current signals have their corresponding UHF signals, but
their amplitude is uncorrelated.

4. Conclusions

Through simulation calculation and laboratory experiments,
several conclusions were obtained:

(1) A linear gradient microstrip can effectively improve
the performance of the antipodal Vivaldi antenna.

(2) The slot edge structure can significantly increase the
gain of the antenna and improve the return loss to
some extent.

(3) The metal around the antenna sharply reduces the
return loss. By removing part of the flank of the metal
box, the return loss is improvedwhilemaintaining the
directivity of the antenna.

(4) The two-layer metal box can effectively shield against
electromagnetic interference. Although the return
loss is slightly deteriorated, the sensitivity of this
antipodal Vivaldi antenna is much better than that
of the rectangular plane spiral antenna. It can meet
the demand of large transformer partial discharge
monitoring.

(5) Needle-to-plate partial discharge in transformer oil
mainly occurs in the one-fourth and three-fourth
cycles. Whether the voltage of two electrodes is
positive or negative exerts minimal effect on the
amplitude and times of partial discharge.
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