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ABSTRACT Partial discharges (PD) are the most common and harmful threat to the health of electrical
insulation of high voltage (HV) and high field (HF) equipment. The occurrence of PD activity in HV and
MYV equipment is at the same time a cause and a sign of insulation degradation that may eventually result
in the breakdown of the HV power equipment. For the safe and reliable operation of HV power equipment,
continuous PD monitoring needs to be conducted conveniently to prevent any unplanned power outages
and damage to electrical power equipment. The ultra-high frequency (UHF) PD measurement method has
been widely used as an effective technique to detect PD activity on HV power equipment due to its non-
invasive principle. To enable PD detection accuracy, there is still a need for more sensitive PD sensors that
can assist the UHF PD monitoring system by suppressing ambient background noise and low-frequency
electromagnetic interferences from telecommunication such as GSM signals. To tackle the sensitivity issues,
this article presents a new design of ultra-wideband (UWB) microstrip patch antenna that is capable of
effective suppression of low-frequency interference signals. The proposed antenna, designed, simulated,
and optimized using the CST Microwave Studio software, has a bandwidth of 3.3GHz, below -10dB, in the
operating frequency range of 1.2GHz-4.5GHz. The prototype of this antenna, printed on an FR4 substrate
of a thickness of 1.6mm and a dielectric constant of 4.4, featuring a compact size of 100mm x 100mm x
1.6mm, was implemented to detect PD through laboratory experiments. This paper shows that the designed
UWRB antenna has high sensitivity, good noise rejection and it is, therefore, a promising candidate sensor for
PD detection on HV equipment.

INDEX TERMS Partial discharge, UHF sensors, high-voltage equipment, UWB antenna.

I. INTRODUCTION

Insulation systems play a vital role in the safe delivery of elec-
trical power. However, the failure of insulation may cause the
unplanned breakdown of the high voltage (HV) and medium
voltage (MV) power equipment, possibly involving explosion
and fire that may cause injuries to the people in the vicinity
of HV and MV equipment [1], [2]. The Partial discharge
phenomenon is one of the extrinsic accelerated aging factors
that affect and decrease insulation health and reliability of
insulation systems. The presence of PD in insulation stressed
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by a high electric field (it is field to drive PD rather than
voltage) causes local and generally fast insulation degrada-
tion to premature breakdown. Partial discharge, according
to IEC60270 standards, is a localized electrical discharge
that only partially bridges the insulation between conductors
and may or may not occur adjacent to a conductor. PD may
incept when there is a cavity inside insulation (internal dis-
charge) when there is contamination and/or tangential field
gradient on the surface of the insulator (surface discharge)
or when there is a protrusion near a high voltage conductor
(corona discharges) [3]. When PD incepts in internal cavi-
ties or on insulation surface interfaces, the reliability of the
insulation system is compromised because the action of PD
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is to break insulating material bonds and disrupt insulation
integrity [3], [4]. PD pulses can produce energy in various
forms, namely pulsed currents, light, mechanical (acoustic)
waves, electromagnetic waves, light and heat that can be
detected by various types of sensors [5]. As regards UHF PD
sensors, they could be located internally or externally of an
HV or MV equipment, being used to detect PD-induced EM
waves emitted by PD sources. Typical equipment where UHF
PD sensors are used could be power transformer and gas-
insulated switchgear, GIS. The advantages of built-in sensors
or internal sensors over external sensors are high sensitivity,
high signal-to-noise ratio (SNR), and strong immunity to
electromagnetic interferences [6]-[8].

The failure or breakdown of key high voltage equipment
such as power transformers, gas-insulated switchgears and
substation, generators and motors, cables, outdoor insulators
and bushings, capacitors may negatively affect the power grid
and, in general, electrical assets by causing power outages,
loss of equipment, fire explosion and injuries to the peo-
ple [9]. Partial discharge measurement techniques can be,
if properly carried out and analyzed, a fundamental diagnostic
tool that contributes to evaluate insulation health conditions.
This is then the basis for maintenance action performed at
an early stage in order to prevent unwanted outages and
blackouts [10], [11].

The ultra-high frequency (UHF) detection method has been
widely used for PD detection on high-voltage power appara-
tus such as switchgears and power transformers, because PD
irradiation is, in some equipment, the only way to extract PD
information. In addition, the UHF method has high immunity
to external electromagnetic interferences [12]-[14]. Noise
has, indeed, to be reduced efficiently especially during online
(onsite) PD monitoring where there are, e.g., electromag-
netic interference from telecommunication, ambient noise
and corona discharges [15], [16].

The UHF antenna is an integral part of the UHF PD mea-
surement approach, and it plays a fundamental role in PD
detection accuracy, sensitivity and PD localization. There-
fore, the design of UHF antennas has gained research and
development attention aiming at the improvement of sensi-
tivity and signal-to-noise ratio (SNR). Various UHF antennas
have been designed by several researchers. As an exam-
ple, a planar equiangular spiral antenna, UHF Moore fractal
antennas, a dipole antenna and log-periodic antenna are used
for GIS [14], [17], [18]. Other types of UHF antennas such
as fourth-order Hilbert fractal antennas [16], [12], circu-
lar microstrip antenna [19], [20] and microstrip-fed planar
elliptical monopole antenna [21] have been designed for PD
detection in power transformers.

However, these UHF antennas still face sensitivity chal-
lenges due to a narrow bandwidth and a low gain. There-
fore, the innovation contribution of the research presented
in this paper is about designing an ultra-wideband (UWB)
antenna with sufficient bandwidth to detect PD signals with
improved sensitivity. A new type of UHF circular microstrip
patch antenna with UWB frequency characteristic is proposed
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here for PD monitoring on HV and MV power equipment.
The bandwidth enhancement and a high gain were achieved
through the antenna optimization process by using slotting
and truncating techniques on the radiating patch and ground
plane of the antenna [22]-[24].

This proposed microstrip patch antenna is composed of a
radiating patch on one side of an FR4 dielectric substrate and
a ground plane on the other side of the substrate. A microstrip
feedline was used to connect the patch to a 50 ohm-coaxial
cable. The substrate has a dielectric constant of 4.4 and a
thickness of 1.6mm. The CST Microwave Studio software
was used to design, simulate and optimize the proposed
antenna. The optimal design of the microstrip patch antenna
has a compact size of 100mm x 100mm x 1.6mm.

After antenna manufacturing, the vector network ana-
lyzer, VNA, (Cobalt Series C1220 whose frequency range
is 100kHz-20GHz) was used to measure the antenna basic
parameters such as return loss, VSWR, resonance frequency,
bandwidth and input impedance. The last step was to evaluate
the antenna performance for PD detection, as regards sen-
sitivity and noise rejection, through laboratory experiments,
which is described in the last section of the paper.

The paper is organized as follows: Section II describes
antenna design and simulation, Section III discusses antenna
fabrication and testing, Section IV gives the details about
antenna validation for PD measurement through laboratory
experiments and Section V provides the conclusion high-
lighting the validity of the research work.

Il. ANTENNA DESIGN AND SIMULATION

A. ANTENNA DESIGN CRITERIA

Before designing antennas for PD detection on high voltage
power equipment, it is necessary to understand irradiated PD
characteristics and frequency spectrum and to relate them
to the antenna characteristic parameters in order to meet
the desired antenna performance criteria. UHF antennas typ-
ically operate in the frequency range of 300MHZ-3GHz,
which is the same frequency spectrum for PD-induced EM
waves. Indeed, PD pulses may have rise time in the range
of (nanoseconds) ns and duration tens to hundreds ns. Based
on that, the following antenna basic characteristic parameters
need to be tailored when designing UHF antennas able to
comply with specified engineering performance criteria.

1) RETURN LOSS

Return loss (RL), in dB, is a logarithmic ratio that compares
the reflected power (Pr) of the antenna to the incident power
(Pi). Equation (1) provides the relationship between return
loss with reflected power and power coming to the antenna.

RL = 101og (P’eﬂ—“’”> )
incident

Equation (2) shows the return loss as a function of the

reflection coefficient I' (the ratio of the voltage amplitude of

the reflected wave to the voltage amplitude of the incident

wave), provided by equation (3). For antenna design criteria,
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the return loss value should be at least —10dB within the
working frequency range, which means that the reflection
coefficient should be at least 0.316.

RL = 20log|T'| 2)
r — Vreﬂected 3)
Vincident

In this condition, the reflected power or power loss back to
the source is 10% of the total power delivered to the antenna,
while the power received by the antenna is 90%. Therefore,
in the antenna design, it is crucial to keep the return loss below
—10dB to achieve a good antenna performance.

2) VOLTAGE STANDING WAVE RATIO

Voltage standing wave ratio (VSWR) is a function of the
reflection coefficient and it is referred to as the ratio of the
maximum voltage amplitude to the minimum voltage ampli-
tude of the standing wave. The standing waves phenomenon
occurs when the load (antenna) impedance mismatches with
the transmission line impedance (coaxial cable) that feed
the antenna. For the ideal antenna, the transmission line
impedance or characteristic impedance (Zo = 50ohm) should
be equal to the antenna input impedance (Zin). Equations
(4) and (5) report the VSWR as a function of maximum and
minimum voltages, (4), and the reflection coefficient (5):

Vins

VSWR = | Vinax | @)
|Vmin|
1 r

vswr = - 1T 5)
1 — |

The VSWR value ranges from 1 to co. The closer the
VSWR to 1, the better the impedance matching of the antenna
and the more power is received. In the antenna design engi-
neering, the allowable VSWR value should be at least equal
to 2 throughout the operating frequency band in order to
obtain a good impedance matching. It is noteworthy that
VSWR = 1 means no power reflected from the antenna, but
in practice VSWR > 1 because of some losses that are related
to the antenna or transmission line.

3) BANDWIDTH

Absolute bandwidth (ABW) is the difference between
the upper and lower frequencies, while fractional band-
width (FBW) is the percentage of the difference between
the highest and lowest frequencies over the center frequency
of the bandwidth [25]. Absolute bandwidth and fractional
bandwidth can be expressed by equation (6) and equation (7)
respectively:

ABW =fy —f1 (6)
FBw =T 1009 (7

Je
where fy and f; indicate the upper and lower cutoff fre-
quencies respectively, while f. is the center frequency of the
frequency band. The bandwidth most properly used is the

operating frequency range for which the return loss (RL)
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value is below —10dB. This shows that the signal power
received or transmitted by the antenna reaches 90% of the
incoming power.

According to frequency bandwidth, antennas may be
classified into three types, namely narrow bandwidth, wide
bandwidth and ultra-wide bandwidth. All these types of band-
widths can be used for PD measurement purposes, but narrow
bandwidth antenna may cause loss of signal information and
signal distortion in the frequency domain. In contrast, the
ultra-wideband and broadband antennas are preferred due to
their high sensitivity and their ability in capturing PD signals
with various frequency components, which will, in turn, helps
to analyze the PD severity accurately during data process-
ing [26]. The disadvantage is, in general, the larger sensitivity
to noise, thus noise rejection can become an issue to be
solved.

4) INPUT IMPEDANCE

The antenna input impedance expressed as Zin is the funda-
mental parameter for impedance matching. Zin is a function
of the reflection coefficient or VSWR. Generally, coaxial
cables that are used to connect the designed antennas to
the transmission line have a characteristic impedance of
5022 or 7592. Antenna design should be made in a way
that the input impedance is equal or very close to the
characteristic impedance (Zo) of the coaxial cable. In this
case, the return loss due to standing waves is minimized.
Equations (8) and (9) can be used to calculate the input
impedance of the antenna. The antenna will perfectly match
with the transmission line when the reflection coefficient (I")
close to zero or when the VSWR value is close to one.

1+ 1T

Zin = Zo X + I 8)
1 — ||

Zin = Zo x VSWR Q)

B. INITIAL MODEL OF MICROSTRIP PATCH ANTENNA

The initial model is a circular microstrip patch antenna, which
can work for PD detection in the UHF range (300MHz-
3GHz). This antenna was designed on an FR4 substrate with
a dielectric constant of 4.4 (dielectric loss tan § = 0.02) and a
thickness of 1.6mm, with an operating frequency band from
1.2GHz to 3GHz.

The FR4 substrate was chosen in designing this antenna
because it is widely used in antenna due to its low cost
and its availability on the market. The dielectric constant
(relative permittivity) of FR4 substrate is considered to be
frequency-dependent at high frequencies, decreasing with the
increase of frequency. For the case of FR4, the frequency
behavior of the dielectric constant depends on the materi-
als by which it is made (e.g. epoxy resin and glass) [27].
In any case, FR4 has very good performance for UHF
frequency band, X-band, and C-band, as reported in the
literature [28]-[30].

The size of the initial antenna 100mm x 90mm x 1.6mm
(See Fig. 1). The conducting parts of this antenna, namely
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FIGURE 1. Initial model of circular microstrip antenna. Length of the
substrate L = 100mm, width of substrate W = 90mm, radius of circular
patch Rp = 22.5mm, feedline length Lf = 40mm, feedline width Wf =
1.53m, length of ground plane Lg = 37mm and width of ground plane
Wg = 80mm.
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FIGURE 2. Simulated reflection coefficient of the initial model of circular
microstrip antenna.

radiating patch and ground plane, are made by annealed
copper. The reflection coefficient is plotted as a function of
frequency in Fig. 2. This initial antenna design operates in
the frequency range of 1.2GHzc-2.4GHz, with a bandwidth
of 1200MHz, below —10dB, return loss value —34.5dB at a
resonance frequency of 1.45GHz.

C. OPTIMIZATION OF THE MICROSTRIP PATCH ANTENNA
The optimization of the circular microstrip antenna has the
purpose to improve ultra-wideband characteristics, which
will allow the detection of partial discharge with higher
sensitivity by distinguishing the PD signals from unwanted
electromagnetic interference signals. The optimization of this
antenna was done by modification of the structure of the ini-
tial model, truncating the circular patch on its top. In addition,
the technique of creating a slot into the ground plane of the
antenna was applied to enhance the antenna bandwidth and
gain.

Slot techniques have been widely used in telecommu-
nication engineering to improve antenna bandwidth and
gain [22]-[24]. The most common slot shapes used in antenna
radiating patches or in the ground plane are U-shaped,
L-shaped, T-shaped, E-shaped, F-shaped, O-shaped, S-shaped
slots, etc [22]. Here, the U-shaped slot on the ground plane is
used, with length (Ls), and width (Ws) as depicted in Fig. 3.
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FIGURE 3. Geometrical view of the proposed microstrip antenna,
modified with respect to Fig. 1 for the cut of the top of the circular patch
and the introduction of the U-shaped slot (antenna dimensions are seen
in Table.1).

The U-shaped slot was created in the ground plane of
the proposed antenna to widen the bandwidth. According
to antenna theory, the existence of the slots in the patch of
the antenna or in the ground plane will decrease the quality
factor(Q) of the antenna, while the inductance (L) of the
antenna will increase, which in turn results in the increase
of the bandwidth. Moreover, the presence of the slots in
the ground plane or radiating patch will have an effect on
the resonance frequency of the antenna when its inductance
changes [31].

Equation (10) defines the quality factor of the antenna
as the ratio of power stored to the power radiated by the
antenna. Equation (11) expresses the resonance frequency
as a function of inductance (L) and capacitance (C) of the
antenna, which changes with slot creation, and equation (12)
gives the quality factor (Q) of the antenna as a function of its
inductance. It is seen that when inductance increases, due to
the slot, the quality factor (Q) will decrease, which increases
the antenna bandwidth (BW) as indicated by equation (13).

Pstared
= — 10
Q Pradiated ( )
1
A 11
S 2x+/LC (b
R
Q= 12)
W= 1 (13)

1) OPTIMIZATION OF PATCH RADIUS

To investigate the effect of the patch radius (Rp) of the
antenna on the frequency behavior of the antenna, the size
of the patch radius was varied during optimization simula-
tions. The patch radius was 32mm, 32.5mm, 33mm, 33.5,
and 34mm. Fig. 4 depicts the simulated S11 parameter or
reflection coefficient with various values of patch radius.
It is clear that the patch size significantly affects the fre-
quency response of the antenna, as well as the return loss
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FIGURE 4. Simulated S11 with various values of patch radius.
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FIGURE 5. Simulated S11 with various sizes of cutting distance.

of the antenna. As an example, an ultra-wideband frequency
characteristic of 1.17GHz-4.47GHz can be achieved with
lower return loss(under —10dB) in the frequency band of the
antenna when a patch radius is 32.5mm, while the bandwidth
decreases (e.i,1.4GHz-4.47GHz) and return loss increases
when the patch radius is 34mm.

2) CIRCULAR PATCH CUT AND FREQUENCY RESPONSE
The circular patch of the initial antenna model was cut on its
top for antenna optimization.

The cutting distance (Q) was varied to investigate its
effect on the frequency behavior of the antenna, see Fig. 5.
That plots the simulated S11 with different values of the
cutting distance. It is observed that an ultra-wideband fre-
quency characteristic with lower return loss was obtained
when the cutting distance was 25mm. With this cutting dis-
tance, the antenna has a bandwidth of 1.17GHz-449GHz,
below —10dB.

3) OPTIMIZATION OF FEEDLINE WIDTH

The feedline width is another antenna parameter that was
analyzed to optimize the antenna. Various values of feedline
width (Wf) were used to investigate their effect on the fre-
quency characteristic of the antenna, from 3mm to 5 mm,
as seen in Fig. 6 to what regards the S11 parameter. It is clear
that when the feedline width is 4mm, the UWB frequency
characteristic has the lowest return loss at all resonance
frequencies throughout the operating frequency band from
1.17GHz to 4.49GHz, under —10dB.
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FIGURE 6. Simulated S11 with various size of feedline width.
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FIGURE 7. Simulated S11 with various size of slot length.

4) OPTIMIZATION OF SLOT LENGTH

The effect of the slot length on the frequency characteristic
was investigated by changing slot length (Ls) from 2mm to
4 mm, as seen in Fig. 7. It is seen that using the slot length of
2.5mm, a UWB frequency characteristic was obtained with
the lowest return loss within the operating frequency range
from 1.12GHz to 4.5GHz, under —10dB.

In the optimization process for the designed antenna, the
slot length range of 2mm to 4mm was chosen because it is in
this range where the antenna still exhibits a return loss of less
than —10dB (in other words, lower reflected power from the
antenna back to the source). By choosing the slot length above
4mm or below 2mm, the return loss of the antenna increases,
and the voltage standing wave ratio increases too, which will
in turn results in poor antenna radiation. According to antenna
performance criteria, the return loss should be lower than -
10dB and VSWR should be less than 2 within the operating
frequency range. In other words, if 100% power is delivered
to the antenna, at least 90% of that power will be received by
the antenna and 10% of that power will be reflected back
to the source as a loss (return loss), as it is expressed by
equation (1).

5) OPTIMIZATION OF SLOT WIDTH
Slot width (Ws) was varied from 8mm to 11 mm, being then
latter value that provides the minimum S11.
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TABLE 1. Optimization parameters for the proposed microstrip antenna.

Parameters Values
Substrate length L, 100mm
Substrate width w 100mm
Patch radius Rp | 32.5mm
Ground —plane length Lg | 28mm
Ground —plane width Wg | 78mm
Feedline length Lf | 40mm
Feedline width Wf | 4mm
Slot length Ls | 2.5mm
Slot width Ws | 1lmm
Substrate permittivity er 44
Substrate thickness h 1.6mm
Ws:8mm
Ws:8.5mm
Ws:9mm
01— Ws:10mm
Ws:11mm
104
g -20 4
7]
§ -30 1
B 40
50
604
-70 T T T T 1
1 4 5

2 3
Frequency(GHz)

FIGURE 8. Simulated S11 with various size of slot width.

6) SUMMARY OF OPTIMIZATION RESULTS

The results summary of the simulation optimization process
is presented in Table 1, which provides the overall dimensions
of the optimized antenna.

D. RADIATION PATTERNS OF THE OPTIMIZED ANTENNA
Fig. 9 shows the simulation results of 2-D radiation patterns
of the optimized antenna. It is seen that the radiation pattern
is almost omnidirectional throughout the entire operating
frequency range from 1.12 GHz to 4.5GHz.

The simulation result for the radiation patterns in the
E-plane (XY-plane) of the antenna has a dipole-like (eight-
shaped) radiation pattern indicating that the maximum
antenna radiation is achieved when it is placed vertically to
the PD source.

Table 2 shows the simulated maximum gain of the antenna
over the entire operating frequency range in both E-plane and
H-plane. It is seen that the antenna has a maximum gain in
the E-plane than in the H-plane from 1.1GHz-to 3.6GHz. The
antenna has a maximum gain in the H-plane than E-plane
from 4GHz to 4.5GHz. The average gain value is 2.3dBi in
the E-plane and 3.2dBi in the H-plane. This indicates that the
designed optimized antenna is potentially capable of detect-
ing PD signals with high sensitivity, since typical antennas
used to measure PD signals with a good sensitivity should
have an average gain value higher than 2dBi throughout the
antenna operating frequency band [19], [21], [32].

The radiation patterns of the designed antenna were sim-
ulated for both E-plane and H-plane to analyze the antenna
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FIGURE 9. Simulated 2D-radiation patterns of the optimized antenna in
E-plane and H-plane at: (a) 1.2GHz, (b) 1.5GHz, (c) 2GHz and (d) 3GHz.

radiation patterns, as see in Fig. 9. The E-plane is the plane
which contains the electric field vector, while the H-plane
is the one that is relevant to the magnetic vector (elec-
tromagnetic waves are composed of electric field, E-field,
and magnetic field, H-field). The E-plane and H-plane must
be 90 degrees apart (since the electric field and magnetic
field propagate in the same direction perpendicularly). The
direction of maximum radiation may be in either E-plane or
H-plane depending upon how the antenna is polarized (either
vertically or horizontally) [21]. For our case, the designed
antenna has a high gain (higher than 2) in both planes
(E-plane and H-plane), indicating how well the antenna is
sensitive to PD-induced EM waves.

E. ANALYSIS OF SURFACE CURRENT DISTRIBUTION FOR
THE OPTIMIZED ANTENNA

In accordance with the antenna performance theory, the cur-
rent distribution on the surface of the radiating patch and
the surface of the ground plane has a great effect on the
antenna sensitivity. Fig. 10 shows the current distribution at a
frequency of 2GHz.

It is clear that the maximum current amplitude occurs at
the feedline of the antenna, since it connects the antenna
to the feed point (excitation port) causing higher concentra-
tion of the current on it than in other parts of the antenna.
As seen in Fig. 10, a moderate current appears at the surface
of the radiating patch and ground plane, decreasing gradu-
ally from the feedline, which is common in antenna perfor-
mance [21],[25]. This conforms that the designed antenna
could capture PD-induced EM waves with high sensitivity.

IIl. ANTENNA FABRICATION AND TESTING

A. FABRICATION OF THE OPTIMIZED ANTENNA

After simulations and relevant optimization, the next step was
to fabricate the prototype of the antenna, as shown in Fig. 11.
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TABLE 2. Simulated antenna gain over the operating frequency range in
E-plane and H-plane.

Frequency(GHz) Absolute Gain Values(dBi)
E-Plane H-Plane
1.1 2.26 2.26
1.2 242 242
1.3 2.53 2.53
1.5 2.78 2.78
2 3.54 3.49
2.1 3.7 3.63
2.9 3.25 2.13
3 3.28 1.67
3.6 2.92 2.05
4 1.14 4.82
4.1 0.22 52
4.5 -0.067 5.11
Average 2.33 3.17
A/m
47.6
10
1
01
0.01
0
Y
b

FIGURE 10. Current distribution of the proposed antenna at 2GHz.

This antenna was fabricated on the FR4 substrate printed
circuit board (PCB) whose thickness is 1.6mm, dielectric
constant = 4.4 and dielectric loss (tan §) = 0.02. The fab-
ricated antenna has a compact size of 100mm x 100mm x
1.6mm. The radiating patch and ground plane are made of
the annealed copper 0.035mm thick.

B. MEASURING THE ANTENNA PARAMETERS USING
VECTOR NETWORK ANALYZER

The optimized antenna was tested using a vector network
analyzer (VNA) to measure characteristic parameters such
as return loss, voltage standing wave ratio (VSWR), band-
width, resonance frequencies, as seen in Fig. 12. The sim-
ulation results were compared to the measurement results
obtained by VNA, highlighting that simulation and measure-
ment results are in good agreement.

The slight differences described below between simulation
and measurement results might be due to fabrication errors
or to the soldering used to link the SMA connector to the
feedline of the antenna that was used to link the antenna.
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I

)
FIGURE 11. Prototype of optimized antenna: (a) Front view showing the
radiating patch, (b) back view showing the ground plane.

Rt

FIGURE 12. Testing the fabricated antenna using the vector network
analyzer.

The discrepancy between simulation and measurement
results for some parameters could have most likely been
caused by fabrication issues or the soldering material used.
The additional soldering material (lead) has different char-
acteristics from the copper used on the radiating patch and
ground plane of the antenna, which, in turn, may cause
the shift in resonance frequencies between the simulation
and measurement results of the designed antenna. Indeed,
the soldering material was not taken into account in the
simulation. The shift in resonance frequencies between simu-
lation and measurement carried out using the vector network
analyzer (VNA) is reported and investigated in the recent
literature. It is confirmed that the sought cause of discrep-
ancies between simulation and experimental results is related
to fabrication and measurement errors [28], [29], [33], [34].
Fig. 12 depicts the antenna testing assembly using the VNA,
where the measured frequency response is displayed on the
PC screen.

1) MEASUREMENT OF S11 PARAMETER OF THE DESIGNED
ANTENNA

Fig. 13 shows the simulated and measured S11 parameter
values. Based on the simulation results, the designed antenna
has five resonance frequencies, namely 1.3GHz, 2.1GHz,
2.9GHz, 3.6GHz, and 4.1GHz, corresponding to five return
loss values of —31.3dB, —34.6dB, —41.8dB, —27.9dB, and
—29.3dB respectively. The simulated S11, Fig. 13 a, shows
that the antenna has an overall bandwidth of 3.36GHz, below
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FIGURE 13. Simulated and measured S11 parameters of the designed
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FIGURE 14. Simulated and measured VSWR of the designed antenna.

—10dB over the operating frequency range from 1.14GHz to
4.5GHz.

Based on the measurement results, Fig.13, the manufac-
tured antenna has four resonance frequencies, namely at
1.1GHz, 1.7GHz, 2.5GHz, and 3.4GHz. These resonance
frequencies correspond to four return loss values of —35.3dB,
—27.6dB, —26.4dB and —31.2dB, respectively. The overall
bandwidth of the designed antenna is 3.4GHz, below —10dB
over the operating frequency range from 1GHz to 4.4GHz.

2) MEASUREMENT OF VOLTAGE STANDING WAVE RATIO

OF THE DESIGNED ANTENNA

The VSWR is an important parameter that indicates how well
the radiated waves will propagate through the transmission
line (coaxial cable) without being stationary or reflected back
to the source. Fig. 14 depicts the simulated and measured
VSWR of the designed antenna. Based on the simulation
results, it is seen that the values of VSWR for the designed
antenna are 1.05, 1.02, 1.03, 1.07, and 1.05, correspond-
ing to five resonance frequencies, namely 1.3GHz, 2.1GHz,
2.9GHz, 3.6GHz, and 4.1GHz, respectively.

Based on the measurement results, the values of VSWR
are 1.02, 1.04, 1.05, and 1.03 at four resonance frequencies,
namely 1.1GHz, 1.7GHz, and 2.5GHz and 3.4GHz, respec-
tively. It can also be mentioned that the overall VSWR of
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FIGURE 16. Experimental setup for PD measurement with the designed
antenna and the commercial HFCT sensor.

the designed antenna from simulation and VNA measurement
experiments is less than 2, which, as mentioned, confirms that
the designed antenna is suitable for high-sensitivity PD pulse
detection. [21].

IV. EXPERIMENTAL VALIDATION
The last step of this research work was to implement the
fabricated antenna for PD detection through laboratory exper-
iments. The purpose of these experiments was to verify the
sensitivity performance of the designed antenna in detecting
PD pulses on the high voltage equipment. In the experiment,
a simple needle-plate electrode, test object, was used to gen-
erate PD activity in the air (also known as corona discharge).
The gap distance between the tip of the needle electrode
and the plate electrode was 10mm. The sensitivity of the
designed antenna was investigated by varying the antenna
position from the PD source, that is, from 50 cm to 100 cm.
The high voltage supply used in the experiment is a 100 kV,
5 kVA step-up transformer. It feeds the needle-plate elec-
trode (PD source), as seen in Fig.15. A voltage regulator
with a range of 0-220 V was used to set the required test
voltage (applied voltage), with ratio 1V to 4kV. Two volt-
age levels, namely 6kV and 7kV, were applied to the test
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TABLE 3. Comparison of mean PDIV and mean PD pulse amplitude
detected by HFCT and the designed antenna positioned at various
positions from PD source.

Sensor PDIV Peak-to-peak Positive Negative
Voltage (Vpp) Peak peak
(kV) amplitude of the voltage voltage
detected PD signal (Vmax) (Vmin)
Antenna 23.6mV -12mV
@50cm 3.2kV 35.6mV
Antenna 17.6mV -8mV
@70cm 3.4kV 25.6mV
Antenna 13.2mV -6mV
@100cm | 3.6kV 19.2mV
HFCT 3.3kV 90mV 50mV -38mV

object. Fig. 15 shows the PD measurement circuit compo-
nents, Fig. 16 depicts the experimental setup for PD mea-
surement using the designed antenna and the commercial
high frequency current transformer (HFCT 140-100 HVPD)
sensor connected to the ground lead. The purpose of using
HECT was to compare and validate the antenna performance.
Antenna and HFCT sensors were connected to a digital oscil-
loscope using a 50-Ohm coaxial cable.

To carry out PD measurement experiment, 20 data samples
were taken for each applied voltage and for each antenna
position. Then, the average peak-to-peak voltage (Vpp) of the
detected PD signal waveforms were calculated during the PD
data processing.

Electromagnetic waves emitted by PD activity on high
voltage equipment can be affected by electromagnetic inter-
ferences present in the experimental environment. Accord-
ing to IEC60270 standard, it is advised to conduct the PD
measurement when there is a low level of noise in the mea-
surement environment to be able to detect PD activity with
higher sensitivity and accuracy [35]. Before carrying out the
PD measurement experiments in our laboratory, the back-
ground noise was measured before and after switching on
the test voltage source. In the latter case, the average peak-
to-peak voltage (Vpp) amplitude of the background noise
measured by antenna and HFCT were 6mV and 6.6 mV,
respectively. Then the applied voltage was increased gradu-
ally until the first PD pulse signals occurred (known as partial
discharge inception voltage, PDIV). Based on signal shape,
PD pulses were separated from noise using visual evaluation
and wavelet tools [36], [37].

After assessing the background noise, the next step was to
measure the partial discharge inception voltage (PDIV) for
the designed antenna and HFCT.

Table 3 summarizes mean PDIV and PD pulse signals
detected by the designed antenna positioned at 50cm, 70cm,
and 100cm from the PD source. It is observed that the antenna
positioned at a distance of 50cm from the PD source will
detect PD pulse signals at an inception voltage of 3.2kV with
mean pulse amplitude of 35.6mV, being more sensitive than
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FIGURE 17. A typical PD signal waveform detected by the antenna placed
at 100cm from the PD source simultaneously with the HFCT sensor when
the applied voltage was 7kV.

the antenna placed farther from the PD source. In other words,
the PDIV slightly increases with the increase of the distance
between the antenna and the PD source, and the amplitude of
the detected PD pulses at PDIV decreases with the increase
of the distance between the antenna and the PD source.

Table 3 also indicates that the PDIV for HFCT is compara-
ble with that obtained by the antenna positioned at a distance
of 50 cm to 70 cm from the PD source, even if the sensitivity
of the former is larger than that of the latter (higher PD pulse
magnitude).

Fig. 17 shows the oscilloscope display for the typical wave-
forms of the PD signals detected by the designed antenna and,
simultaneously, by the commercial HFCT, used as a reference
sensor, when the applied test voltage was 7kV and when the
antenna was positioned100cm away from the PD source. The
HFCT was connected to channel 2 (CH2) while the antenna
was connected to channel 4(CH4), and the source voltage was
connected to channel 1 (CH1) on the oscilloscope.

Fig. 18 to Fig. 20 depict the time-domain PD signal wave-
forms detected by using the designed antenna and the com-
mercial HFCT sensor at 6kV and 7kV when the antenna was
positioned at a distance of 50 cm, 70 cm, and 100 cm from
the PD source, respectively.

Table 4 represents a summary of PD measurement results
obtained by using the designed antenna and the commercial
HFCT sensor. Based on these measurement results, it can be
argued that the designed antenna is able to detect EM waves
emitted by PD activity in high and medium voltage equip-
ment. The designed antenna has highest sensitivity when it is
placed at less than 50cm from the PD source, but it can still
have good sensitivity when placed even at a distance of 1m
from the PD source. It can be mentioned that the HFCT was
only used as a comparison sensor to validate the acquisition
capability and the relevant PD waveforms detected by the
designed antenna. The shape and amplitude of the detected
PD signal between antenna and HFCT are different because
the mode of detection also differs. Indeed, the HFCT sensor
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IS

detects the PD impulse current flowing to the ground wire
while the antenna detects EM emitted by PD activity.

Eventually, the optimized antenna was compared with the
initial antenna in detecting PD signals to investigate how
much sensitivity was improved. Fig. 21 (a) and (b) show an
example of sensitivity comparison between the initial antenna
and optimized antenna when both antennas were positioned at
a distance of 70cm from the PD source and when the applied
voltage was 6kV and 7kV, respectively.

As can be seen, at 6 kV the peak-to-peak voltage of the
UHF PD signal detected by the initial antenna and optimized
antenna are 98mV and 216mV, respectively while at 7kVthe
difference is 122mV and 296mV. This indicates that the
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optimized antenna is roughly twice more sensitive than the
initial antenna.
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TABLE 4. PD signal magnitude detected by the designed antenna at
various positions in comparison with commercial HFCT at 6kV and 7kV.

Antenna HFCT
Applied voltage Applied voltage
Sensor
oo 6kV 7kV 6kV 7kV
position
f;ODm Peak-to- Peak-to- Peak-to- Peak-to-
peak peak peak peak
source voltage of voltage of voltage of | voltage of
detected PD | detected PD detected detected
signal(mV) signal(mV) PD PD
signalmV) | signal(mV)
50cm 236 296 384 420
70cm 216 288 396 544
100cm 188 264 416 524

V. CONCLUSION

This paper deals with the optimized design and valida-
tion of a UWB antenna that can be used for partial dis-
charge monitoring on high and medium-voltage power
equipment. The antenna is designed to have an ultra-wide
bandwidth in the frequency range of 1.1GHz to 4.4GHz,
which prompts high sensitivity by attenuating the low-
frequency ambient noise that may interfere with PD signals.
As depicted in Fig. 17, the background noise detected by
the designed antenna was only 6mV while the peak-to-peak
voltage (Vpp) of the PD signal detected by the antenna
is 248mV.

The simulation results of the designed antenna are in good
agreement with the measurement results obtained by using
the vector network analyzer. The slight difference should be
related to fabrication issues and/or to the soldering material
used to link the feedline of the antenna with the SMA con-
nector that joins the antenna to the coaxial cable.

Based on the measurement results, the designed antenna
has a low return loss(less than —10dB) and a VSWR close to
1 at all resonance frequencies of the antenna.

To investigate the sensitivity performance, the antenna was
used to detect PD signals through laboratory experiments.
The antenna sensitivity was verified by varying its posi-
tion from the PD source. In addition, the PD measurement
results provided by the designed antenna were compared
with those obtained by the initial, not optimized, antenna
and a commercial HFCT sensor. In this way, it has been
highlighted that the optimized antenna has higher sensitivity
than the initial antenna in detecting EM waves emitted by
PD activity, but it shows lower sensitivity than the HFCT.
However, the PDIV measured by the optimized antenna and
that from the HFCT are relatively very close as long as
the antenna is not farer than about 70 cm from the test
object.

To conclude, the proposed antenna is a suitable and
promising candidate PD sensor that can assist UHF PD
monitoring of high and medium voltage power appara-
tuses, where irradiated UHF PD signals can be potentially
sensed.
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