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Partial discharges (PD) are small electrical discharges that occur within insulation 
materials and can lead to equipment failure and safety hazards. The Ultra High 
Frequency (UHF) sensor consists of a broadband antenna and a UHF receiver, which 
are designed to detect and analyse the electromagnetic emissions from partial 
discharges. This paper presents the design and characterization of the 4th order Hilbert 
fractal UHF sensor for PD detection in power transformer. The sensor is designed to 
operate in the frequency range of 300 MHz to 3 GHz and is optimized for high gain and 
directivity. The performance of the sensor is evaluated using simulation and 
measurement techniques. Simulation results show that the sensor has directivity of 7.9 
dBi and reflection coefficient below -10 dB with VSWR ≤ 5. 
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1. Introduction 
 

Power transformers are critical components in power systems, and their failure can lead to 
expensive maintenance and operation costs. Transformer failures can be attributed to both internal 
and external factors as mentioned by the previous studies [1-4]. In oil-filled transformers, internal 
factors may include insulation issues, overheating, corrosion, solid infection in the liquid and high 
moisture and oxygen level. External factors such as lightning strikes and exchange processes can also 
contribute to transformer failures. Partial discharge (PD) is a key factor in the degradation of 
insulating materials within power transformers, and it represents an initial fault that occurs in high 
voltage (HV) equipment as taken from the previous studies [1,4-6]. Numerous studies have focused 
on identifying the mechanisms of PD, techniques for detecting PD, the link between PD and the 
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causes of insulating material and system damage, the identification of PD sources, and the prevention 
of external interference by authors [4,7-9]. The insulation condition has a significant influence on the 
efficiency of power transformers, and early detection of any signs of impending failure is crucial. 

Early detection of PD is essential to prevent further damage to high-voltage equipment. Several 
methods can be utilized for PD detection, including electrical, chemical, acoustic, UHF, and optical 
techniques. Electrical PD detection systems use conventional PD measurement circuits and 
instruments to test the apparent charge quantity, with an effective frequency bandwidth of less than 
500 kHz by authors [5,6]. On the other hand, acoustic methods utilize an acoustic sensor to detect 
the acoustic emission of PD from high-voltage equipment, requiring non-conventional PD detection 
techniques was also introduced by [10-12]. 

The PD detection using UHF sensor is frequently used due to its high sensitivity and ability to 
tolerate external electromagnetic interference, resulting in a high signal-to-noise ratio. 
Consequently, the UHF sensor is a favourable option for on-site testing by U. Khayam et al., [13]. The 
UHF technique is essential to detect, locate, and classify various types of PD to estimate the power 
transformer's insulation status. The UHF sensor is highly sensitive to PD signals, as its fast electrical 
discharge produces electromagnetic emissions within a range of UHF frequencies from 300 MHz to 3 
GHz by N. D. Roslizan et al., [10], and A. H. Zahed et al., [14]. The UHF sensors have been developed 
and tested on HV power transformers for PD detection under online conditions. Previous publications 
[15-17] have used a UHF Hilbert fractal sensor to detect different types of PD in an oil paper insulated 
system. The UHF sensor has also been employed in detecting different types of PD signals in power 
transformers in a prior study [20,21]. This sensor is favoured due to its size and frequency range; 
however, it has some limitations such as low gain, narrow bandwidth, and suboptimal performance. 
To overcome these limitations, an array of UHF sensors has been analysed in this paper. The design 
of the sensor considers two key parameters: size and operating frequency band. This paper presents 
details of the sensor design and simulation results. 

 
2. Design and Analysis  

 
Hilbert fractal sensor that is optimized for detecting PD signals in power transformers through 

UHF frequencies in this section. To achieve this goal, the sensor was modelled using CST software 
and fabricated, and its performance was evaluated through analysis and simulation. A Hilbert fractal 
sensor can detect electromagnetic emissions from various sources, including PD. Designing a Hilbert 
fractal sensor specifically for PD detection requires ensuring that its operating frequency range falls 
within the range of electromagnetic emissions generated by PD, making these two factors critical in 
the sensor's design as mentioned by Roslizan et al., [10], and Khayam et al., [13]. In publication 
Roslizan et al., [22] has provided a detailed explanation of the design of the 4th order Hilbert fractal. 
In this paper, the UHF sensor has been classified into three designs, namely, a single design, an array 
design, and an array design with partial ground. 

The 4th order Hilbert fractal sensor has several advantages for PD detection which are the sensor 
can operate over a wide range of frequencies (0.3 – 3 GHz) which is important for detecting PD signals 
that occur at different frequencies. In addition, the sensor also operates at multiple frequencies 
simultaneously where it is useful for PD detection in transformer that require the ability to transmit 
and receive signals across different frequency bands.  Hilbert fractal sensor have an omnidirectional 
radiation pattern, which means its transmit and receive PD signals in all directions during PD 
detection. Figure 1 show the single 4th order Hilbert fractal sensor with the parameter length, L, 
width, W, thickness, b, of the sensor which has been described by Roslizan et al., [22]. 
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Fig. 1. Single design UHF sensor model 

 
The efficiency of the antenna in terms of return loss, is reliant on the impedance matching 

between the patch and transmission feed line as explained by Li et al., [19]. An array UHF sensor has 
demonstrated high efficiency when there is perfect impedance matching between the transmission 
feed and patch. However, microstrip antennas have certain limitations, including a narrow frequency 
range and inability to operate at high power levels in coaxial cables, waveguides, and strip lines. To 
overcome these limitations, an array of Hilbert fractal sensors has been developed in this study to 
increase the bandwidth and gain, resulting in higher efficiency as illustrated in Figure 2. The 
distribution of voltages across the array elements is determined by the power supply network, and 
all induced voltages are gathered at a single point through an efficient feeding network. 

 

 
Fig. 2. An array design of UHF sensor model 

 
Reducing the ground plane is proposed to enhance the characteristics of an antenna. This 

approach has been employed to improve performance, enhance impedance matching, increase the 
front-to-back ratio, and expand the bandwidth of UHF antennas as mentioned by the previous studies 
[19,22]. However, in transformer partial discharges can occur at relatively low voltages which the 
partial ground sensor cannot be detect at the early UHF frequency range because based on the result 
and discussion part below the sensor cover from the high frequency only.   
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Fig. 3. Front view 

 

 
Fig. 4. Back view 

 
3. Results and Discussion 

 
This section aims to provide a detailed explanation of the simulation and measurement results of 

the Hilbert fractal UHF sensor. It is divided into three subsections that cover the analysis of the S 
parameter, the 2D radiation pattern results, and the Voltage Standing Wave Ratio (VSWR). 

 
3.1 Simulation and Measurement Result of S Parameter 

 
The performance of the array 4th order Hilbert fractal sensor array for detecting partial discharge 

(PD) in power transformers was evaluated, and it was found to have the best performance. The 
results of simulations and measurements using a single sensor, an array, and a partially grounded 
sensor were discussed. Figures 5, 6, and 7 illustrate the coefficient of reflection and S parameter 
curves of the sensor. 

The S parameter curves in Figures 5, 6, and 7 exhibit some differences, which could be attributed 
to inconsistencies in coupling between the SMA and radiating element, fabrication tolerances, or 
interference from the surrounding environment and other components of the sensor. The impedance 
matching measurement of the sensor was carried out using the Agilent E5071C vector network 
analyser. From the result as shown in Figure 5, there was multiple operating bands can be seen at 
the early stage which from 0.41 GHz - 1.78 GHz and the resonance frequency, 1.64 GHz at -47 dB and 
1.91 GHz at -36 dB. 

 

 
Fig. 5. Single design UHF sensor 
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The comparing result of the simulated and measured at Figure 6 shows that the sensor was well 
operating from the frequency 0.3- 0.4 GHz and from 1.2- 2.3 GHz. The resonance frequency for an 
array Hilbert sensor was at the 1.57 GHz with -49 dB while the experiment result was at 1.69 GHz 
with -40 dB in less than -10 dB. 

 

 
Fig. 6. An array design UHF sensor 

 
Figure 7 shows the three-operating band at 1.3 - 1.45 GHz, 1.52 - 1.55 GHz and 2.12 - 2.26 GHz 

and the resonance frequency at 2.2 GHz with -28 dB while for the measured result, the sensor was 
operating at high frequency which from 1.26 - 1.35 GHz and 2.18 – 2.36 GHz and resonance at 2.25 
GHz with -37 dB. The S11 response of the partial ground sensor is a measure of how well the sensor 
is matched to the system being measured and form the result, the partial ground sensor was detected 
only at the high frequency. 
 

 
Fig. 7. Partial ground design UHF sensor 

 
The frequency range of operation of a sensor is limited by its physical structure and the materials 

used to construct it. The sensor's ability to efficiently radiate or receive electromagnetic waves 
decreases as the frequency deviates from its resonant frequency. This means that sensor designed 
for a specific frequency range will have limited performance outside that range as mentioned by 
Roslizan et al., [22]. 

 
3.2 2D Radiation pattern 

 
In addition to analysing the reflection coefficient result, it is also important to examine the 2D 

radiation pattern of the sensor. The sensor pattern refers to the spatial distribution of the field 
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strengths emitted by the sensor. This parameter is discussed in previous research papers Roslizan et 
al., [22]. 

Figures 8, 9, and 10 depict the 2D radiation pattern simulation results of the sensor at different 
frequencies, including a single 4th order Hilbert fractal, an array, and a partial ground configuration. 
In CST farfield diagrams, the colours red, green, and blue are used to represent different components 
of the electromagnetic fields. Specifically, the red line represents the electric field component in the 
x-direction, the green line represents the electric field component in the y-direction, and the blue 
line represents the electric field component in the z-direction. 
 

 
Fig. 8. Single design UHF sensor 2D Radiation Pattern (a) 0.73, (b) 0.89, (c) 1.68 GHz 

 
These results show that the radiation pattern of the array 4th order Hilbert fractal sensor is almost 

hemispherical in shape at frequencies 1.59, 1.69, and 1.82 GHz. In summary, even though Figure 10 
the partial ground shown more too hemispherical shape compared with the Figure 9, the 
performance of both s11 response and radiation pattern need to be carefully considered to ensure 
the best possible performance for partial discharge detection.  Moreover, the variation in gain across 
these frequencies is relatively consistent. 

 

 
Fig. 9. An array design 2D radiation pattern (a) 1.59, (b) 1.69, (c) 1.82 GHz 

 

 
Fig. 10. Partial ground design UHF sensor 2D radiation pattern (a) 1.31, (b) 1.57, (c) 2.12 GHz 
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The sensitivity of a sensor in different directions can be assessed by analysing its radiation 
pattern, which can also aid in determining the optimal orientation for achieving desired performance 
as shown by Li, T. Jiang et al., [19]. Based on the obtained radiation patterns, it can be inferred that 
most of the energy is emitted towards the direction of the PD source. Simulation results reveal that 
the sensor is compatible with a 50 Ω coaxial cable within the pass band. These results indicate that 
the array 4th order Hilbert fractal sensor array technique satisfies some of the necessary criteria for 
a UHF sensor. 

 
3.3 Voltage Standing Wave Ratio 

 
The performance of the sensor can be described by the voltage standing wave ratio (VSWR), 

which is depicted in Figures 11, 12, and 13. VSWR is a real and positive number that indicates the 
sensor's matching capability. A lower VSWR value is indicative of better output from the transmission 
line-matched sensor, according to antenna principles as mention from the previous studies [16-18]. 
The ideal sensor has a VSWR value of 1, indicating that no power is reflected from the sensor by 
Khayam et al., [13]. According to simulation results, the sensor has a VSWR value of VSWR ≤ 5 at the 
resonance frequency, indicating that the sensor is still functional. A VSWR value greater than 5 
suggests that the sensor is unsuitable for production as mention by Li, T. Jiang et al., [19, 22-24]. 
 

 
Fig. 11. Single 4th order Hilbert sensor 

 

 
Fig. 12. An array 4th order Hilbert sensor 

 

 
Fig. 13. Partial ground 4th order Hilbert sensor 
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According to the simulation results, it can be inferred that the sensor performs optimally with a 
VSWR value of less than 5. This VSWR value is observed in the frequency range of 0.3 GHz to 2.3 GHz, 
with a VSWR value of 1.0415 at 1.57 GHz, which is close to 1. This indicates excellent performance of 
the sensor at this frequency [25,26]. 

 
4. Conclusion 

 
The primary objective of this study was to introduce a novel UHF PD sensor, specifically an array 

4th order Hilbert fractal sensor, that could effectively detect PD signals in power transformers. The 
design of this sensor was based on the 4th order Hilbert fractal curve principle and exhibited excellent 
performance characteristics, meeting the size and bandwidth requirements for effective PD 
detection in the frequency range of 0.3 to 3 GHz. After experimentation, the optimal configuration 
for the sensor was found to be an array of 4th order Hilbert fractal curves, with a side dimension of 
200 mm x 200 mm, a width of 2 mm, and a thickness of 1.6 mm, and a dielectric constant of 4.4. 
Simulation results showed that the sensor could detect electromagnetic waves generated by PD in a 
frequency band exceeding 300 MHz, demonstrating robust anti-interference capabilities. The 
radiation patterns and VSWR values indicated that the sensor could capture electromagnetic waves 
from the front of the sensor and operate in all directions within the transformer tank. Furthermore, 
the gain variations of this sensor at three frequencies were found to be relatively stable, indicating 
good compatibility with a 50 Ω coaxial cable in the pass band. Compared to the experimental results, 
simulation results demonstrated that an array of 4th order Hilbert fractal sensors provided a higher 
bandwidth. 
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