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Abstract— As power networks transition towards a
predominant low carbon future with changing load and
generation profiles, effective power network asset management
is increasingly essential, encompassing challenges such as aging
infrastructure, investment in sustainable assets, and a shift from
reactive to predictive maintenance. Predictive maintenance
relies on complete, accurate, and timely data from network
assets. Partial discharge (PD) activity can degrade the insulation
of network assets, posing a significant threat to network
reliability and security. However, these discharge events also
serve as prognostic and diagnostic indicator in that they emit
radio frequency range electromagnetic signals, which can be
detected and analyzed to assess asset health. Often PD is
detected using small broadband antennas “matched” to the
instrument input impedance. The accuracy of detecting these
signals depends on the physical size and the reception capability
of antennas, commonly represented by the standing wave ratio
(SWR). Therefore, it is important to optimize antenna
performance to ensure data quality. This study characterizes
various small broadband antenna arrangements based on their
SWR responses, investigating multiple combinations of small
antenna arrangements. The aim is to identify small footprint
configurations with higher reception capability for PD detection
to enhance measurement sensitivity and thus signal accuracy.
Results presented demonstrate that using a combination of
single antennas appropriately configured and connected to a PD
instrument can improve signal reception compared to the
industry-standard practice of using a single antenna on a
handheld PD device. The improvement is demonstrated
practically through comparison calculations of PD signal
energies over frequency bands of interest.

I. INTRODUCTION

The increasing demand for electricity has spurred a global
expansion of electric power networks, necessitating
innovative approaches to meet public energy demands while
ensuring reliable generation, transmission, and distribution.
As power networks evolve towards a low-carbon future,
integrating renewable energy sources and managing
changing load profiles, effective asset management has
become increasingly crucial. Further, the increasing
integration of renewable energy sources in power network
have introduced new challenges in managing electrical assets
[1]. As power networks become aged, ensuring the reliability
and longevity of critical components becomes more complex.
One of the key factors affecting asset performance is the
degradation of electrical insulation, which, if left undetected,
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can lead to failures, costly maintenance, and operational risks
[2-4]. Partial discharge (PD) is a well-known precursor to
insulation failure, making its detection and monitoring an
essential part of predictive maintenance strategies [5-7]. By
identifying PD events early, utilities can shift from reactive
repairs to proactive asset management, reducing downtime
and extending the lifespan of key infrastructure [8, 9].

Traditional PD radio frequency (RF) electromagnetic
emission detection methods rely on handheld instruments
equipped with small broadband antennas. While these tools
offer valuable diagnostic capabilities, their performance is
often limited by the sensitivity and reception efficiency of the
antenna particularly as influenced by the standing wave ratio
(SWR). A high SWR at specific frequencies reduces
reception efficiency, ultimately compromising the sensitivity
of the captured data. In present industry practice, most
handheld PD RF instruments utilise a single broadband
antenna, which may not effectively capture signals across the
full frequency spectrum, especially in field conditions where
attenuation and interference are prevalent. The accuracy of
PD measurements is also influenced by factors such as
antenna positioning, impedance matching, and overall
frequency response. Inadequate matching can result in
significant signal loss, leading to incomplete or misleading
assessments of asset conditions [10].

To address these challenges, this study investigates the
impact of antenna configuration on PD signal reception
performance. Specifically, the research evaluates antenna
combinations of compact broadband monopoles to improve
impedance matching and frequency coverage. This involves
SWR measurements to assess the impedance behaviour and
reception efficiency of configurations across a wide
frequency range. Results demonstrate that some combined
two small antenna setup can provide lower SWR values and
broader frequency responsiveness than a single small
antenna. To validate these improvements experiments were
conducted using the Doble PDS200 handheld device to
capture PD signals across various antenna configurations.
Signal energy was extracted and compared across defined
frequency bands. The findings confirm that multi-antenna
configurations can enhance signal capture, offering increased
sensitivity and improved bandwidth performance and yet
maintain a small antenna footprint. This demonstrates the
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potential of optimized antenna arrangements to improve the
reliability and accuracy of PD detection, particularly in
challenging operational environments.

II. METHODOLOGY

The study employed a systematic experimental approach
to characterize the impedance performance of three
commercial wideband monopole antennas namely the W-
881, MRW-250 (Telescopic), and MRW-100 antennas over a
frequency range of SOMHz — 1GHz. The key antenna
specifications including frequency range, gain, impedance,
and physical length are summarized in Table 1. The selection
of these antennas was based on their availability,
complementary operational bandwidths, and physical
suitability for integration with handheld PD detection
instruments. These antennas are compact, lightweight, and
widely used in practical diagnostic tools, making them ideal
candidates for assessing signal reception performance under
real-world constraints.

TABLE I: Specifications of monopole antennas evaluated in study.

e

W-881 25-190 2.10 50 400
MRW-250 25-180 2.15 50 500
MRW-100 25-180 2.15 50 400

To evaluate the impedance matching and transmission
efficiency of each antenna, the SWR was measured using an
HP Hewlett Packard 8712ET RF Network Analyser. Prior to
measurement, the analyser was calibrated using standard
Short-Open-Load (SOL) calibration procedures to eliminate
system errors. The calibration was performed before and after
each test set to ensure consistency and mitigate drift over
time. The base of the antennas were connected to the analyser
via a coaxial cable of length 4cm which was calibrated out
the system, and the response was scanned over the frequency
range of S0OMHz — 1GHz. All measurements were conducted
in a controlled laboratory environment to minimize external
interference.

The network analyzer generated CSV data outputs, which
were exported and processed in Microsoft Excel. This
facilitated the plotting and comparison of SWR values, along
with statistical averaging to account for test variation. Each
antenna or antenna combination underwent 16 frequency
sweeps, with the six most deviant readings discarded to
minimize outlier effects. Tests were repeated three times per
configuration, and results were averaged to ensure reliability.

All antennas were first evaluated individually.
Subsequently, dual-antenna configurations were tested to
explore performance enhancement through coupling.
Specifically, the W-881 was paired with the MRW-100, and
MRW-250. Two types of BNC coupling connectors as shown
in Fig. 1 were used i.e. Elbow-type and Goalpost-type to
assess mechanical and electrical influences on impedance
stability. All other test conditions and procedures remained
constant throughout.

The SWR was derived using the reflection coefficient (I)
based on the following equations:

M=(Z1—Zo) [ (Z1+Zo) €))
SWR = (1+I) / (1-T) (2)
where Z,, is the load impedance and Zy = 50 Q.

For practical PD signal measurements, surface discharge
activity was artificially initiated using a standard point-plane
electrode configuration with a cross-linked polyethylene
(XLPE) insulation sample as the dielectric medium. The test
setup was left operational for 30 minutes to allow the PD
activity to stabilize before capturing the PD data. The Doble
PDS200 handheld PD detection device was used to capture
the radiated signals. Measurements were conducted in
spectrum mode, time resolved, and phase resolved partial
discharge (PRPD) with a gating time of PDS200 set as 120ms
and a sweep count of 3. This approach ensured consistent data
across all antenna configurations.

Fig. 1. a) Elbow type BNC, b) Goalpost, ¢) combination of antennas,
and d) single antenna configuration for SWR measurement.

III. RESULTS

The performance of three monopole antennas W-881,
MRW-100, and MRW-250 were experimentally evaluated.
The primary performance metric assessed was the SWR
across a broad frequency range. Each antenna was first tested
individually, followed by paired configurations to examine
potential improvements in impedance matching and
broadband response.

Following SWR  characterization, PD  signal
measurements were conducted in a laboratory setting using
the Doble PDS200. Antenna configurations assessed during
SWR testing were employed to capture radiated PD signals
from the controlled test source. The resulting PD spectra was
analyzed to determine the energy distribution across
predefined frequency bands, enabling a comparative
evaluation of reception efficiency among configurations.

The SWR analysis established a baseline understanding
of each antenna’s impedance characteristics, guiding the
selection of optimal setups for practical PD detection. These
configurations were then validated through PD signal
capture, confirming that improved impedance matching as
indicated by lower SWR correlated with enhanced signal
energy and improved spectral sensitivity coverage.
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A. SWR Characterization of Antenna Configuration

Fig 2. presents the measured SWR responses for two
antenna pairings W-881 + MRW-100 and W-881 + MRW-
250 alongside the individual performance of each antenna. In
Fig. 2(a), the SWR of MRW-100 is notably lower at lower
frequencies, suggesting improved impedance matching in
that region compared to W-881 and their combined
configuration. However, as frequency increases, the
combination of W-881 + MRW-100 achieves a lower SWR
than either individual antenna, indicating better broadband
impedance matching at higher frequencies. Despite this, the
W-881 exhibits the highest SWR across the spectrum,
reflecting suboptimal impedance matching when used alone.

Fig. 2 (b). shows the SWR performance of W-881, MRW-
250, and their combination using Elbow-type BNC
connectors. The MRW-250 consistently demonstrates lower
SWR than W-881, particularly across the mid-to-upper
frequency range, reflecting superior impedance matching.
The combined configuration of W-881 + MRW-250 further
reduces SWR across most of the frequency bands,
highlighting enhanced matching and suggesting that antenna
coupling can significantly improve broadband response.
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Fig 2. SWR response comparison for individual and combined
monopole antennas: (a) W-881, MRW-100, and their combined

configuration; (b) W-881, MRW-250, and their combined configuration.

Fig. 3 investigates the influence of connector types i.e.,
Elbow-type and Goalpost-type BNC adapters on the SWR
performance of dual-antenna configurations. In Fig. 3 (a),
antenna combinations connected via Elbow-type BNCs show
that W-881 + MRW-250 achieves the lowest SWR, followed
by MRW-100 + MRW-250, and then W-881 + MRW-100.

This indicates that W-881 + MRW-250 provides the best
impedance matching under this setup. Fig. 3 (b) presents the
same antenna combinations using Goalpost-type BNC
connectors. Here, MRW-100 + MRW-250 achieves the
lowest SWR, followed by W-881 + MRW-250 and W-881 +
MRW-100. Across both connector types, Elbow-type BNCs
generally yield lower SWR values, implying superior
impedance matching and reduced signal reflection compared
to Goalpost connectors. These results emphasise the critical
role of both antenna pairing and connector geometry in
optimizing RF performance and signal reception.
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Figure 3. SWR performance of antenna combinations using different
BNC connector types: (Top) Elbow-type BNC connections; (Bottom)
Goalpost-type BNC connections. Each configuration includes W-881 +
MRW-100, MRW-100 + MRW-250, and W-881 + MRW-250.

B. PD Signal Capture and Energy Analysis

To wvalidate the improved reception characteristics
observed in the SWR analysis, PD signal measurements were
conducted using the same antenna configurations connected
to the handheld detection device. The experimental setup was
kept consistent across all configurations to ensure uniform
testing conditions. PD activity was generated under
controlled laboratory conditions, and the resulting radiated
electromagnetic emissions were captured. Fig. 4 illustrates
the power spectral density (PSD) of PD signals recorded for
three configurations: the standalone W-881 antenna, the



[Type here]

standalone MRW-250 antenna, and their combined
configuration using an Elbow-type BNC connector.
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Figure 4. Comparison of PD signal spectra captured using W-881,
MRW-250, and their combined antenna configuration.

To quantify the PD signal capturing capability of each
antenna configuration, the total energy content in the received
PD signals was calculated by integrating the PSD over four
discrete frequency bands. The actual measured PD signal
energy for each configuration was analysed across four
frequency bands. As shown in Fig. 5, the combination of W-
881 and MRW-250 antennas resulted in the highest total
energy capture, particularly in the 200-700 MHz bands.
These results further substantiate the earlier findings from
SWR analysis and confirm that improved impedance
matching in multi-antenna configurations translates into
superior signal reception and broader frequency coverage in
PD measurements.
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Figure 5. Normalized PD signal energy distribution across defined
frequency bands for W-881, MRW-250, and their combination.

In addition, Fig. 6 presents the normalized energy values
for each configuration across these bands. The W-881 +
MRW-250 pairing consistently exhibited higher energy
capture across higher frequency ranges, particularly in Bands
2 to 4, aligning well with its favourable SWR profile.
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Figure 6. Normalized PD signal energy distribution across defined
frequency bands for W-881, MRW-250, and their combination.

Configurations using Goalpost connectors also exhibited
some improvement over standalone antennas, though not to
the same extent as the Elbow-type connections. These results
substantiate the hypothesis that optimal antenna pairing, in
combination with appropriate connector design, can enhance
signal reception for PD detection applications. The
consistency between the SWR characterization and energy-
based validation reinforces the reliability of the proposed
multi-antenna approach.

IV. DISCUSSION

The experimental results provide insight into how antenna
configurations influence impedance matching and signal
reception in broadband RF applications, particularly for
handheld PD detection. Individual analysis showed that while
antennas like the W-881 and MRW-250 offer reasonable
standalone performance, the W-881 suffered from poor
impedance matching across much of the spectrum and
resulted in higher SWR. Notably, the MRW-100
demonstrated better matching at lower frequencies, although
its overall bandwidth coverage was limited.

The most compelling results emerged from dual-antenna
configurations, particularly the W-881 + MRW-250 setup,
which demonstrated significantly reduced SWR values and
enhanced impedance stability across a broader frequency
range. This translated into improved PD signal capture
performance, as validated by energy analysis from laboratory
PD measurements using the Doble PDS200.

Furthermore, the influence of connector type was clearly
evidenced by the SWR measurements. Elbow-type BNC
connectors provided better electrical continuity and
impedance stability than Goalpost connectors, as reflected in
SWR measurements. This emphasizes the importance of not
only selecting antennas with complementary frequency
responses but also using mechanically and electrically robust
connectors.

The findings collectively validate the premise that
carefully engineered antenna configurations particularly
multi-antenna setups with appropriate connectors, can
enhance the sensitivity, bandwidth, and reliability of
handheld PD detection systems. The integration of such
configurations into commercial instruments could lead to
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more accurate diagnostics and more robust predictive
maintenance strategies across high-voltage networks.

Moreover, these findings have particular relevance for
practical PD monitoring in substations, where safety,
portability, and spatial constraints often necessitate the use of
small, handheld antennas. While such compact antennas are
convenient, they have inherently limit reception area and
sensitivity. The multi-antenna configurations explored in this
study offer an improved practical solution—combining small
antennas increases the effective reception aperture and
improves directional coverage. This approach enhances
signal capture while maintaining the safety and mobility
advantages essential in  high-voltage environments.
Therefore, the proposed antenna combination strategy not
only improves technical performance but is also aligned with
the operational requirements of field-based PD diagnostics.

V. CONCLUSION

This study evaluated monopole antenna configurations to
enhance PD detection through improved impedance
matching and signal reception. The W-881 + MRW-250
combination demonstrated superior SWR performance and
consistently captured higher PD signal energy when validated
using a handheld PD device. Connector type also influenced
results, with Elbow-type BNCs outperforming Goalpost
connectors. These findings support the integration of
optimized multi-antenna setups in handheld PD instruments
to improve measurement accuracy and diagnostic reliability
in high-voltage systems. Future investigations should extend
these findings to field environments with varying noise levels
and asset types and exploring the impact of antenna
placement on PD localization accuracy.

ACKNOWLEDGMENT

The authors would like to acknowledge the financial
support provided by National Grid Electricity Transmission
(NGET), UK for funding this research.

REFERENCES

[1] P. Purkait, M. Basu, and S. R. Nath, “Renewable energy integration to
electric power grid: opportunities, challenges, and solutions,”
Challenges and Opportunities of Distributed Renewable Power, pp.
37-100, 2024.

[2] V. Y. Ushakov, A. V. Mytnikov, and I. U. Rakhmonov, “Effects on
equipment causing insulation aging and failure,” in High-Voltage
Equipment of Power Systems: Design, Principles of Operation,
Testing, Monitoring and Diagnostics, Cham: Springer Nature
Switzerland, pp. 117-127, 2023.

[31 A. Samad, W. H. Siew, M. Given, J. Liggat, and 1. Timoshkin,
“Investigating the impact of hardness on dielectric breakdown
characteristics of polyurethane,” ACS Omega, vol. 9, no. 23, pp.
24538-24545,2024.

[4] G.Kaliappan and M. Rengaraj, “Aging assessment of transformer solid
insulation: A review,” Materials Today: Proceedings, vol. 47, pp. 272—
277, 2021.

[5S1 L. E. Freitas-Gutierres et al., “Framework for decision-making in
preventive maintenance: Electric field analysis and partial discharge
diagnosis of high-voltage insulators,” Electric Power Systems
Research, vol. 233, Art. no. 110447, 2024.

[6] A.Samad, W. H. Siew, M. Given, J. Liggat, and I. Timoshkin, “Effects
of polyurethane hardness on the propagation of acoustic signals from
partial discharge,” High Voltage, vol. 9, no. 5, pp. 1125-1135, 2024.

(7]
(8]

(9]

[10]

J.D. S. Cruz et al., “Partial discharges monitoring for electric machines
diagnosis: A review,” Energies, vol. 15, no. 21, Art. no. 7966, 2022.

S. Govindarajan, A. Morales, J. A. Ardila-Rey, and N. Purushothaman,
“A review on partial discharge diagnosis in cables: Theory, techniques,
and trends,” Measurement, vol. 216, Art. no. 112882, 2023.

G. V. Xavier et al., “Detection, classification and location of sources of
partial discharges using the radiometric method: Trends, challenges
and open issues,” JEEE Access, vol. 9, pp. 110787-110810, 2021.

S. Zhou et al., “Localization of multiple partial discharge sources in

air-insulated substation space by RF antenna sensors array,” [EEE
Sensors Journal, vol. 22, no. 14, pp. 14481-14490, 2022.



