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ABSTRACT In this study, we propose a sensor for partial discharge (PD) sensing based on an electrically
small hybrid spiral antenna, measuring approximately 0.087 wavelengths in diameter at 200 MHz. The
sensor utilizes a hybrid design that integrates equiangular and Archimedes spiral antennas. Spiral antennas
encounter significant gain loss when the wavelength exceeds their circumference, limiting their low-
frequency performance. This can impede the early detection of PD, as the initial electromagnetic (EM)
PD signature is concentrated at the low-frequency end of the ultrahigh frequency (UHF) band. In addition,
PD sensors are often enclosed within a metallic cavity to shield them from surrounding noise. However,
this further exacerbates the challenges of low-frequency performance, with the band of interest potentially
falling well below the cavity cutoff frequency. In this study, we alleviate this limitation by integrating
a capacitively loaded ring resonator with the spiral antenna, thereby enhancing its low-frequency gain
without increasing the antenna size. Experimental results from a prototype sensor with an aperture diameter
of 130 mm demonstrate that the proposed ring resonator increases the realized gain in a relatively wide
bandwidth from 220 MHz to 650 MHz by as much as 18.3 dB, with minimal impact observed at higher
frequencies. Moreover, in situ PD detection test results demonstrate an improvement of 0.6 dB in the mean
received power, along with a spectral efficiency improvement in the frequency range of 290-525 MHz, with
a peak improvement of 21.2 dB in the received power spectral density (PSD) at 410 MHz.

INDEX TERMS Cavity antenna, electrically small, partial discharge, sensor, UHF antenna, wideband
antenna.

I. INTRODUCTION

Partial discharge (PD) [1], [2], [3] is a transient phenomenon
occurring in high-voltage systems, characterized by local-
ized insulation breakdown between two conductors. Early
detection and diagnosis are crucial for preventing significant
damage to equipment and/or endangerment of personnel.

The associate editor coordinating the review of this manuscript and

approving it for publication was Santi C. Pavone

Partial discharge events emit acoustic, optical, and chemical
signatures [4], [5]. Additionally, a fast transient current
pulse occurs, leading to wideband electromagnetic (EM)
radiation, which is the focus of this work. Depending on the
insulation breakdown stage, both the strength and spectral
content of the radiated EM emissions evolve over time [6].
For example, although the majority of radiation falls within
a wide frequency range of hundreds of MHz to a few
GHz [7], corresponding to the ultrahigh frequency (UHF)
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band, the radiation emitted when initial insulation failure
occurs, is relatively weak and predominantly concentrated
in the lower end of the frequency band. Thus, for the early
diagnosis of insulation failure, both high sensitivity and
robust low-frequency performance are crucial for PD sensors.

Various UHF antenna-based PD sensors have been
proposed [8], [9], [10], [11], [12]. Among them, spiral
antennas have been a popular choice [10], [11], [12], due
to their frequency-independent characteristics and circular
polarization. However, the effectiveness of these antennas,
not unlike others, is inherently limited at frequencies at which
the antenna is electrically small. In spiral antennas, radiation
arises only in the active region, which occurs when the
circumference of the curved pattern is one wavelength [13].
Thus, the lowest frequency of operation is determined by
the circumference of the antenna. Below this frequency, the
active region no longer exists, owing to the finite size of
the antenna. Consequently, the antenna can no longer radiate
efficiently, and both a rapid increase in the input reflection
and a corresponding decline in gain are inevitable [14], [15].

Efforts to enhance the effectiveness of PD sensors using
spiral antennas have successfully refined their characteris-
tics [10], [11], [12]. However, these improvements were
mostly accomplished at frequencies at which the antenna is
electrically large. For example, in [10], a method is demon-
strated to suppress a parasitic resonance of a cavity-backed
spiral antenna caused by unusually large cavity backing.
The method effectively compensates for the degraded gain
by 21 dB, from 6 dBic to —15 dBic, at 1.3 GHz at which
the antenna measures 1.21 wavelengths (A\p) in diameter.
However, this alteration tends to decrease the gain of the
antenna at low frequencies, as it is primarily focused on
the frequencies around the cavity resonance. Similarly,
in [11], the enhancement of the reflection characteristics of
a dual-arm cosine slot spiral antenna was limited to the band
in which the antenna size is sufficiently large, specifically
between 1 and 2.25 wavelengths (\g). One straightforward
approach to improve the gain at low-frequencies is to lower
its operational frequency by increasing the antenna size.
However, deploying larger antennas may not always be
practical or compatible with the installation requirements of
PD sensors.

Partial discharge sensors are typically backed with a
metallic cavity to minimize the effect of surrounding noise
and preserve shielding integrity. The cavities must be
compatible with the standard mounting flanges used in high-
voltage equipment. This imposes further restrictions on the
antenna size, and thus, limits its lower operational frequency.
In addition, the metallic cavity exacerbates the problem with
the low-frequency gain, due of its adverse effect on the gain
and reflection coefficient of the antenna, as the frequency
band of interest can extend considerably bellow the cutoff
frequency of the cavity.

In this work, we present a method to enhance the
low-frequency realized gain of PD sensors based on a
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FIGURE 1. Layout of hybrid antenna consisting of equiangular spiral
(Ry <r <R,), Archimedes spiral (R, < r < R3) and termination loop.

cavity-backed spiral antenna by integrating a reactively
loaded ring resonator with the spiral antenna. This is
performed at low frequencies, which are normally considered
below the standard operational range of the antenna. The
ring resonator is utilized to introduce an additional resonance
near the lowest operational frequency of the spiral antenna,
enabling significant improvement in the low-frequency gain
without adversely affecting the high-frequency performance
and, most importantly, without increasing the size of the
Sensor.

The proposed method is validated with experimental
results obtained from a prototype sensor designed with a
diameter of 130 mm, which is 0.087 wavelengths at 200 MHz.
The realized gain increased within the 220-650 MHz range,
with the measured peak gain improvement reaching 18.3 dB
at 320 MHz. In situ test of the sensor’s ability to receive PD
emissions also demonstrated improved detection sensitivity
and spectral efficiency. The mean received power is increased
by 0.6 dB, and peak spectral efficiency improvement of
21.2 dB is achieved, validating the proposed method to
enhance the low-frequency realized gain and sensitivity of PD
sensors based on spiral antennas.

Il. SENSOR DESIGN

The proposed sensor consists of a hybrid spiral antenna [16],
[17] between an equiangular spiral [13] and an Archimedes
spiral [18], and a termination loop, as illustrated in Fig. 1.
In this study, the orientation of both spirals is such that the
sensor has right-handed circular polarization (RHCP). The
equiangular spiral is positioned on the inner side of the entire
sensor structure between R; and Rj, facilitating efficient

117935



IEEE Access

K. C. Dimitrov et al.: Low Frequency Gain Enhancement

radiation at high frequencies. Conversely, the Archimedes
spiral is located on the outer side between R, and R3,
terminating in the loop, and ensuring efficient radiation at
lower frequencies.

The Archimedes spiral has a constant rate of growth
and can be expressed via the function in (la) in polar
coordinates [18].

R(®) = Ryin + Ad, (la)
A = (Riax — Riin)/ 27 Narch- (1b)

The antenna can be defined using its minor radius Ry, =
R, growth constant A, and angle variable ¢. The growth
constant A can also be expressed as a function of the major
radius of the antenna R;,,, = R3 and the number of turns
Naren, as in (1b), where 2t N is the maximum value of the
argument ¢. Similarly, an equiangular spiral, with minor and
major radii of R, = R and R, = R», can be constructed
from two radii functions R, and R;, defined by (2a) and (2b)
[13] respectively.

Ra(®) = Ruin x €7, (2a)
Rp(¢) = K X Rypin x €2, (2b)
A = In(Rinax /Rinin)/ 27 NLog, (20)
K =", (2d)

where R, is identical to R, but rotated around the center
axis determined by the coefficient § in (2d), and Ny, is the
number of turns.
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FIGURE 2. Ring resonator consisting of a ring, periodically loaded with
capacitive stubs.

In this work, the capacitively loaded ring resonator shown
in Fig. 2 is introduced underneath the spiral antenna to
improve its low-frequency gain and sensitivity. Typically,
a ring resonates at the frequency at which it has a circum-
ference of one wavelength. To lower its resonant frequency,
the ring resonator is periodically loaded with capacitive
stubs, forming a distributed LC tank circuit. This adds an
additional resonant frequency fcrine = 1/2m+/L x C),
to the reflection coefficient characteristic of the antenna,
whose position can be controlled not only by the radius
Rying bottom and width Wi portom Of the ring, but also by the
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FIGURE 3. Spiral antennas coupled capacitively with ring resonator.
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FIGURE 4. Aluminium cavity. (a) Cross section with dimensions. Cavity
photographs of (b) top and (c) bottom view. (Dcqyjsy = 126 mm,
deavity = 131 mm, Heqyip, = 47 mm, hegyjp, = 10 mm.)

number of stubs N, their width Wy, and length L.
These parameters can be determined such that the resonant
frequency of the ring resonator f; ring is lower than the lowest
operational frequency of the spiral antenna.

A crucial design consideration is the coupling capacitance
between the turns of the Archimedes spiral antenna and ring
resonator, as shown in Fig. 3. There should be a sufficient
number of tightly wound spiral turns to promote a uniform
field in the overlap region with the stubs of the ring resonator.
This ensures that the coupling between the two is strong
enough to excite the proposed ring resonator efficiently.
Otherwise, the impact of the additional resonance on the
realized gain of the antenna may be negligible.

Based on these considerations, a prototype sensor was
designed. The design objective was to maintain the equiangu-
lar spiral as the dominant part, maximizing its size to achieve
high efficiency at higher frequencies. The optimization of the
Archimedes spiral is also crucial, not only for low-frequency
operation, but also for facilitating coupling with the proposed
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TABLE 1. Summary of all design parameters.

Dimension Value Dimension Value
Ry 10.0 mm N Arch 5
Ry 46.6 mm NLog 3.75
R3 59.0 mm Ngtup 18
R4 65.0 mm ) 1.53
Warch 0.3 mm Rring,bottom 60.5 mm
Wloop top 6.0 mm ring,bottom 4.5 mm
Lgtup 18.5 mm Wstub 3.0 mm
Heavity 47.0 mm Deavity 126.0 mm
hcavity 10.0 mm deavity 131.0 mm
hant 1.6 mm

ring resonator, which is essential for gain improvement at
lower frequencies.

The antenna is designed on a substrate with a permitivity
of 4.4 and a height of Ay, = 1.6 mm. It has outer radius
of R4 = 65 mm, and internal of Ry = 10.0 mm, R, =
46.5 mm and R3 = 59.0 mm. The equiangular spiral operates
efficiently as a circularly polarized radiator down to its
minimum operational frequency fuinrog = ¢/(2TR;) =
1027 MHz, determined by its circumference. Similarly, the
Archimedes spiral operates down to fiinarch = ¢/(2TR3)
= 809 MHz. Below these frequencies, not only the gain
and input matching deteriorate rapidly, but also the antenna
becomes linearly polarized [13]. To mitigate the decrease in
gain below fiin Arch, the parameters of the ring resonator are
optimized to introduce an additional resonance at a frequency
lower than these thresholds.

Additionally, the cavity backing of the antenna with
a diameter of Dcqyiry = 126 mm and depth of Hegyiry =
47 mm, which has a cutoff of 697 MHz, is depicted in
Fig. 4. The antenna was positioned within a recess measuring
deaviy = 131 mm in diameter, hcqyiry = 10 mm below
the cavity surface. This recess allows for the placement of
an epoxy superstrate with thickness of 8.40 mm, nominal
dielectric permittivity of 4.4 and loss tangent of 0.02 to
provide mechanical protection for the antenna. A summary
of all relevant antenna and cavity dimensions is provided
in Table 1.

Fig. 5 compares the simulated performance of the proposed
and conventional sensors, where both are identical, except
that the former incorporates the proposed ring resonator. The
simulation model used to acquire the data shown in Fig. 5 uses
ideal lossless feeding to obtain the unadulterated performance
of the sensors. In Section III-B, simulated and measured
results using practical feeding with a balun are provided.
All simulation results presented in this work were obtained
using the ANSYS HFSS EM simulator package [19]. The
reflection coefficient, shown in Fig. 5(a), for both sensors
remains below —10 dB for most of the band below 600 MHz,
it increases to approximately —5 dB below 550 MHz.
However, notably an additional resonance was introduced
in the proposed sensor by the integrated ring resonator at
fe.Ring = 380 MHz.
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FIGURE 5. Simulated (a) input reflection coefficient and (b) boresight
total realized gain of the conventional and proposed sensors, using ideal
feeding without a balun.

Similar to other antennas, the gain of the conventional
sensor deteriorates as the frequency decreases. This can
be observed in Fig. 5(b), where the gain decreases rapidly
below finin.Arch, When the diameter becomes approximately
a wavelength. At fi,in.arcn the simulated total gain measures
1.6 dBi and reaches as low as —38.3 dBi at 300 MHz.
The results in Fig. 5(a) show that the improvement in input
matching due to the ring resonator occurs over a relatively
narrow bandwidth, whereas its impact on the gain is observed
over a much broader range. A comparison of the gains in
Fig. 5(b)) reveals that the gain improvement due to the
additional resonance is achieved over a considerable 2.75:1
bandwidth between 220 and 605 MHz, with more than a 3 dB
increase between 223 and 533 MHz.

IIl. FABRICATION AND MEASUREMENT

A. PD SENSOR FABRICATION

Using standard printed circuit board (PCB) fabrication
technology, the designed sensor was fabricated on a h,,; =
1.6 mm thick FR-4 epoxy laminate substrate with 35 um
copper foil and a PCB diameter of 2 x R4 = 130 mm.
The spiral antennas are patterned on the top layer of the
PCB, whereas the ring resonator along with the feeding
circuit are on the bottom layer. The PCB was then placed
within the metallic cavity, as shown in Fig. 4, with the
spiral pattern facing outward, and fastened using metallic
screws. The soldermask along the edge of the PCB’s bottom
layer is omitted, allowing the PCB to make contact with the
cavity along its perimeter, connecting the cavity and the ring
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FIGURE 6. Images of the fabricated sensor. Antenna PCB (a) top view,
bottom view of the (b) proposed and (c) conventional sensors. (d) the
PCB mounted within the metal cavity and (e) the sensor with an epoxy
superstrate.
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FIGURE 7. Comparison of input reflection coefficient of complete sensor
including balun and feeding cable.

resonator electrically. The mounting screws and 18 plated
via holes (Fig. 6(a)) were placed along the perimeter of the
antenna to connect the ring resonator and termination loop.
The sensor is fed via a bulkhead mount N-connector at the
bottom side of the cavity, which is connected to the PCB using
a 70 mm of 0.047” semi-rigid coaxial cable. Spiral antennas
are balanced structures and thus must be excited with a
balun [13]. A transformer balun [20] is utilized in this work
due to space limitations, despite its higher loss compared to
a tapered line balun, as that used in [10]. In the fabricated
antennas, a commercial transformer-type balun TCM2-33X+
[21] with an impedance ratio of 2:1 and nominal insertion
loss of 1.5 dB is used between the input of the antenna and
the feeding coaxial cable providing impedance matching and
balanced output. Photographs of the sensors before and after
assembly are shown in Fig. 6.

B. RADIATION PARAMETERS MEASUREMENT

First, the electromagnetic performance of the sensors was
measured. The input reflection coefficient was measured
from 200 MHz to 1.8 GHz using a vector network analyzer
(VNA) MS46122B from Anritsu, which was calibrated
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using an SOLT (short open load thru) calibration kit
TOSLKF50A. The measured results for both the proposed
and conventional sensors are compared with the simulated,
as shown in Fig. 7. Both sensors exhibit a similar reflection
coefficient performance, maintaining below —5 dB up to
approximately 600 MHz, which then improves to below
—10 dB. The resonant peak of the ring resonator, as obtained
from the simulated results in Fig. 5(a), is no longer visible
because it is masked by the additional insertion and return
loss of the balun.
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FIGURE 8. (a) Comparison of boresight total realized gain of completed
sensors including balun. (b) Gain improvement due to proposed ring
resonator.

The radiation pattern and gain were measured in a
tapered anechoic chamber using an Agilent Technologies
VNA E8364B. The measured realized gain exhibits good
agreement with the simulated across the majority of the
band, as shown in Fig. 8(a). The maximum total realized
gain is 5.22 dBi at 1.55 GHz and 5.35 dBi at 1.77 GHz
for the proposed and conventional sensors respectively.
The influence of the ring resonator is minimal at higher
frequencies, as evidenced by the closely matched gains of
the two sensors. However, a notable enhancement in gain is
discernible at lower frequencies.

Fig. 8(b) illustrates the gain improvement, obtained
from 220 MHz to 650 MHz and surpassing 3 dB
between 229 MHz and 625 MHz, with the peak improvement
reaching 18.3 dB at 320 MHz. This underscores the
compelling evidence of the ring resonator’s efficacy in
fortifying the performance of the sensor, especially at lower
frequencies, which is crucial for PD sensing applications.
For example, for a conventional spiral antenna, without
the proposed ring resonator, to achieve similar gain as the
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FIGURE 10. (a) Simulated total, right- and left- handed circular

polarization realized gain components in boresight direction, and
(b) axial ratio of the proposed sensor.

proposed antenna at the ring resonator’s resonant frequency
fe,ring = 380 MHz, the size of the radiation element must
be increased from Rz = 59 mm to R3 = 97 mm. This
corresponds to an increase of more than 170 % in area.

The total efficiency n of the antenna is shown in Fig. 9,
where the measured efficiency closely matches the simulated.
A comparison between the efficiencies of the proposed and
conventional sensors reveals that the ring resonator increases
the efficiency at low frequencies, whereas the efficiencies
at high frequencies remain virtually intact. This leads to
a substantial improvement in the realized gain at lower
frequencies and, enhancing the sensitivity and making the
proposed method much more suitable for PD detection.
Moreover, the efficiency above fi,in.arch, Where the antenna
exhibits a good impedance match, is approximately —3 dB,
as shown in Fig. 7. This value corresponds to the insertion
loss of the sensor, which is mostly due to the loss of the epoxy
superstrate and the balun.
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(c) 1100 MHz (d) 1600 MHz

FIGURE 11. Normalized radiation patterns azimuth cut of the proposed
sensor (solid: measured, dashed: simulated).

As previously noted, one of the significant advantages
of spiral-antenna based sensors is their insensitivity to
polarization. This characteristic is particularly advantageous
considering the polarization uncertainty of the PD emissions.
The simulated partial realized gain polarization components
of the proposed sensor are shown in Fig. 10(a). The
results show that the sensor exhibits good RHCP behavior,
particularly above 809 MHz, which is the lowest operational
frequency of the spiral. Below this frequency, the sensor tends
towards linear polarization, and its polarization angle changes
rapidly with frequency. This change in the polarization
properties with respect to frequency is a common charac-
teristic of spiral antennas operating below their designed
frequency [13], and is clearly visible in the axial ratio
shown in Fig. 10(b). Some discrepancy between the simulated
and measured axial ratio can be observed at frequencies
below 500 MHz. This is partly because of the low number
of measurement points. Additionally, as discussed above, the
antenna becomes linearly polarized in this frequency range.
This implies that the magnitude of the electric field along the
major axis of the polarization ellipse is significantly larger
than that along the minor axis. As the axial ratio is the ratio
of these two, a small measurement error may result in a
significantly large difference.

The radiation patterns of the proposed sensor at various
frequencies are shown in Fig. 11. Regardless of the frequency,
the measured agrees greatly with the simulated, with the
maximum gain in the broadside direction. Notably, owing to
the inherent symmetry of the sensor’s structure, the pattern
also exhibits rotational symmetry.

The sensitivity of a PD sensor can be judged by its effective
height A, metric [22], [23], [24]. The k., is defined as the
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FIGURE 13. (a) Partial discharge measurement setup. (b) Partial
discharge strength detection system and controller.

inverse of the antenna factor AF, which is the ratio between
the open circuit voltage at the input of the sensor V,, and the
incident electric field strength E; inducing it. The effective
height can be calculated using (3)

L |V
TAF B

and has units of meters. The calculated s, are shown in
Fig. 12. The effective height of the conventional sensor
remains above the 2 mm and 6 mm thresholds down
to 345 MHz and 460 MHz respectively. The corresponding
values of the proposed sensor are 295 MHz and 330 MHz,
improving the 2 mm and 6 mm threshold frequency values
by a factor of 1.17 and 1.39.

3

C. PARTIAL DISCHARGE DETECTION MEASUREMENT

For experimental verification of improved sensitivity, due
to the enhanced sensor’s gain, both the conventional and
proposed sensors underwent testing for PD detection. A PD
cell was used to consistently simulate the radiation emissions
from a failure, which were measured using both sensors.
The experiment was conducted within a shielded chamber
to mitigate the influence of external noise sources on
the measurements. The test setup, illustrated in Fig. 13,
comprised of an oil-filled PD cell of particle type [25],
[26], a high-voltage transformer, a coupling capacitor, and
a PD control and monitoring system. The sensors were
positioned 1 m away from the PD cell on a non-metallic
surface approximately 1 m above the chamber’s floor. Partial
discharge was induced with a peak charge of 100 nC, excited
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FIGURE 15. Captured 350 PD pulses with (a) proposed and

(b) conventional sensors in the time domain, with the dead time between
pulses removed. Calculated peak received power measured with the

(c) proposed and (d) conventional sensors.

by a 60 Hz 11.9 kV voltage signal. The EM emissions
from the PD cell were captured in the time domain using a
high-speed oscilloscope RTO2044 from Rohde & Schwarz,
with an analog bandwidth of 4 GHz and a sampling rate
of 20 GSa/s.

The phenomena of PD is an inherently stochastic process
with a high degree of uncertainty, which produces large
variations in the radiated power [27], [28]. In conjunction
with environmental factors, such as multiple reflections, the
received power level can vary significantly. Thus, to compare
the performance of the two sensors, the probability distri-
bution functions (PDF) of the received instantaneous power
levels are required. To do so, a total of 350 PD events were
measured over a span of 3 s. The duration of a PD pulse lasted
approximately 100 ns, as illustrated in Fig. 14. The pulse
repetition rate is 120 Hz, which is twice the frequency of
the excitation voltage. This leads to approximately 8.3 ms of
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idle time between the pulses. Using the segmented memory
function of the oscilloscope, the 350 PD events were captured
with the dead time between events eliminated, as shown in
Fig. 15(a) and 15(b).

For each event, the peak instantaneous power was calcu-
lated using (4).

1

Vv, 2
p(dBm):30+101og]0[(ﬂ) =

242

where V), is the peak-to-peak measured voltage U in volts
and 50 € is the input impedance of the oscilloscope. The
calculated values are shown in Fig. 15(c) and 15(d). The
probability distribution functions of the received instanta-
neous power levels were constructed by assuming a normal
distribution, as shown in Fig. 16. As evidenced by the
obtained PDFs, there is a clear distinction between the two,
implying that the proposed sensor has a higher proclivity
to induce an increase in the received power due to the
increased gain resulting from the introduced ring resonator.
The PDF of the conventional sensor has a mean value of u, =
—23.2 dBm and a deviation of o, = 1.61. The integration of
the ring resonator shifts the curve to a mean value of u, =
—22.6 dBm and a deviation o, = 1.65. The results indicate
that for the proposed structure, the mean received power has

} N C))
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been increased by 0.6 dB, with a negligible difference in the
deviation.

Finally, the received PD time domain signals were evalu-
ated in the frequency domain. Due to the presence of noise,
the captured data were averaged using Welch’s method for
power spectral density (PSD) estimation [29]. The analysis
was performed with the data divided into 50 windows with
50% overlap, followed by a discrete Fourier transform with
a length of 8193 points. The results are shown in Fig. 17.
Whereas the high-frequency response remains practically the
same, the spectra demonstrate a clear correlation between
the obtained gain improvement (Fig. 8(b)) and the enhanced
spectral efficiency at lower frequencies. The ring resonator
increased the received PSD across the majority of the band
between 290 MHz and 525 MHz, with a peak increase of
21.2 dB at 410 MHz.

Additionally, the radiation spectrum captured using a
reference ultra-wideband (UWB) antenna with vertical
polarization and gain of more than 0 dBi from 300 MHz is
depicted in Fig. 17. It clearly shows that the EM signature
of the PD events is concentrated at lower frequencies.
Therefore, a gain improvement in this range will have
a significant impact on the peak received power, high-
lighting the effectiveness of the proposed low-frequency
enhancement technique in increasing the sensitivity of
the sensor.

IV. CONCLUSION

In this study, we propose an approach to enhance the
low-frequency sensitivity of cavity-backed electrically small
spiral antennas used as UHF sensors for PD detection.
For such antennas, performance degradation is inevitable
as the wavelength surpasses the circumference of the
antenna. Furthermore, these sensors are typically enclosed
in a metallic cavity to minimize the effect of external
noise and provide an uninterrupted shielding environment.
This further exacerbates the circumstance, as for electri-
cally small antennas, the cavity operates in cutoff mode
at low frequencies. This potentially hinders the early
diagnosis of PD, and therefore, the strong advantage of
the polarization insensitivity of spiral antennas cannot be
fully utilized. This is because the initial EM radiation
emitted from the PD events is concentrated in the lower
frequency range.

To fully leverage the versatility of spiral antennas as
PD sensors, we integrated a planar capacitively-loaded ring
resonator, coupled with a spiral antenna. This introduces an
additional resonance that can be optimized to extend the
low-frequency limit of the spiral antenna. This enhancement
makes spiral antennas much more attractive for PD sensor
applications, as their polarization advantage can be fully
utilized. Experimental results for a sensor employing a
hybrid design of equiangular and Archimedes spiral antennas,
backed by a cylindrical metallic cavity, demonstrate that
the ring resonator significantly increases the realized gain
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towards the low-frequency end, ranging from 220 MHz
to 650 MHz, whereas maintaining virtually intact high-
frequency response. The improvement surpasses 3 dB
between 229 MHz and 625 MHz, with the peak improvement
reaching 18.3 dB at 320 MHz. Additionally, the effective
height threshold frequencies of 2 mm and 6 mm were lowered
by a factor of 1.17 and 1.39 respectively.

An in situ PD detection experiment encompassing 350 PD
events was conducted. Results indicate a mean improve-
ment of 0.6 dB in received power. Spectral performance,
assessed by performing Welch PSD estimate on the recorded
time-domain received data, reveals a clear correlation
between improved gain and increased spectral density.
The received PSD increased in the majority of the band
between 290 MHz and 525 MHz, with a peak increase of
21.2 dB at 410 MHz. This validates the effectiveness of the
proposed method for enhancing the sensitivity of PD sensors
at low frequencies based on electrically small spiral antennas.
Finally, the gain improvement bandwidth can be further
expanded by integrating additional ring resonators and/or
multi-mode resonators, albeit at the expense of increased
structural and design complexity.
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