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Abstract

The UHF transfer function is significant for a short-range communication
system, e.g., a real-time diagnosis of partial discharge (PD). Real-time diag-
nosis of the PD has become a challenging topic of improving the diagnosis
of high voltage equipment, including a power transformer. Further, the PD
detection in high voltage equipment is critical since the PD can cause severe
damage to electrical systems. The PD detection methods are classified by a
phenomenon of the PD. The PD detection by electromagnetic (EM) method is
regulated by IEC TS 62478, which specified the UHF band for the PD detec-
tion in power transformers. Hence, an evaluation of frequency characteristics
is essential to achieve an excellent diagnostic performance. In this paper, a
complex form of channel analysis is applied with the PD detection method.
The measurement model in a power transformer is proposed. The optimum
receiver is introduced to maximize SNR and hence it is easy to analyze
the results. The results were analyzed by using magnitude, phase, group
delay, received waveform, and path loss parameters. The results show that
the measured channel is affected by the structure of the power transformer.
The contribution of this research is useful for improving the precision of
the PD detection with EM method and building an accurate real-time partial
diagnosis via a smartphone or laptop computer.
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1 Introduction

Short-range multimedia technology and wireless communications have
rapidly developed in recent years. It can apply to various applications, such
as wireless sensors network and the internet of things (IoT) [1–3]. Ultra-
high frequency (UHF) is usually used for video and sound broadcasting,
mobile communications, Wi-Fi, and numerous kinds of applications [4]. The
theory of wireless communications can be adapted to analyze the problems
in the majority of the novel applications, e.g., wireless sensor networks,
near-field communications, wireless access networks, field intensity in an
inhomogeneous propagation environment [5–9], and wireless transformer
condition diagnosis with electromagnetic method [10]. Partial discharge (PD)
real-time diagnosis is one of the ways which can develop due to the benefit of
the advanced investigation in wireless communications and partial diagnosis.
Real-time diagnosis can help a maintenance operator to identify a problem
without entering an actual site.

Further, the PD diagnosis is critical to avoid the undesired damage to a
power system [11]. The PD may occur in various places, i.e., GIS, switchgear,
and power transformer [12]. An antenna is used as a probe for the PD diag-
nosis to investigate the PD in the power transformer with an electromagnetic
method [13]. The antenna’s properties are taken into account to assess the
antenna’s performance so as to satisfy the condition of PD diagnosis in power
transformers with the electromagnetic method. The minimum of interference
in the sensor affects efficiency for short-range communication applications.
It has attracted the majority of attention to investigate the sensor transfer
function [14–20].

In the power transformer system, the PD and antennas are behaving like
the pulse-shaping filter. The pulse shape of the transmission signal can be
affected by the pulse shape distortion that is caused by any signal distortion in
the frequency domain. Therefore, the complexity of the receiver mechanism
will increase. A typical transformer is a request for a suitable structure,
reasonable cost, and excellent performance. Hence, the design of the antenna
for PD diagnosis in the transformer is one of the attractive challenges [13–20].
The Friis’ transmission formula could not be directly used to diagnose the PD
in the transformer, due to the signal’s pulse shape, even though it is in line
with sight. Therefore, the UHF signal waveform comparison is essential due
to the Fresnel region of the antenna frequency response.
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Figure 1 UHF communications system [4].

The antenna’s properties are measured and discussed in this paper. The
antenna transfer function in the Fresnel region is evaluated to investigate the
PD propagation in the transformer. The modification of the Friis’ transmis-
sion formula is introduced as the complex form equation for the PD diagnosis
in the transformer. For this reason, the equivalent antenna gain had been
derived. The transmission waveform and the optimum filter at the receiver
are the primary modifications for the complex form of the Friis’ transmission
formula for the PD diagnosis in the transformer. The experiment had been
done by using the UHF microstrip patch antenna for 2.2 GHz to 2.6 GHz
band operation in the power transformer. The evaluation system in this paper
is based on the UHF communications system, which is shown in Figure 1.

2 Partial Discharge

The PD is a phenomenon which occurs by the partial bridge of the electri-
cal discharge between the insulation of the conductors. It can be observed
in various high voltage equipment, e.g., the power transformer, GIS, and
rotating machines. It is essential to understand the phenomenon of the PD
since it can lead to power breakdown in power systems. The International
Electrotechnical Commission (IEC) has regulated the PD definition in the
IEC 60270:2000 standard [10]. The general descriptions and measuring
systems have been documented. This activity is generally caused by the
electrical stress concentration in the insulation of the electrical devices. The
PD is related to the conditions of the insulation of the high voltage equipment,
i.e., charge transportation, chemical reaction, light emission, sound release,
and the radiation of electromagnetic waves.
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According to different types of the conditions, the PD test methods
of parts can be separate due to the circumstances [11], e.g., gas analysis
for the chemical reaction, optical measurements for the light emission, the
electrical measurement for the charge transport, the acoustic measurement
for the sound release, and the electromagnetic measurement for the radiation
of the electromagnetic wave. The PD test technique has been stated in the
IEC standard, i.e., the IEC 60207:2000 for the PD measurement and the IEC
TS 62478:2016 for the analysis of PDs by the electromagnetic and acoustic
methods [12]. Following the IEC TS 62478:2016 standard, the short rise time
of the PD pulse current is less than 1 ns. The pulse can be ranging from
3 MHz to 3 GHz. The advantages of the electromagnetic method are that
it is better immune to disturb and noise, in determining a characteristic of
the PD source, and in broad bandwidth. However, some disadvantages of the
electromagnetic method, i.e., high equipment cost and the performance of
this method, tend to rely on the physical structure of the sensors. There are
various types of sensors available for detecting the PD pulse, for example,
UHF antenna, disc- and cone-shaped sensors, field grading electrode, wave
guild sensor, and directional electromagnetic couplers. The sensor output can
indicate the importance of many parameters, e.g., transfer function, frequency
characteristics, field magnitude dependence, and directional characteristics.
The localization of the PD sensor is significant. The sensor can be installed
inside the high voltage equipment. It should be installed as close as to the
high voltage component area or the PD detection area.

The propagation mechanism easily influences the PD pulse characteris-
tics effects such as diffraction, reflection, scattering, and attenuation. This
interference is causing disturbances in the measurement of PDs with the elec-
tromagnetic method. Therefore, to decrease the interference from the ambient
environment in the measurement of PDs, the analysis of the characteristic of
the transfer function in the measuring environment is necessary.

3 Complex Form Analysis for the PD Detection in a Power
Transformer

The Friis’ transmission formula is the first to express in terms of power [21].
Then it is extended in terms of the transmission signal waveform to consider
the transfer function [22–24]. It is assumed that the polarization of the
transmitter antenna and receiver antenna match correctly. A block diagram
of the PD UHF system for complex form analysis is shown in Figure 2.
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Figure 2 Block diagram of the PD UHF transceiver model: (a) PD UHF transmitter and
(b) PD UHF receiver with optimum filter.

Equation (1) is the modification of the Friis’ transmission formula. It
includes three elements, namely the frequency characteristics of the antennas,
the frequency characteristics of free space propagation, and the spectrum of
the transmitted signal. The PD UHF channel corresponding transfer function
Hch−corr(f,R) is

Hch−corr(f,R) = Hf(f,R)Hr(f)Ht(f), (1)

where Hf(f,R) is the transfer function of the free space, Hr(f) and Ht(f)
are the transfer functions of the transmitter (Tx) and the receiver (Rx) anten-
nas. Furthermore, R is the transmitter antenna and receiver antenna (Tx -Rx)
separation distance. The transfer function of the free space can be written as

Hf(f,R) =
c

4π|f |R
exp(−jkR), (2)
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which is the free space transfer function where

k =
2πf

c
(3)

where k is the propagation constant, c is the speed of propagation, and f is the
operating frequency. The received waveform vr(t, R) can be found by using

νr(t, R) = vt(t)⊗ hch−corr(t, R), (4)

where νt(t) is the transmitted signal waveform,⊗ is the convolution operator,
and hch−corr(t, R) is the impulse response of the modification of the Friis’
transmission formula defined as

hch−corr(t, R) = F−1 {Hch−corr(f,R)} , (5)

where F−1{·} is the inverse Fourier transform (IFFT). The receiver spectrum
density Vr(f) is presented as

Vr(f) = Vt(f)Hch−corr(f), (6)

where the spectrum density of the transmission waveform is Vt(f).

3.1 Optimum receiver

The transfer function of the UHF channel measurement with the optimum
receiver filter is Hopt(f). The optimum filter has been introduced in the
system to maximize the signal-to-noise ratio (SNR) of the receiver, as shown
in Eq. (7)

Hopt(f) =
H∗ch−corr(f)√∫∞
−∞

∣∣H∗ch−corr∣∣2 df , (7)

and for the prediction case

Hopt,p(f) =
H∗ch−corr,p(f)√∫∞
−∞

∣∣∣H∗ch−corr,p∣∣∣2 df , (8)

which satisfies the following constant noise output power condition∫ ∞
−∞
|Hch−corr(f)|2 df = 1. (9)



Evaluation of UHF Transfer Function in a Power Transformer 71

The output waveform and the spectrum of the receiver output are
hch−corr(t, R) and Hch−corr(f,R), respectively. For the spectrum of the
output from the optimum filter Vopt(f)

Vopt(f) = Hch−corr(f)Hopt(f)

=
|Hch−corr(f)|2√∫∞
−∞ |Hch−corr(f)|2 df

,
(10)

and the waveform of the output from the optimum filter νopt(t) is

νopt(t) = hch−corr(t)⊗ hopt(t)

=
hch−corr(t)⊗ hopt(−t)√∫∞

−∞ h
2
ch−corr(t)dt

,
(11)

and the prediction case

νopt,p(t) = hch−corr,p(t)⊗ hopt,p(t)

=
hch−corr,p(t)⊗ hopt,p(−t)√∫∞

−∞ h
2
ch−corr,p(t)dt

,
(12)

and finally, we get the maximum as

max νopt(t) =

∫ ∞
−∞

Vopt(f)df

=

√∫ ∞
−∞
|Hch−corr(f)|2 df

. (13)

The path loss PLUHF[dB] can be calculated from the obtained transmitted
waveform and received waveform. It can be defined in decibels as the
ratio between the maximum amplitude of the transmitted waveform and the
maximum amplitude of the received waveform as

PLUHF[dB] = 10 log

(
|νr (t)|
|νt(t)|

)2

. (14)

4 Measurement System Model

To investigate the complex form of in the power transformer with measured
transfer function in this paper, the measurement system model had been
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provided such that a measurement procedure is divided into two cases. The
first case will measure the complex transfer function in the power transformer
at different heights of the transmitter (Tx) antenna and receiver (Rx) antenna.
Moreover, an analysis is carried out by using the compare magnitude, phase,
group delay, and path loss with different antenna heights at 5 cm, 20 cm,
40 cm, 60 cm, and 80 cm. The second case will measure the transfer function
in power transformers at different Tx – Rx separation distances. It ranges
from 0.05 m to 1.05 m. It analyzes by using the compares of the received
waveform and path loss with different antenna separation distances.

The vector network analyzer (VNA) is used to measure and collect the
data, where the transmitter antenna is connected to port-1 and the receiver
antenna is connected to port-2 of the VNA. The UHF microstrip patch
antenna is considered for use in the experiment due to the property of the
antenna, which can operate in a wide bandwidth. The measurement had been
done in the power transformer with different Tx – Rx antenna heights and
distances. The setup of the experimental model is presented in Figure 3. It
should be noted that the calibration at connectors and transmission cables had
done before initiating the measurement to reduce interference from noise in
connectors and transmission cables. In the experiment, the varying separation
distance is chosen to determine the accuracy of the transfer function at
different reference separation distances. The experimental parameters are
shown in Table 1.

Figure 3 Experimental setup in the power transformer.
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Table 1 Example parameters of experiments
Parameters Values
Frequency range 2.2 GHz to 2.6 GHz
Frequency points 801 points
Tx – Rx antennas type UHF microstrip patch antenna
Tx – Rx antennas height 5 cm, 20 cm, 40 cm, 60 cm, and 80 cm
Tx – Rx separate distances 0.01 m to 1.05 m

Figure 4 Geometry and dimension of the UHF microstrip patch antenna [26].

4.1 UHF microstrip patch antenna

The Fresnel region of the UHF microstrip patch antenna in this paper is deter-
mined from the antenna’s largest dimension for both the transmitter antenna
and receiver antenna. The largest dimension of both the transmitter antenna
and receiver antenna, as shown in Figure 4, is 8 cm which is considered as
the largest dimension of the antenna. The far-field region of the antenna is
40.96 cm, and the far-field can be calculated by Eq. (15) [25]

Rfar ≥
2D2

λ
, (15)

where

Rfar is the far-field region,

λ is the wavelength (m),
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and D is the largest dimension of the antennas which can be calculated by
Eq. (16)

D = DTx +DRx, (16)

where

DTx is the largest dimension of the transmitter antenna (m) and

DRx is the largest dimension of a receiver antenna (m).

4.2 Transmission waveform for the UHF PD

This paper considered using the rectangular passband for the signal band-
width used in the UHF frequency range, i.e., 2.2 GHz to 2.6 GHz. The
waveform distortion significantly increases when the bandwidth is larger. The
transmitted waveform is presented as

νt(t) =
A

BW
[fmax sin c (2πfmaxt)− fmin sin c (2πfmint)] , (17)

Vt (f) =

{
1/2BW ||f | − fc| ≤ BW/2

0 ||f | − fc| > BW/2
, (18)

where the minimum frequency (fmin) is 2.2 GHz and the maximum fre-
quency (fmax) is 2.6 GHz. The occupied bandwidth is BW, the amplitude
is A, the operating frequency is f , and the center frequency is fc. The
transmitted waveform and spectrum density of the transmitted waveform are
shown in Figure 5.

Figure 5 Example transmitted waveform and power spectrum density of UHF systems.
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5 Results and Discussions

The measurement of the transfer function in the power transformer was done
according to the proposed measurement model, as presented in Section 4.
This research was done by dividing a measurement into two cases. The first
case is is to present the comparison of magnitude, phase, group delay, and
path loss between different Tx – Rx antennas’ height. The second case is to
present a comparison of received waveform and path loss between different
Tx – Rx antennas’ separation distance. From the results, we can show the
different characteristics of the measured transfer function, which we will
discuss further.

The channel transfer function of complex form in the power transformer
can be easily analyzed using a magnitude. Figure 6 shows the comparison of
the magnitude at different Tx – Rx antennas’ height, i.e., 5 cm, 20 cm, 40 cm,
60 cm, and 80 cm. A solid black line, black-dashed line, black-dotted line,
black dash-dot line, and the solid gray line represent the magnitude of each
antenna’s height, respectively. The results at 5 cm of the antenna’s height
show that it has a better magnitude than the other heights of the antenna. The
magnitudes of 20 cm, 40 cm, 60 cm, and 80 cm antenna height are similar.
However, the magnitude of the 80 cm antenna height is lower than the other
antenna height. Besides, many low magnitudes occur due to the structure of
the power transformer and noise from the environment.

In Figure 7, a comparison of phase from the Tx – Rx antennas channel
transfer function at different antenna heights is provided. The results are
presenting by using different types of lines as same as in Figure 6. The phase
of 5 cm antenna height is better and has more linearity than other antenna

Figure 6 The comparison of magnitude between different Tx – Rx antennas height.
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Figure 7 The comparison of phase between different Tx – Rx antennas height.

heights. The phase of the antenna is performed in the same direction at the
antenna heights of 20 cm, 40 cm, 60 cm, and 80 cm. However, the phases of
20 cm and 60 cm antenna heights have some error due to the noise from the
environment. It made the phase of 20 cm antenna height more phase changing
in a lower frequency. The phase of 60 cm antenna height has the lowest phase
of channel transfer function compared to other antenna heights.

Group delay is another parameter used in the investigation of complex
form analysis with measured transfer function. It is advantageous to present
a time distortion and then calculating by differentiating the concerned fre-
quency. In Figure 8, the comparison of the group delay of the measured
channel transfer function at different antenna heights is presented. From the
results, we now discuss the group delay trends. The group delay of 0 cm
antenna height has the lowest delay. The group delay of 80 cm antenna height
has the highest delay. The group delay results had shown good agreement
with the phase results. Further, some frequencies had high delay due to the
noise, the reflection of the waveform, the structure of the power transformer,
and the environment.

Figure 9 compares the received waveform between the optimum case and
the prediction case of the channel transfer function with a different separation
distance of the Tx – Rx antennas. The optimum case is calculated using the
measurement data with Eq. (13). The prediction case is calculated by using
Eq. (12). The received waveform of prediction and measurement is presented
by the black dashed line and solid black line, respectively. The difference
between optimum and prediction cases can be presented with the effect of
the Fresnel region. In Figure 9(a), the received waveform at 0.3 m distance is
presented. It shows a difference in the optimum case and prediction case. At
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Figure 8 The comparison of group delay between different Tx – Rx antennas height.

this distance, the optimum received waveform is different from the predicted
received waveform due to the near-field region.

On the other hand, Figures 9(b) and 9(c) show the comparison of the
received waveform between the optimum and prediction cases at 0.6 m
and 0.9 m distances, respectively. At these distances, the measured received
waveform and predicted received waveform are almost the same. From these
results, we conclude that the received waveform is related to a near-field
region of the antenna. However, at 0.6 m and 0.9 m distances, there is
a little difference between the measured waveform and prediction wave-
form. It maybe caused due to the reflection of waveform inside the power
transformers and the structure of the power transformer.

The path loss parameter is useful to investigate a power loss concerning
the separation distance between the Tx antenna and the Rx antenna. In our
research, the measurement model had been designed to analyze the effect
of the Tx – Rx antennas’ separation distance in the power transformer. The
model was divided into two cases, as presented in the earlier section. The first
case is to investigate the difference of path loss at different antenna heights,
as presented in Figure 10. The second case is to investigate the difference
in path loss between the optimum case and the prediction case, as presented
in Figure 11. In Figure 10, the comparison of path loss between different
antenna heights is presented. The line style of Figure 10 represented the same
meaning as that in Figure 6. It shows that at 5 cm, the antenna height has the
lowest path loss compared to other antenna heights. Moreover, the path loss
of 20 cm, 40 cm, 60 cm, and 80 cm antenna heights are close to each other
and higher than the path loss of 5 cm antenna height.
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Figure 9 The received waveform of UHF transfer function at (a) 0.3 m, (b) 0.6 m, and
(c) 0.9 m.

In Figure 11, for example, the path loss at the Tx – Rx antennas height
of 5 cm is present because at this height the path loss has been less than
the others. The comparison of optimum path loss and prediction path loss is
presented. The relation path loss due to the far-field region of the antennas
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Figure 10 The comparison of path loss between different Tx – Rx antennas height.

Figure 11 The comparison of path loss of the measured transfer function at Tx – Rx antennas
height of 5 cm.

Table 2 The comparison of path loss at Tx – Rx antenna separation distances at 0.3 m, 0.6 m,
and 0.9 m with Tx – Rx antennas height of 5 cm.

Path loss at Tx – Rx antennas separation distance
0.3 m 0.6 m 0.9 m

Prediction 61.65 dB 66.36 dB 69.47 dB
Measurement 59.22 dB 65.25 dB 68.77 dB

Error 2.43 dB 1.11 dB 0.70 dB

is presented by the solid black line and black-dashed line, respectively. The
results present a considerable difference in path loss at the far-field region of
the antenna. The difference will reduce when the antenna separation distance
is further than the Fresnel region of the antenna. The comparison of path loss
at 5 cm of the antenna height is given in Table 2. It shows an error between
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the optimum path loss and the prediction path loss. At the antenna separation
distance of 0.3 m, the path loss error is 2.43 dB. The path loss error at the
antenna separation distances of 0.6 m and 0.9 m is 1.11 dB and 0.70 dB,
respectively, due to the effect of the antennas’ far-field region. The results
show that the proposed method can be used to evaluate the UHF transfer
function. It will be also useful for application in real-time PD detection and
other wireless sensor networks applications.

6 Conclusion

In this paper, the explanation of how to evaluate the complex transfer function
in the power transformer with the measured transfer function had been
presented for application in real-time PD detection. The modification of the
Friis’ transmission formula has been used to consider the transfer function
measurement in the power transformer channel model. The measurement
model has been tested in a real power transformer of the Tesla Power Co.,
Ltd. The error in complex form in the power transformer had observed by
changing the Tx – Rx antennas’ height and Tx – Rx antennas’ separation
distance. The measurement had been done with two UHF microstrip patch
antennas which represent the Tx – Rx antennas and record the measured data
with the VNA. The calibration had done at the connector and transmission
cables before the measurement. The results of the complex form analysis are
presented as two different cases. The first case is presented as the comparison
of magnitude, phase, group delay, and path loss between different heights
of the Tx – Rx antennas. It shows that the lower antenna height has better
results than the higher antenna height due to the noise and power transform
structure. The second case is presented as the comparison of near-field and
far-field between the received waveform and path loss. The latter case shows
that the near-field region has an error more than the far-field region due to the
radiation field. In conclusion, this paper presents the analysis of the complex
form with the measured transfer function. It can be useful for designing real-
time PD detection systems in the power transformer and other short-range
wireless systems.
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