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Abstract: The DC electric field strength is an important electromagnetic environment parameter of the high-voltage direct
current (HVDC) transmission line. Measurement results of the space electric field are dramatically affected by the size and the
potential of the sensor. In addition, the battery-powered solution of electric field sensor (EFS) is not feasible, for the reason that
in the high-voltage electric field environment, the replacement of the battery will bring security risks to the power system and
workers. The wireless energy supply solution not only solves the problem of potential isolation of the sensor, but also ensures
that the sensor can work continuously. Various wireless power transmission systems (WPTSs) were compared. Microwave
wireless power transmission system (MWPTS) was selected as the power supply of EFS. The key boundary conditions of
MWPTS were determined. Two microstrip receiving antennas were designed in this article. A good performance antenna with
high permittivity substrate was designed, realising 4.26 dB gain with the area of 1 cm? at 5.8 GHz. The antenna meets the
energy requirements of the EFS which is 10 m far from the source.

1 Introduction

Effective monitoring of the electric field strength in the vicinity of
the transmission line is one of the important measures to ensure the
safe operation of the power system. In past years, the measurement
of electric field strength has made great progress [1]. In 1983 years,
P. Sarma Maruvada invented the electric field mill, which uses a
grounded rotating electrode to periodically shield the sensing
electrode to achieve ground electric field strength measurement [1].
Based on the bubble earwax effect, a photoelectric sensor is
designed to measure the electric field strength [2]. Micro-electro-
mechanical systems (MEMS) have the advantages of small size,
low power consumption, and high integration. In 2003, the
electrostatic-driven electric field sensor (EFS) based on silicon-on-
insulator fabrication process technology was invented [3]. After
that, Pockels device [4] and heat-driven [5] MEMS EFS were
invented.

However, the drawback that sensors present require wired
power supply [1] or battery power supply [2, 3] has significantly
limited the progress of EFS. For the reason that wired access could
not guarantee the potential isolation between small signal power
and high-voltage transmission line, this method is an ineffective
way of measuring space electric field. What is worse, replacement
of the battery increases the cost of the economy, threatening the
safety of the staff, and the safe operation of the power system. To
solve these troubles, the WPTS is selected as power supply of EFS.

First of this paper, according to the requirements, microwave
wireless power transmission system (MWPTS) was selected as the
power supply of the EFS after comparing the advantages and
disadvantages of each wireless power transmission system
(WPTS). Then, we analyse the constraints of this programme,
determine the boundary conditions, and identify project objectives.
Finally, the design and simulation of the receiving antenna are
completed.

2 Methodology

2.1 Selection of wireless power supply solutions

Wireless energy supply technology originated in the phenomenon
of electromagnetic induction which was discovered by Faraday in
1831 [6]. So far, wireless power supply has been widely used in the
world [7, 8]. The magnetic induction coupling programme has the
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advantages of large transmission power and high efficiency at close
range, but it has the disadvantages of large device size and
inefficiency at long range. Magnetic coupling resonance
programme also has the disadvantage of large device size.
Microwave radiation programme, in the intermediate distance
transmission, can realise high efficiency in small size. The laser
mode has the disadvantage of difficult to realise the launch and
receiving end alignment at long distance. In order to reduce the
electric field distortion, the overall size of the sensor, and the space
electric field, the sensor is placed in the air, so the distance between
the sensor and the transmitting end is about several meters.
Considering the size and transmission distance factors, the
microwave wireless power supply can be the best.

2.2 Introduction of microwave power transmission system

Microwave power transmission system is mainly composed of
transmitting antenna, microwave transmission medium, and
rectifier antenna [9]. Microwave radio transmission system mainly
consists of transmitting antenna, microwave transmission medium,
rectifier antenna etc. As shown in Fig. 1, high-frequency signal
produced by signal source is amplified by power amplifier at the
first time and then 1is transformed into high-frequency
electromagnetic waves and launched into atmosphere by
transmitting antenna. Incident RF energy captured by the receiving
antenna is transformed into specific amplitude and frequency of
voltage and current to meet the energy requirement of the back-end
load.

According to the equation of FRRIS [10], the received energy
P, by receiving antenna can be obtained as follows:

AV AV
P, = Pee DD x| = PGG{ 17 (1)

where Pt is the power of transmitting antenna, Gt is the gain of
transmitting antenna, Gr is the gain of receiving antenna, 4 is the
corresponding wavelength of the working frequency, and R is the
distance between the power source and sensor.

From (1), conclusion that P, is proportional to the Pt, Gt, and
Gr can be obtained. The higher of operating frequency, the smaller
of 1 and P,. The closer the distance between the transmitter and the
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Table 1 Height of the HVDC transmission line from the

ground
voltage 500 kV 800kV 1000kV 1100 kV
the average height (m) 12 16 22 28

receiver, the more energy is available. To decrease the transmission
power, and lower the cost, a higher gain receiving antenna at small
size is required. However, the size of antenna is related to working
frequency. So, it is critical to choose proper type antenna and its
working frequency.

2.3 Selection of receiving antenna

The package structure diagram for the EFS is shown in Fig. 2. The
package is a complete symmetry rectangle. The upper and lower
plates are made of copper, which are used to accumulate charges.
The side walls of package are antennas for receiving the energy to
supply sensor working. The middle ones between metal plates and
the antennas are insulating materials for electrical isolation.

3 Determination of boundary conditions

As stated above, the determination of system parameters is of great
concern to this project. Inappropriate parameters can cause an
increase of the system costs, or result in failing to meet the power
requirements of load. The parameters will be determined in this
part according to the implication background and current industrial
market.

3.1 Selection of receiving antenna

The object causes the distortion of the electric field when it enters
into the electric field. In order to improve the measurement
accuracy of electric field strength, the smaller sensor will be
adapted in this programme. In addition to the detection portion to
be smaller, the power supply part should be small and need to be
easily integrated with back-end circuits. According to Formula (1),
the power of the receiving antenna is proportional to the gain of the
receiving antenna, and the gain of the receiving antenna should be
as large as possible in order to satisfy the power demand of the
back-end load.

A wide range of antennas, with dipole antenna, helical antenna,
loop antenna, and logarithmic cycle antenna, have been widely
applied in all kinds of industry [10]. Microstrip antenna with the
superiorities of small size, light weight, low cost, easy to
conformal, electrical performance diversification, easy integration
with the circuit, is widely used in wireless local area networks and
personal communications systems and other fields [11]. Therefore,
microstrip antennas are ideal receiving antennas in this project.
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Table 2 Frequency of the industrial, scientific, and medical
use

Number

Frequency
6.78 MHz + 15 kHz
13.56 MHz + 7 kHz
27.12 MHz £ 160 kHz
40.68 MHz + 20 kHz
915 MHz £ 13 MHz*
2450 MHz + 50 MHz
5800 MHz + 75 MHz
24.125 GHz +£0.125 GHz
61.250 GHz+0.25 GHz
122.5 GHz+0.5 GHz
245 GHz +1.0 GHz
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Fig. 3 Geometry of the receiving antenna

3.2 Determination of the distance between the power source
and sensor

The chip based on micromechanical structure has the advantages of
small size and low power consumption. The power consumption of
the designed EFS is about 10 mw. According to (1), the closer the
distance is, the bigger the power of receiving antenna will get.
However, transmission lines have a certain height from the ground
to ensure security of both power grid and the safety of life. It is
impractical to place a power amplifier weighing a few kilograms in
the air. So the distance between the transmitting antenna and the
receiving antenna is conservatively estimated from the height of
the HVDC transmission line from the ground, as shown in Table 1.

To meet the power demand of high-voltage situation, the
distance R between the transmitting antenna and the receiving
antenna is 10 m.

3.3 Determination of operating frequency

The higher the operating frequency, the shorter the wavelength and
the antenna size. However, the higher the operating frequency, the
greater the difficulty of the design of the back-end processing
circuit and the lower efficiency. In 1979, the World Radio
Communication Council divided the band into 11 narrow bands,
which were designed for public health, industrial production, and
scientific research (see Table 2 for details).

Microstrip antenna size is close to the length of half
wavelength. The price of high-power amplifier is exponentially
increased with the operating frequency, bandwidth, and the
maximum allowable transmission power. To this end, in order to
save the entire cost of microwave radio transmission system, the
operating frequency is selected as 5.8 GHz.

3.4 Requirements analysis of the antenna performance

According to the production level of antenna manufacturers at
home and abroad, first assume that the transmitter power of the
launch antenna is 1 kW, which gain is 18 dB at 5.8 GHz. The
relationship between the received power of the receiving antenna
and the gain of the receiving antenna is shown in Figs. 2 and
Figs. 3-5. When there is a need to receive antenna output power of
at least 10 mw, the receiving antenna gain should be greater than or
equal to 1.68, which is greater than or equal to 2.3 dB.
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4 Design of microstrip antenna

The microstrip antenna is consisted of a metal thin ground plate, a
dielectric substrate, and a metal radiation patch over the dielectric
substrate. The radiation of a rectangular microstrip patch antenna
equals to an equal-amplitude co-directional binary array consisting
of two gaps. The parameters of a rectangular microstrip patch
antenna can be determined by the following empirical formula

[10].
The width (W) of the patch is as follows:
g+ 17"
Seies

The length (L) of the patch is as follows:

Cc

L=2f\/;e

where ¢, is the relative permittivity of the high-frequency dielectric

material, ¢ is the speed of light which equals to 3*¥108 m/s, fis the
operating frequency, ¢, is the equivalent relative permittivity, and

Al is the equivalent length of the radiation gap.

—2Al 3)

e+1 e-—1 h\"?
(e, +0.3)(w/h + 0.264)
— h
Al=0412 " (e, — 0.258)(w/h + 0.8) )
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Fig. 9 Parametric study of input resistance with w2

4.1 Rectangular microstrip antenna with high dielectric
constant

The substrate material has great influence on the antenna material.
According to (2) and (3), the equivalent relative permittivity
increases when the dielectric permittivity of the substrate increases,
resulting that the width and length of the antenna decrease, so the
area of the receiving antenna decreases. To decrease the area of the
antenna, a high dielectric permittivity substrate is used. However,
the motion of electrons in high frequency will produce more heat,
causing heat loss. The higher the dielectric permittivity, the larger
the heat loss. Consequently, the balance between heat loss and area
is what we should take into consideration. Finally, the material of
Rogers RT/Duroid 6010 is chosen in this project.

As is shown in Fig. 3, the receiving antenna consists of a
ground plane, a patch, and a feeding.

4.2 Parametric study

The size of the patch dramatically influences the resonant
frequency. The location of the microstrip feeder has a great
influence in the input resistance and therefore affects the energy
transmission effectiveness. In order to achieve the optimal
performance of the antenna, it is necessary to study the impact of
each parameter on the antenna performance.

The influences of parameters of w2, wl, L1 on the antenna are
separately studied by using the control variable method. Initially,
suppose the length of the reflector is 15 mm, the width of the
reflector is 12 mm, the height of the antenna is 1.27 mm, the length
of the patch is 7.95 mm, and the width of the patch is 5.8 mm. The
results are shown in Figs. 4 and 5 and Figs. 6-9.
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4.3 Results of simulation

Through simulation and optimisation of the high-frequency
electromagnetic field simulation software, the antenna with optical
performance is obtained. Finally, we choose the w2 is 3.2 mm, the
wl is 5.8 mm, and L/ is 7.95 mm.

Through the sweep analysis, the resonant frequency of
microstrip antenna is 5.8 GH. Fig. 10 shows the S11 parameter
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changes as the frequency changes. As can be seen from Fig. 10, the
bandwidth of the antenna is 80 MHz. Figs. 11 and 12 show the gain
of this antenna. The gain of the antenna is high to 4.26 dB (shown
in Fig. 13), and the area is small to 1 cm?.

5 Conclusion

The wireless power supply of the EFS is necessary, which is used
in the electric measuring of high-voltage transmission line.
Microwave wireless power transmission is adopted for its merits of
high efficiency at long distance and small size. After that, the
boundary conditions of this project are determined: the distance
between the power source and receiving antenna is 10 m, the
energy required for the EFS is 10 mW, and the operating frequency
of the MWPTS is 5.8 GHz. Finally, rectangular microstrip patch
antenna with high dielectric permittivity is designed, simulated,
and fabricated. The simulation results show this antenna has good
performance. The rectangular microstrip patch antenna with the

area of about 1 cm? achieves gain of 4.26 dB, VSWR of 1.15, and
the input impedance of about 50 Q. The wireless power supply
system achieves a power supply with a load of 10 mW from the
external power requirement of 10 m.
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