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Abstract

In this paper, rectangular dielectric resonator antennas
(RDRAS) fed by offset tapered copper and graphene microstrip
lines are presented. A comparison between these two feeding
materials is made with an aim of using the high-conductivity
graphene film (HCGF) to replace copper for feeding the
RDRA if feasible. Four feed forms have been discussed. The
presented feed mechanism is able to couple electromagnetic
energy in three different modes of the RDRA. The HCGF is
utilized to replace copper for feeding the RDRA. An imped-
ance bandwidth of 11.32% (3.25 GHz ~ 3.64 GHz) is realized
in the experiments by using a graphene feed line, compared to
that of 12.24% (3.22 GHz ~ 3.64 GHz) for copper, and a peak
gain of 4.48dBi is obtained at the center frequency. The results
show that the HCGF can be used to couple the RDRA, and the
HCGF fed RDRA has good performance. Radiation patterns
around the center frequency are also presented.
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1 | INTRODUCTION

With the increasing popularity of intelligent terminals and
data stream, the fourth-generation mobile communication

network has not been able to satisfy people’s demand on thc
network in capacity, rate, and frequency spectrum.' The
technological developments of the fifth-generation
(5G) mobile communication network will therefore be the
focus for the next few years. Among all the allocated fre-
quencies for 5G applications, 3.5GHz (3.3GHz~3.6GHz) is
the band that probably will be firstly deployed for the wire-
less communications.” As an indispensable part of the com-
munication system, antenna is a key component to meet 5G
application requirements. Multiple-input multiple-output
(MIMO) antennas have been reported for 3.5GHz band com-
munication.>* However, the efficiencies of these metal-
based printed MIMO antennas are relatively low (under
65%), and the configurations are relatively complex.’

Due to their high radiation efficiency, low loss, broad
bandwidth, compact size, flexible and diverse feed mecha-
nism, dielectric resonators has been extensively studied in
the past two decades. Various feed mechanisms can be used
to excite the radiating modes of the dielectric resonator
antennas (DRAs), including the use of a coaxial probe,
microstrip line, slot coplanar waveguide.® However, differ-
ent feed mechanisms may result in different impedance
bandwidth. Among them, microstrip line is a simple and
convenient feed method to use. Compared to the 50 € stan-
dard microstrip line, the use of a tapered microstrip line can
effectively increase the impedance bandwidth of DRA.’
Moreover, DRAs with offset-fed can generate multiple
modes and broaden the impedance bandwidth.®

On one hand, RF and microwave antennas need to meet
new requirements, such as smaller size, lighter weight,
higher efficiency, lower loss, rapid heat transfer, and cost.
Traditional metal antennas could not achieve all of these
requirements at one time. On the other hand, graphene-based
antennas could provide new features in RF devices. Gra-
phene, either in its single layer and multi-layer form, has a
lot of unique properties like high conductivity of 6000 S/cm
and extreme high thermal conductivity of 5000 W-m™"-K™",
which is very suitable for RF antenna design.”'® As far as
we know, most investigations of graphene-based antennas
are focused in THz band."'™"* A novel and simple dielectric
grating-based graphene leaky-wave antenna of reconfigur-
able radiation pattern is reported by J. Li."! A waveguide-fed
tunable terahertz graphene antenna with high radiation effi-
ciency is presented by S. E. Hosseininejad
N. Komjani.'* This antenna is likely to be employed for var-
ious radiated-wave applications such as wireless communi-
cation in electromagnetic nanonetworks and
W. Fuscaldo et al. have analyzed the dissipation losses in
plasmonic graphene-based THz antennas.'®> Above studies
give the feasibility of graphene based antenna in THz band.
Moreover, in mobile communication frequency band, a
graphene-flakes-based screen-printed wideband elliptical
dipole antenna is reported for low-cost wireless communica-
tions applications in the work of A. Lamminen.'* The
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FIGURE 1 The traditional RDRA fed by central standard HCGF microstrip line. A, Feed structure; B, the simulated IS ;| response [Color

figure can be viewed at wileyonlinelibrary.com]

performance of using graphene in frequency reconfigurable
antennas of two hybrid metal-graphene antennas for WIFI
and LTE applications has also been analyzed.'> However,
RDRAs with graphene feed have not yet been studied. The
graphene materials will endow the RDRA with new features
due to their properties of high conductivity, high thermal
conversion efficiency in high-power transmission, and stabi-
lization in complicated environment. Though the investiga-
tion is in low power, the proposed antenna has more
advantages in high-power transmission.

In this paper, a novel approach to the design of a 3.5 GHz
broadband RDRA based on a tapered graphene feed is pre-
sented. The graphene film has a high conductivity of 1.1 X
10°S/m. The tapered graphene feed line with one end widened
is coupled with the rectangular dielectric resonator with only
one side edge attaching to the RDRA. The tapered graphene
fed RDRA is simulated, tested, and compared with that of
copper feed. The simulated and measured results for both gra-
phene and copper feeds are reported in this paper.

This paper is organized in four sections. In Section 2, the
design, simulated results, and parameters of a tapered
microstrip-fed RDRA will be presented. The RDRA with
four feed structures will be described. The technique of

() ®)

asymmetrical offset feed mechanism, which excites three
modes will be presented. In Section 3, RDRAs with tapered
copper and graphene microstrip lines will be compared. Both
measured results with four different feed forms will be pre-
sented, including return loss, radiation patterns and gain will
be presented. Conclusions will be drawn in Section 4.

2 | ANTENNA DESIGN AND
SIMULATIONS

The dielectric resonator (DR) is placed above a RT5880 sub-
strate. The relative permittivity of rectangular RDRA is
€, = 37. The dimensions of rectangular RDRA are I =
14.5 mm, w = 14.5 mm and £ = 7 mm for the length, width,
and height, respectively. For the analysis of an RDRA, Mar-
catili has proposed a dielectric waveguide model to estimate
the resonant frequency and Q-factor of the RDRA.'® Zhang,
B.H. has then simplified the procedures for calculating the
resonant frequency of TE},;mode of an RDRA placed above
a dielectric substrate.® The resonant frequency of TE}, mode
of RDRA can therefore be calculated by using the following
formulas:
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FIGURE 2 The RDRA fed by offset standard HCGF microstrip line. A, Feed structure; B, the simulated ISl response [Color figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 3 The RDRA fed by central tapered HCGF microstrip line. A, Feed structure; B, the simulated ISl response [Color figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 4 The RDRA fed by offset tapered HCGF microstrip line. A, The top view of feed structure; B, the side view of feed
structure. C, The simulated IS,| response [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 The fabrication and measurement of RDRA with central standard line. A, The prototype of the RDRA; B, the measured and
simulated I1S;| response [Color figure can be viewed at wileyonlinelibrary.com]

ke=m/l (1) 2.1 | RDRA with offset standard feed line
ky tan (kyw /2) =/(e,=1) k(z)— kyg (2) In order. to increase the res9nance modes of RDRA, th.e
RDRA is placed asymmetrically. The feed structure is
kh=rn/2+a (3) shown in Figure 2A,B shows the simulated IS;;| response.
Two modes (TE},,, TE},, modes) are excited, but separated
tana = \/&/&stan (ko\/€shs) (4) modes are unable to provide continuous —10 dB impedance

kf+k§+k22:erkg (5) bandwidth (3.1.8 GHz ~ 3.28 GHz, 3.53 ~ 3.69 GHz). The
shape of feed line needs to be changed.
o k()C
27 2.2 | RDRA with central tapered feed line
where k) is the wave number in free space, k,, k, and k, are
wave numbers in X, ¥, and Z directions respectively, ¢ is the
speed of light in free space, & is the relative dielectric con-
stant of the substrate and A thickness of the substrate. The
resonant frequency of calculation result is f, = 3.511GHz.

Firstly, the traditional central standard feed is utilized to . .
feed RDRA. The feed structure is shown in Figure 1A,B 2.3 | RDRA with offset tapered feed line

Jr

A tapered HCGF microstrip line is used to feed the RDRA.
The feed structure is shown in Figure 3A,B shows the simu-
lated ISl response. The —10 dB impedance bandwidth is
still narrow with 3.43% (3.44 GHz ~ 3.56GHz).

shows the simulated |S]1| response. It can be observed that The geometry of proposed antenna is shown in Figure 4A’B
the —10 dB impedance bandwidths is only 3.73% (3.42 GHz =~ The substrate has a relative permittivity of 2.2 and thickness A

~ 3.55 GHz), and just the fundamental mode (TE{,; mode) = 0.787 mm. The tapered microstrip line consists of a standard
is excited. The feed form needs to be improved. 50 Q microstrip line section (wy; = 2.4 mm, [; = 6 mm), a
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FIGURE 8 The fabrication and measurement of RDRA with offset standard line. A, The prototype of the RDRA; B, the measured and
simulated 1S1;| response [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 The fabrication and measurement of RDRA with central tapered line. A, The prototype of the RDRA; B, the measured and
simulated ISl response [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 The fabrication and measurement of RDRA with offset tapered line. A, The prototype of the RDRA fed by HCGF; B, the
measured and simulated IS;,| response [Color figure can be viewed at wileyonlinelibrary.com]

tapered microstrip line section (/; = 10 mm) and 30 Q micro-
strip line section (w, = 4.5 mm, initial w3 = 0.8 mm I3 =
14.5 mm approximate A/4 length). An SMA connector is con-
nected to the 50 € microstrip line section. The RDRA is at the
edge of 30 Q microstrip line. Unlike the conventional
approaches of feeding a RDRA with a microstrip line placed at
the centre of the RDRA, this method is to feed the RDRA with
the antenna covering only one edge of the microstrip line with
an overlapping width w3. The Figure 4C shows the simulated |
S11l response, where three modes (7E},,, TEj,,and a third
adjacent mode) of resonance can be observed, and the
parameters of RDRA need to be optimized.

The dimensions and dielectric parameters of RDRA men-
tioned above are implemented in the simulation. Microstrip line
width w, and the overlapping width w3 are key parameters to
control the coupling. The value of w, is optimized to adjust the
antenna operation frequency to 3.5GHz with sufficient band-
width. There is a shift in resonance frequency as w, increases.
In order to obtain impedance bandwidth as wide as possible,
w, = 4.5 mm is set as an optimum chosen value. The simulated
results of ISq;| for different w; values in the range between 0 to

1.6 mm are shown in Figure 5. With the increase of wj, the
impedance bandwidth becomes wider. But when w; =
1.6 mm, some part of the curve between two ISy;| dips is above
-10 dB. Hence, w3 = 1.3 mm is chosen in the design, which
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FIGURE 11 The measured results of IS;;| for four feed forms
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Normalized simulated and measured radiation patterns; A, x-z plane; B, y-z plane [Color figure can be viewed at

wileyonlinelibrary.com]

leads to a wide —10 dB impedance bandwidth of 13.26% (3.24
GHz ~ 3.70 GHz) in the simulation.

In addition, the simulated results of the RDRA fed by
four different feed forms are shown in Figure 6. Compared
with the 50 Q standard offset feed line, the offset-feed with a
tapered microstrip line can significantly increase the band-
width of the antenna, and the —10 dB impedance bandwidth
is increased from 3.43% (3.44 GHz ~ 3.56GHz) to 13.26%
(3.24 GHz ~ 3.70 GHz). The number of coupled antenna res-
onant modes changes from one mode to three modes. Com-
pared with the symmetrical feed mechanism, the use of an
asymmetrically offset-fed line can also increase bandwidth,
and the —10 dB impedance bandwidth is increased by 3.87
times. The offset-fed tapered line is therefore an optimum
selection when considering bandwidth enhancement.

3 | HCGF FED RDRA FABRICATION
AND MEASURED RESULTS

The HCGF microstrip line structure above is fabricated from
a sheet of HCGF with conductivity ¢ = 1.1 X 10°S/m using
laser engraving technique. The HCGF tapered microstrip
line is taped on the substrate with conductive silver glue,
and the substrate is fixed to the aluminum plate with four
screws. Next, RDRAs fed by different feed structure will be
fabricated and measured.

3.1 | RDRA fabricated with standard line

With the substrate and SMA connectors in place, the HCGF
fed RDRA with central standard microstrip line is shown in
Figure 7A,B shows the simulated and measures ISl response.
It can be observed that the measured results are very similar
with the simulated results. The HCGF-fed RDRA with offset
standard microstrip line fabricated by moving the DR is shown
in Figure 8A,B shows the simulated and measures ISyl
response. The measured result of -10 dB impedance bandwidth
is lightly narrower than the simulated bandwidth, but it still has
two resonant modes and can be improved.

The good agreements between the simulation and mea-
surement demonstrates that the HCGF is able to couple with
the RDRA.

3.2 | RDRA fabricated with central
tapered line

The HCGF fed RDRA with central tapered microstrip line is
shown in Figure 9A,B shows the simulated and measures |
S11l response. Similar results prove the feasibility of the
HCGF fed RDRA once again.

3.3 | RDRA fabricated with offset tapered line

The RDRA fed by tapered microstrip line is shown in
Figure 10. Figure 10A shows the HCGF-fed RDRA with
offset tapered microstrip line, as compared to a counterpart
made from copper in Figure 10B. The fabricated HCGF and
copper-fed RDRAs are measured with a Network Analyzer
(PNA, Keysight N5247A). The measured results of ISyl
responses are compared in Figure 10B. The results show that
there is a good agreement between the copper and HCGF
fed RDRA, but the HCGF fed RDRA has a lightly wider
bandwidth (3.25 GHz - 3.64 GHz). It can be observed that
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FIGURE 13 Measured gain and simulated radiation efficiency
[Color figure can be viewed at wileyonlinelibrary.com]
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the maximal IS1;| of the HCGF RDRA is smaller 4.19 dB
than the copper-fed RDRA, which is probably caused by the
air gap between the graphene films and substrate. The pro-
posed HCGF-fed antenna shows similar performance to the
metal antenna. In addition, the lower cost and lighter weight
of graphene antenna are good candidate.

In order to prove the advantage of offset tapered feed,
four feed forms discussed previously of RDRAs are mea-
sured. The measured results of ISyl responses are shown in
Figure 11. Compared to the simulated results in Figure 6, the
simulated results are better than the measured results, which
may be due to the coarse surface of the rectangular dielectric
resonator, the losses of connectors, and cables. However, the
overall trend of all curves is consistent. The measured
impedance bandwidth is 2.21% lower than the simulated
bandwidth, but it is still able to cover the 3.5GHz band
(3.3 GHz -3.6 GHz).

In addition to the IS;;| and bandwidth, the gain and the
radiation pattern are also very important factors for the antenna
performance. The radiation patterns of HCGF fed RDRA at
resonant frequency are measured in the microwave anechoic
chamber. The simulated and measured far-field radiation pat-
terns at 3.5GHz on x-z plane and y-z plane are shown in
Figure 12A,B. The antenna radiates at the broadside direction,
which is expected for the TEY,,, TE},;and a third adjacent
mode of RDRA. It is seen that the results of measurement
and simulation agree very well. On the x-z plane, the radia-
tion pattern is almost symmetrical in the operating frequency
range. As can be observed from the Figure 12, the maximum
radiation on the y-z plane deviates from the -x axis by 30°
due to the asymmetry of the RDRA placement. The cross-
polar radiation is —20 dB lower than the co-polar radiation.
Figure 13 shows the measured antenna gain and simulated
radiation efficiency. The largest gain in measurement is
4.48dBi at operating frequency, and the maximum of simu-
lated radiation efficiency can achieve 97.4%.

4 | CONCLUSIONS

In summary, a RDRA offset-fed by a HCGF-tapered micro-
strip line has been investigated and tested. The microstrip
width w, and overlapping width w; are demonstrated to be
effective in increasing coupling and enlarging impedance
bandwidth. The proposed antenna covers 3.25 GHz ~ 3.64
GHz, where the radiation patterns of measured and simu-
lated results are in good agreement. In addition, the peak
gain is 4.48dBi with high radiation efficiency (97.4%). The
results demonstrate that the high-conductivity graphene film
can be used to replace the copper for feeding the RDRA,
and the low conducticity gaphene film probably influences
the antenna performance. The proposed RDRA has novel
material, compact size, simple feed structure, and sufficient
bandwidth for 5G applications.
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Abstract

In this paper, we propose a hybrid shielding structure for
the reduction of the leakage magnetic field in the wire-
less power transfer (WPT) system operating at 175 kHz.
This structure consists of ferrite slab staked on the

WILEY-2¢

aluminum plate. The improvement in the magnetic field
reduction is achieved, while minimizing the power trans-
fer loss by optimizing the design parameters. The power
transfer efficiency and leakage magnetic field are ana-
lyzed and verified through simulation and experiment.
The experimental results show 77% power transfer effi-
ciency with proposed structure, while the normalized
leakage magnetic field strength was reduced up to 80%
compared with the conventional shielding structures.

KEYWORDS

hybrid shielding structure, magnetic field shielding, wireless power

transfer

1 | INTRODUCTION

Recently, wireless power transfer (WPT) technology has
been used in a variety of applications, including mobile
phones, home appliances, and electric vehicles.' WPT
technology has several advantages, such as an operation
without physical contact and in wet and dusty environ-
ments.* However, WPT system causes some problems,
including increased human exposure to electromagnetic
fields (EMFs) and electromagnetic interference with other
electrical devices due to accompanied relatively intensive
EMFs. To solve these EMF-related problems, various shield-
ing methods have been studied, focusing on shielding mate-
rials and structures.*® Efficiency is the most important
performance parameter for WPT systems. A coil structure,
matching circuit, and magnetic shielding structure are con-
sidered to improve power transfer efficiency.”'° In previous
research, the leakage magnetic field was reduced either by
using magnetic material to adjust the magnetic flux path or
by using conductive material to cancel the magnetic
field.'""'? This paper proposes a modified shielding structure
with the ferrite and aluminum that can reduce the leakage
magnetic field while maintaining high-power transfer
efficiency.

2 | WPT COIL SYSTEM

Figure 1 shows the coil model used in proposed WPT sys-
tem, which is designed using the Qi compliant A10 coil
model developed by the Wireless Power Consortium.'?* The
coil geometry consists of two layers with 10 turns. The inner
radius of coils is 10.8 mm, and the outer radius is 20.92 mm.
Input power is 200 mW at an operating frequency of 175
kHz. Figure 2 shows the conventional shielding methods
applied to the transmitting (Tx) coil to reduce the leakage
magnetic field generated from the WPT coil. Figure 2Aa
shows the WPT system using the ferrite. The ferrite has
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