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Abstract
Microwave dielectric ceramics are considered to be one of the key materials for di-
electric resonators (DR) and have very broad application prospects in the fifth genera-
tion (5G) mobile communication system. Here we have prepared high- quality factor 
Y3Al5O12 (YAG) transparent dielectric ceramics using high- purity α- Al2O3 and Y2O3 
powders by cold isostatic pressing of the vacuum sintered with tungsten meshes as 
the heating elements. Optimum relative permittivity (�

r
) ~10.53, quality factor Q × f 

(Q = 1/dielectric loss, f = resonant frequency) ~95, 270 GHz (at =7.37 GHz), and 
temperature coefficient of resonant frequency (TCF) ~ −51.7  ppm  °C−1 were ob-
tained at a sintering temperature of 1780°C for 12 h. For the first time, YAG trans-
parent ceramic dielectric resonator antenna (DRA) is designed as a dominant TE

y

111
 

mode and a higher- order TE
y

113
 mode using the aperture coupling feeding configura-

tion excitation. The proposed transparent dielectric ceramic DRA can provide a broad 
impedance bandwidth of 4.193 GHz (ranging from 21.90 to 26.09 GHz) for S11 < 
−10 dB, radiation efficiency of 92.1%, and compact DR unit. The proposed DRA 
can be used potentially as a 5G millimeter (mm)- wave multiple- input- multiple- output 
(MIMO) antenna unit.
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1 |  INTRODUCTION

With the rapid development of mobile data request, it is nec-
essary of the fifth generation (5G) mobile network to tremen-
dously increase communication capacity utilizing not only 
the extensive amount of spectrum in the millimeter- wave 
(mm- wave) band1,2 but also the large- scale multiple- input- 
multiple- output (MIMO) antenna systems.3,4 The MIMO 
technology is capable of improving the communication qual-
ity and increasing the channel capacity of a communication 
system by multiple antennas at both transmitter and receiver 
sides.5 Thus, MIMO technology becomes an effective tech-
nology in 5G mm- wave applications.6 However, in the mas-
sive MIMO systems, the miniaturization, lightweight, and 
high performance of the antenna elements will be needed 
urgently.

In recent years, researchers have worked on the design of 
dielectric resonator antenna (DRA) for MIMO antennas in 
the microwave and millimeter wave range,7,8 as DRA offers 
several advantages over microstrip patch antennas like wider 
bandwidth, higher gain and efficiency, and easier excitation.9 
In addition, DRA is made purely of dielectric, so even in the 
mm- wave frequency band, its loss can be kept at an extremely 
low level. All of these properties make DRA an excellent an-
tenna candidate for mm- wave applications.10 Recently, some 
reported articles mainly concentrate on DR- based 5G mm- 
wave antennas for decoupling, wideband, and array appli-
cations.7,11,12 However, most of the DR materials applied in 
these antennas use a mechanical mixture of organic polymer 
and ceramic powder, which is difficult to ensure its isotropy. 
Besides, the dielectric loss of DR is commonly not well con-
sidered, which will reduce the radiation efficiency of the 
antenna element and increase the design complexity of the 
MIMO system.

At present, the microwave dielectric ceramic DRA has 
the advantages of small size, light weight, and high- quality 
factor (Q) and offers wide application prospects in the 5G 
market, so that it is gradually becoming the mainstream of 
5G mm- wave applications.13 Electromagnetic resonance oc-
curs within the ceramic dielectric material, so that higher 
demands are placed on the performance of dielectric micro-
wave ceramic materials: (a) Suitable dielectric constant (�

r

). High dielectric constant can make the size of the device 
miniaturized, but too much dielectric constant increases the 
transmission loss. Therefore, it is necessary to consider the 
design requirements of the device in order to select an ap-
propriate dielectric constant. (b) High Q. The higher the Q, 
the smaller the dielectric loss of the DRA, which can achieve 
better antenna radiation performance. Yttrium Aluminum 
Garnet (Y3Al5O12, YAG) transparent ceramics are poten-
tial candidates for 5G mm- wave applications due to their 
excellent properties, such as suitable dielectric constant, 
low dielectric loss, corrosion resistance, high- temperature 

stability, and high transparency.14– 16 Usually, two raw ma-
terial powders Y2O3 and Al2O3 are mixed to prepare YAG 
transparent dielectric ceramics through solid- state reaction 
sintering.17– 20 And solid- state reaction sintering is a rela-
tively simple method of making transparent YAG dielectric 
ceramics, and by changing the amount of reactant powder 
during the dispensing process, it is easy to achieve a range of 
compositions.21,22 Finally, YAG powder with high sinter abil-
ity can be produced by vacuum sintering to produce a fully 
dense and transparent dielectric ceramic.23 Until now, how-
ever, YAG transparent dielectric ceramic has been viewed as 
one of the challenging raw materials for laser processing in 
military applications.24,25 If YAG transparent dielectric ce-
ramics with these excellent properties can be applied to 5G 
millimeter wave MIMO systems, the antenna elements can 
achieve miniaturization, light weight, and excellent radiation 
performance.

In this work, YAG transparent ceramics were produced 
by vacuum sintering with cold isostatic pressing (CIP) using 
tungsten fabric as a heating element. We investigated the mi-
crostructure, phase structure, transparency, and microwave 
dielectric properties of YAG transparent ceramics. Then 
the YAG transparent microwave ceramic is designed as a 
5G mm- wave rectangular DRA element of the MIMO an-
tenna, which is fed through the aperture coupling structure. 
Nevertheless, the dimensions of the DRA must be as large 
as possible for easier fabrication. In addition, in the milli-
meter wave frequency band, the fabrication tolerance of the 
DRA must be as accommodating as possible to minimize the 
effects of fabrication error. The time domain finite element 
simulation software CST Microwave Studio2019® is used 
to simulate the performance of the proposed DRA and pro-
cess the model according to the optimized size. Finally, the 
radiant performances of the rectangular DRA element were 
measured in an anechoic chamber of mm- wave, including the 
reflection coefficient, radiation pattern and gain. The results 
of simulation agree well with the measurement (Figure 1).

2 |  RESULTS

Crystal structure was examined by X- ray diffraction (XRD) 
analysis as shown in Figure 2A. XRD pattern of YAG trans-
parent ceramics showed that α- Al2O3 and Y2O3 were used 
as raw materials for production. After sintering for 12 h at 
1780°C, they were tempered for 10 h at 1450°C and finally 
had cubic garnet structure.26 All peaks were marked as spinel 
phase (JCPDS: 01- 071- 0255), the figure shows that there is 
no secondary phase. After mirror polishing, the YAG trans-
parent ceramic samples were thermally etched to observe the 
microstructure and grain boundaries of the crystal grains by 
scanning electron microscope (SEM) photographs. Figure 2B 
shows that the sintered body has a uniform microstructure, 
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and there are no pores and impurities in or between the 
grains, and the average grain size is 0.059 mm. At the same 
time, YAG transparent ceramics have high transparency at 
wavelengths ranging from the ultraviolet to the midinfrared, 
which can be applied to a decorative antenna or a transpar-
ent multifunctional antenna; it will make the DRAs resonator 
material more abundant and more choice. In Figure 2C it can 
be seen that the transmission curve of the YAG transparent 
ceramics sample with a thickness of 1.02 mm is transparent 
in the wavelength range from 0.2 to 6.5 μm and the transmis-
sion in the range from 0.35 to 5.5 μm 82% can reach. Table 1 
shows the dielectric properties of YAG transparent ceramics 
and corresponding microwave ceramics. The YAG transpar-
ent ceramics not only has a good microwave dielectric prop-
erties with a relative permittivity ~10.53, a Q × f ~ 95, 270 
@ 7.37 GHz and a TCF ~ −51.7 ppm °C−1 but also have a 
suitable relative permittivity (�

r
= 10.53) and low dielectric 

loss (tg� = 7.73 × 10−5); it is very suitable for use in millim-
eter wave antennas. In addition, the dielectric properties of 
the samples were obtained through closed- cavity resonance 
testing. This method is a common method for testing the 

dielectric constant and loss tangent of microwave dielectric 
materials.

To further investigate the inherent dielectric properties of 
YAG transparent ceramics, we used the classical harmonic 
oscillator model to analyze the infrared reflection spectrum 
of the YAG:

The understanding of the relevant terms in the formula 
(1) is described in detail in the literature.27 The relationship 
between the complex reflectivity R (�) and the dielectric con-
stant can be expressed as follows:

The infrared reflection spectrum of YAG transparent ce-
ramics can be analyzed in sixteen modes. Table 2 shows the 
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F I G U R E  1  The schematic diagrams 
of experimental preparation processes of 
the YAG transparent microwave dielectric 
ceramics [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  2  (A) X- ray diffraction 
(XRD) pattern of YAG transparent ceramics 
sintered at 1780°C (the inset is the crystal 
structure of YAG) and SEM image (B) (the 
inset is a schematic diagram of the grain size 
of YAG). (C) In- line transmittance of YAG 
transparent ceramics at ultraviolet, visible, 
and infrared wavelengths [Color figure can 
be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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relevant phonon parameters of YAG transparent ceramics 
as representative data. Based on group theory prediction, it 
has 17Au  +  19Bu infrared activation modes. Therefore, the 
number of fitted modes is less than the theoretical calcula-
tion modes. Figure 3A shows the fitted infrared reflection 
spectrum and the complex relative permittivity. The calcu-
lated real part of the relative permittivity of YAG transparent 
ceramic is 10.53. In addition, it can be observed that the val-
ues tested by TE

01�
 almost agree with the real and imaginary 

parts of the calculated relative permittivity. This shows that 
in the microwave frequency band, the dielectric polarization 
of YAG is mainly caused by the absorption of phonons in the 
infrared region.

For the YAG transparent ceramics, we suggest rectangu-
lar broadband DRA element for 5G mm- wave applications. 
Figure 3B shows the geometry of the proposed linear po-
larization DRA element which fed by an aperture coupling 
structure, the feed structure consisting of a coupling slot in 

the ground plane, and a microstrip line opposite the ground 
plane composition. The length of YAG DR (�

r,DR
  =10.53; 

tanδ = 7.73 × 10−5) is a and its width d, and the bottom is tightly 
connected to the slot etched in the center of the grounded 
Rogers RT5880 substrate (�

r,DR
 =2.2; tanδ = 0.0009) with 

a thickness of g. The width of the microstrip line is wf, the 
length of the slot is ws, and the width is ls. L is defined as the 
side length of the substrate and L

m
 is the short length of the 

microstrip line outside the slot. The microstrip line extends to 
the edge of the substrate where a 50 Ω wave port is used for 
excitation.28 On this basis, the antenna element was designed 
and optimized in CST,29 and Table 3 contains the design pa-
rameters of the proposed antenna.

3 |  DISCUSSION

In this section, the operating mechanism of the proposed 
the rectangular broad- band DRA is investigated. Figure 3B 
shows the configuration of the aperture coupling rectangular 
DRA, with the designed resonance frequencies being 22.58 
and 25.0 GHz. The slot along the y- direction is placed be-
neath the DRA centrally. It is worth noting that the reason 
for using the microstrip feedline here is very simple as it is 
easy to design and manufacture. By using image theory, an 
isolated rectangular dielectric resonator with a height of 2d 
is analyzed. The dielectric waveguide model (DWM)30 can 
be conveniently used to find the resonance frequencies of 
various rectangular DRA modes. In this model, the modes of 
the rectangular dielectric waveguide can be divided into two 
modes, TM

y

mnl
 and TE

y

mnl
, where m, n, and l represent the num-

ber of extremes in the x, y and z directions, respectively.11 
The TE

y

111
 mode corresponding to the fundamental resonance 

frequency of the rectangular DRA is defined as follows:
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c
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T A B L E  1  Comparison of the performance of YAG transparent ceramics and other dielectric ceramics with similar dielectric properties

Sample Ts (°C) �
r

Q × f  
(GHz) f  (GHz) tan� TCF (ppm °C−1) References

Y3Al5O12 1780 10.53 95,270 7.37 7.73 × 10−5 −51.7 This work

CaWO4 1150 10.40 63,000 10.0 1.5 × 10−4 −24.4 [36]

ZnAl2O4- TiO2 1380 10.30 79,800 11.17 1.4 × 10−4 −21.5 [37]

MgAl2O4- TiO2 1450 10.70 10,540 7.5 7 × 10−4 −12 [38]

CaGe2O5 1180 10.90 39,000 10.0 2.5 × 10−4 NA [39]

Abbreviation: TCF, temperature coefficient of resonant frequency.

T A B L E  2  Phonon parameters of YAG transparent ceramics were 
determined by fitting the infrared reflection spectrum

Mode �oj �pj �j Δεj

1 156.67 337.65 96.73 4.64

2 164.21 238.62 1.03 2.11

3 218.54 211.25 3.90 0.93

4 266.51 408.17 41.10 2.35

5 286.84 248.22 5.03 0.75

6 323.34 363.38 9.02 1.26

7 367.06 423.39 16.53 1.33

8 389.40 231.99 8.37 0.36

9 423.29 399.30 16.01 0.89

10 446.79 265.06 10.41 0.35

11 510.17 95.64 9.01 0.03

12 564.00 124.94 9.24 0.05

13 688.30 384.33 22.46 0.31

14 724.93 334.02 24.18 0.21

15 786.55 213.19 12.72 0.07

16 798.00 183.63 40.38 0.05

YAG transparent ceramics, ε∞ = 3.54, �
0
= 10.52.
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where kx, ky, and kz are wave- numbers along the x- , y-  and z
- directions, respectively. And c is the speed of light.

Figure 4 shows the distribution of the electric field of the 
DRA simulated by CST. It can be seen from the figure that 
the frequency corresponding to the dominant mode TE

111
 

is f
1
 and the frequency corresponding to the higher- order 

mode TE
113

 is f
2
. It can be found that there is a semicircu-

lar electric field in Figure 4B in the internal electric field 
corresponding to the resonant frequency of mode TE

y

111
 at 

22.58 GHz. Due to the mirror effect of the ground plane, a 
full loop is generated on the z- axis that is equivalent to the 
TE

y

111
 mode.31 Meanwhile, the internal E fields of the TE

y

113
 

mode at 25.0 GHz,9 there are the three semicircular electric 
field in Figure 4D. This figure illustrates that the dominant 
mode (TE

y

111
) and high- order mode (TE

y

111
) of the rectangular 

YAG transparent ceramic are excited to realize a dual- band 
broadband antenna element.32

Figure 5A shows the antenna measurement setup of the 
microwave anechoic chamber, and Figure 5C,D exhibits the 
photograph of the implemented rectangular DRA element. In 
Figure 5B, the simulated and measured S11 results of the pro-
posed YAG transparent ceramic DRA element are compared. 
The measured bandwidth is 4.19 GHz (ranging from 21.90 to 
26.09 GHz) for S11 < −10 dB, and the simulated bandwidth is 
5.04 GHz (ranging from 21.30 to 26.34 GHz) for S11 < −10 dB. 
It is obvious that the simulated bandwidth is larger than the 
measured bandwidth, which can be attributed to the manufac-
turing deviation of the proposed DRA element. The simulated 
and measured resonant frequencies at both lower resonant fre-
quency (22.58 GHz) and upper resonant frequency (25.0 GHz) 
show good agreement, indicating that the YAG transparent ce-
ramic DR are fabricated to be the right dielectric properties.

To demonstrate the radiation performance of the rect-
angular DRA element, the normalized far- field radiation 
patterns were simulated and measured at the frequencies of 
22.58 and 25.0  GHz in the plane phi=0° and phi=90°, as 
shown in Figure 6. It can be seen from the figure that the 
broadside radiation pattern is observed at both resonance fre-
quencies. In the boresight (� = 0

◦) direction, the H- plane (x- z 
plane) and E- plane (y- z plane) copolarized fields are stronger 
than their cross- polarized counterparts by near 20 and 30 dB, 

F I G U R E  3  (A) The experimental and fitted infrared reflectance spectrum curves of YAG (the black solid line is the fitted, the red circle is 
the experiment) and the YAG fitted complex dielectric spectrum curve (the square and circular numerical points are measured by closed cavity 
resonance in the microwave value). (B) Schematic diagram of rectangular dielectric resonator antenna (DRA) structure [Color figure can be viewed 
at wileyonlinelibrary.com]

T A B L E  3  Design the specific parameters of the optimized 
rectangular DRA

Parameter name Parameter name Value (mm)

R- DRA side a 5.20

R- DRA height d 1.06

Substrate thickness g 0.254

Substrate length L 22.6

Slot width ws 0.31

Slot length ls 2.05

Microstrip feed width wm 1.23

GP side length lm 1.25

Abbreviation: DRA, dielectric resonator antenna.

www.wileyonlinelibrary.com
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respectively. The ripple of the measured pattern is mainly 
caused by the diffraction of the limited ground plane and the 
antenna mount.10 In general, the measurement results of the 
radiation pattern agree well with the simulation results.

The simulated and measured results of the realized gain of 
the proposed rectangular YAG transparent ceramic DRA at 
� = 0

◦ and � = 0
◦ are shown in Figure 7. With reference to 

the figure, the measured realized gain varies between 5.70 and 
6.53 dB and the simulated result shows the realized gain vari-
ation between 5.78 and 6.86 dB, which is slightly larger than 
the measurement result. When testing the gain of the antenna, 
we used the gain- comparison method which the maximum ra-
diation intensity of the antenna under test is compared with the 
maximum radiation intensity of a standard antenna with known 
gain by way of comparison, and finally, the gain of the antenna 
under test is obtained. Therefore, the loss of the cable has been 
taken into account in the test. Meanwhile, in the simulation, 
the port used the lossless waveguide port, and in the antenna 
measurement, a 50 SMA (2.92 mm DC- 40 GHz) connector was 

used. As a result, there is a certain gap between the test and 
simulation results. At the same time, the simulated radiation 
efficiency in the entire frequency band exceeds 92.1%. The ef-
ficiency is slightly higher than that of conventional DRA.33,34

We compared the DR materials of different DRAs for 5G 
mm- wave applications. As seen from Table 4, we can find that 
most of the currently reported mm- wave DR materials are gen-
erally dielectrics or rogers with high dielectric constant. Due 
to the loss and dispersion, effect of generally dielectrics DR is 
much serious in the mm- wave frequency band, which might 
bring some problems to the design of DRA. Meanwhile, The 
radiation efficiency of the antenna element is closely related to 
the Q × f value of DR materials. However, the YAG transpar-
ent ceramics have optimum dielectric loss ∼ 7.73 × 10−5, Q × f 
(Q = quality factor =1/dielectric loss, f = resonant frequency) 
∼95, 270 GHz @ 7.37 GHz, which enables the designed DRA 
element to have high radiation efficiency, and the suitable di-
electric constant of YAG transparent ceramics not only can 
make the size of the device miniaturized but also makes easier 

F I G U R E  4  E- field distribution of TE
y

111
 

mode at 22.58 GHz: (A) x y- plane, (B) y 
z- plane, and TE

y

113
 mode at 25.0 GHz: (C) x 

y- plane, (D) y z- plane [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  5  (A) The microwave 
anechoic chamber used for antenna 
measurement. Prototype of a rectangular 
DRA: (C) top view, (D) bottom view. (B) 
Measured and simulated S11 results of the 
proposed rectangular dielectric resonator 
antenna (DRA) element [Color figure can be 
viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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fabrication. The dielectric constant of YAG transparent ceram-
ics does not change with frequency. Furthermore, the YAG 
transparent ceramics have consistently high transmittance 
from ultraviolet to mid- wave infrared, which can be applied to 
a decorative antenna or a transparent multifunctional antenna; 
it will make the DRAs resonator material more abundant and 
more choice. For the above reasons, the YAG transparent ce-
ramics has been chosen the resonator material of the 5G milli-
meter wave MIMO antenna element.

In this study, the YAG transparent dielectric ceram-
ics were manufactured by CIP using tungsten meshes as a 

heating element for vacuum sintering. The ceramics sintered 
at 1780°C have outstanding dielectric properties of �

r
∼ 10.53

, Q × f ∼ 95, 270 GHz and a TCF ∼ −51.7 ppm °C−1. Since 
the YAG transparent ceramic has a suitable relative permit-
tivity, low dielectric loss, and good optical properties, it is be-
coming a promising material for YAG transparent dielectric 
ceramic DRA for 5G mm- wave application for the first time. 
The proposed rectangular broad- band DRA element was ex-
cited in its dominant TE

y

111
 mode and higher- order TE

y

113
 mode 

using the aperture coupling feed configuration. Measured re-
sults show that DRA for S11 < −10 dB has a broad bandwidth 
of 4.19 GHz (from 21.90 to 26.09 GHz), and the measured 
gain varies between 5.70 and 6.53  dB over the entire fre-
quency band. The measurement results are compared with the 
simulation results, and the results show good agreement. The 
radiation performance of the proposed DRA shows that it is a 
good candidate for 5G mm- wave MIMO antenna application.

4 |  MATERIALS AND METHODS

4.1 | Sample synthesis

The raw material used for Yttrium Aluminum Garnet 
(Y3Al5O12, YAG) is high- purity α- Al2O3 powder (pu-
rity>99.99%, Aladdin Reagent (Shanghai) Co., Ltd.), Y2O3 
powder (purity>99.99%, China Yue- long New Material Co., 

F I G U R E  6  Measured (dotted line) and 
simulated (solid line) normalized radiation 
patterns of the proposed rectangular 
dielectric resonator antenna (DRA). (A) 
xoy plane, (B) yoz plane of the normalized 
radiation patterns at 22.58 GHz (TE

y

111
). (C) 

xoz plane, (D) yoz plane of the normalized 
radiation patterns at 25.0 GHz (TE

y

113
) [Color 

figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  7  Measured (black curve) and simulated (blue curve) 
gain and simulated radiation efficiency (red curve) of the proposed 
rectangular dielectric resonator antenna (DRA) element [Color figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Ltd.) used. The starting powder was weighed according to the 
stoichiometric ratio of YAG and ball- milled for 12 h in an etha-
nol solution, and 0.5 wt% by weight of tetraethyl- orthosilicate 
(TEOS, purity>99.99%, Sigma- Aldrich) was added as a sinter-
ing additive. The powder mixture was dried at 120°C for 24 h 
and sieved through a 200- mesh sieve. The organic components 
were removed by calcination at 800°C for 3 h, and the powder 
was dry- pressed at 15 MPa. The green pellets were cold isostat-
ically pressed at 200 MPa / 3 min. The compacted pellets were 
then passed through a vacuum furnace at 1780°C and 10−3 Pa 
and sintered for 12 h with a tungsten wire mesh as a heating 
element. After vacuum sintering, the sintered precursor was 
further annealed in air at 1450°C for 10 h. The samples were 
processed on both sides and optically polished. A schematic 
diagram of the experimental process is shown in Figure 1.

4.2 | Structural microstructural 
characterizations and microwave 
dielectric property

Linear transmittance of transparent ceramics was tested by the 
Cary- 5000 UV- VIS- NIR spectrophotometer produced by the 
American Varian Company. All the tests were carried out at 
room temperature. Before testing, samples were polished on 
both sides. The crystal phases were characterized by XRD 
(Rigaku D / MAX- 2400), where the Cu- Kα radiation (Bruker 
D2 Phaser) in 2� is between 5° and 65° and has a step size of 
0.02°. A scanning electron microscope (Type: Quanta F250) 
was used to measure the microstructure of YAG ceramic sam-
ples. The infrared reflection spectroscopy was characterized 
with a Bruker IFS 66v FTIR spectrometer (China, NSRL). The 
dielectric properties of the microwave are characterized using 
a microwave network analyzer (HP8720ES, Agilent) using 
the TE

01�
 dielectric resonator method.35 The TCF was tested 

with a Delta thermostat (model: Delta 9023, at a temperature of 
25°C). The calculation of the TCF (� f) is as follows:

where f
25

 and f
85

 are the TE
01�

 resonant frequencies at 25°C and 
85°C, respectively.

4.3 | Antenna characterizations

The DRA was designed and optimized in the time domain finite 
element simulation software CST MicrowaveStudio2019®, 
and the return loss S11 of the DRA was tested using a Vector 
Network Analyzer (VNA) model HP8720ES, Agilent. And 
before use, the instrument should be calibrated with the an-
tenna test port standard. Furthermore, a 50 Ω SMA (2.92 mm 
DC- 40  GHz) connector is used with the antenna measure-
ment. A radiation pattern defines the variation of the power 
radiated by an antenna as a function of the direction away 
from the antenna. The radiation patterns in plane � = 0

◦ and 
� = 90

◦ were tested microwave anechoic chamber by rotat-
ing the antenna method. And we used the gain- comparison 
method which the maximum radiation intensity of the an-
tenna under test is compared with the maximum radiation 
intensity of a standard antenna with known gain by way 
of comparison, and finally, the gain of the antenna under 
test is obtained. All the above tests were performed in a 
millimeter- wave far- field anechoic chamber, and the 50 Ω 
SMA (2.92 mm DC- 40 GHz) connector was purchased from 
Gwave Technology Inc.
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(6)TCF
(
� f

)
=

f
85
− f

25

f
25
× (85 − 25)

× 10
6

DR materials �
0

tg� Dispersion BW (GHz) References

YAG ceramic 10.53 7.73 × 10−5 Low 21.90- 26.09 This work

Dielectric 5.7 N/A High 27.70- 32.70 [40]

Eccostock hik 10.0 0.002 High 23.30- 24.59 [10]

Rogers 6010 10.2 0.002 High 62.70- 73.90 [11]

Dielectric 9.8 N/A High 27.25- 28.59 [8]

Abbreviation: DR, dielectric resonator.

T A B L E  4  Performance comparison of 
different DR materials for 5G millimeter- 
wave applications
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