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ABSTRACT: Transparent material has been widely used in product design and has seen a large
increase in its use. In this paper, a kind of aesthetically decorative 5 GHz Wi-Fi dielectric resonator
antenna (DRA) of aluminum oxynitride (AlON) transparent ceramic has been designed. High-
quality-factor AlON transparent dielectric ceramics were fabricated by presintering at 1780 °C and
further cold isostatic pressing (CIP) under a 200 MPa argon atmosphere. For a 9.0 mm thick
specimen, the in-line light transmittance reached 83%. Optimum dielectric constant (εr = 9.32),
quality factor (Qf = 47 960) and temperature coefficient (TCF = −51.7 ppm/°C) was achieved in
the AlON transparent ceramic by cold isostatic pressing. As a result, the proposed aesthetically
decorative DRA can achieve an impedance bandwidth of 32% (4.48−6.19 GHz), a high radiation
efficiency of 85%, and a low cross-polarization discrimination (XPD) of −30 dB. To achieve a
broad bandwidth, the proposed antenna was excited in its dominant TE111

x mode and higher-order
TE113

x mode. The proposed antenna is thus an excellent candidate for an indoor decoration Wi-Fi
antenna.
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■ INTRODUCTION

With the rapid progress in developing advanced smart home
devices, indoor Wi-Fi devices are ubiquitous in modern urban
spaces.1 Sleeve antennas are attractive for indoor Wi-Fi wireless
communication systems because they have simple structures
and low cost.2−4 However, the gain of a conventional sleeve
antenna is relatively low, which limits the transmission range.5 In
addition, external sleeve antennas look unaesthetic and are
contrary to the concept of a smart home. Therefore, the idea of
designing an indoor aesthetically decorative Wi-Fi antenna with
high gain and low loss is attractive.
It is well-known that the dielectric resonator antenna (DRA)

was originally proposed by Long et al.6 Compared with DRA,
sleeve antennas with metallic structures as radiating elements
suffer from low radiation efficiency due to ohmic losses that can
be remedied by usage of a DRA.7 DRAs have been proven to
have superior properties such as small volume, lower loss, and
easy excitation.8,9 Most of the early investigations of the DRA
were done for different applications. In 2012, as a special type of
DRA, aesthetically decorative DRA was first proposed by Leung
et al.10 This idea was proved by using commercial transparent
SiO2 (εr = 7) glass decorations. Finally, the aesthetically
decorative DRAs are excited in the broadside radiation modes
using the aperture coupling feeding configuration excitation. In
some applications, such as indoor Wi-Fi wireless communica-
tions, however, the index of refraction of transparent glass
materials is generally less than 1.5, which is slightly worse for

DRA applications.11 In addition, the refractive index of
transparent glass material is not a fixed constant, but has
different values for different transmission wavelengths,12 which
is also a common concern of all antenna engineers.
Excellent dielectric properties of the dielectric resonator (DR)

are required to make the prototype agree well with the simulated
model. Compared with quartz glass, aluminum oxynitride
(AlON) transparent ceramics possess low dispersion,13 light
weight,14 high optical transmittance,15 and outstanding
mechanical properties.16 Common transparent decorative
materials such as plastic, glass, etc., are difficult to use in
microwave devices because of their low dielectric constant and
deteriorative dispersion.11 At the same time, transparent crystals
are difficult to use widely in microwave devices because they are
difficult to process in large quantities. Figure 1 shows the
performance characteristics of several transparent decorative
materials. Because the resonance of electromagnetic waves in a
DR occurs inside the ceramic dielectric material, the perform-
ance of AlON transparent ceramics material is subjected to the
higher demands of suitable permittivity (εr), which can realize
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the broadband design of the DRA,17 and must satisfy the
manufacturing tolerances of the DRA as far as possible.18 Higher
quality factor (Q = 1/tan δ) can achieve a higher radiation
efficiency of the DRA.19 The dispersion effect, the relative
permittivity of microwave dielectric ceramic materials, is a
constant value in the microwave frequency band.20 On the basis
of the demands mentioned above, AlON transparent ceramics
material is seen as a promising candidate in the design of the
aesthetically decorative DRA. At present, AlON transparent
ceramics have been widely applied in many fields, such as IR/
visible windows,21 electron microscope domes,22 transparent
armor,23 and smartphone tablet panels.24 Generally speaking,
there are two manufacturing processes for obtain AlON
transparent ceramics: a one-step synthesis method and a two-
step synthesis method. For the one-step synthesis method, the
raw materials are compacted directly and AlON transparent
ceramics are synthesized through in situ reactions between the
raw materials.25,26 For the two-step synthesis method, AlON
powders are first synthesized by the carbothermal reduction
reaction of Al2O3 and AlN powders by plasma arc synthesis and
self-propagation high-temperature synthesis. The as-prepared
AlON powder is then used to produce AlON ceramics using
pressureless sintering, hot pressing, and cold isostatic pressing
(CIP) techniques.27 For the one-step method, however, the
current AlON powders often have unstable properties because
of the instability of the preparation process, which makes the

whole AlON transparent ceramics preparation process difficult
to control.28 Until now, highly transparent AlON ceramics have
usually only been produced using a two-step synthesis
process.29−31

In this paper, the wideband low loss aesthetically decorative
ceramics DRA is designed. The ceramic DRA has a transparent
rectangular block shape in which the interior has a laser engraved
school logo. In addition, AlON transparent ceramics are
prepared by carbothermal reduction nitriding of pure AlON
powder and sintered under cold isostatic pressing. It is to be
noted that in this work, the prepared AlON transparent ceramic
has excellent microwave dielectric properties, making it a good
candidate for application in the design of DRAs. At the same
time, an indoor aesthetically decorative Wi-Fi DRA is designed
for incorporation into the concept of a smart home.

■ RESULTS AND DISCUSSIONS

Figure 3a displays the XRD patterns of AlON transparent
ceramic samples sintered at their optimum temperatures. It is
clearly observed that all the diffraction peaks can be attributed to
the standard AlON cubic spinel phase (JCPDS: #48−0686), and
no secondary phase was detected.32 The schematics of the
crystal structure are shown in inset of the Figure 3a. The AlON
transparent ceramic was sintered bodies with La2O3 sintering
aids in cold isostatic pressing. As can be seen, after the AlON
transparent ceramic sample was thermally etched, the micro-
structure and grain boundaries of the crystal grains can be
observed. Figure 3b is an SEM image of AlON transparent
ceramics. It can be seen from the figure that the microstructure
of the sintered body is uniform; there are no pore or impurities
between the insides of the crystal grains and the crystal grains,
and the mean grain size of the AlON transparent ceramic sample
is 264 μm. Meanwhile, AlON transparent ceramic samples have
high transparency, and the transmittance curve is shown in
Figure 3c. It can be observed from the figure that when the
thickness of the AlON transparent ceramic sample is 9.0mm, the
sample has a good transmittance in the wavelength regions of 0.2
to 5.4 μm, and the transmittance in the wavelength regions of
0.35 to 4.0 μm can reach 83%.
The AlON transparent ceramics not only have good strength

and stable chemical properties but also optimum microwave
dielectric properties with a dielectric constant of ∼9.32, Qf ∼
47 960 @ 8.25 GHz. Among them, the dielectric constant and
loss tangent of the ceramic sample are calculated using the
closed-cavity resonance method. This measuring system (Figure

Figure 1. Schematic diagram of the performance characteristics with
different transparent decorative materials.

Figure 2. Schematic diagram of the experimental synthesis strategy of the AlON transparent ceramic sample.
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4a) commonly uses the Rayleigh−Ritz method (RRM)33 to
collect sample resonance frequency ( f 0) of the TE01δmode, and
then calculates the relative permittivity (εr) and loss tangent (tan
δ) of the transparent ceramics by the size and f 0 of sample.
A classical harmonic oscillator model (see eq 1) was used to

analyze the infrared reflectance spectra of the AlON transparent
ceramic sample to further study its inherent microwave
dielectric properties.

∑

∑

ε ω ε
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The detailed explanation of the associated symbols in the above
equation can refer to the previous literature.34 Meanwhile, the

relationship between complex reflectivity and relative permit-
tivity can be expressed as

ω
ε ω
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As it is in the microwave frequency band ω ≪ ωpj, the far-
infrared reflection spectrum of the sample has a good fitting.
Therefore, according to formula 3, the real and imaginary parts
of the dielectric constant of AlON transparent ceramic can be
easily obtained.
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Figure 3. (a) X-ray diffraction patterns of AlON ceramic samples sintered at 1780 °C (inset is a schematic representation of the crystal structure of
AlON ceramic). (b) SEM image and grain distribution size statistics of transparent ceramic samples. (c) In-line transmittance of the AlON transparent
ceramic sample at UV−vis−NIR wavelengths.

Figure 4. (a) Schematic diagram of resonant cavity measurement of dielectric properties. (b) Schematic diagram of infrared beamline measurement of
far-infrared spectra. (c)Measured and fitted infrared reflectance spectroscopy (solid line stands for fitted, circle represents themeasurement) and fitted
complex dielectric spectra of AlON transparent ceramic samples (square and circle represent the closed-cavity test).
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For most microwave dielectric ceramics, the dielectric
constant (εr) in the microwave frequency region is mainly
determined by electronic displacement polarization and ionic
displacement polarization. Among them, the optical frequency
dielectric constant produced by electronic displacement polar-
ization is ε(∞). As shown in Figure 4c, the infrared reflection
spectrum of AlON ceramic samples at room temperature could
be appropriately fitted by using six Lorentzian modes. Table 1

lists the phonon parameters corresponding to AlON transparent
ceramics in Lorentzian modes as representative data. Fur-
thermore, Figure 4c also shows the fitted spectrum of the
complex permittivity. Meanwhile, as shown in Figure 4c, the
experimental value obtained by the TE01δ method is consistent
with the calculated value of the complex permittivity obtained by
fitting the far-infrared spectrum. This phenomenon indicates
that in the microwave region, the polarization of dielectric
ceramics is mainly caused by the absorption of phonons in the
infrared region.17

The AlON transparent ceramics have excellent microwave
dielectric properties and high transparency.We propose a 5GHz
Wi-Fi aesthetically decorative DRA, as shown in Figure 5. It is
composed of a rectangular transparent decorative ceramic DR
and ametal ground on one side of the substrate, and a microstrip
line aperture coupling feed structure is formed on the other side
of the substrate. Among them, the aesthetically decorative DR
was made by laser internal engraving the Jiao Tong University
logo pattern inside the transparent ceramic. The length, width,
and height of the aesthetically decorative DR (εr,DR = 9.32; tan δ

= 1.72 × 10−4) are a, b, and h, respectively. And the decorative
DR would be mounted on the aperture position etched in the
center of a Rogers-5880 grounding (εr,sub = 2.2; tan δ = 0.0009)
of thickness d that was purchased from Ao-ling Electronic
Technology Co. Ltd. The dimensions of the microstrip-line and
aperture are shown in Figure 5b, c, one end of the microstrip
stretches to the edge of the Rogers-5880 printed circuit board,
and a 50 Ω 2.92 mm connector is used at the end of the
microstrip line for excitation. On the basis of this arrangement,
the 5 GHz Wi-Fi decorative DRA was designed in commercial
software CSTMicrowave Studio and is simulated through FDTD
solver, and the final optimized parameters are shown in Table 2.

In this part, first, a single rectangular DR with a height of 2h
was studied through image theory.35 Meanwhile, rectangular
DRA have been modeled as the dielectric waveguide model
(DWM)36 to find their resonance frequencies of the rectangular
DRA. For a rectangular DRA having a dielectric constant of εr
and dimensions of a, b, and h mounted on a perfect infinite
ground plane, the resonant frequency fmn of the TEmnl

x mode,
among them, the m, n, and l stand for the number of extreme
values in the x-, y-, and z-directions, respectively. The
characteristic equations of the wavenumbers Kx, Ky, and Kz for
the TEx

mnl mode can be derived using Maratelli’s approximation
technique37 as in the following equation

π ε

ε

= −

= [ − − ]

−k a m k k

k k k

2tan ( / / )

( 1)

x x x

x x

1
r 0

0 r 0
2 2 1/2

(4)

π μ

ε

= −

= [ − − ]

−k b n k k

k k k
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y y y

y y

1
r 0

0 r 0
2 2 1/2

(5)

Table 1. Phonon Parameters Obtained from the Fitting of the
Far-Infrared Reflectivity Spectra of the AlON Transparent
Ceramic Sample

mode ωoj ωpj γj ΔEj

1 350.01 130.99 32.64 0.14
2 397.30 223.15 64.34 0.32
3 516.59 589.93 119.23 1.3
4 661.09 655.42 130.73 0.98
5 779.33 443.03 120.97 0.32
6 922.34 142.79 46.26 0.02
AlON ε∞ = 2.49 ε0 = 9.32

Figure 5. Configuration of the aesthetically decorative DRA. (a) 3D view. (b) Top view. (c) Side view.

Table 2. Optimized Parameter Values

param value (mm) param value (mm)

a 16.0 wm 4.7
b 10.9 lm 4.5
h 16.0 d 1.524
ls 9.2 l 40.0
ws 2.2 - -
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z z
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where Kx0, Ky0, and Kz0 are decay constants of the field outside
the DRA, and K0 is the free space wavenumber that can be
determined from the Kx

2 + Ky
2 + Kz

2 = εrk0
2.

The radiation Q factor of rectangular DRA can be calculated
using9 the following equation

ω
=Q

W
P
2 e

rad (7)

where Prad and We are radiated power and stored energy,
respectively, and ω = 2πf 0. The radiated power and stored
energy are given by the following formulas
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x y z
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where A is a constant related to the maximum amplitude of the
fields. For the DRA present in Figure 5, which would have value
of b = 10.9 and εr = 9.32 at a/h = 1, the value of radiation factorQ
≈ 7.11 can be calculated according to formulas 7 and 8.
It is shown that the aesthetically decorative rectangular DRA

resonates at two frequencies 4.72 and 5.71 GHz in the desired
frequency band, as shown in Figure 6a. In Figure 6b, the

resistance and reactance curves of the aesthetically decorative
DRA configuration are studied. With reference to the figure, it
can be found that the corresponding resistance values at the two
resonance frequencies of 4.72 and 5.71 GHz are almost equal to
50Ω, and the reactance at the two resonance frequencies is also
almost 0 Ω, which indicates that the proposed DRA has good
impedance matching in the entire operating frequency band.
To verify the corresponding resonance modes, we depict the

E-field volume distribution inside the rectangular DRA at the
resonances in Figure 7a, b. With reference to the figure, it can be
found that the E-field distribution patterns inside the DRA at
two resonance frequencies. Meanwhile, to more clearly show the
E-field distribution, the field distribution of the yoz-plane is
shown in Figure 7c. The resonance frequency corresponding to
the fundamental TE111

x mode is 4.72 GHz and the higher-order
TE113

x mode is 5.71 GHz. This indicates the possibility of linear
polarization with low cross-polarization. In addition, in Figure
7c, the electric field vector is perpendicular to the ground plane.
This should be the case because the ground plane is believed to
be a perfect conductor.38 As a result, the dominant mode
(TE111

x ) and high-order mode (TE113
x ) of the aesthetically

decorative AlON transparent ceramic dielectric resonator is
excited to realize a broadband 5 GHz Wi-Fi DRA. Meanwhile,
Figure 9c shows a prototype of the proposed aesthetically
decorative DRA. The simulated and measured S-parameters of
the antenna are shown in Figure 6a, showing good agreement.
The simulated <−10 dB impedance bandwidth is 32% (4.48−
6.19 GHz). The measured <−10 dB impedance bandwidth is
approximately 31.4%, ranging from 4.51−6.19 GHz. Addition-
ally, the aesthetically decorative DRA is designed to operate over
the 5 GHz Wi-Fi band of 4.9−5.9 GHz.39 And the weak defects
caused by the laser inner engraving logo pattern have no effect
on the antenna performance.
The radiation performances of the fabricated antenna are

measured by the Satimo StarLab system. Figure 9b shows the
antenna measurement setup. Figure 8e, f shows the 3D radiation
patterns of copolarization and cross-polarization for the DRA at
4.72 and 5.71 GHz. Figure 8a−d shows the simulated and
measured normalized radiation patterns in the xoz-plane and
yoz-plane at 4.72 and 5.71 GHz. For the H-plane (xoz-plane)
and E-plane (yoz-plane) patterns, in the boresight direction (θ =
0°) of the axis, the copolarized fields is more than 30 dB stronger
than the cross-polarized fields. Ultimately, the measured results
of the normalized radiation patterns are in good agreement with
the simulated results.

Figure 6. (a) Measured (black circle) and simulated (blue solid line)
reflection coefficient S11 of the aesthetically decorative DRA. (b)
Resistance and reactance values over the band for the aesthetically
decorative DRA configuration.

Figure 7. E-field volume distribution of the aesthetically decorative DRA at (a) 4.72 GHz and (b) 5.71 GHz. (c) E-field distribution of TE111
x mode

(4.72 GHz) and TE113
x mode (5.71 GHz) in the yoz-plane.
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Figure 9a shows the realized gain and radiation efficiency of
the proposed aesthetically decorative DRA. The simulated and

measured results both show that the proposed antenna has a
stable realized gain of approximately 6.50 dBi over the entire 5
GHz Wi-Fi bandwidth and a peak gain is 6.79 dBi at 5 GHz. In
general, the measured results are in good agreement with the
simulated results. At the same time, Figure 9a depicts the
simulated and measured the radiation efficiency of the
aesthetically decorative DRA. The measured radiation efficiency
is approximately larger than 85% at the entire 5 GHz Wi-Fi
bandwidth. Obviously, it can be found from the figure that the
measured radiation efficiency is lower than the simulation
results, which is mainly caused by the interconnection between
the measuring instrument and the antenna prototype and the
insertion loss of the feed network.40 It can be found in Table 3
that most reported Wi-Fi antenna materials are normally SiO2
glass or dielectrics with high loss and deteriorative dispersion.
Because of the low loss and deteriorative dispersion effect, this
will result in low radiation efficiency and high cross-polarization
of the antennas. Meanwhile, a suitable dielectric constant can

also excite the high-order mode of the rectangular DRA, which
can achieve a wide impedance bandwidth. Compared to the
DRA performance in Table 3, the AlON transparent ceramic
DRA not only has high radiation efficiency and wide bandwidth
but also low cross-polarization.
Finally, the proposed 5 GHz Wi-Fi aesthetically decorative

DRA prototype is shown in Figure 9c. Using high-quality-factor
AlON transparent ceramics, the aesthetically decorative DRA
exhibits a high radiation efficiency (Figure 9a) and low cross-
polarization (Figure 8). In addition, when the proposed antenna
and some previously reported 5 GHz Wi-Fi antennas are
compared,4,5,41,42 the proposed antenna exhibits not only a high
radiation efficiency and low cross-polarization but also is an
indoor aesthetically decorative Wi-Fi DRA that is designed to
incorporate well into the concept of a smart home.

■ CONCLUSIONS
In summary, the AlON transparent ceramics are successfully
prepared via a cold-isostatic-pressed reaction. First, according to
XRD analysis, the measured results indicate that the diffraction
peaks of AlON ceramics could be indexed to a standard AlON
cubic spinel phase. Then, based on the measurement data of the
microwave dielectric properties, the optimum dielectric proper-
ties of εr ∼ 9.32, Qf ∼ 47 960 are obtained in the AlON
transparent ceramic by cold isostatic pressing. Furthermore, the

Figure 8.Normalized radiation pattern of the measured (dashed line) and simulated (solid line) AlON ceramic decorative DRA. (a) xoz-plane and (b)
yoz-plane are the radiation patterns at the resonance frequency of 4.72 GHz (TE111

x ). (c) xoz-plane and (d) yoz-plane are radiation patterns at a
resonance frequency of 5.71 GHz (TE113

x ). 3D radiation patterns of copolarized and cross-polarized for the DRA at (e) 4.72 GHz and (f) 5.71 GHz.

Figure 9. (a) Simulated and measured realized gain (red line) and
radiation efficiency (blue line) of the proposed aesthetically decorative
DRA. (b) SATIMO multiprobe antenna near-field measurement
system. (c) Photograph of the fabricated aesthetically decorative
DRA prototype.

Table 3. Performance Comparison of Different DRA
Materials for the Wi-Fi Antenna Applicationsa

DR
materials εr tan δ dispersion

BW
(%)

XPD
(dB) refs

K-9 glass 7.00 0.002 high 13.5 −23 10
Li2O-ZnO-
GeO2

8.15 1.75 × 10−4 low 7 −5 4

glass 6.85 0.002 high 28 −20 11
dielectric 12 N/A high 14 −25 2
AlON 9.32 1.72 × 10−4 low 32 −30 this

work
aBW, bandwidth; XPD, cross-polarization discrimination.
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AlON transparent ceramic can also have a good chemical
stability and higher transmittance (from 0.35 to 4.0 μm can
reach 83%). Finally, a novel kind of aesthetically decorative 5
GHz Wi-Fi DRA has been designed by an AlON transparent
ceramic, which has several advantages such as high radiation
efficiency and low cross-polarization. And in order to achieve
broad bandwidth, the proposed the antenna was excited in its
dominant TE111

x mode and higher-order TE113
x mode. On the

basis of Leung et al.’s breakthrough in using quartz glass as a
decorative antenna, we further verified the application of
transparent microwave dielectric ceramics in the direction of
decorative antennas. The proposed antenna is thus an excellent
candidate for an indoor aesthetically decorative Wi-Fi antenna.

■ EXPERIMENTAL SECTION
Sample Synthesis.The rawmaterial used to prepare AlON is high-

purity γ-Al2O3 (purity >99.97%, Dalian Highland Materials Co., Ltd.,
China), and carbon black (purity >97.5%, Sinopharm Reagent Co. Ltd.,
China), which were used as precursor materials and 0.08 wt% Y2O3

(99.99%, Aladdin Reagent Co. Ltd., China) and 0.05 wt% La2O3

(99.99%, Aladdin Reagent Co. Ltd., China) were codoped as sintering
aids. γ-Al2O3 and carbon black were dispersed in an ethanol solution
and ball milled for 20 h. The resulting precursor slurry was dried at 60
°C for 24 h.
The dried precursor was sieved through a 100-mesh nylon screen,

and then heated at 1780 °C for 4 h in a graphite furnace under the
protection of a N2 atmosphere to synthesize AlON powder. The
residual carbon black was removed at 600 °C in air for 2 h. The AlON
powder was sieved through a 100-mesh nylon screen and ball milled
with Y2O3 and La2O3 in an ethanol solution at a speed of 270 rpm for 20
h. The dried mixture was pressed into a disk at a speed of 5 MPa/min.
The disk was subjected to cold isostatic pressing (CIP) at a speed of 200
MPa/5 min. The treated disc was then sintered in a graphite furnace at
1950 °C for 30 h under the protection of a N2 atmosphere. The samples
were machined and optically polished on two sides. Figure 2 shows a
schematic diagram of the experimental process of AlON transparent
ceramics.
Sample Characterizations. The crystal structure of the sample

was analyzed with an X-ray diffractions (XRD) patterns which was
applied using Cu Kα radiation; the 2θ degree ranged from 10 to 80° at
0.02 step size. Use the scanning electron microscopy (SEM, Model:
Quanta F250) to observe the microstructures of the specimens and use
the NanoMeasurer software to calculate the average grain size from the
SEM image of the sample. The transmittances of AlON transparent
ceramic samples were tested through an ultraviolet−visible near-
infrared (UV−vis-NIR) spectrophotometer (Cary 5000, Varian,
Seattle, USA). The far-infrared spectrum of the AlON transparent
ceramic sample was tested on the infrared ray-line of the Hefei National
Synchrotron Radiation Laboratory. The dielectric properties at
microwave frequencies were tested by TE01δ dielectric resonator
method33 using a network analyzer (HP8720ES, Agilent). TheTCF test
from 25°C to 85°C was carried out in a Delta 9023 incubator and its
calculation is expressed by equation 10.

τ =
−
−

×
f f

f
TCF( )

(85 25)
10f

85 25

25

6

(10)

where f 25 and f 85 are the TE01δ resonant frequencies at 25°C and 85°C,
respectively.
Antenna Characterizations. Aesthetic decorative resonator by

laser internal engraving of the Jiao Tong University logo pattern inside a
transparent dielectric ceramic. The design and optimization of DRA
was done by the commercial software CST Microwave Studio.
Meanwhile, antenna measurements are conducted in a microwave
anechoic chamber using the Satimo Stralab system test method.
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