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ABSTRACT A dielectric resonator antenna (DRA) with the loading of metasurface (MS) is proposed for
low-profile, wide-bandwidth and compact-size. Firstly, an MS structure consisting of 6 x 6 periodic metallic
patch cells is loaded above the DRA. It aims to excite an additional TM surface wave above the fundamental
TE 11 mode of the rectangular DRA. Then, the shorting walls are printed on two sides of the dielectric, thus
moving down the operating frequency with respect to its TM surface wave mode. As such, the bandwidth of
the antenna is significantly widened with compact-size under the operation of TE;1; and TM surface wave
modes. Finally, the proposed DRA with enhanced performance is fabricated and tested. The results show that
an impedance bandwidth of the antenna is dramatically increased to about 17.2%, covering the frequency
range from 1.75 to 2.08 GHz, which is about 9.6 times wider than the traditional DRA at the same thickness
(1.8%). Besides, it still maintains the broadside radiation pattern with stable gain of around 6.6 dBi and fairly
low cross polarizations of below -26 dB. Particularly, the overall size of the radiator still maintains as small
as about 0.32A49x 0.3219 x 0.044X¢. It should be noted that the analysis of the antenna is carried out by
using Ansys HFSS software version 14.0 and ADS 2011.

INDEX TERMS Dielectric resonator antenna (DRA), compact size, wide-bandwidth, low-profile,

metasurface.

I. INTRODUCTION
Since it was first put forward in the early 1980s [1],
the dielectric resonator antennas (DRAs) have drawn con-
siderable attention due to its several attractive features,
i.e., high radiation-efficiency, small size, and high design
freedom [2]-[5]. Unfortunately, the traditional DRA has
a major drawback of limited bandwidth as well as the
microstrip antenna, especially in a low-profile condition.
As such, the low-profile DRA is not suitable for many wide-
band applications [6].

During the past two decades, several attempts have been
made to investigate and address the drawback of the inherent
narrow bandwidth. Firstly, a variety of DRAs with special
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shapes were proposed to lower the Q-factor and hence
increase their impedance bandwidths. In [7] and [8], inverted
stepped pyramidal shape and T-shape were introduced to
achieve a wideband property of more than 60%. However,
this approach increased the design complexity or profile of
the DRAs. In addition, the peculiar shapes also led to the
high cross-polarization of about -9dB. Secondly, the DRAs
with high aspect ratio using different excitation methods
were applied to merge the dominant mode with higher order
modes. In [9] and [10], although their bandwidths were
kept above 45%, these antennas had the overall thickness of
more than 0.25A0 (A is the free-space wavelength). In [11],
a pair of vertical microstrip lines was used in a perpen-
dicular arrangement to excite the cylindrical dielectric res-
onator antenna for circularly polarized performance. Two
resonances offered an axial ratio bandwidth of 24.6%, but the
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high profile of 0.241¢ was still maintained. Thirdly, different
resonators could be combined with DRAs to form multi-
resonant hybrid antennas. In [12] and [13], a slot and a
patch were utilized to introduce additional resonances and
widen their bandwidths to about 25% and 21.3%, respec-
tively. Unfortunately, these DRAs also suffered from sev-
eral critical issues, such as high profile, large transverse
dimensions or low gain. Fourthly, the DRAs with different
permittivities could be vertically stacked with each other to
provide excellent broadband performance. Impedance band-
widths to about 40% or even wider were achieved in [14],
[15]. Nevertheless, these stacked DRAs had high profile, high
cross-polarization or asymmetrical radiation pattern. Accord-
ing to these previous methods of realizing broadband DRA,
little attention was simultaneously paid to the size-reduction
of the 3-D antenna geometry and stable broadside radiation,
thus achieving desired compact-size and wide-bandwidth.
In recent years, the metasurface (MS) has been used to
design new types of antennas with improved performance,
such as broadband and compact size. In [16], a rectangular
and semicircular patch separated by a gap was intended to
arouse zeroth-order resonance mode. The antenna realized
a bandwidth of 23.64% with a compact size of 0.276A¢x
0.1294¢. In [17], the MS was loaded on a patch antenna to
generate additional resonances, and its axial-ratio bandwidth
is extended to about 23.4%.

In this paper, a dielectric resonant antenna with compact
geometry and enhanced bandwidth is proposed. The MS
structure is introduced to reduce the profile of the antenna and
generate an extra resonance of the TM surface wave mode.
Furthermore, a pair of shorting conducting walls are used to
decrease the resonant frequency of the MS aiming to realize
the wide-bandwidth characteristic. The proposed antenna is
numerically studied and related measurements are carried out
to verify working principles and simulated results.

Il. GEOMETRY AND WORKING PRINCIPLE

A. DRA CONFIGURATION

The configuration and parameters of the proposed DRA are
depicted in Fig. 1. It consists of the MS (top layer), the DR
(middle layer), the aperture-coupled ground plane, and the
microstrip feeding line (bottom layer). For the MS, it is etched
on the top side of Rogers 4350B substrate (¢, = 3.66 and tan
8 = 0.004) in Fig. 1 (b). For the rectangular DR (¢, = 15 and
tan § = 0.0015), it is loaded underneath the MS in Fig. 1(c).
For the 502 microstrip feeding line, it is placed at the bottom
surface of FABM substrate (¢, = 2.2 and tan § = 0.0009).
In addition, a pair of shorting walls is inserted on two sides
of the dielectric along the y-axis. Due to the etched slot on
the ground along y-axis, only these odd-order modes could
be successfully generated in the DRA [18].

B. IMPEDANCE BANDWIDTH ENHANCEMENT

OF THE ANTENNA

The TE modes of the dielectric resonant antenna (RDRA)
under aperture coupling are deeply investigated in [19].
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FIGURE 1. Configuration of the proposed DRA. (a). 3-D view. (b).
Metamaterial structure. (c). Feeding structure and DR.

Shorting wall

(c)

FIGURE 2. Evolution process of our proposed DRA with bandwidth
enhancement and miniaturization. (a). Reference antenna 1, (b).
Reference antenna 2 with the MS, (c). Proposed DRA with the MS and the
shorting walls.

The specific mode can be represented by TE,ynnp, where the
superscript y represents that the component of E-field in
the y-direction is 0. Meanwhile, the value of m, n, and p
respectively represent the field variation along x-, y- and
z-axis. To explain the working principle of our proposed
antenna clearly, two reference antennas are compared. Firstly,
selecting a rectangular DR with the same size as the reference
antenna 1 is shown in Fig. 2(a). Secondly, loading the MS on
the DR to reduce profile as reference antenna 2 is depicted
in Fig. 2(b). Thirdly, inserting a pair of shorting walls on two
sides of the dielectric to reallocate the resonant frequencies.
Finally, the proposed DRA with improved performance is
realized in Fig. 2(c).
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FIGURE 3. Simulated |S;; | of the reference DRAs and our proposed DRA.

TABLE 1. Dimensions of the proposed DRA (Unit: mm).

Design
h a w
parameters h k, L
Value(mm) 7 1.016  0.254 50 1 21
Design
l o
parameters v 4 P d 8 GND
Value (mm) 3.12 12.2 8.2 8 0.2 95

Fig. 3 depicts the simulated |S;;| of the reference antennas
and proposed DRA. As expected, the single-mode dielectric
resonator of the reference antenna 1, especially in the low-
profile condition, suffers from a narrow bandwidth (1.8%).
To solve this inherent issue, the MS structure is employed in
the reference antenna 2. A new resonance is generated, but the
broadband characteristics of the antenna are still not realized.
Finally, the shorting walls are loaded around the DR to real-
locate two resonances in proximity to each other. Relying on
these approaches, the impedance bandwidth of the designed
DRA is significantly extended to 17.2%, which is about 9.6
times wider than the traditional DRA under the same small
thickness (1.8%). The mechanism of this phenomenon will
be discussed in the following.

C. WORKING MECHANISM OF THE ANTENNA

The reallocation of multiple radiative modes to enhance the
impedance bandwidth is applied to our proposed antenna
[20]. The dielectric waveguide model (DWM) can be utilized
to calculate the resonant frequency of the traditional rectan-
gular dielectric resonant antenna (RDRA) [21]. The resonant
frequency of TE ;1Y mode can be expressed as:

c cko
= = 1
Jor e 2m e M
2 T 2
k():\/k)%+ky+kg, kx:;’ kz=7 2

ak
ky tan(Ty) = k2 + k2 (3)

where ki, ky, and k;, are the wavenumbers along the x-, y-, and
z-directions, respectively. Here, c is the speed of light and kg
is the free-space wavenumber.
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TABLE 2. Resonant frequencies of the DR under different dimensions.

@h)(mm) (50,12) (50,12.85) (50,14) (40,12) (60,14)
fowm(GHz)  1.89 1.80 1.69 2.02 1.61
furss(GHz)  1.82 1.73 1.65 1.94 1.55
Error (%) 3.7 38 23 2.9 3.7
500
Ref. antenna 1
a0~ Ref. antenna 2 O
Proposed DRA
& TM waves
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FIGURE 4. Migration of resonant frequencies of TE¥" and TM waves
under three DRAs with different structures.

Table 2 displays the fundamental mode resonant frequen-
cies of the DRA obtained from the DWM and full-wave
simulation under different sizes, indicating that the error
between the theoretical calculations and the full-wave sim-
ulation results is less than 4%. However, the final dimensions
of the DR cannot be determined directly due to the loading
of MS. The initial height of the DR can be provisionally
determined first, and on this basis, the design of the MS can
be carried out. Here, reference antenna 1 with the thickness
of 7mm is chosen as the starting point of the design. The
relevant resistance curves are shown in Fig. 4. Seeing that the
fundamental mode TE ;Y of the reference antenna 1 with
the feed structure is excited around 2.17 GHz. Besides, in the
reference antenna 2, TM surface wave propagating on the MS
is excited to provide an additional radiative mode. In other
words, it provides preconditions for broadening the antenna
bandwidth.

It is well-known that the reflection phase diagrams are
usually used to investigate the resonance characteristics of
the MS. As depicted in Fig. 5(a), the simulated model of the
unit cell is adopted for numerically computing the reflection
phase of the MS. Based on the proposed dimensions, the zero-
degree reflection phase occurs at 1.8GHz with reference
to Fig. 5(b). Further, the analysis method of surface wave
resonances in [17] is introduced. The resonances of the sur-
face modes can be qualitatively determined by the following
equations:

T T T
= = = 4
Pow Lns Nxp Nxd+g) )
360° 360°
— Pap=— )

where By, is the propagation constant of the above-mentioned
surface waves, and L, is the total length of the MS. The
number of patch cells and the periodicity of the MS are N
and p, respectively.
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FIGURE 5. (a). Simulated model of the MS unit cell. (b). Reflection phase
based on the proposed dimensions.
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FIGURE 6. Dispersion diagram of the unit MS scheme and graphic
solutions of (2) under different numbers of the unit cell.

TABLE 3. Resonant frequencies of TM surface wave under different
numbers of unit cells.

Configuration 3x3 cell 4x4cell 5x5cell 6x6cell 8x8cell
frm (GHz) 2.98 2.72 251 2.36 2.01

According to the simulated results from (4) upon the
boundary condition, the dispersion diagram of the MS is plot-
ted in Fig. 6. The resonant frequencies of surface wave modes
can be precisely demonstrated by the intersections in terms of
the dispersion curves and vertical lines representing the value
on the right side of (5). Table 3 summarizes the resonances
of the TM surface wave mode obtained by the full-wave
approach for the MS with different cell numbers. The results
depict that the number of MS units has significant effects
on the surface wave resonances. Therefore, the appropriate
number of cells should be selected purposefully to improve
the antenna performance. For N = 6, the resonant frequency
for the TM surface wave is 2.36 GHz. This frequency is close
to the resonant frequency of the DRA mode as mentioned
before, so the MS structure of 6 x 6 is applied to yield
wide bandwidth. The real impedance curve of the reference
antenna 2 on this occasion is shown in Fig. 4. The resonant
frequency of the additional TM surface wave is 2.42 GHz,
which is approximately consistent with the data extracted
from Table 3.

Benefit from the miniaturized impact of the MS, the reso-
nant frequency of the fundamental mode (TE?11 mode) of the
DRA is decreased from 2.17 GHz to 1.83 GHz, as compared
with the reference antenna 1. To further explain the principle
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FIGURE 7. Equivalent circuits of (a) the MS and (b) the reference
antenna 2.

ALAA

FIGURE 8. Sketch of the E-field distribution of reference antenna 2 with
MS over xoz-plane at 2.42GHz.

of antenna miniaturization, the equivalent circuit model of
the MS and the reference antenna 2 is given in Fig. 7. The
traditional DRA can be simplified to a RLC parallel circuit,
and the resonant frequency of the DRA is determined by:

1 1
E«/L]C]

Then, a new equivalent RLC circuit is added by the MS to
generate a new resonance. At the same time, the MS provides
an additional load for low frequency resonance. In this state,
the MS structures can be further equivalent to a capacitor
Cs, as shown in Fig.7(b), and its resonant frequency of the
fundamental mode of the DRA can be further expressed by:

1 1
27 JL1(C1 + Cy)

The larger capacitance implies the lower resonant fre-
quency of the DR. Obviously, the loading of the MS excites
a new resonance and reallocate the fundamental mode of
the DRA. Unfortunately, the distance between the two radia-
tive modes is still too far to realize a broad impedance
bandwidth.

Then, our main target is to further merge these two modes,
aiming to construct a compact wideband DRA under dual-
resonance. To clarify the working mechanism more in detail,
the sketch of the E-field of the reference antenna 2 with
the MS loaded is illustrated in Fig.8. The TE311¥ mode is
excited in the DRA at 2.42 GHz. Due to the utilization of the
dielectric resonator with high dielectric constant, the inter-
facial surface between the dielectric and air is regarded as
a magnetic plane, and the normal component of the electric

fi= (6)

Hh= @)
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FIGURE 9. Simulated surface currents distribution of the antenna at
2.21 GHz. (a). Reference antenna 2. (b). Proposed antenna.

field on its surface is zero. Based on the electric-field distri-
bution, a pair of shorting walls are loaded on both sides of the
DR parallel to the y-axis, as shown in Fig. 2(c). Fig.4 shows
that the resonant frequency of TM surface wave resonance
is decreased from 2.42 GHz to 2.21 GHz, in other words,
the electrical size of the MS decreases, whereas that of TE 1Y
mode is basically unchanged. To identify the reasons for this
phenomenon, the current distribution of the antenna with and
without the shorting walls at 2.21 GHz are presented in Fig. 9.
The horizontal current is produced by the MS, indicating the
high frequency resonance of the antenna is sensitive about
the number of unit cells. The vertical current is induced on
the shorting walls by the E-field produced by the horizontal
current on the MS. The extension of the current path causes
the bandwidth of the MS to shift to lower frequencies. Finally,
the reallocation of these dual modes leads to the desired
broadband performance.

D. MODES AND CIRCUIT ANALYSIS OF THE ANTENNA

To verify the operating modes of the antenna, the simulated
E-field distributions of the antenna are presented. The E-field
distributions at xy-plane are demonstrated in Fig. 10 at the
resonant frequency of 2.21GHz. It is clear that the elec-
tromagnetic (EM) waves are radiated from the edge slots
of the metasurface along the x-direction (E-plane), indicat-
ing the resonance operates at a TM surface wave mode as
demonstrated in [22]. The sketch and simulated results of
the E-field distributions of the proposed antenna at xy-plane
are plotted in Fig.11, which demonstrates that the low reso-
nance is TE[1Y mode of the DR and the other one is TMjg
surface wave mode of the MS. The in-phase radiated field
distribution are excited in both resonances. Therefore, a stable
normal radiation pattern with identical polarization can be
maintained over the entire operating bandwidth.

Finally, the entire equivalent circuit of the antenna is
constructed to verify the design principle. The circuit and
parameters are presented in Fig. 12. The impedance trans-
formers with turn ratios equal to n; and ny are configured
to describe the couplings of the aperture to the microstrip
line and the DRA to the aperture, respectively [23]. Then,
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FIGURE 10. Amplitude distribution of E-field of the proposed DRA at
2.21GHz. xy-plane, z = 15mm.
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FIGURE 11. E-field distributions of the proposed DRA over the xoz-plane.
(a)- Proposed antenna at 1.84 GHz. (b). Proposed antenna at 2.21 GHz.
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FIGURE 12. Equivalent circuit model of the proposed DRA. (Z, s = 50 €,
Lstrip =12.7mm, n; = 9.4, n, = 4.3, Ly = 87.94 nH, C; = 0.03 pF,

Ly =6.72 nH, Ry =527 2, Co = 14.29 pF, Cg = 0.1 pF, C, = 0.73 pF,

R, =822 @, L, = 9.32 nH, Cy = 2.41 pF, L, = 4.32 nH).

two RLC circuits connected in series through the coupling
capacitor C, demonstrate the resonances of DR and MS sepa-
rately. Finally, the capacitance C, introduced by the coupling
of the MS and the shorting walls and the L, introduced by
the grounded shorting walls are set in parallel with the RLC
circuit of the MS. The simulated |S1;| obtained by the ADS
is given in Fig. 14, indicating good agreement with the full-
wave simulation over the entire operating bandwidth.

E. DESIGN GUIDELINE
Based on the above-mentioned working mechanism, a design
guideline is suggested finally. It is assumed that the lower
and upper frequency resonances of the antenna are f and f>,
respectively.

Step 1: Calculating the dimensions of the DR based on the
DWM at fi.
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TABLE 4. Performance comparison between our proposed DRA and other previous DRAs.

. . Pattern Gain
0, -
Refs Methods Profile Transverse dimension BW(%) s iy Peak cross-pol (dBi)
. 0.094,T 0.2849 % 0.287 62.0% yes NG ~6.5
(7118] Special shape 026451 0.147 % 0.492,1 75.1% no ~-9dBT 3277350
0.254,1 0.1149% 0.237 62% no ~20dBT 5.5-9.5
[9][10][11] High aspect ratio 0392, 0.2940% 0.294 46% yes ~-20dBT ~6.2
024207 0.1149x 0.1129 24.6% yes ~-18dBT ~5.5{
. 0.13%," 0.2279% 0.22/ 25% no ~-25dB 2.8-4.50
(1210131 Hybrid structure 0.18%1 1.0979 % 1.09,1 21.3% yes ~-28dB ~9
0.357,1 0.2879x 0.187 103% no ~0dBT ~64
(14151 Stacked DR 0.09,1 0.767 % 0.76291 40% yes ~-30dB ~9
Tr?ﬂ‘;‘i‘)g‘_’zl 8;“ Single mode 0.044/ 0.3240% 0.3240 1.8% yes -47dB 574
Our work Hybrid structure 0.0444, 0.3220% 0.3249 17.2% yes -26dB ~6.6
NG: not giving; 1o: wavelength at the center frequency of the operating band; BW: bandwidth
——Simulated Co-pol — — Simulated Cross-pol
= = Measured Co-pol —— Measured Cross-pol

FIGURE 13. Photograph of the proposed DRA.
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FIGURE 14. Simulated and measured |S;; | of the proposed DRA.

Step 2: Setting the initial height of the DR, and optimize the
dimensions and the number of the MS unit cells according to
the resonant frequency of the TM surface wave, i.e. f>.

Step 3: Setting the transverse size of DR to match the size
of the MS. Simulate the model to achieve the dual resonance
performance of the antenna.

Step 4: Inserting a pair of the shorting walls on two sides
of the DR to reallocate the two resonances for the desired
broadband performance.

It should be noted that the steps 2 to 4 herein need to be
debugged repeatedly to achieve optimal results.

Ill. EXPERIMENTAL RESULTS AND DISCUSSIONS
To demonstrate the improved performance from simulated

results, a prototype of the proposed DRA with the MS and
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(c) (d)

FIGURE 15. Simulated and measured radiation patterns of the proposed
antenna. (a). xoz-plane, 1.8GHz. (b). yoz-plane. 1.8GHz. (c). xoz-plane,
2.02GHz. (d). yoz-plane, 2.02GHz.

shorting walls loaded is fabricated and tested. Fig. 13 presents
the assembled prototype of the antenna.

Firstly, the reflection coefficient (|S11|) of the antenna is
measured by utilizing the AV3672B vector network ana-
lyzer and depicted in Fig. 14. The measured |S11| with two
attenuation poles (1.80 and 2.02GHz) is consistent with the
simulated one (1.81 and 2.03 GHz). As a result, the measured
bandwidth of the antenna for |S;;| < —10 dB is significantly
extended to about 17.2% (1.75-2.08 GHz), which is about
9.6 times wider than the traditional counterpart at the same
thickness (1.8%). It is worth pointing out that the desired
wide-bandwidth is acquired with a compact size of 0.324¢ x
0.3240 x 0.04410.
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FIGURE 16. Simulated and measured peak gains and radiation efficiency
of the proposed DRA.

Secondly, the radiation pattern is tested by using a near-
field SATIMO antenna test system. Fig. 15 plots the measured
and simulated radiation patterns at 1.8 GHz and 2.0 GHz. It is
clear that the measured results are in line with the simulation.
At the same time, a stable normal radiation pattern with
identical polarization and low cross-polarization properties
is satisfactorily achieved under the operation of desired dual
radiative resonant modes. Fig. 16 depicts the realized gain
and the radiation efficiency of the proposed antenna. It can
be seen that stable radiation with the peak realized gain of
about 6.6 dBi and the radiation efficiency of about 92% is
satisfactorily attained in the operating bandwidth.

In the end, a detailed comparison between our designed
DRA and previous attractive works [7]-[14] is tabulated
in Table 4. Generally speaking, the proposed antenna has low
profile and compact transverse dimensions, while yielding a
wide impedance bandwidth and good radiation properties.

IV. CONCLUSION
In this paper, a miniaturized broadband dielectric resonant

antenna is proposed under dual-mode resonance. Firstly, peri-
odic metallic patch cells are loaded on the rectangular DRA
for miniatured size, while the surface wave of MS is also
excited to generate additional resonances. Secondly, a pair of
shorting conducting walls is introduced to reduce the reso-
nant frequency of TM surface wave mode, whereas keeping
the resonant frequency of the DR almost unchanged. Rely-
ing on these methods, the desired dual resonant modes are
merged with each other, achieving an improved impedance
bandwidth. The measured results are matched well with the
simulation, achieving a broad impedance bandwidth of about
17.2% with the identical polarization, stable radiation pattern,
low cross-polarization, and stable peak realized gain. Most
importantly, a compact size (0.32A1g9 x 0.324¢9 x 0.0441( at
1.915GHz) is remained to demonstrate its performance of
convenient integration with other planar circuits. This com-
pact broadband DRA can be employed in satellite, radar, and
wireless communication fields.
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