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ABSTRACT The dielectric resonator antenna (DRA) with wide bandwidth, compact size and low profile
is considered as an attractive candidate for 5G wireless communications. However, most of the reported
DRAs either have bulky volumes or have limited bandwidths. In this paper, a kind of compact and
low-profile DRA with extended bandwidth is proposed. By observing the E-field distribution differences
between the two target modes and modifying the dielectric characteristics (such as material and dimension)
of the designated region where the E-field is very weak for fundamental TE{;; mode but quite strong
for high-order TE;3; mode, the frequency of TE(3; mode can be significantly affected and shifted down
to merge with that of TE;;; mode which is less affected. As a result, extended operating bandwidth
can be obtained. This technique also benefits from not having to enlarge the planar size of the high
permittivity DR, therefore making the antenna compact enough for 5G beam-scanning and low profile
applications. For demonstration, linear- and circular- polarization antenna prototypes were designed and
measured. The LP antenna has a —10 dB impedance bandwidth of 17.3% and a peak gain of 7.1 dBi
while the CP antenna achieves a 3-dB axial ratio (AR) bandwidth of 12% and a peak gain of 6.6 dBic.
Both the antennas have compact volumes of no larger than 0.35A¢ x 0.354¢9 x 0.11A¢. Based on the LP
and CP antenna elements, two 1 x 5 antenna arrays with the capability of beam scanning are designed
and simulated. Wide scanning angles of +45° and +40° can be obtained for the LP and CP arrays,
respectively.

INDEX TERMS Beam-scanning, circular polarization, compact, dielectric resonator antenna, linear
polarization, low-profile, bandwidth.

I. INTRODUCTION

ASSIVE multiple-input multiple-output (MIMO)

beam-scanning technology is considered as one of
the key technologies in 5G to improve the spectrum
efficiency [1]-[2]. Basically, this technology imposes some
requirements on the antenna designs such as: 1) High
efficiency. The large number of antennas and radio
frequency (RF) channels lead to a sharp increase in

energy consumption. To improve the power efficiency, the
antenna should have high efficiency. 2) Wide bandwidth.
The antenna should have a wide bandwidth (>15%, e.g.,
covering 5G n78 band) to support the high data through-
put. 3) Compact size. To achieve good beam-scanning
performance and avoid unwanted grating lobes, the antenna
array spacing should be kept as about 0.5A¢ (Ao refers to
the free space wavelength at center frequency). The planar
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size of the array element is thus required to be compact
(<0.4)19 x 0.410) enough to fit the spacing demand [3]-[5].
Considering, also, the market demand for skinny and light-
ness devices, low antenna profile of less than 0.1 is highly
preferred.

Dielectric resonator antennas (DRAs) can achieve high
radiation efficiency due to the absence of metallic losses.
Additionally, they are lightweight, cost effective, and
easy for excitation [6]-[8]. They are thus considered as
suitable candidates for 5G communication systems. By
using different strategies, many conventional DRAs can
achieve wide operating bandwidths. However, most of the
designs have bulky volumes [9]-[18], either large pla-
nar sizes (>0.5%¢p x 0.5A0) [9]-[13] or high profiles
(>0.300) [14]-[18]. To reduce the antenna profile, some
novel low profile DRA configurations such as dense dielec-
tric patch resonator antenna (DDPA) [19]-[20] and planar
DRA [21] have been proposed recently. Nevertheless, owing
to the use of high permittivity dielectric materials, such
DRAs usually have high radiation Q-factors, leading to lim-
ited operating bandwidths (typically less than 5%) [22].
Several methods have been proposed to broaden the band-
widths of the antennas. In [23]-[24], the length-to-height
ratios of the antennas are increased to make the high-order
modes be merged with the low-order modes. In [25]-[26],
the DRA mode and the feeding slot mode are skillfully
combined to enhance the bandwidth. In [27]-[29], stacked
structures are employed to achieve broadened bandwidths.
In [30], parasitic elements are introduced to acquire a
wideband response. In [31], a differential parallel feeding
structure is proposed to increase the operating bandwidth.
These methods can effectively improve the operating band-
widths, but still at the cost of enlarging either the planar
sizes or the profiles of the antennas, thereby limiting their
applications.

With the above background, we proposed a kind of com-
pact (0.354¢ x 0.35X¢) and low profile (~0.119) DRA solu-
tion with wideband figure of merit since most of the
similar-sized DRAs have very narrow bandwidths while
majority of the wideband designs suffer from bulky volumes.
The antenna uses high permittivity dielectric materials, thus
featuring low antenna profile. By modifying the dielectric
characteristics (such as material and dimension) of the desig-
nated region of a square high permittivity dielectric sheet, the
resonant frequency of high-order TE;3; mode can be effec-
tively shifted down to be close to the fundamental TE;;;
mode. Combining the two modes can greatly enhance the
operating bandwidth. Notably, the merge of the two modes
is done on the premise of a fixed antenna planar size, which
can be compact enough for beam-scanning applications.

Circularly polarized (CP) antennas are often used to
reduce multipath interferences and ensure the communication
reliability [32]-[34]. Some techniques have been proposed
to realize the CP radiation with compact DRA struc-
tures [35]-[37]. However, the axial ratio (AR) bandwidths
are still limited. In this paper, a compact and low-profile
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TABLE 1. Performance comparison between the previous antennas and LP-/CP
antennas in this article.

Ref Published BW AR DR Size Gain
Year (%) (%) (13 0) (dBi/dBic)
23] 2015 40 0.77x0.77x0.1 10.5
[24] 2020 4.9 0.51x0.51%0.05 8.75
[25] 2014 10.5 0.5%0.5x0.04 6.75
[26] 2016 14.5 0.37x0.37x0.18 5.1
[27] 2020 15 0.4x0.4x0.2 8
[29] 2018 9.7 1.17x1.17%x0.15 9.7
[30] 2019 12 1.6%0.5x0.04 7.6
[31] 2018 12.5 0.2x0.22x0.2 6.6
ThisLVlZ)“rk 173 - 035x035x0.07 7.1
[26] 2016 154 © 6.1 | 037x0.37x0.18 4.7
[35] 2018 51 8 0.72x0.72x0.25 5
[36] 2021 73 5.5 | 0.34x0.34x0.17 7.1
[37] 2021 13.8 | 9.7 | 0.44x0.44x0.07 7.6
Thisc V]:;’fk 175 12 0.35x0.35x0.11 6.6

Ao means the free-space wavelength at the center frequency fo.

CP DRA with extended AR bandwidth is also investigated
based on the same principle with the LP counterpart.

For demonstration, both the LP and CP DRAs were
designed at 10 GHz for universality. In each case, a pro-
totype was fabricated and measured. Reasonable agreement
between the measured and simulated results was obtained.
Table 1 lists the comparisons between the proposed antennas
and previous works. For LP design, compared to [24]-[27]
and [29]-[30], the proposed antenna has a more compact
size and a wider bandwidth. Although the antenna in [23]
has wider bandwidth and higher gain, its planar size is
quite large, making it unsuitable for beam-scanning appli-
cations. The antenna in [31] has a smaller planar size, but
its profile is too high. For CP design, it is learned that the
proposed antenna has a more compact volume and a wider
AR bandwidth than that in [26] and [35]-[37].

Il. LINEARLY POLARIZED ANTENNA DESIGN

A. ANTENNA CONFIGURATION

The geometric configuration of the proposed LP antenna is
exhibited in Fig. 1, which can be divided into two sections:
radiation part on the top and feed structure in the bottom. The
radiation part consists of one dielectric sheet, two dielectric
strips and a substrate layer of Subl. The feed structure is
integrated in another substrate layer of Sub2. To excite the
antenna, an H-shape slot is etched at the ground plane on
top of Sub2, below which a microstrip line is deployed with
a quarter-wave transformer introduced for tuning impedance
matching. Both the dielectric sheet and dielectric strips are
made of high permittivity ceramic materials with material
of &, = 45 and tan§ = 1.9 x 10~ for the former and that
of £, = 69 and tans§ = 2.7 x 10~* for the latter. Subl
and Sub2 are made of Rogers 4003C laminates (&,3 = 3.55
and tand = 0.0027). The dielectric materials are cemented
onto the upper surface of Subl by using glue while the two
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FIGURE 1. Configuration of the proposed LP DRA. (a) 3-D view. (b) Side view.

(c) Top view. (d) Bottom view. (Design parameters: hy = 0.508, hy = 0.813, h3 = 0.56,
hg =1.2,a=10,b=5.6, w=1.4,9 =08, we =2, wgq = 0.65, wyp =1.2, Ic =2.5, and
If = 2.05. Units: mm.)
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FIGURE 2. Configuration and simulated results of the conventional low profile DRA.
(a) Antenna Configuration. (b) Simulated IS{41.

substrate layers are bonded together using a prepreg layer
of Rogers 4450B (g,3 = 3.54, tand = 0.004).

B. ANALYSIS OF A CONVENTIONAL LOW PROFILE DRA
To explain the reason of modifying dielectric characteristics
in the particular region of a square dielectric sheet, the mode
behavior of a conventional low profile DRA with an intact
high permittivity dielectric sheet should be analyzed firstly.
Fig. 2 shows the analysis model and its simulated reflection
coefficients. The DRA model has a square dielectric sheet
with &, = 45 and tand = 1.9 x 10~%, whose volume is
x a x h3. To fit the beam-scanning usage, the side length
a is set as 0.351p, where ¢ corresponds to the free-space
wavelength at 10 GHz. With A3 determined as 0.56mm, the
DRA can provide two resonances at 9.6 GHz and 12.2 GHz,
respectively. Fig. 3 presents the E-field distributions at the
two resonant frequencies, indicating that the first resonance
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FIGURE 3. Simulated E-field distributions of the two modes on XOY-plane of the
dielectric sheet. (a) TE{14 mode. (b) TE{31 mode.
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FIGURE 4. Simulated results of the LP DRA. (a) Frequencies of the two modes
against er5 under different g. (b) f7g111/f 7131 against ey under different g.

is caused by the fundamental TE{;; mode while the second
one is due to the high-order TE;3; mode. The two modes,
at this stage, are far apart from each other in the frequency
axis due to the very compact DR planar size [10].

Comparing the E-field distributions, it can be observed
that the two modes have very similar field intensity distri-
bution in Region A but quite different intensity distribution
in Region B. Specifically, the width of region B is around
0.0840, and in this region the strength of the E-field distribu-
tion of TE;3; mode is much stronger than that of the TE
mode. Therefore, we can predict that modifying the dielec-
tric characteristics of Region B will have less influence on
TE111 mode but have significant influence on TE;3; mode.
Based on this principle, we propose the design strategy in
the following part for bandwidth extension.

C. DESIGN STRATEGY
Fig. 1 shows that in Region B, the dielectric material and
its dimension have been modified, forming two dielectric
strips along with the air gaps. Specifically, we introduce
three controllable variables for analysis: permittivity of the
dielectric strips ¢,7, size of the air gap g, and height of
the dielectric strip h4. Note that g and strip width w are
inter-connected, that is when g increase, w will decrease
accordingly since the sum of them is kept as the width of
region B (g +w = 0.081p). The planar size of the modified
DR is still a x a, where a is 0.35X.

Fig. 4(a) shows the simulated frequencies of TEj1; mode
and TE;3; mode against ¢, and g by the eigen mode
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FIGURE 5. Simulated results of the LP DRA. (a) Frequencies of the two modes with
different hy. (b) Merging process of the two modes.

simulation. Here, all the other parameters are fixed as the
final values. It can be observed that as g,, increases, the
frequency of TEj3; mode decreases rapidly while that of
TE;1; mode only slightly moves downward. The spacing
between the two modes, therefore, becomes small, making
them easy for combination. It can also be from Fig. 4(a) that
the influence from dielectric changing on TE;;; mode
becomes gradually weak with the increase of g. This is
because that the increase of g makes the dielectric strip more
concentrated in margin area of Region B, where the E-field
intensity of TE;; mode is much weaker. Fig. 4(b) further
plots the frequency ratio change of the two target modes,
where we can find that the slope of curve g = 0 is changing
from positive to negative with the increasing of ¢,7, and the
slope of curve g = 0.4 mm is relatively small, while only
the curves of g = 0.8 mm and g = 1.2 mm have large
and steady slopes. This indicates that for the cases of g =
0.8 mm and g = 1.2 mm, the TE{3; mode can be shifted
down rapidly and smoothly to approach the TEj;; mode
when ¢,, is increased. With the above analysis, €, and g
can be selected. The permittivity of the dielectric strips ;2
is suggested to be larger than 57 to keep the two resonances
close to each other. We chose ¢, = 69 in this design accord-
ing to the material list of our processor. The air gap is finally
set as g = 0.8 mm considering both factors of that TEq;
mode should be less affected while TE;3; mode should be
significantly and linearly affected.

Fig. 5(a) shows the simulated frequencies of TE{;; mode
and TE3; mode at different dielectric strip height /4. Here,
all the other parameters are fixed as the final values. It is
observed that as &4 increases, the frequency of TE;3; mode
shifts down, while the frequency of TE;;; mode remains
relatively stable. It is reasonable since increasing the volume
of DR is a similar means as increasing its permittivity to
bring down the resonant frequencies. Fig. 5(b) clearly depicts
the merging process of the two modes from the perspective
of reflection coefficient.

It can be concluded that by properly modifying the dielec-
tric characteristics of Region B, that is tuning parameters of
&r2, & and hy, the frequency of TE(3; mode can be sig-
nificantly affected and shifted down to merge with that of
TE111 mode which is less affected. As a result, extended
operating bandwidth can be obtained without enlarging the
DR planar size.
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FIGURE 6. Photograph and measured results of the LP DRA. (a) Photograph of the
fabricated antenna (b) Simulated and measured IS{41 and gains of the antenna.
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FIGURE 7. Simulated and measured radiation patterns of the proposed LP DRA.
(a) 9.3 GHz. (b) 10.4 GHz.

D. SIMULATED AND MEASURED RESULTS
To verify the design concept of the proposed antenna,
an LP DRA prototype was fabricated and measured.
Fig. 6(a) exhibits the photograph of the antenna prototype,
while Fig. 6(b) shows the measured and simulated 1Sl and
gain results. As can be learned, the measured impedance
bandwidth for ISyl < —10 dB is 17.3% (9.12 ~ 10.84 GHz).
The measured gain of the antenna is stable, which is more
than 6.2 dBi across the bandwidth with a peak gain of
7.1 dBi identified at ~10.4 GHz. The measured and simu-
lated radiation patterns in E-plane and H-plane at 9.3 GHz
and 10.4 GHz are presented in Fig. 7. The measured cross-
polarization levels within the 3-dB beam widths are lower
than —18 dB at 9.3 GHz, and —22 dB at 10.4 GHz, respec-
tively. Generally, reasonable agreement has been achieved
between the simulated and measured results.

To achieve high gain and beam-scanning capability, a lin-
ear 1 x 5 antenna array is designed with the proposed LP
DRA element. Fig. 8. shows the configuration of the antenna
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FIGURE 8. The geometric configuration of the 1 x 5 LP DRA array.
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FIGURE 9. The simulated beam scanning performance of LP DRA array at different
frequency. (a) 9.5 GHz. (b) 10.5 GHz.

dielectric strips

Feed line
(a)
FIGURE 10. Configuration of the proposed CP DRA. (a) 3-D view. (b) Top view.

(c) Side view. (Design parameters: hy = 0.508, hy = 0.813, h3 = 0.45, hy =2, a=10,
aq =8, by =5.6, wgq = 0.55, wgp = 1.2, wp = 0.32. Units: mm.)

array. The spacing between each two elements is set to
be 14.8 mm, which corresponds to 0.5 A9 at 10.5 GHz.
To reduce the mutual coupling, substrate integrated waveg-
uide (SIW) backed cavities are introduced to surround the
DRA elements. Beam-scanning capability can be obtained by
phasing the array with progressive phase shifts between the
elements. Fig. 9(a) and (b) show the simulated 2-D radiation
patterns of the array at 9.5 GHz and 10.5 GHz, respectively.
It is learned that the maximum realized gains in broadside
direction is 12.9 dBi and 13 dBi at 9.5GHz and 10.5GHz,
respectively. In the horizontal plane, the beam can be steered
+45° at the two frequencies before the criteria of a 3-dB
scan loss or —10-dB sidelobe level is met. As the scan angle
exceeds +45°, decreased gain drops of more than 3dB or
increased sidelobe levels of higher than —10 dB appear in
numerical simulation.
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FIGURE 11. Simulated and measured results of the CP DRA. (a) IS11 1. (b) AR and
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FIGURE 12. Simulated and measured radiation patterns of the CP DRA. (a) 9.5 GHz.
(b) 10.5 GHz.

lll. CIRCULARLY POLARIZED ANTENNA DESIGN

The proposed technique can be further extended for a CP
antenna design. Fig. 10 shows the configuration of the CP
antenna. The basic structure of the CP design is kept almost
the same as that of the LP antenna. Some adjustments have
been made for achieving CP radiation, which are described
as follows:

1) Two dielectric strips located on two sides have been
changed into two pairs of dielectric strips distributed over all
of the sides. This is because that, for the case of CP radiation,
the effect from the modification of dielectric material should
be imposed simultaneously on the degenerated modes along
orthogonal directions (x-axis and y-axis).

2) The feeding slot has been changed to a cross-slot with
unequal arms for excitation of degenerate modes with equal
amplitudes and 90° phase differences.

A CP DRA prototype was fabricated and measured.
Fig. 11 shows the measured and simulated IS1;l, ARs and
gains of the CP antenna. The —10 dB impedance bandwidth
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FIGURE 14. Simulated beam scanning performance and ARs of the CP DRA array in
the yoz plane at (a) 9.5 GHz and (b) 10.5 GHz.

is 17.5% (9.07 ~ 10.81 GHz), and the AR bandwidth is
12% (9.4 ~ 10.6 GHz), which is fully within the impedance
bandwidth. A peak gain of 6.6 dBic is achieved at 9.9 GHz.
Fig. 12 depicts the radiation patterns in xoz and yoz planes at
9.5 GHz and 10.5 GHz, respectively. The cross-polarization
levels are lower than —14 dB at 9.5 GHz, and —15 dB at
10.5 GHz within the 3-dB beam widths.

As shown in Fig. 13, a 1 x 5 antenna array is also
designed with the proposed CP antenna element. Fig. 14(a)
and (b) show the simulated 2-D radiation patterns and ARs of
the array at 9.5GHz and 10.5GHz, respectively. It is learned
that the maximum realized gains in broadside direction is
12.3 dBi and 12.4 dBi at 9.5 GHz and 10.5 GHz, respectively.
In the yoz plane, the beam can be steered +40° at the two
frequencies before the criteria of a 3-dB scan loss or —10-dB
sidelobe level is met. As scanning angle increases from 0°
to 15° at 9.5 GHz, the 3-dB AR beamwidth increases from
32° to 38°. It then decreases to 24° with the scanning angle
increased to 40°. Different from the results at 9.5 GHz, the
3-dB AR beam beamwidth of the antenna array at 10.5 GHz
is relatively steady, varying from 21°~28°.

IV. CONCLUSION
In this paper, a kind of compact and low-profile DRA with
extended bandwidth is proposed. This kind of antenna is
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designed with its TE11 and TE 3; modes. It has been shown
that by properly tuning the dielectric parameters of the desig-
nated region, the high-order TE|3; mode, which is originally
far away from the dominant mode, can be pulled down to
combine with the TEq;; mode, yielding an extended band-
width. The operating mechanism is presented to illustrate the
antenna concept. Based on the basic antenna, a CP design is
further proposed. To verify the idea, antenna prototypes have
been constructed and measured and shown to match well
with the simulated results. The proposed DRA is designed for
potential beam-scanning and low profile applications. With
this application background, the antenna shows an enhanced
operating bandwidth comparing to its competitors. Besides,
the proposed technique can be applied in both LP and CP
design, showing a good versatility.
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