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1 | INTRODUCTION
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Abstract

This review article provides an extensive literature survey on the research pro-
gress of dielectric resonator antenna (DRA) at millimeter-wave frequency band
that includes concepts of DRAs, their empirical formulae and design method-
ologies for different shaped DRAs at 60 GHz frequency band. The different
shaped DRAs such as cylindrical, rectangular, hexagonal, and octagonal at
60 GHz are designed, simulated and analyzed using CST microwave studio
solver. The —10 dB impedance bandwidth of cylindrical, rectangular, hexago-
nal, and octagonal DRAs are 52.7 to 62.8 GHz, 57 to 62.2 GHz, 55.8 to
64.2 GHz, and 54.2 to 63.5 GHz, respectively. The idea behind getting broad
impedance bandwidth is due to use of double-layer substrate with different
permittivity (¢;; = 4 and &, = 11.9). Empirical formulae are deduced for hex-
agonal and octagonal DRA, by studying the analogy of dielectric resonator
geometry. Consequently, the mode of different shaped DRAs, that is, HEM;;;
and TE,;; are investigated by the electric field and magnetic field distribution.
With these analysis, a comprehensive research review over the period of the
last two decades is carried for investigating various techniques, targeted to
realized gain, circular polarization, and impedance bandwidth. Along with
these analysis the state-of-the-art at different shaped DRAs at mm-wave fre-
quency band are also reported.
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planar antennas. The research on dielectric resonator
(DR) begins long back in the era of 1930s, wherein 1939,

The realization of dielectric resonator antennas (DRAS)
started back in the period of 1980s and with its
proactiveness such as high efficiency, low metallic loss,
wideband characteristics, and shape flexibility; it became
an emerging solution for modern wireless communica-
tion systems." It is suitable for the microwave and
mm-wave communication because of its constructional
features such as the absence of metallic part resulting in
less conduction losses as compared to that of typical

the DR was conceptualized by Richtmger,” showing that
the suitable object made of the dielectric material can
function as an electrical resonator for high-frequency
oscillation and that to which, it can work as energy-
storing device. In addition to that, he developed the the-
ory of resonator; computed its resonant frequency and
thereby explained about the losses of DR. Later, in 1983,
Long et al’® have introduced cylindrical dielectric cavity
antenna, consisting of leaky waveguide model (magnetic
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conductor model) of the dielectric substrate. From that
period, many advances have occurred in the field of DRA
for wireless communication and its development is still
continuing at a faster pace, with new intuitiveness. Some
of the basic DRAs such as cylindrical, rectangular, and
hemispherical, researchers have deeply investigated in
terms of theoretical analysis and mathematical modeling
with different modes characteristics. In spite of these
shapes, the mathematical investigation of other shapes
DRAs are limited. To fulfill the above demand, the
authors have investigated hexagonal and octagonal shape
DRAs along with cylindrical and rectangular DRAs
(RDRAS) in terms of mathematical modeling and their
mode characteristics.

Conventionally, out of the different types of antenna,
microstrip antenna is popularly used due to low profile
and easy to fabricate,*® but there are certain constraints,
which makes their usage limited like narrow bandwidth,
maximum surface waves, low gain, and antenna effi-
ciency. As operating frequency increases drastically
toward mm-waves (30-300 GHz), the conduction losses
also increase and radiation patterns become scattered,
thereby results in poor antenna efficiency. So, the micro-
strip patch antenna is unable to perform well in this sce-
nario. To overcome that, DRAs becomes an optimum
choice of suppressing these disadvantages of metallic
antennas at mm-waves and beyond. This is mainly attrib-
uted to the fact that DRAs do not suffer from conduction
losses and characterize by high radiation efficiency, when
the feed is excited properly. For bringing a new horizon,
an overview of basic shapes DRAs’?* and a complete
state-of-the-art for mm-wave DRAs**"® are presented, as
a comparative focus. Then, a working methodology in
the form of design, simulation, and analysis of basic

FIGURE 1 Outline of the review article

shaped DRAs at 60 GHz mm-wave frequency band are
reported. The outline of this review article is shown in
Figure 1. The review article is comprised of the following
sections: Section 2 deals with an overview of DRAs. A
complete state-of-the-art and literature survey on DRAs
at mm-wave are reported in Section 3. For its practical
realization and consideration of trade-offs, different
shapes such as cylindrical, rectangular, hexagonal, and
octagonal DRAs are designed, simulated, and analyzed at
60 GHz. Among these shapes, empirical formulae for
hexagonal and octagonal DRA are deduced and vali-
dated. These findings are summarized in Section 4. DR
materials and potential applications at mm-wave DRAs
are reported in Section 5. Finally, conclusion is presented
in Section 6, followed up by references.

2 | AN OVERVIEW OF DRAs

DR is the heart of DRAs that capable of radiate energy
into free space at a certain frequency when the source is
excited appropriately. Generally, DRA is a three-layered
structure consisting of DR having different permittivity
materials,” substrate and ground plane. In 1939, DR was
used as an energy-storing device but later in 1983, it was
capsulated beyond energy-storing device (energy radia-
tor), where the behavior of the material depends on
Q-factor and radiation of energy in free space. The con-
cept behind both energy storing and energy radiator
describes the working principle of electromagnetic waves
and the formation of standing waves inside of the DRA.
When the DR is excited at suitable radiating modes, the
standing waves propagate from the radiator wall and
starts radiating into free space. The walls of the resonator
are partially transparent to EM waves that allow them to
radiate into the free space.® The shape of the block, over-
all physical dimensions and permittivity of DR material
determine the resonant frequency of DRA.

2.1 | Basic configurations

Since the DRASs are available in different shapes: cylindri-
cal DRA (CDRA),” ™ rectangular DRA,"*'* hemispheri-
cal DRA,™' hexagonal DRA,'® conical DRA,"
triangular DRA,*>*! and trapezoidal DRA** as shown in
Figure 2. The complete performative analysis of various
antenna's characteristics such as operative frequency,
realized gain, antenna efficiency, modes of excitation,
and polarization diversity are studied and tabulated in
Table 1. For understanding the logic behind the dimen-
sions of DR, empirical formulae/transcendental equa-
tions for different shapes of DRAs are reported.
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Chowdhury et al® have investigated about wideband
circularly polarized CDRA, consists of a cylindrical DR,
placed on top of a ground plane, fed by a microstrip
transmission line. Circular polarization is achieved by
the incorporation of two vertical microstrip lines,
attached to the DR in space quadrature to generate
orthogonal modes. Theoretically, to calculate the dimen-
sions of CDRA at a particular resonant frequency (funda-
mental mode [fies, mEMI15]), empirical formulae® are
given as follows:

f __ 632 0.27 +0.36 d +0.02 d )’
res(HEMy15) — Zﬂ'd\/m ’ ’ ANer ' Ahest

(1)

where, e is the effective permittivity of the DRA, d is
the diameter of the CDRA, hg is the total height (sub-
strate and DR) of the antenna, and e.¢ and hg can be cal-
culated by:

ol = T (1.1)

FIGURE 2 Different shapes of dielectric resonator: A,
cylindrical; B, rectangular; C, hemispherical; D, hexagonal; E,
conical; F, triangular; and G, trapezoidal

TABLE 1 Comparison of basic shapes of DRAs

Ref. DR Shape fo (GHz) & G (dBi)
9 Cyli. 2.82-3.83 9.8 5.5

14 Rect. 5.56-6.37 10.3 4.33

16 Hemi. 4.55 9.2 7.2

18 Hexa. 3-3.47 59 NM

19 Coni. 7.2-8.45 10 7.6

21 Tria. 1.5 12 NM

22 Trap. 2.88-4.04 9.4 8.4

COMPUTER-AIDED ENGINEERING

heff =hgra + hsub (1'2)
where, hy, is the height of DRA, hyy, is the height of sub-
strate, e.qra is the dielectric constant of cylindrical DR and
&sup 1S the dielectric constant of the substrate. The advantages
of CDRA' is ease of fabrication, design flexibility, and ability
to excite different modes within the same structure, as a
result of, broadside and the omnidirectional radiation pattern
is observed. Mongia et al,'! done a comprehensive review of
different modes and radiation characteristics of CDRA.
Taking the same context, Moon et al'* have investigated
theoretically and practically about RDRA for dual-band
PCS/IMT-2000 applications fed by a coaxial probe. Legier
et al presented a paper on a calculation of resonant fre-
quency of RDRA using dielectric waveguide model (DWM)"*
and also investigated certain facts on DWM as the usage of
the semi-analytical technique of Marcatili, Knox, and Toulios
model. In a comparison of both CDRA and RDRA, RDRA
offers two design flexibility, that is, w/d and w/h and low
cross-polarization level. The resonance frequency of the fun-
damental mode (TE},,) is calculated by Equation (2)'*:

Cc
fo= e K2 +k+ k2 (2)
k.d
2r b3 b4
k()—/l—o,ky E,kzzg (22)

where, ky is the free space wavenumber and k,, k,, and k,
are the wavenumber along x, y, and z coordinates, ¢, is
the dielectric constant of DR, w is the width of DR,
h = b/2 is the height of DR, b = length of the DR, and A,
is free-space wavelength.

Eff. (%) Feeding Modes Pol.
96 Microstrip HE} s, HE) 5 CP
NM Microstrip TE§,;, TE§;, LP
90 Coaxial TM01 LP
NM Coaxial TE 15 CP
76-88 Aperture HEM;5 LP
NM Coaxial TMy5 LP
NM Aperture NM CPp

Abbreviations: Coni., conical; Cyli., cylindrical; Eff., efficiency; f,, operating frequency (GHz); G., gain; Hemi., hemispherical; Hexa., hexagonal; NM, not
mentioned; Pol., polarization; Rect., rectangular; Ref., reference; Trap., trapezoidal; Tria., triangular; ,, dielectric constant of DR.
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Luk et al'® have described an analysis of hemispherical
DRA with a coaxial probe using green's function. Similarly,
Mukherjee et al*® presented a half hemispherical DRA with
an array of slots for wideband applications with an imped-
ance bandwidth of 1.3 GHz and realized gain of around
7.2 dBi at 4.55 GHz. Mcallister et al*’ presented a numerical
validation of hemispherical DRA, as shown in Equation (3):

_ 4.775x10’Re(ka)

T (er)a

(3)

where, f; is the resonant frequency, a is the radius of
DRA, and ¢, is the permittivity of DRA.

In the same, Hamsakutty et al'® have given the concept
of a CP hexagonal DRA fed by a coaxial probe, that pro-
vides axial bandwidth from 3 to 3.47 GHz without using
any implicit techniques. Dash et al'® investigated conical
DRA with improved gain and bandwidth for X-band appli-
cations and it is fed by aperture coupled transmission line
with supersubstrate and modified ground plane for the
enhancement of impedance bandwidth of the antenna.
Ittipiboon et al*® studied rectangular and triangular DRA,
used as a magnetic dipole antenna element, fed by aperture
coupled 50-Q microstrip line. Both structures have shown
wide impedance bandwidth (ie, >10%). Kishk examined
triangular DRA and their resonant frequency can be calcu-
lated using the following transcendental equation.!

0.5

fon ¢ l(4ﬂ)2(m2+mn+n2)+k§ (4)

" 27y | \3La

ke = (4.1)

SRS

where, m and n are resonance frequency index, k, is the
wavenumbers in z-direction in the dielectric, c is the speed of
light, ¢, is the dielectric constant of DRA and Ly is the side
length of triangular DRA, h is the two times height of the
DRA, and p = 1 for the fundamental DRA. Pan et al** inves-
tigated circular polarized trapezoidal DRA with a notch at its
top, with a motive for its improvement in impedance
matching from 2.88 to 4.04 GHz, respectively. Table 1 pro-
vides a comparative study about different shapes of DRAs in
terms of antenna parameters along with mode analysis.

3 | ALITERATURE SURVEY ON
MILLIMETER-WAVE DRAs

DRA is a suitable candidate for mm-wave communica-
tion when it is compared with the conventional metallic

patch antenna.”®>® Due to its extensive characteristics,
that is, absence of metallic losses with the presence of
DR, makes DRA, suitable candidate for mm-wave appli-
cations. It can also be operative for 5G applications, in
which performance indices are based on spectrum selec-
tion, antenna, and propagation characteristics. The spec-
trum for 60 GHz mm-wave communication and its utility
in terms of bandwidth in different countries®® are
reported in Table 2. The mm-wave is covering in between
30 and 300 GHz and often called as extremely high fre-
quency. But, this frequency band has already drawn a lot
of attention due to multi-gigabit communication services
such as high definition (HD) multimedia interface,
uncompressed HD video streaming, high-speed internet,
automatic radar sensor, and wireless gigabit ethernet.**°
From practical realization point of view, mm-wave anten-
nas are designed using various processes like low temper-
ature co-fired ceramic (LTCC) process, multilayer PCB
technology and die-sink electrical discharge machining
(EDM) process. In LTCC process, it provides flexibility in
realizing the random number of layers and cross-layer
vias. Other technologies like multilayer PCB technology
suffer more expenditure due to the usage of several
mechanical devices, also it reduces the antenna efficiency
at the high-frequency band as compared to the LTCC
process. In the case of die-sink electrical discharge
machining, it offers a low cost of fabrication®® at mm-
wave antennas.

Prior to it, a proper understanding needs to be per-
suaded for DRAs and its characteristics at mm-wave
applications. With a similar context, different tech-
niques for gain enhancement, attainment of circular
polarization, and bandwidth enhancement are studied.
Subsequently, in this review article, the authors have
proposed different shaped DRAs at 60 GHz mm-wave
applications. In addition, empirical formulae are
deduced for hexagonal and octagonal shapes of DRA.
Besides, mode analysis is persuaded by studying electric
field and magnetic field distributions along with the

TABLE 2 Spectrum range and its bandwidth for different
countries at 60 GHz mm-wave communications®

S1. Spectrum Bandwidth

No Countries (GHz) (GHz)

1 Australia 59.4-62.9 3.5

2 China 59-64 5

3 Europe 57-66 9

4 Japan 59-66 7

5 Korea 57-64 9

6 United 57-64 9

States
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materials used for DR and substrate of the antenna and
their potential applications toward mm-wave communi-
cations. A detailed analogy in this context is given in
the next section.

3.1 | Gain enhancement techniques
The mm-wave communication systems need to be
designed in such a way that, it fulfills the requirements of
high-speed data rate communication. From the antenna
designer's perspective, high gain with a stable radiation
pattern over the entire operating band is essential for
mm-wave communications. Thus, to meet the above
demand, gain enhancement techniques with their evalua-
tion matrices such as impedance bandwidth, efficiency,
modes, and gain are highlighted.

Therefore, the most straightforward approach to
increase the gain and radiation characteristics of the

TABLE 3 Gain enhancement of DRAs at mm-wave applications

COMPUTER-AIDED ENGINEERING

2731 the individual DR, surface inte-

32,33

DRAs are arraying
grated dielectric resonator antenna (SIDRA) array,
DR loaded substrate integrated waveguide®* and sub-
strate integrated waveguide along with aluminum frame
in a backed cavity around the DR array.>® As a result, the
maximum gain is increased up to 28 dB. By introducing
the multilayered DR such as rectangular DR layer having
different dimensions with different permitivity*® and z-
shaped stepped DR with the same permittivity,>’ antenna
gain is enhanced, but it increases the overall height of
the antenna which may not be suitable for a particular
application and in a scenario makes it bulky. To nullify
these effects, a new hybrid structure®®* consisting of an
annular-shaped DR coupling by a microstrip patch with
aperture feed is proposed. The objective was to improve
the gain of DRA with excitation of higher-order modes,
that is, HEM;ss inside DR. Soon, electromagnetic
bandgap (EBG) structure® placed underneath of DRA is
used to reduce the backward radiation, resulted in

Ref. Shape Feeding er fo (GHz) Eff. (%) Modes Gain
27 Cyli. SIW 7.1 25.7 74 HEM, 15 16.3
28 Rect. SIW 10.2 37.7 92 NM 14.5
29 Rect. SIG Power Splitter ~ NM 90-110 >95 TE,; 19

30 Rect. = 2.7 26-34 79.35 NM 28

31 Rect. SIW 2.5 29.3-35.2 76 NM 12

32 M. Rect. SIW 10.2 32.2-35.8 NM NM 11.5
33 M. Rect. SIW 10.2 32.9-35.8 NM TEY,; 12.8
34 Rect. Microstrip 2.23 59.5-65.9 78 TE};; 11.2
35 Rect. SIW 20.5 24.8-31.2 NM NM 18.3
36 Rect. Aperture 10.2, 6.15, 2.2 58-68 NM NM 114
37 Z-shaped Microstrip 10.2 57.14-61.04, 64.06-69.01 95.2,98.4 NM 11.91,11.91
38 Annular Aperture 10 57-65 90% HEM, 55 11.9
39 Elliptical Microstrip 10.2 55.6-65 NM HEM,35,HEM 5 >9
40 Cyli. Aperture 10.2 ~55-65 NM NM 18
41 Rect. Aperture 10.2 29-31.5 NM NM 15.5
42 Rect. Aperture 10.2 ~57-67 NM HEMi5 14.26
43 Cyli. Probe 10.2 30 NM TMop; 6.1
44 Cyli. CPW 11.9 ~58.5-60.73 79.35 HEM;1; 7

45 Rect. Waveguide 10.2 35 95 HEM,; 5.51
46 Rect. Aperture 10 55.8-65.2 NM HEM; 55 13.2
47 Rect. Microstrip 6 57-66.2 NM NM 7.1
48 Rect. Microstrip 20 67 96.7 TEX,, 7.8
49 Rect. Coupling 11.9 57.6-62.1, 77.1-81.2 NM TMY,,, TMX 5 5.1,5.9

Note: ~ is estimated from the graph.
Abbreviations: Cyli., cylindrical; Eff., efficiency; f,, operating frequency; M. Rect., modified rectangular; NM, not mentioned; Rect., rectangular; Ref., reference;
&, dielectric constant of DR.
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enhancement of the radiation efficiency of DRA. Further,
the frequency selective surface (FSS) substrate layer*"*?
is placed just above the DR element, resulted in the
enhancement of gain. Prior, beam switching is also
achieved by using cantilever based FSS.** A novel DRA**
is introduced at 60 GHz mm-wave on-chip systems. It
was fabricated from a single high resistivity silicon wafer
via micromachining technology. This antenna has pro-
vided a number of appealing characteristics such as fabri-
cation simplicity, high gain, low cross-polarization level,
and high radiation efficiency. Keeping it in context, a pla-
nar waveguide technology-based DRA* is introduced to
achieved high radiation efficiency over the operating fre-
quency. Other methods like corner chamfered patch with
DR,* square DRA with surrounded metal via to connect
in between top and ground plane,*” hybrid integrated
DRA,”™ and DRA in Si-based integrated passive device
(IPD)* are reported, to witness various methods for
enhancement of gain and radiation efficiency of DRA. A
detailed analogy is drawn by visualizing relevant out-
comes of numerous gain enhancement techniques at
mm-wave applications in Table 3.

3.2 | Circular polarization techniques

In the present scenario, circular polarization plays a crucial
role in a modern wireless system at mm-wave communica-
tions. Due to its attractive features like independent
antenna orientation, high reflectivity, high absorption, less
multipath distortion than linear polarization (LP), it con-
firms the viability of circular polarization (CP). For achiev-
ing CP, various implicit techniques are considered in our
review article. Starting from the chamfered both side of DR
corners*®* two stacked dielectric rectangular strips placed
upon the coupling slot with inclination angle,* U-shaped

TABLE 4 CP techniques DRA at mm-wave applications

strip lines symmetrically etched on the different side of
DR,” multilayered pyramidal structure DR with different
permittivity,*® and modified circular patch loaded on top of
the individual DR array elements>” are used for attainment
of CP. Consequently, DR with frequency selective surface
which is placed above the DRA and fed by an aperture
coupled microstrip feed resulting in generation of CP radia-
tion.*! In addition, air gap between DRA and FSS layer
together to improve CP purity as well as gain of the
antenna. Other technique, that is, multi-point feed like
dual microstrip feed with a loop structure with a spherical
DR,>® which can be evaluated for dual-polarization in
future work of the paper. Detailed DRAs outcomes such as
impedance bandwidth, CP bandwidth, modes and gain of
CP techniques at mm-wave applications are reported in
Table 4.

3.3 | Bandwidth enhancement
techniques

A quite vast number of existing and emerging modern wire-
less communication systems operate over V-Band and E-
Band at mm-wave communications. In this section, differ-
ent techniques useful to the enhancement of the impedance
bandwidth of the DRAs are summarized. Other techniques
like template-based DRA array,™ grid dielectric resonator
antenna (GDRA) with substrate integrated waveguide
(SIW) feeding layer,> modifying the geometry, that is, low
profile DR with comparison of regular type (cube shape)®
and incorporation of different feeding structure®>” which
leads to the enhancement of —10 dB impedance bandwidth
of DRA. Besides, a dielectric resonator-above-patch
(DRAP),® resulting in the improvement of impedance
bandwidth from 5.8% to 29.2%. The relevant outcomes in
terms of impedance bandwidth, efficiency, modes, and gain

Ref. DRA Feeding &

46 Rect. Aperture 10.2

50 Rect. Aperture 10.2

35 Rect. SIW 20.5

51 Rect. Aperture NM

36 Rect. Aperture 10.2, 6.15, 2.2
52 Cyli. Aperture 10.2

41 Rect. Aperture 10.2

Note: ~ is estimated from the graph.
Abbreviations: CP BW, circular polarization bandwidth; Cyli., cylindrical; f,, operating frequency; NM, not mentioned; Rect., rectangular; Ref., reference; ¢,,

dielectric constant of DR.

Jo (GHZz) CP BW Modes Gain (dB)
55.8-65.2 56.5-63.5 HEM, 55 13.2
20.5-24.3 21.2-24.1 TEi11 5
26.1-30.4 27.4-28.8 TE113 8
24.8-31.2 24-32.2 NM 183
27-31.8 29.7-30 TE;.TE 12.7

58-68 ~ 60-63 NM 11

57-64 55-64.5 HEM, ;5 11.43
29-31.5 29.7-30.6 NM 15.5
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of bandwidth enhancement techniques at mm-wave appli-
cations are tabulated in Table 5.

In Tables 3-5, a detailed state-of-the-art DRAs at
mm-wave frequency band is studied, in correlation
with the gain enhancement, attainment of circular
polarization and bandwidth enhancement. For some of
the cases, it is observed that empirical formulae and
their mode analysis are not investigated except rectan-
gular and cylindrical shaped DRAs. So, in this review
article, by studying antenna parameters, empirical for-
mulae are derived for hexagonal and octagonal shaped
DRAs. Subsequently, mode analysis is persuaded for
cylindrical, rectangular, hexagonal, and octagonal
DRAs by the help of electric field and magnetic field
distribution at 60 GHz mm-wave frequency band. In
addition, commonly used DR with substrate materials
and their potential applications are also reported in
this article.

TABLE 5 Bandwidth

COMPUTER-AIDED ENGINEERING

4 | IMPLEMENTATION OF
DIFFERENT SHAPED DRAs AT
60 GHz FREQUENCY BAND

In the previous section, a complete technical insight
about DRAs at the mm-wave frequency band is pres-
ented.”® Here, different shaped DRAs such as cylindrical,
rectangular, hexagonal, and octagonal at 60 GHz are
designed, implemented, and analyzed using CST micro-
wave studio. It is characterized by the performance index
of antenna parameters such as impedance bandwidth,
input impedance response, realized gain, radiation effi-
ciency and normalized radiation pattern, and mode anal-
ysis at 60 GHz frequency band. In addition, commonly
used DR with substrate materials and their potential
applications at mm-wave communications are also
reported. The design of different shaped DRAs is based
upon the same substrate dimensions with the same value

Ref. DRA Feeding & fo(GHz) Eff. (%) Mode Gain (dB)
enhancement of DRAs at mm-wave
applications 54 Rect. Aperture 2.5,4  56.5-63.5 90 NM 10.5

31 Rect. SIW 2.5 29.3-35.2 76 NM 12

55 Cube  Microstrip 40 54.5-63 NM NM 5

58.5-62 6

56 Rect.  Bond wire  11.9 52.8-65 74 TE},,,TE};; 45

57 Rect.  SIW 102 31-40 NM TE)}, 4.6

58 Rect. CPW 129 54715 NM TE, 3.6

Abbreviations: Eff., efficiency; f,, operating frequency; NM, not mentioned; Rect., rectangular; Ref.,
reference; ¢, dielectric constant of DR.

FIGURE 3 Different
shapes of DRA at 60 GHz mm-
wave applications. A, CDRA; B,
RDRA; C, HDRA; D, ODRA
(optimized dimensions:

Lgupr = Lsup2 = 1.6,

Waubr = Wsubz = 1.6,

Heypr = 0.022, Hyypp = 0.3,
a=0.332,h=H, = H,=0.312,
Les= Ly = Lps = Los = 1.12,
Wee= Wep= Whe = Wer=0.1,
L= W,=H,=0.575, &, = 4,
£, = 11.9, All dimensions are in
mm). CDRA, cylindrical DRA;
DRA, dielectric resonator
antenna; HDRA, hexagonal
DRA; RDRA, rectangular DRA;
ODRA, octagonal DRA
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TABLE 6 A comparative study of different shaped DRAs at 60 GHz mm-wave band
Different shaped DRA
Parameters Cylindrical DRA Rectangular DRA Hexagonal DRA Octagonal DRA
Optimized dimensions a=0.332 L.=W,=H,=0.575 R, = 0.332 R, =0.332
of DRA (mm) h=0.312 H, = 0.312 H,=0.312
Ly =0.332 L,=0.25
Dimensions in term of 1 a=0.06641h =0.0624 L.=W,=H,=0.115. R, = 0.0664 \H, = 0.0624 R, = 0.06641 H, = 0.0621
Ly, = 0.06644 L,=0.051
Surface area of DR (mm?)  0.346 0.330 0.286 0.311
Volume of DR (mm?) 0.107 0.190 0.089 0.097
Path length (mm) 2.08 2.3 1.98 2
—10 dB Impedance 52.7-62.8 57-62.2 55.8-64.6 54.2-63.5
bandwidth (GHz)
Directivity (dBi) 5.03 5.09 4.81 4.89
Antenna efficiency (%) 97.2 97.8 96.2 97.7
Gain (dB) 49 4.99 4.63 4.76
Mode HEM, 1, TE11 HEM, ; HEM,;

FIGURE 4 Structure of A, HDRA and B, ODRA from CDRA.
CDRA, cylindrical DRA; HDRA, hexagonal DRA; ODRA,
octagonal DRA

of permittivity shown in Figure 3. The ideology behind
the proposed antenna is to enhance the impedance band-
width using a double-layered substrate with different per-
mittivity along with a simple microstrip feed
transmission line. Typically, surface wave increases with
the increase in substrate thickness. This leads to an
increase in impedance bandwidth. In the case of the
microstrip patch antenna, such geometrical sequences
result in a decrease in system efficiency. However, here,
antenna efficiency is higher than 95%, due to presence of
DR, which is much more than the printed antennas. The
proposed antennas cover the spectrum of 60 GHz mm-
wave communications.”

41 | Antenna geometry
41.1 | Cylindrical DRA and
rectangular DRA

The proposed antenna consists of DR (CasNb,TiO;,) with
a permittivity (&,) of 48, placed on a silicon layer substrate
(1 = 4) with dimensions of 1.6 (Lggp) X 1.6
(Weup1) X 0.022 (Hgy,;) mm?; with another silicon layer
substrate (¢, = 11.9) with dimension of 1.6 (Lg) X 1.6
(Waubz) X 0.3 (Hgupz) mm? as shown in Figure 3. It is fed
by a 50-Q microstrip line, having optimized dimensions
of feed width (W, = W;¢) 0.1 mm placed on top of silicon
layer substrate. The dimension of feed width for double-
layer substrate with different permittivity is calculated by
using microstrip transmission line Equations (5) and (6)
as follows:

1207 y 1
T\ Ve \(£+1.393+0.677xIn(¥ +1.444))
(5)

where,

€r,sub — 1 1

2 2 |1+
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FIGURE 5
outcomes of different shaped
DRAs at 60 GHz: A, S;; vs
frequency; B, input impedance

Simulated

vs frequency; C, realized gain vs
frequency; and D, antenna
efficiency vs frequency. DRA,
dielectric resonator antenna

For the double-layered substrate, the permittivity is
calculated by using static capacitance model® in the fol-
lowing Equation (6).

c _ H eff,sub ( 6)
rsub = Haun Haubz
€ €2

where,
Heff,sub = Hqub1 + Hgub2

The dimension of DR at a given resonant frequency
of modes (fyes (11Em,,,) 304 fres (1E,,,)) are calculated using
empirical formulae in Equations (1) and (2) and the opti-
mized dimensions are tabulated in Table 6.

412 | Hexagonal DRA and
octagonal DRA

Hexagonal and octagonal DR structures are derived from
cylindrical DR structure. Parameters like the dimensions
of dual silicon layer substrate and height of the DR with
permittivity remain the same with the previous value, as

COMPUTER-AIDED ENGINEERING

shown in Figure 3. Mathematically, hexagonal DRA
(HDRA) is obtained by connecting six equilateral trian-
gles side by side, each of them having a side length (L)
of 0.332 mm, as shown in Figure 4A and is calculated by
Equation (7). Similarly, octagonal DRA (ODRA) is
obtained by connecting eight triangles side by side, each
of them having a side length (L,) of 0.25 mm as shown in
Figure 4B. It is calculated on the basis of Equation (8).

Ln=2Rysin30%,Ry = —2 =1, (7)

h=emh TR osin300 M
Lo=2Rosin22.5% R, = — 0 —13L (8)
° ° T T 2sin22.50 T T

To calculate their resonant frequency, empirical
formulae are developed for HDRA & ODRA, with
due consideration of parameters such as R,, Hy, Ry,
H,, Hy and ¢, as shown in the Equations (7) and
(8), respectively. Their validation is dependent upon
the S;; vs frequency characteristics of HDRA and
ODRA, resonating at 60 GHz operating frequency. In
the case of hexagonal shape DRA, the resonant



INTERNATIONAL JOURNAL OF

10 of 15 WI LE Y —RF AND MICROWAVE

MEHER ET AL.

COMPUTER-AIDED ENGINEERING

frequency of HEM;;; mode can be calculated by

R R 2
Uih ”ih

©)

_ 6.324c
Fres (HEMu) = Ren T3

Similarly, for octagonal shape DRA, the resonant fre-
quency of HEM;;; mode can be calculated by using
Equation (10).

FIGURE 6 Normalized
radiation pattern of different
shaped DRAs in the X-Z plane
and Y-Z plane at A, 58 GHz; B,
60 GHz; C, 62 GHz. DRA,
dielectric resonator antenna

_ 6.324c
fres (HEM;,) — m

0.27+0.36 R +0.02 Ro \*
: T \4H, ““\4H,

4.2 | Simulated results and discussions

The S;; response of the different shaped DRAs is shown
in Figure 5A. The simulated S;; are 52.7 to 62.8 GHz for
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FIGURE 7 Electric field
and magnetic field distributions
of different shaped DRAs at

60 GHz. DRAs, dielectric
resonator antennas

CDRA, 57 to 62.2 GHz for RDRA, 55.8 to 64.6 GHz for
HDRA, and 54.2 to 63.5 GHz for ODRA. We observed
from the simulated S;; graph, the bandwidth is directly
proportional to the path length of DR. Due to the large
path length, the bandwidth of CDRA is more than HDRA
and ODRA. Consequently, shifting of bandwidth to the
higher band is inversely proportional to the surface area
of DR. During the comparison, CDRA, HDRA, and
ODRA are taken into consideration, because HDRA
and ODRA are derived from CDRA structure. The input
impedance response vs frequency of the different
shaped DRAs are shown in Figure 5B. It can be
observed that, within the operating frequency range,
the real part of the impedance is nearly to 50-Q while
the imaginary part lies nearly 0-Q, respectively. As a
result, different shaped DRAs are perfectly matched
between microstrip feed and DR. The realized gain is
4.89 dB for CDRA, 4.97 dB for RDRA, 4.63dB for
HDRA, and 4.76 dB for ODRA at 60 GHz frequency
with antenna efficiency of above 95% within the operat-
ing frequency band as shown in Figure 5C,D. All the
relevant outcomes are shown in Table 6. The normal-
ized radiation pattern for different shaped DRAs at
58, 60, and 62 GHz is illustrated in Figure 6. With refer-
ence to the graph in X-Z and Y-Z plane, the radiation

RF AND MICROWAVE_WI LEY. 11 0f15
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patterns are broadside in nature and also following the
same pattern without instability.

4.3 | Analysis of modes

To highlight the theoretical insight about DRAs, modal
analysis is performed and it is validated through electric
and magnetic field distribution®”®"** with the help of
EM solver, as shown in Figure 7. The hybrid electromag-
netic mode: HEM;;; or HEM; ;5 is observed in CDRA,
HDRA, and ODRA, where both electric fields and mag-
netic fields are in the direction of propagation. In this
mode (HEM,;5), the first subscript indicates the number
of full-period fields variation along azimuthal direction
or number of half-wave field pattern around half circum-
ference of the top view of DR. Similarly, second subscript
indicates the number of half-wave fields and its variation
along the radius, that is, in-between center and periphery
of the structure and last subscript (§) indicates the num-
ber of half-wave fields variation in the direction of propa-
gations. Similarly, in the case of RDRA, TE;;; mode is
observed and it indicates that the number of half-wave
field variations occurs in the direction of the X-axis, Y-
axis, and Z-axis (direction of propagation), respectively.
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TABLE 7 DR and substrate materials with their potential applications at millimeter-wave DRAs
Ref.
no Substrate material DR material Potential applications
27 Arlon 25 N Green tape 9K7 ¢ 5G & small cell concept
28 Roger RT/5870 Roger RT/6010 * Metro network service
. . . . » High definition (HD) video
30 Composite material [PREPERM Composite material [PREPERM . IEEE 802.11ad WiGig (Wireless gigabit
TP20280] TP20280] .
alliance)
31 Rogers 6006 Rogers 6010, 6006, 5880 « Satellite communication
32 Rogers RT 5880 Rogers RT 6010 * Automotive application
» Body scanners
33 Rogers RT 5880 Rogers RT 6010
» Radar
34 Rogers RT 5880 Rogers RT 5880 + Medical application
35 Rogers RT5880 Ceramic material + Virtual reality headsets
36 Rogers 6010, 6006, 5880 Rogers 6006
39 Rogers 5880, Rogers 6010 Rogers RT6010
41 Rogers 3006 Rogers RT6010
43 Rogers RT 6002 Rogers RT6010
44 Silicon wafer Silicon wafer
45 Rogers RT 5870 Rogers RT6010
47 Rogers RT 6002 Rogers TMM6
49 Silicon-based IPD High resistivity silicon
50 Rogers 3010 Rogers 5880
57 Rogers RT5880 Rogers RT6010
[PP] Silicon layer CasNb,TiO,,

Abbreviations: PP., present paper; Ref., reference.

5 | DR MATERIALS AND
POTENTIAL APPLICATION OF
MILLIMETER-WAVE DRAs

The material properties of dielectric and substrate of
DRAs play a crucial role for antenna designers. These
properties influence antenna characteristics such as oper-
ating frequency, impedance bandwidth, quality factor (Q-
factor), antenna gain, and antenna radiation efficiency.
In addition to that, dielectric material losses also directly
impact the antenna characteristics, because material
losses depend on the permittivity of the dielectric
material.

Thus, this part will allow the antenna designer to
choose the perfect material for DR and substrate, to
design the millimeter-wave DRAs. Material used for
millimeter-wave DRAs are presented in Table 7. Due to
ultra-high data rate transmission, nowadays, research on
DRAs in the millimeter-wave applications are going to
increase in a faster manner. It is possible to send the
information between cell phones and satellites at a faster
rate, that is, nearly 10 to 20 times (10-20 gigabit per sec-
ond) faster than standard 4G networks (1 gigabit per

second) because millimeter- wave can support ultra-high-
speed data rate due to higher bandwidth. The potential
applications of millimeter-wave DRAs are reported in
Table 7.

6 | CONCLUSION

The purpose of this article is to provide a technical review
of the development of DRAs at mm-wave communica-
tion. It starts with a general overview of the basic config-
uration of DRAs. Then, state-of-the-art development of
different techniques specifically used for enhancement of
gain, generation of circular polarization, and improve-
ment of impedance bandwidth at mm-wave frequency
are highlighted. At last, different shaped DRAs such as
CDRA, RDRA, HDRA, and ODRA at 60 GHz are
implemented by using CST microwave studio. The pro-
posed antenna consists of a dual silicon substrate having
different permittivity (double-layered structure) used for
the enhancement of impedance bandwidth. The —10 dB
impedance bandwidth is found to be from 52.7 to
62.8 GHz, 57 to 62.2 GHz, 55.8 to 64.2 GHz, and 54.2 to
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63.5 GHz. Subsequently, empirical formulae are devel-
oped for HDRA and ODRA at 60 GHz frequency band.
Finally, the analysis is concluded with the study of modes
along with the DR materials and potential applications.
Hybrid electromagnetic modes, that is, HEM;;; is
observed for CDRA, HDRA, and ODRA. Similarly, in the
case of RDRA, TE,;;; is observed form the structure of
DR. In correspondence to its utility as a review article for
mm-wave DRAs, a detailed analogy regarding the design
of different shaped DRAs along with their mode analysis,
is presented to benefit the readers.
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