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Abstract—A high-gain wideband cylindrical dielectric res-
onator antenna (CDRA) based on semi-cylindrical grooved
structure is presented in this brief. A semi-cylindrical grooved
structure is used to combine the higher-order HEM12σ mode
of the CDRA with that of the slot resonant mode, so to realize
a hybrid radiation mode with high gain characteristics. For
further improving the realized gain of the antenna, a pair
of parasitic metal panels is employed symmetrically without
increasing the horizontal size and profile. Moreover, by employing
the HEM12σ mode and slot modes concurrently, the proposed
high-gain wideband CDRA fed by microstrip-to-stripline feeding
structure realizes the wide bandwidth of 5.92GHz. Furthermore,
by taking advantage of the bottom of the feed structure, which
plays the role of a reflector, the realized gain is improved without
requiring further design improvements. Finally, a prototype
of demonstration is designed, fabricated and measured. The
proposed antenna achieves a peak gain of 12.9dBi over a
fractional bandwidth (FBW) of 22.1% around 27 GHz. The
measured results agree well with simulated ones. It is a good
candidate for 5G millimeter wave wireless communications.

Index Terms—Dielectric resonator antenna, high gain,
mm-wave, hybrid modes, wideband, wireless communication.

I. INTRODUCTION

D IELECTRIC resonator antenna (DRA) has the advan-
tages of high design degree of freedom and no metals

loss, as well as multiple resonant modes, small size and
wideband, which can meet the requirements of B5G/6G
applications [1], [2], [3]. Moreover, because the transmission
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and propagation losses of millimeter wave antenna in free
space are relatively severe, the characteristics of high gain
wideband DRA are urgent desired.

To enhance the realized gain of DRA, different methods
have been proposed [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13]. Firstly, the antenna array is adopted to improve the
gain [4], [5], and the gains of 9.8 and 17.2dBi are achieved
in 1×4 [4] and 4×4 antenna array [5], respectively. Although
the gain of antenna can be enhanced by using the array
configurations, the overall size of antenna increases. Moreover,
the gains of antennas can also be improved by using higher
order resonant modes. In [6], the HEM133 and HEM123 modes
are utilized, and the maximum gain of the DRA is 11.6dBi.
Nevertheless, its bandwidth is less than 6%. In addition, the
hybrid DRA can also be used to improve the antenna gain.
The reported antenna in [7] consisting of a CDRA and a
truncated plastic conical horn has achieved a peak gain of
11.3dBi with low sidelobe level. However, a high antenna
profile of 1.29λ0 (λ0 is the wavelength in free space at the
center frequency of working frequency band) is achieved due
to the addition of plastic horn. Additionally, a CDRA with
top-mount spherical cap lens and a metal reflector obtains a
fractional bandwidth (FBW) of 65% and a peak gain greater
than 14 dBi, which has been proposed in [8] recently. The
improvement of its gain performance mainly depends on the
functions of lens and reflector. A pattern reconfigurable high
gain spherical DRA with three switching modes to control
the radiation pattern and the maximum gain of 9.12dBi is
achieved in [9], but the bandwidth of 1.7% should be enhanced
because of the excitation of higher order TE301 mode. A two-
layer higher-order-mode circularly polarized (CP) rectangular
dielectric resonator antenna (DRA) is proposed in [10], which
achieved the CP bandwidth of 9.5% and the maximum gain of
11dBic, while two-layer DRA is difficult to be processed and
assembled, and the accuracy requirements of millimeter wave
frequency band for DRA is hard to be achieved by using 3D
printing technology. A wideband filtering dielectric resonator
antenna is proposed in [11], which achieved bandwidth of
34% and the maximum gain of 9.5dBi. But the high profile
(0.55λ0) and complex circuitry limit its application. DRAs
with horn-lens structure are proposed in [12] and [13] to
achieve the maximum gains of 19dBi and 13.1dBi, and the
bandwidths are 122% and 92.4%, respectively. Both antennas
exhibit remarkable EM performance establishing a new state
of the art in the area of dielectric antennas. However, the size
and profile introduced by the horn, lens and reflector preclude
their use in low profile applications.

In this brief, a novel high-gain wideband cylindrical dielec-
tric resonator antenna (CDRA) based on semi-cylindrical
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grooved structure is proposed. It consists of the proposed
semi-cylindrical grooved CDRA, the coupling structure and
microstrip-to-strip line transition. The working mechanism of
the proposed semi-cylindrical grooved CDRA is first analyzed
theoretically and numerically. Different from the approaches
of multi-layer dielectric combination structure, the high gain
performance of proposed CDRA can be achieved by simply
adjusting the parameters of semi-cylindrical grooved CDRA.
Furthermore, a pair of parasitic metal panels and stripline
feeding structure are utilized to improve the gain of the
proposed cylindrical grooved CDRA. Eventually, the proposed
cylindrical grooved CDRA can obtain a peak gain of up to
13.2dBi, a wide −10dB impedance bandwidth of 5.92 GHz,
and compact size of 1.71λ0×1.33λ0×0.29λ0. A prototype is
designed, fabricated and measured, with a good agreement
between the measured and simulated results. The proposed
semi-cylindrical grooved CDRA is a good candidate for 5G
millimeter wave communication applications.

II. ANTENNA DESIGN AND INVESTIGATION

The structure of the proposed novel high-gain wideband
CDRA is shown in Fig. 1, which consists of semi-cylindrical
grooved CDRA, ground, a pair of parasitic metal panels,
coupling structure, feeding substrate and microstrip-to-strip
line transition. The 92% alumina ceramic semi-cylindrical
grooved CDRA with a high relative permittivity εr = 8.8 is
located on the center of the feeding substrate. The feeding
substrate is Teflon with the relative permittivity εr = 3.3, a
thickness t = 0.6mm and loss tangent tanδ = 0.002. The
microstrip-to-strip line transition structure is employed to feed
and excite the resonant mode of CDRA through the coupling
slot structure. The coupling aperture equals to a magnetic
dipole, which provides a fairly good impedance matching for
the HEM11σ mode in [14].

For the conventional CDRA (Antenna I), if the relative
permittivity εr maintains a constant, the ratio of r/h will
determine the resonant frequency of HEM11σ mode, where, r,
h, and εr are the radius, the height, and the relative permittivity
of the CDRA, respectively. Adjusting the r/h ratio can change
the resonant frequency and excite the HEM mode. When
r = 3.2mm, h = 1.505mm and the εr = 8.8 of the CDRA
are determined, the eigenmode resonant frequency of HEM11σ

mode at 25.2 GHz can be obtained, as shown in Fig. 1(c). It
should be mentioned that the maximum gain of the CDRA
(Antenna I) based on HEM11σ mode is only 6.6dBi due to the
excitation of fundamental mode, the radiation pattern can be
seen from Fig. 2.

In order to improve the realized gain of CDRA, the higher
order mode of CDRA with corresponding feeding structure
is a good solution. Higher order mode is usually excited
by stacking multiple DRAs or combining several substrates
with different relative permittivity. Nevertheless, the stacked
multiple DRAs structure inevitably increases the profile, and
it is also not convenient to adjust the effective relative
permittivity of multilayer substrates. In fact, the excitation of
higher order mode can be achieved by controlling only the r/h
ratio of CDRA under the slot coupling feed network in [15].
Herein, the semi-cylindrical grooved CDRA (Antenna II) with
controllable relative permittivity and aspect ratio is proposed,
by combining the semi-cylindrical groove with relative permit-
tivity εair = 1 and DRA with relative permittivity εr = 8.8, an

Fig. 1. Geometry of the proposed semi-cylindrical grooved CDRA: a=18mm,
b=14mm, c=4.3mm, d=3mm, r=3.6mm, l=2.6mm, s=0.2mm, wd=7.8mm,
ws=1.5mm, r1=0.55mm, h=1.905mm, t=0.6mm, k=5.4mm, (a) 3D view and
equivalent circuit model diagram of proposed CDRA, (b) Top view and side
view. (c) Evolution and simulated S11 of the proposed antenna.

Fig. 2. Realized gain of proposed antenna, (a) E-Plane phi=0◦. (b) H-Plane
phi=90◦.

effective relative permittivity εeff of CDRA can be derived as:

εeff = V1εr + V2εair

V1 + V2
(1)

V1 = πr2h − πr1
2r (2)

V2 = πr1
2r (3)

where, V1 and V2 are the volumes of alumina ceramic dielec-
tric and air dielectric, respectively. R=3.6mm is the radius
of the whole CDRA, r1=0.55mm is the radius of the semi-
cylindrical groove, h=1.905mm is the height of the CDRA,
εr is the relative permittivity of the dielectric resonator, εair
is the relative permittivity of the air and the finally relative
permittivity is εeff =8.46.

The higher order mode HEM12σ of CDRA is achieved
by a semi-cylindrical grooved CDRA through slot-fed and
adjusting the dielectric constants ratio of alumina ceramic
CDRA to cylindrical grooved air dielectric, without adding
any other dielectric materials and increasing profiles. The
coupling coefficient of the slot depends on the aperture size
and impedance matching network. The aspect ratio r/h and
radius r1 of the semi-cylindrical grooved structure determines
the excitation of the modes. Generally, the change of r/h ratio
will affect the resonant mode and the resonant frequency of
CDRA, it is worth mentioning that the resonant frequency of
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Fig. 3. (a) Theoretical and simulated electric field vector distributions
of HEM12σ mode at 27.5GHz. (G-G’ is the location of the ground plane)
(b) Electric field distributions of CDRA with/without metal panels at 27.5GHz.

the proposed CDRA is controlled by changing the relative
dielectric constant without affecting the resonant mode of the
antenna through the semi-cylindrical grooved structure, as well
as the aspect ratio r/h. As shown in Fig. 1(c), when r/h=1.88,
the radius r1=0.55mm, the higher order mode HEM12σ of
Antenna II can be excited at 27.5GHz.

Moreover, Fig. 3(a) shows the comparison of the simulated
electric field diagrams of the proposed CDRA and the theo-
retical electric field diagrams of higher order mode HEM12σ

at 27.5 GHz. It can be seen that the simulated fields are
not completely consistent with the theoretical ones for the
proposed CDRA placed on a metal ground plane, because
the metal sheet underneath the CDRA changes the boundary
conditions. Notably, it also can be determined from the field
distributions and gain performance of DRA [16], [17]. From
Fig. 3(a), it can be seen that the overall distribution of the
electric field vector is similar to the theoretical HEM12σ mode
in the top and side views. The strong current at the bottom of
the antenna in side view is mainly caused by the strong electric
field near the slot boundary. Moreover, the distribution of the
electric field consists of two electric field loops from the top
view, which is consistent with the electric field distribution of
eigenmode. Furthermore, the gain of the CDRA (Antenna II)
at 27.5GHz achieved 11dBi in Fig. 2, which is same as the
gain characteristics of higher order mode. Thus, it can be
determined that the HEM12σ higher order mode has been
excited. Ultimately, the grooved CDRA achieves the maximum
gain of 11dBi within band of 26.2-28.5GHz, which are shown
in Fig. 1(c) and 2.

Furthermore, to improve the gain of the CDRA
(Antenna III), a pair of parasitic metal panels are introduced
on both sides of the radiator to constrain the electric field in
the xoy plane. As shown in Fig. 3(b), it is obvious that the
electric field distributions of the CDRA are more concentrated
along the direction of the +z-axis at the center of the proposed
CDRA with parasitic metal panels. In order to verify the
high gain characteristic of the antenna with higher order
mode, Antenna III is fabricated and measured. As shown in
Fig. 4(a), the measured reflection coefficient of the proposed
Antenna III is better than –10 dB over 26.6-28.9 GHz
(simulated: 26.2-28.8 GHz), which covers the 28 GHz band
for the future 5G applications. It is verifiable that the measured
result is basically consistent with the simulated one. The gain
of the Antenna III prototype in the impedance bandwidth has
been shown in Fig. 4(b). The measured maximum gain of
Antenna III is 11.6dBi (simulated 12.3dBi), which verifies the
high gain performance introduced by the higher order mode.

Fig. 4. Simulated and measured S11 and realized gains of the Antenna III.
(a) S11, (b) Realized gain.

Fig. 5. Simulated (a) reflection coefficients, and (b) realized gains of the
CDRA with different radius r1 of semi-cylindrical grooved structure.

Although the CDRA with higher order mode HEM12σ can
improve the gain, the FBW of the CDRA is only 9.4%.
Therefore, in order to broaden the working bandwidth and
further improve the gain, the slot resonant modes are excited
simultaneously by employing the stripline feeding network
structure, and a novel wideband high-gain CDRA is proposed,
labeled as Antenna IV. As shown in Fig. 1(c), multiple modes
of CDRA and slot can be excited by utilizing the microstrip-
to-strip line feeding structure and semi-cylindrical grooved
structure. Owing to the enclosed construction, the stripline
structure extremely reduces the insertion loss during the
transmission, especially beneficial for mm-wave applications.
In addition, the metal ground of stripline structure also acts
as a reflector to further improve the gain performance of the
CDRA. Benefiting from the hybrid radiation mode combined
by the excitation of slot and DRA, the gain of the CDRA is
increased from 12.2dBi to 13.2dBi, and the FBW is improved
from 9.4% (26.2-28.8GHz) to 20.8%(25.44-31.36GHz), which
can be seen from Fig. 1(c) and 2.

III. PARAMETERS ANALYSIS

In order to gain further insight into the working mechanism
of the proposed CDRA, the impacts of some key parameters
are investigated theoretically and numerically.

The resonant frequency and impedance bandwidth of the
DRA are mainly determined by the size of the resonator.
Fig. 5(a) and (b) show the impacts of the radius r1 of the
semi-cylindrical groove on the antenna gain and bandwidth,
respectively. As the radius of groove r1 increases, the effective
relative permittivity of the whole CDRA decreases, and the
resonant frequency will shift upwards to high frequency.
Moreover, the radius r1 also determines the contact area
between the CDRA and the slot, which affect the coupling
coefficient of the antenna and the gain performance. As
shown in Fig. 5(b), when the resonant frequency of CDRA
moves towards to the radiation resonant frequency of slot,
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Fig. 6. Simulated S11 and gain of the proposed antenna with/without CDRA
and impacts of different slot length l on reflection coefficients of the proposed
CDRA. (a) reflection coefficients, (b) realized gains.

the maximum gain of the proposed antenna increases. Thus,
the gain can be improved by adjusting radius r1 of the semi-
cylindrical groove. Noting that, the resonant frequency of
CDRA is too close to or merged with the resonant frequency
of slot, which will reduce the bandwidth of the antenna.

For further understanding the working mechanism of
proposed antenna with multi-modes, the introduction of
additional resonant frequencies 25.9GHz and 28.8GHz were
confirmed by removing the CDRA structure and feeding the
slot directly as shown in Fig. 6(a). When there is no CDRA
resonant mode, there are two potential resonant frequencies
in the bandwidth, which are introduced by slot. As shown
in Fig. 6(b), the slot not only feeds the DRA but also has
the characteristic of radiation, i.e., hybrid radiation modes of
both the DRA and the slot contribute to the radiative process.
Antenna IV has two peak gain points, one is located around
27GHz mainly achieved by the HEM12σ mode of CDRA, and
the second peak gain point is around 29.5GHz. It can be seen
from Fig. 6(b) that the peak gain point 2 in Antenna IV is at
a similar frequency of slot peak gain, which proves the high
gain characteristics realized by the combination of CDRA and
the radiation of the slot.

As mentioned in Section II, the proposed CDRA is fed by
slot coupling, and the coupling coefficient and impedance of
the slot are associated with the slot length l. The equivalent
circuit model of slot coupled DRA is shown in Fig. 1(a), the
proposed semi-cylindrical grooved CDRA is modeled as a
parallel RLC resonator with lumped elements Rr, Cr and Lr.
Equivalent capacitance Cslot is related with the size of slot, and
the coupling between the slot and dielectric radiator is modeled
by the transformer with ratio of 1: n. The magnitude of fed
energy could be controlled with n value, which is related with
the size of feeding slot. Fig. 6(a) shows the input impedance
of the CDRA for different slot length l. As the slot length l
increases from 2.2 to 3mm, the coupling coefficient of the
antenna will rise, and the return loss of the working frequency
will thus be affected.

IV. PROTOTYPE AND RESULTS

A. Antenna Prototype

To verify the proposed high gain wideband CDRA fed with
the microstrip-to-strip line feeding structure, the Antenna IV
is fabricated and measured. The prototype of the proposed
CDRA is fabricated by using computer numerical control
(CNC) and printed circuit board (PCB) manufacturing. The
CDRA is made of 92% alumina ceramic with the relative

Fig. 7. Simulated and measured S11 and realized gain of the proposed
antenna. (a) S11, (b) Realized gain.

permittivity εr =8.8, and the dielectric substrate is made
of RISHO CS-3376C (Teflon) with the relative permittivity
εr =3.3, a thickness of t = 0.6mm, and tanδ = 0.002.
Fig. 7(a) shows the photographs of the proposed prototype.
The antenna is attached to the dielectric substrate by a low
relative permittivity adhesive (3M PR100).

B. Measured and Simulated Results

The simulated results were achieved by using ANSYS HFSS
(2018) software. For the Antenna IV, the measured -10dB
impedance bandwidth is 25.40-31.71GHz (simulated: 25.44-
31.36GHz) as shown in Fig. 7(a). There are three resonant
frequencies in the working bandwidth, which are consistent
with the simulation. Compared with Antenna III, the FBW
of Antenna IV has been greatly improved from 8.3% to
22.1% (−3dB gain bandwidth of 14.7%), which verifies
the benefit of introducing the microstrip-to-strip line feed
structure. Moreover, the measured/simulated maximum gain of
Antenna IV in the bandwidth is 12.9/13.2dBi, as illustrated in
Fig. 7(b). Due to the no surface wave loss characteristics of the
CDRA, the simulated radiation efficiencies of both antennas
in the bandwidth are greater than 90%. In order to confirm
the stability of the radiation pattern in the bandwidth. The
measured and simulated radiation pattern of the Antenna IV
in the xoz plane (ϕ=0◦) and yoz plane (ϕ=90◦) at 25.44 GHz,
27.62 GHz and 31.36 GHz are shown in Fig. 8. It can be
clearly seen that the radiation patterns are stable in the whole
bandwidth range. Besides, the difference between the main
polarization and the cross-polarization level of the radia-
tion pattern at 27.62GHz is −45.3dB (simulated −47.6dB).
However, the deviation of the main lobe is caused by the SMK
connector, which covers DC-40GHz range. The deviations
between the simulation and measurement S-parameter are
mainly due to the CDRA and the dielectric substrate are
connected by glue and fabrication tolerance.

The performance comparisons between the proposed CDRA
and recently reported DRAs research are listed in Table I. The
proposed CDRA has the advantages of compact size, wide-
band, high gain, simple and easy fabrication which does not
require the stacked multilayer dielectric or combination with
high profile lens structure. It is worth noting that the proposed
semi-cylindrical grooved CDRA can achieve high gain by only
adjusting the radius parameters of semi-cylindrical groove,
which not increase the antenna’s profile. Moreover, the antenna
gain is enhanced by increasing the effective radiation aperture
due to the pair of metal panels, which does not increase the
antenna size, thus achieving miniaturization.
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Fig. 8. Simulated and measured radiation patterns of the Antenna IV:
(a) 25.44GHz, (b) 27.62GHz, (c) 31.36GHz. (X-pol: — Simulated, ---
Measured).

TABLE I
THE PERFORMANCE OF THE PROPOSED ANTENNA WITH THOSE

AVAILABLE IN THE LITERATURE

V. CONCLUSION

In this brief, a novel structure of a high-gain, broadband
millimeter-wave CDRA is proposed based on semi-cylindrical
grooved structure for millimeter wave communications. The
characteristics of the proposed semi-cylindrical grooved
CDRA are first analyzed. Different from the other works, the
proposed antenna simply adopts the semi-cylindrical grooved
structure to reach the hybrid radiation modes, and the hybrid
modes of the CDRA are realized by combining the HEM12σ

mode of the CDRA and the resonant mode of slot. Moreover,
the working mechanism of the proposed antenna is further
investigated theoretically and numerically. Two CDRA pro-
totypes are designed, fabricated, assembled and measured.
The result indicates that the proposed antenna achieves the
maximum gain of 12.9dBi and the FBW of 22.1%, and
a good agreement between simulation and measurement
is obtained, which can be used for 5G millimeter wave
communications.

REFERENCES

[1] S. Chaudhuri, M. Mishra, R. S. Kshetrimayum, R. K. Sonkar, H. Chel,
and V. K. Singh, “Rectangular DRA array for 24 GHzISM-band
applications,” IEEE Antennas Wireless Propag. Lett., vol. 19, no. 9,
pp. 1501–1505, Sep. 2020.

[2] W. Wang and Y. Zheng, “Wideband gain enhancement of a dual-
polarized MIMO vehicular antenna,” IEEE Trans. Veh. Technol., vol. 70,
no. 8, pp. 7897–7907, Aug. 2021.

[3] D. Guha, P. Gupta, and C. Kumar, “Dualband cylindrical dielectric
resonator antenna employing HEM11δ and HEM12δ modes excited by
new composite aperture,” IEEE Trans. Antennas Propag., vol. 63, no. 1,
pp. 433–438, Jan. 2015.

[4] Y.-T. Liu, B. Ma, S. Huang, S. Wang, Z. J. Hou, and W. Wu,
“Wideband low-profile connected rectangular ring dielectric resonator
antenna array for millimeter-wave applications,” IEEE Trans. Antennas
Propag., vol. 71, no. 1, pp. 999–1004, Jan. 2023.

[5] Z. Chen et al., “Millimeter-wave rectangular dielectric resonator antenna
array with enlarged DRA dimensions, wideband capability, and high-
gain performance,” IEEE Trans. Antennas Propag., vol. 68, no. 4,
pp. 3271–3276, Apr. 2020.

[6] M. Mrnka and Z. Raida, “Enhanced-gain dielectric resonator antenna
based on the combination of higher-order modes,” IEEE Antennas
Wireless Propag. Lett., vol. 15, pp. 710–713, 2016.

[7] E. Baldazzi et al., “A high-gain dielectric resonator antenna with plastic-
based conical horn for millimeter-wave applications,” IEEE Antennas
Wireless Propag. Lett., vol. 19, no. 6, pp. 949–953, Jun. 2020.

[8] R. Cicchetti, A. Faraone, E. Miozzi, R. Ravanelli, and O. Testa, “A
high-gain mushroom-shaped dielectric resonator antenna for wideband
wireless applications,” IEEE Trans. Antennas Propag., vol. 64, no. 7,
pp. 2848–2861, Jul. 2016.

[9] B. K. Ahn, H.-W. Jo, J.-S. Yoo, J.-W. Yu, and H. L. Lee, “Pattern
reconfigurable high gain spherical dielectric resonator antenna operating
on higher order mode,” IEEE Antennas Wireless Propag. Lett., vol. 18,
no. 1, pp. 128–132, Jan. 2019.

[10] A. A. Abdulmajid, Y. Khalil, and S. Khamas, “Higher-order-mode
circularly polarized two-layer rectangular dielectric resonator antenna,”
IEEE Antennas Wireless Propag. Lett., vol. 17, no. 6, pp. 1114–1117,
Jun. 2018.

[11] H. Liu, H. Tian, L. Liu, and L. Feng, “Co-design of wideband filtering
dielectric resonator antenna with high gain,” IEEE Trans. Circuits Syst.
II Exp. Briefs, vol. 69, no. 3, pp. 1064–1068, Mar. 2022.

[12] R. Cicchetti, V. Cicchetti, A. Faraone, L. Foged, and O. Testa, “A wide-
band high-gain dielectric horn-lens antenna for wireless communications
and UWB applications,” IEEE Trans. Antennas Propag., vol. 71, no. 2,
pp. 1304–1318, Feb. 2023.

[13] D. Caratelli, R. Cicchetti, V. Cicchetti, and O. Testa, “A wideband
high-gain circularly-polarized dielectric horn antenna equipped with
Lamé-Axicon stacked-disk lens for remote sensing, air traffic control
and satellite communications,” IEEE Access, vol. 11, pp. 20912–20922,
2023.

[14] R. K. Mongia and P. Bhartia, “Dielectric resonator antennas—A review
and general design relations for resonant frequency and bandwidth”
Int. J. Microw. Millimeter-Wave Comput. Aided Eng., vol. 4, no. 3,
pp. 230–247, Jul. 1994.

[15] A. K. Ojha and A. V. Praveen Kumar, “High gain broadside mode
operation of a cylindrical dielectric resonator antenna using simple slot
excitation” Int. J. Microw. Wireless Techn., vol. 13, no. 3, pp. 286–294,
APR. 2021.

[16] D. Guha, A. Banerjee, C. Kumar, and Y. M. M. Antar, “Higher
order mode excitation for high-gain broadside radiation from cylindrical
dielectric resonator antennas,” IEEE Trans. Antennas Propag., vol. 60,
no. 1, pp. 71–77, Jan. 2012.

[17] A. W. Glisson, D. Kajfez, and J. James, “Evaluation of modes in
dielectric resonators using a surface integral equation formulation,”
IEEE Trans. Microw. Theory Techn., vol. 31, no. 12, pp. 1023–1029,
Dec. 1983.

[18] M.-D. Yang, Y.-M. Pan, Y.-X. Sun, and K.-W. Leung, “Wideband
circularly polarized substrate-integrated embedded dielectric resonator
antenna for millimeter-wave applications,” IEEE Trans. Antennas
Propag., vol. 68, no. 2, pp. 1145–1150, Feb. 2020.

[19] S. Varghese, P. Abdulla, A. M. Baby, and P. M. Jasmine, “High-gain
dual-band waveguide-fed dielectric resonator antenna,” IEEE Antennas
Wireless Propag. Lett., vol. 21, no. 2, pp. 232–236, Feb. 2022.

[20] S. Fakhte, H. Oraizi, and L. Matekovits, “Gain Improvement of rect-
angular dielectric resonator antenna by engraving grooves on its side
walls,” IEEE Antennas Wireless Propag. Lett., vol. 16, pp. 2167–2170,
2017.

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 07,2024 at 07:50:30 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


