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OMNIDIRECTIONAL MILLIMETER-WAVELENGTH
ANTENNAS BASED ON SEGMENTAL DIELECTRIC RESONATORS
WHICH SUPPORT WHISPERING GALLERY MODES

Subject and Purpose. The subject of investigation is a new class of resonant-type transmit antennas intended for operation at millemeter
wavelengths. The model under consideration is based on the idea of diffractional re-emission of waves into the azimuthal direction by
local inhomo-geneities of the basically cylindrical structure. The purpose of the work is to justify the possibility of using such an effect for
creating antennas with a circular radiation pattern, and to suggest an appropriate design.

Methods and Methodology. The research program included both experimental work and application of advanced computer simulation
techniques. The modern methods employed have allowed studying electromagnetic field distributions both in internal domains of the
dielectric resonators and in the far-field zones of the resonator-based antennas.

Results. Design solutions have been proposed for resonant-type, omnidirectional transmit antennas to operate in the millimeter
waveband. The characteristic parameters are sizes of their radiating elements, specifically the segmental members equidistantly disposed
along the azimuthal direction on the cylindrical surfaces of dielectric disks. The radiational characteristics of such antennas, with segments
of either localized or extended dimension (compared with the operating wavelength) have been investigated. Electric field intensity
distributions in the far-field region and the respective gain factors of the antennas have been studied.

Conclusions. The antennas based on segmental dielectric resonators have been shown to form multi-lobe radiation patterns covering
the angular sector of 0—360° along the azimuth. By placing the local segments at the resonant field’s antinodes (of the operating mode)
it is possible to achieve relatively high values of the gain, reaching 15.5 dB at the lobe maxima.

Keywords: segmental dielectric resonators, millimeter-wave omnidirectional antennas, whispering gallery modes.

Citation: Kogut, A.E., Kuzmychov, LK., Annino, G., Dolia, R.S., Nosatiuk, S.0., Kogut, E.A., Derkach, V.N., and Ostryzhnyi, Ye.N.,
2023. Omnidirectional millimeter-wavelength antennas based on segmental dielectric resonators which support whispering gallery
modes. Radio Physics and Radio Astronomy, 28(1), pp. 71—79. https://doi.org/10.15407/rpra28.01.071

Ourysanna: Koryr O.€, Annino G., Kyssmuuos LK., [Jona P.C., Hocatiox C.O., Koryt €.0., Jlepkaa B.M., OcTtpixxunit €.M.
AHTeHN KPyroBOro OITIARY A/LS MiNiMeTPOBOTO Hialla30HY ZOBKIH XBIIb HA OCHOBI CerMEHTapHUX [ie/IeKTPUYHIX Pe30HATOPIB 3
MOJaMI 1IeTI0YYYoi ranepei. Padiogisuka i padioacmponomis. 2023. T. 28. Ne 1. C. 71—79. https://doi.org/10.15407/rpra28.01.071

© Publisher PH "Akademperiodyka" of the NAS of Ukraine, 2023. This is an open access article under the CC BY-NC-ND license
(https://creativecommons.org/licenses/by-nc-nd/4.0/)

© Bupaseup B]l «Akapgemmepiogyka» HAH Ykpainn, 2023. CrarTio omy6/1iKOBaHO BifHOBIfHO [O YMOB BiIKPUTOTO ZOCTYIY 3a
ninensieto CC BY-NC-ND (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 1027-9636. Padiogpisuka i padioacmponomis. T. 28, Ne 1, 2023 71



A.E. Kogut, LK. Kuzmychov, G. Annino, R.S. Dolia, S.O. Nosatiuk, E.A. Kogut, V.N. Derkach, and Ye.N. Ostryzhnyi

Introduction

The development of modern millimeter-wave
technologies for such applied areas as telecommuni-
cation systems, 5G networks, radar, and data trans-
mission systems requires creation of an adequate
element base and search of solutions for new tech-
nical problems [1—7]. The devices with frequency
selective properties have a particular significance for
the microwave technology as they offer solutions to
problems of electromagnetic compatibility or safety,
as well as creation of transmission channels for dis-
crete signals. The principle of operation of such
devices is based upon the use of a variety of resonant
systems. The dielectric resonators operating with
higher-order modes are among the most attractive
solutions, characterized by high Q-factors and ra-
refied modal spectra.

Let us consider the operating principle of the di-
electric resonators (DRs) supporting higher- order
azimuthal oscillations. Such oscillations are known
in the literature as whispering gallery modes, by
analogy with the acoustic modes that exist in circular
closed structures and are characterized by extremely
low attenuation [8—14].

The acoustic principle of the whispering gallery is
widely used in electromagnetism. For instance, it un-
derlies operation of the DRs formed by a disk or a
ball. The electromagnetic whispering gallery modes
(WGMs) in such resonators are formed by waves
incident on their inner curvilinear surfaces at very
small angles. This determines fulfillment of the total
internal reflection condition which is necessary for
accumulation of electromagnetic energy inside the
dielectric structure. Since the reflection coeflicient
from the inner surface of an open dielectric structure
is close to unity, radiation losses are extremely small.
For this reason, the DRs with operating WGMs have
a high unloaded Q-factor whose magnitude is deter-
mined mainly by losses in the resonator material.

The resonant fields of the WGMs are localized
mainly inside the dielectric material near the curved
surface of the resonator, being bounded by internal
(from the side of the dielectric) and external (from
the side of free space) caustic surfaces. The brighter
spots of the WGM field distributions are similar to
the petals observable along the curved surface of the
resonator (Fig. 1). At present, the theory of dielectric
resonators supporting WGMs is well developed. An-

alytical expressions have been derived for the spec-
tral and power characteristics of the DRs, modal
compositions of internal fields in the resonators and
frequency ranges of resonator operability with given
geometric parameters.

The dielectric disk is the simplest and most conve-
nient model for calculating WGM characteristics in
DRs. It is characterized by improved spectral charac-
teristics and a relatively high Q-factor [11, 15].

The DRs of disk-like geometry that support WGMs
have found broad areas of application relating to
creation of various active and passive millimeter-
wave devices, including filters, solid-state oscillators,
power combiners and instruments for measuring
electric properties of dielectrics [12, 16—22].

In this paper a new field of application is pro-
posed for the WGM-supporting dielectric resona-
tors, namely for the development of omnidirectional
millimeter-wavelength antennas for all-round sur-
veillance.

Antennas: design solutions
and performance

now we focus on the special feature of the WGM
fields in the disk-like DRs which may allow a signifi-
cant expansion of the application area for the resona-
tors. Fig. 1 shows the resonant fields of the WGM:s to
be localized near the curved surface of the disk reso-
nator and distributed symmetrically in the 0°—360°
sector of azimuthal angles.

These are the reasons why such DRs are promising
structures for creating antennas with a circular field
of view. Still, the low level of radiation into the sur-
rounding space that has been mentioned remains the
principal disadvantage of such emitting structures.

In this paper, we suggest an original approach to
creating efficient emitting antennas based on WGM
which employ dielectric disks. The operating prin-
ciple of the antennas proposed exploits electromag-
netic wave diffraction by the localized non-unifor-
mities that are distributed periodically along the
azimuthal direction at the curved surface of the di-
electric disk. An efficient radiation of the resonant
field from the disk-based structure can be achieved
due to radially oriented slits dividing its curvilinear
surface into separate segments (Fig. 2, a). Radiation
from the segmental dielectric structure occurs owing
to diffraction of the whispering gallery modal fields
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by the segment faces. The width of each segment is
dictated by the size of the area of a single field varia-
tion, such that field antinodes of opposing phases
(0 and ) shall get placed at the faces of each seg-
ment (Fig. 2, b). This determines the highest E-field
intensity on the emitting elements of the antenna,
i.e.,, segment faces. The slits are cut to such a depth
as to be close to the internal caustic surface of an
operating WGM. The number of the segments and
the disk diameter, being the principal parameters of
the segmental DR, are determined by the choice of
its operating WGM (hence, of the frequency).

In this paper, an antenna based on the segment-
ed DR made of Teflon ¢’ =2.08 with a diameter of
80 mm is considered. It contains 36 segments, which
determines choosing the operating WGM with 36
field variations along the azimuthal coordinate. The
segments have a trapezoidal shape with the largest
width of 5.5 mm at the border of the dielectric struc-
ture. All cuts have a width of 1.5 mm and a deep of
8 mm.

The correct choice of the supply element feeding
electromagnetic power from an external source to the
antenna, as well as the amount of matching between
its impedance and field impedances of the operating
WGMs in the DR, its location and orientation, are all
of crucial importance for achieving a high efficiency
of radiation. The use of a localized coupling element,

a

Fig. 1. The resonant fields of WGMs in a disc-shaped DR

such as a slot, might be a suitable solution. Such an
element is able to produce strong electromagnetic
coupling of the antenna to an external source, thus
providing for an efficient power supply [19, 20]. This
method of feeding the antenna is realized by plac-
ing the segmental dielectric structure on the plane
conducting mirror (made of copper) that involves
the coupling slot. The rectangular coupling slot is re-
presented by a tampered (7.2 mm x 0.5 mm in size)
open end of the standard (7.2 mm x 3.4 mm) metal

Fig. 2. The segmental DR, a basic structure for the omnidirectional emitting antenna (a), and its representative WGM field distri-

bution (b)

ISSN 1027-9636. Padiogpisuxa i padioacmporomis. T. 28, Ne 1, 2023 73



A.E. Kogut, LK. Kuzmychov, G. Annino, R.S. Dolia, S.O. Nosatiuk, E.A. Kogut, V.N. Derkach, and Ye.N. Ostryzhnyi

Coupling slot

Segments

Fig. 3. The coupling slot in the segmental DR intended for exci-
ting operative WGMs

waveguide placed in the narrow air gap between two
adjacent segments (Fig. 3). The wider side of the cou-
pling slot is parallel to segment faces, which arrange-
ment ensures excitation of HE-polarized WGMs in
the segmental DR. By placing the coupling slot in
the narrow air gap one can ensure its closest position
with regard to two adjacent antinodes of the resonant
E-field (Fig. 2, b), thus providing for efficient exci-
tation of the operating WGM in the segmental DR.

It should be noted that the use of the coupling slot
as a WGM exciter results in appearance of a standing
wave in the segmental DR, as the waves emitted travel
in opposite directions inside the resonator. Their
interference leads to appearance of spatially stable
antinodes and field nodes. The principal features of
the antenna proposed are the multi-lobe radiation
pattern and the high far-field intensity of the E-field
in each lobe. The high efficiency of the radiation pro-
cess is ensured at certain fixed frequencies deter-
mined by the proper resonant characteristics of the
dielectric structure.

Fig. 4, a presents results of an experimental study
(with the use of a receiving horn) of the antenna gain
at a resonant frequency of 36.08 GHz, as distributed
along the azimuthal coordinate. In the experiment
the receiving horn antenna was moved along the azi-
muthal coordinate in the angular sector of 0—360°,
with a step of 0.01°. The received signal was ampli-
fied by a selective amplifier and recorded in a digi-
tal voltmeter, in the capacity of an estimate for the
E-field intensity in the far-field region of the antenna.

The weak ("shadow") field area in the angular sec-
tor of 170°—190° is due to the presence of a coupling
slot at 180°. The slot is a localized non-uniformity
that perturbs the field distribution, thus leading to
displacement of the E-field antinodes from the seg-
ment faces. To reduce this negative effect, it is pro-
posed to use two coupling slots, placing them sym-
metrically relative each other (at an angle of 180°).
This makes it possible to perform a correction of
the modal field distributions in the segmental DR,
obtaining an almost uniformly distributed anten-
na gain in the lobes (Fig. 4, b). As can be seen from
Fig. 4, the proposed antenna forms a 72-lobe radia-
tion pattern. The width of each lobe at a -3 dB level
is about 3.5°. The antenna gain reaches relative mag-
nitudes like 12 dB in the lobes. It has been found in
experiment that the antenna pattern width in the
elevation-angle plane is about 10°.

To increase the E-field intensity near emitting ele-
ments of the antennas under consideration we can
resort to a different design of the segmental DRs,
making the number of segments correspond to the
number of resonant field antinodes (with field phases
0 and 7). Apparently, the radiating efficiency of such
antennas should be better.

We will consider now a segmental DR of 68 seg-
ments made of Teflon (¢ = 2.08) on a copper sub-
strate (mirror). The outer diameter and height of the
DR are D; = 64.8 mm and H = 6.5 mm, respectively
(Fig. 5).

The radially-oriented cuts into the dielectric struc-
ture that are distributed uniformly along its curved
surface produce 68 segments of trapezoidal form.
Each of the segments is disposed so that its wider part
(of width L; = 1.64 mm) lies at the outer boundary
of the structure. The neighboring segments are sepa-
rated by air gaps of width L, = 1.35 mm and depth
h =9 mm. The depth is chosen so that the gaps
should not approach too closely to the internal caus-
tic surface whose location can be calculated from the
analytical expressions of paper [7]. The segmental
DR contains in its central part a concentric cavity of
diameter D, = 43.2 mm. with the edges coated with
a reflective layer (electric conductor, specifically cop-
per). This is done in order to increase the resonant
field intensity in apertures of the antenna’s emitting
elements (segments). The size of the cavity is selected
so that the internal caustic surface of the WGM fields
should be localized in the air. As follows from calcu-
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Fig. 4. Behavior of antenna gain at resonant frequency 36.08 GHz along an azimuthal coordinate at using one (a) and two (b) coup-
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Fig. 5. Segmented DR with 68 emitting segments at simulation (a) and at experiment (b)

lations, that would allow obtaining the highest field
intensity in each emitting segment of the antenna.
The excitation of WGMs in the segmental DR
is carried out by means of coupling it to a source,
such as an open end of a rectangular metal wave-
guide, tapered along the narrow wall (cross section
7.2 x 3.4 mm). For convenience of design and optimi-
zation of power supply conditions to the antenna, the
segmented DR is placed on a planar copper mirror of
circular geometry (110 mm in diameter, see Fig. 5).
The coupling element, represented by a rectangular
open end of the feeding waveguide, 7.2 x 1.0 mm in
size, is connected to the mirror through a circular
hole. The coupling slot is located at the center of the
air gap between two adjacent segments and oriented
parallel to their faces. The arrangement provides the

best impedance matching between the coupling ele-
ment and the resonator.

The essential parameters of the segmental DR-
based antenna, such as radiation pattern and reflec-
tion coefficient from the input, are measured with-
in the frequency range of 30.0 to 45.0 GHz with an
automated measuring complex.

Shown in Fig. 6 is the S;j-parameter (reflection
coefficient) of the antenna within the range of 30.0
to 50.0 GHz.

The figure shows a series of resonant responses
corresponding to WGMs with different azimuthal
indexes n. The resonance with the highest amplitude
atafrequency f= 40.5 GHz corresponds to the opera-
ting mode n = 34. The number of opposite-phased
(0 and ) field antinodes of this mode corresponds to
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Fig. 7. The radiation pattern of a 68-segment DR-based antenna
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Fig. 10. The radiation patterns of a 68-segment DR-based anten-
na, shown for operating frequencies of 40.56 GHz (dotted line)
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the number of resonator segments, namely 68 units
(Fig. 5). The modes with other values of the azimu-
thal index are characterized by a shift in the position
of their resonant antinodes relative the segments. For
this reason, the efficiency of their excitation, which
can be estimated through amplitude characteristics,
is lower in comparison with the operating WGM
(n=34).

As follows from the above analysis, the principal
operating frequency of the antenna under considera-
tion is f = 40.5 GHz. Our experimental studies have
shown the highest far-field intensity of the radiated
E-component, averaged over the angular sector 0—
360°, to be achievable at the frequency of 40.56 GHz.

Fig. 7 shows the radiation pattern of the antenna
(in relative units) within angular sectors of 0—180°
and 180—360° along the azimuth. Note the E-field
strength to be of different magnitudes in different
lobes of the radiation pattern. The angular sectors of
0 to 30° and 330 to 360° are kind of "shadow" regions
characterized by comparatively low field strengths in
the pattern lobes. It is well in this sector (specifically,
at the azimuthal angle 0°) that the coupling slot has
been placed. In its capacity of a localized inhomo-
geneity the coupling slot exerts a notable perturba-
tion on the resonant field of the operative WGM. As
aresult, the field antinodes are shifted with respect to
the segments within the angular sectors 0—30° and
330—360°.

By analogy with the above discussed case of a
36-segment antenna, correction of the field distribu-
tion in the segmental DR, aimed at obtaining uni-
formly distributed field peaks in the segments, can
be achieved by symmetrically placing two coupling
slots. The other coupling slot of the same dimensions
is to be placed on the metal mirror of the antenna,
from the opposite side of the segmental dielectric
structure (at the point with the azimuthal coordi-
nate 180°). The two coupling slots are powered from
a common external source via a directional coupler.
Phase synchronization of the signals at the antenna
inputs is provided by a phase shifter introduced in
the circuit of one of the coupling slots.

The radiation pattern for 40.56 GHz of an anten-
na employing two coupling slots is shown in Fig. 8.
As can be seen from the Figure, the use of two sym-
metrically arranged coupling slots provides for mod-
al correction in the segmental DR, ensuring a near-
ly uniform distribution of the E-field intensity in the

04180

270

Fig. 11. The radiation patterns of a 68-segment DR-based anten-
na, shown for operating frequencies of 40.56 GHz (dotted line)
and 40.06 GHz (solid line)

radiation pattern lobes. The width of each of them at
the -3 dB level is about 4°.

The high gain values shown at the resonance fre-
quency of the segmental DR by the pattern lobes are
the principal advantage of the proposed antenna.
As has been found, the gain can reach 15.5 dB. The
magnitude as high as this is determined by the high
E-field intensity existing in the radiative area near the
emitting segments. Meanwhile, Fig. 6 representing
the S-parameter of the segmental DR-based antenna
shows the resonant response of the operating WGM
at 40.56 GHz to correspond to a low Q-factor of the
DR. The loaded Q-factor of the 68-segment DR un-
der consideration has been measured as Q = 250. The
Q-factor as low as this apparently is due to the high
radiative losses via the air gaps. The corresponding
bandwidth at a -3 dB level is about 160 MHz.

The above data on the radiating properties of the
antenna (Figs. 7 and 8) relate to the central resonant
frequency of the segmental DR. Fig. 9 shows the ra-
diation pattern of the proposed antenna (solid line)
with a 50 MHz offset of the reference signal fed into
the antenna with respect to the 40.56 GHz central
resonance. The frequency of 40.51 GHz is within the
resonant area. For comparison, the dotted line in
Fig. 9 shows the antenna pattern at the central re-
sonance frequency of the segmental DR. As can be
seen, the form of the radiation pattern at 40.51 GHz
is not significantly different as compared with the
pattern form shown by the antenna at its operating
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frequency. It is characterized by somewhat lower
magnitudes of the gain. Say, with the reference fre-
quency set off by 50 MHz, the gain values within the
lobes are, on average, 12.7 dB.

Should the reference frequency fed into the anten-
na fall outside the resonant area, the form of the ra-
diation pattern might change significantly. With a
reference signal detuned by100 MHz relative to the
operating frequency of the antenna (f = 40.46 GHz),
the multi-petal form of the radiation pattern is pre-
served only in the azimuthal angle sectors of 90° to
180° and 180° to 270° (see Fig. 10). Accordingly, the
gain magnitudes shown within the petals at the oft-
set frequency are significantly lower than the 6.8 dB
value for the operating frequency. Over the rest of
the angular sector, the level of power radiated by the
antenna is an order of magnitude lower than such at
the main operating frequency.

At greater values of frequency detuning, the ra-
diative properties of the antenna are almost totally
deteriorated. By way of example, consider results of
the measurements carried out with the reference fre-
quency detuned by 500 MHz relative the operating
frequency of the antenna (Fig. 11). The reason for the
poor radiative efficiency is the lack of electromagne-
tic field energy stored in a segmental dielectric struc-
ture at its resonant frequencies. The appearance of
individual lobes with a low E-field intensity is asso-
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AHTEHU KPYTOBOTO OI/IANY JJIA MUIIMETPOBOTO OIAITA3SOHY
JOBXXVMH XBIMJIb HA OCHOBI CETMEHTAPHUX JIENTEKTPUYHNMX PESOHATOPIB
3 MOJIAMU LIIEIOYYYOT TAJIEPE]

IIpepmer i MmeTa po6oTu. IIpemveToM po6OTH € HOBUIT K/IaC BUIIPOMIHIOBA/IbHIX AHTEH PE30HACHOTO TUILY /I MiTiMETpOBOTO
Iialta3oHy HOBXXMH XBIIb. B OCHOBY Mo, 110 pO3I/IAla€ThCA, IIOKIAEHO ifieto Ipo audpakiiiiHe IepeBUIPOMIHIOBaHHA XBIUIb
B a3MMYTa/JIbHOMY HAIIPAMKY JIOKa/JIbHUMI HEOFHOPIFHOCTAMY LI HAPIYIHOI CTPYKTYpy aHTeHn. OTxKe, METOI0 po60TH € 06T pyH-
TYBaHHA Ta BUKOPMCTAHHA IIbOro eeKTy [/ CTBOPEHHS aHTeHHMX IPWIAZIB i3 KPYTOBOIO [iarpaMol0 HalpaBIeHOCTi Ta Bubip
BiJIIIOBiZIHOI KOHCTPYKII.

Mertoau Ta MeTomonOriA. JJoCmiKeHHA IPOBEJIeHO AK eKCIePMMEHTATbHMM IIIAXOM, TaK i 3a JOIIOMOTOI0 CYYacHUX MEeTOJiB
KOMIT'IOT€PHOTO MOJE/II0BaHHA. BUKOPUCTAHO Cy4acHi METOAM HOCII/PKEHHS PO3IIOAINy eeKTPOMArHITHUX MOJIB AK Y BIACHOMY
TPOCTOPI JieIeKTPUYHUX PE30HATOPIB, TaK i B Ja/IbHIX 30HAX AHTEH Ha IXHill OCHOBI.

Pesynpraru. [IpecTaBieHo KOHCTPYKILil BUIIPOMiHIOBa/IbHMX aHTEH PE3OHAHCHOTO TUILY J/I1 KPYTOBOTO OIIANY B Mi/liMETPOBO-
My JiianasoHi TOBXUH XBUIb. [XHIMM BiIMIHHMMY TapaMeTpaMy € PO3Mipy BUIIPOMIHIOBA/IbHIX €/IEMEHTIB, @ CaMe CErMEHTIB, 1[0
€ eKBiIUICTAHTHO PO3TAIIOBAHMMH B a3MMYTa/IbHOMY HAIPAMKY Ha LVWIiHJPUYHIN IOBEPXHi ieIeKTPUIHMUX AMUCKiB. [locmiikeno
BUIIPOMIHIOBa/IbHI XapaKTePUCTUKIL AHTEH 3 JIOKA/IbHYIMI Ta IIPOTSDKHIIMI, IIOPIBHIHO 3 POGOUOI0 JOBKIMHOIO XBILI, CETMEHTaMIL.
BuBueHO po3NOfiIM HAIPY>KEHOCTI e/IEKTPUYHOTO HOJIA B Ja/IbHIi 30Hi aHTeH Ta iXHi BifNOBigHI koedilieHTV MmifgcnIeHHA.

BucnoBku. IIokasaHo, 1[0 aHTeHV Ha OCHOBi CErMEHTapHUX [ie/IeKTPUIHMX Pe30HATOPIiB GOPMYIOTH GAraTOIeNT0CTKOBI fia-
TpaMy HaIlPaBIeHOCTi B a3MMYTalbHOMY ceKTopi KyTiB 0...360°. BukopucTaHH:A TOKaTbHNUX CETMEHTIB, PO3MIIl[eHMX Y TyIHOCTAX
PEe30HAHCHOTO MO/ POOOYOI MOAM, JO3BOJISIE OTPMMATH BiJHOCHO BUCOKI 3HauUeHHs Koe(illieHTa IiICH/IeHH s, KOTPi B IIeTI0CTKAX
MOXYTb caratu 15.5 nb.

Kntouosi cnoea: ceemenmapi dienexmpuuni pe3oHamopu, anmeHa Kpy208020 0250y, MOOU ulenouy4oi eanepei.
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