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

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

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

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

Conclusions. Th e 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 fi eld’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.
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Introduction
Th e 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]. Th e devices with frequency 
selective properties have a particular signifi cance for 
the microwave technology as they off er solutions to 
problems of electromagnetic compatibility or safety, 
as well as creation of transmission channels for dis-
crete signals. Th e principle of operation of such 
devices is based upon the use of a variety of resonant 
systems. Th e dielectric resonators operating with 
higher-order modes are among the most attractive 
solutions, characterized by high Q-factors and ra-
refi ed 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]. 

Th e 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. Th e electromagnetic whispering gallery modes 
(WGMs) in such resonators are formed by waves 
incident on their inner curvilinear surfaces at very 
small angles. Th is determines fulfi llment of the total 
internal refl ection condition which is necessary for 
accumulation of electromagnetic energy inside the 
dielectric structure. Since the refl ection coeffi  cient 
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.

Th e resonant fi elds 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. Th e brighter 
spots of the WGM fi eld 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 fi elds in the resonators and 
frequency ranges of resonator operability with given 
geometric parameters.

Th e 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].

Th e 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 fi lters, solid-state oscillators, 
power combiners and instruments for measuring 
electric properties of dielectrics [12, 16—22].

In this paper a new fi eld 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 
fi elds 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 fi elds of the WGMs to 
be localized near the curved surface of the disk reso-
nator and distributed symmetrically in the 0 —360  
sector of azimuthal angles. 

Th ese are the reasons why such DRs are promising 
structures for creating antennas with a circular fi eld 
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 effi  cient emitting antennas based on WGM 
which employ dielectric disks. Th e operating prin-
ciple of the antennas proposed exploits electromag-
netic wave diff raction by the localized non-unifor-
mities that are distributed periodically along the 
azimuthal direction at the curved surface of the di-
electric disk. An effi  cient radiation of the resonant 
fi eld 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 diff raction of the whispering gallery modal fi elds 



73ISSN 1027-9636. Радiофiзика i радiоастрономiя. Т. 28, № 1, 2023

Omnidirectional millimeter-wavelength antennas based on segmental dielectric resonators...

by the segment faces. Th e width of each segment is 
dictated by the size of the area of a single fi eld varia-
tion, such that fi eld antinodes of opposing phases 
(0 and p) shall get placed at the faces of each seg-
ment (Fig. 2, b). Th is determines the highest E-fi eld 
intensity on the emitting elements of the antenna, 
i.e., segment faces. Th e slits are cut to such a depth 
as to be close to the internal caustic surface of an 
operating WGM. Th e 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 Tefl on e¢  2.08 with a diameter of 
80 mm is considered. It contains 36 segments, which 
determines choosing the operating WGM with 36 
fi eld variations along the azimuthal coordinate. Th e 
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.

Th e 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 fi eld impedances of the operating 
WGMs in the DR, its location and orientation, are all 
of crucial importance for achieving a high effi  ciency 
of radiation. Th e use of a localized coupling element, 

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 effi  cient power supply [19, 20]. Th is 
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. Th e rectangular coupling slot is re-
presented by a tampered (7.2 mm × 0.5 mm in size) 
open end of the standard (7.2 mm × 3.4 mm) metal 

 Fig. 1. Th e resonant fi elds of WGMs in a disc-shaped DR

Fig. 2. Th e segmental DR, a basic structure for the omnidirectional emitting antenna (а), and its representative WGM fi eld distri-
bution (b)

                                                             a                                                                                                        b
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waveguide placed in the narrow air gap between two 
adjacent segments (Fig. 3). Th e 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-fi eld (Fig.  2,  b), thus providing for effi  cient 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. Th eir 
interference leads to appearance of spatially stable 
antinodes and fi eld nodes. Th e principal features of 
the antenna proposed are the multi-lobe radiation 
pattern and the high far-fi eld intensity of the E-fi eld 
in each lobe. Th e high effi  ciency of the radiation pro-
cess is ensured at certain fi xed 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 . Th e received signal was ampli-
fi ed by a selective amplifi er and recorded in a digi-
tal voltmeter, in the capacity of an estimate for the 
E-fi eld intensity in the far-fi eld region of the antenna. 

Th e weak ("shadow") fi eld area in the angular sec-
tor of 170 —190  is due to the presence of a coupling 
slot at 180 . Th e slot is a localized non-uniformity 
that perturbs the fi eld distribution, thus leading to 
displacement of the E-fi eld antinodes from the seg-
ment faces. To reduce this negative eff ect, it is pro-
posed to use two coupling slots, placing them sym-
metrically relative each other (at an angle of 180 ). 
Th is makes it possible to perform a correction of 
the modal fi eld 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. Th e width of each lobe at a –3 dB level 
is about 3.5 . Th e 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-fi eld intensity near emitting ele-
ments of the antennas under consideration we can 
resort to a diff erent design of the segmental DRs, 
making the number of segments correspond to the 
number of resonant fi eld antinodes (with fi eld phases 
0 and p). Apparently, the radiating effi  ciency of such 
antennas should be better. 

We will consider now a segmental DR of 68 seg-
ments made of Tefl on (e    2.08) on a copper sub-
strate (mirror). Th e outer diameter and height of the 
DR are D1   64.8 mm and H   6.5 mm, respectively 
(Fig. 5). 

Th e 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 L1   1.64 mm) lies at the outer boundary 
of the structure. Th e neighboring segments are sepa-
rated by air gaps of width L2   1.35 mm and depth 
h    9  mm. Th e 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]. Th e segmental 
DR contains in its central part a concentric cavity of 
diameter D2   43.2 mm. with the edges coated with 
a refl ective layer (electric conductor, specifi cally cop-
per). Th is is done in order to increase the resonant 
fi eld intensity in apertures of the antenna’s emitting 
elements (segments). Th e size of the cavity is selected 
so that the internal caustic surface of the WGM fi elds 
should be localized in the air. As follows from calcu-

Fig. 3. Th e coupling slot in the segmental DR intended for exci-
ting operative WGMs
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lations, that would allow obtaining the highest fi eld 
intensity in each emitting segment of the antenna. 

Th e 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 × 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). 
Th e coupling element, represented by a rectangular 
open end of the feeding waveguide, 7.2 × 1.0 mm in 
size, is connected to the mirror through a circular 
hole. Th e coupling slot is located at the center of the 
air gap between two adjacent segments and oriented 
parallel to their faces. Th e arrangement provides the 

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

Th e essential parameters of the segmental DR-
based antenna, such as radiation pattern and refl ec-
tion coeffi  cient 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 S11-parameter (refl ection 
coeffi  cient) of the antenna within the range of 30.0 
to 50.0 GHz. 

Th e fi gure shows a series of resonant responses 
corresponding to WGMs with diff erent azimuthal 
indexes n. Th e resonance with the highest amplitude 
at a frequency f ≈ 40.5 GHz corresponds to the opera-
ting mode n    34. Th e number of opposite-phased 
(0 and p) fi eld antinodes of this mode corresponds to 

Fig. 4. Behavior of antenna gain at resonant frequency 36.08 GHz along an azimuthal coordinate at using one (a) and two (b) coup-
ling slots

Fig. 5. Segmented DR with 68 emitting segments at simulation (a) and at experiment (b)

                                                           a                                                                                                                   b

                                                           a                                                                                                                   b
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  Fig. 6. Th e S11-parameter of the 68-segment DR-based antenna over the frequency range 30.0—50.0 GHz

Fig. 7. Th e radiation pattern of a 68-segment DR-based antenna 
at a 40.56 GHz frequency

Fig. 8. Th e radiation pattern of a 68-segment DR-based antenna 
fed via two coupling slots

Fig. 9. Th e radiation patterns of a 68-segment DR-based anten-
na, shown for operating frequencies of 40.56 GHz (dotted line) 
and 40.51 GHz (solid line)

Fig. 10. Th e radiation patterns of a 68-segment DR-based anten-
na, shown for operating frequencies of 40.56 GHz (dottеd line) 
and 40.46 GHz (solid line)
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the number of resonator segments, namely 68 units 
(Fig. 5). Th e 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 effi  ciency 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-fi eld 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-fi eld 
strength to be of diff erent magnitudes in diff erent 
lobes of the radiation pattern. Th e angular sectors of 
0 to 30  and 330 to 360  are kind of "shadow" regions 
characterized by comparatively low fi eld strengths in 
the pattern lobes. It is well in this sector (specifi cally, 
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 fi eld of the operative WGM. As 
a result, the fi eld antinodes are shift ed 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 fi eld distribu-
tion in the segmental DR, aimed at obtaining uni-
formly distributed fi eld peaks in the segments, can 
be achieved by symmetrically placing two coupling 
slots. Th e 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 ). Th e 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 shift er introduced in 
the circuit of one of the coupling slots.

Th e 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-fi eld intensity in the 

radiation pattern lobes. Th e width of each of them at 
the –3 dB level is about 4 . 

Th e 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. Th e 
magnitude as high as this is determined by the high 
E-fi eld 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. Th e loaded Q-factor of the 68-segment DR un-
der consideration has been measured as Q ≈ 250. Th e 
Q-factor as low as this apparently is due to the high 
radiative losses via the air gaps. Th e corresponding 
bandwidth at a –3 dB level is about 160 MHz.

Th e 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 off set of the reference signal fed into 
the antenna with respect to the 40.56  GHz central 
resonance. Th e 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 signifi cantly diff erent as compared with the 
pattern form shown by the antenna at its operating 

Fig. 11. Th e radiation patterns of a 68-segment DR-based anten-
na, shown for operating frequencies of 40.56 GHz (dottеd line) 
and 40.06 GHz (solid line)
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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 signifi cantly.  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 off -
set frequency are signifi cantly 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). Th e reason for the 
poor radiative effi  ciency is the lack of electromagne-
tic fi eld energy stored in a segmental dielectric struc-
ture at its resonant frequencies. Th e appearance of 
individual lobes with a low E-fi eld intensity is asso-

ciated with occasional wave refl ections from indivi-
dual segments. Such waves may happen to be emit-
ted by the coupling slots and propagate along the 
plane surface of the metal mirror.

Conclusion
Th e diff raction radiation eff ect has been established 
for whispering gallery modes excited by periodic 
non-uniformities in dielectric segmental resonant 
structures. 

It has been shown that the principal sphere of ap-
plication for the eff ect is development of multi-lobe 
omnidirectional millimeter-wavelength antennas. 
Th e devices proposed combine the advantages perti-
nent to resonant systems, like selective frequency re-
sponse and high effi  ciency of mode excitation, with 
the useful properties of antennas with a broad radia-
tion pattern. 

Th e main advantage of the antennas in question 
is the relatively high gain value demonstrated in the 
lobes at resonant frequencies. Th e favorable emitting 
properties of the antenna are preserved within fre-
quency bands of several tens of megahertz.

Th e results obtained can become an important 
contribution to the development of advanced com-
munication technologies in the millimeter and sub-
millimeter wave bands (terahertz frequencies).
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АНТЕНИ КРУГОВОГО ОГЛЯДУ ДЛЯ МІЛІМЕТРОВОГО ДІАПАЗОНУ 
ДОВЖИН ХВИЛЬ НА ОСНОВІ СЕГМЕНТАРНИХ ДІЕЛЕКТРИЧНИХ РЕЗОНАТОРІВ 
З МОДАМИ ШЕПОЧУЧОЇ ГАЛЕРЕЇ

Предмет і мета роботи. Предметом роботи є новий клас випромінювальних антен резонасного типу для міліметрового 
діапазону довжин хвиль. В основу моделі, що розглядається, покладено ідею про дифракційне перевипромінювання хвиль 
в азимутальному напрямку локальними неоднорідностями циліндричної структури антени. Отже, метою роботи є обґрун-
тування та використання цього ефекту для створення антенних приладів із круговою діаграмою направленості та вибір 
відповідної конструкції.

Методи та методологія. Дослідження проведено як експериментальним шляхом, так і за допомогою сучасних методів 
комп’ютерного моделювання. Використано сучасні методи дослідження розподілу електромагнітних полів як у власному 
просторі діелектричних резонаторів,  так і в дальніх зонах антен на їхній основі.

Результати. Представлено конструкції випромінювальних антен резонансного типу для кругового огляду в міліметрово-
му діапазоні довжин хвиль. Їхніми відмінними параметрами є розміри випромінювальних елементів, а саме сегментів, що 
є еквідистантно розташованими в азимутальному напрямку на циліндричній поверхні діелектричних дисків. Досліджено 
випромінювальні характеристики антен з локальними та протяжними, порівняно з робочою довжиною хвилі, сегментами. 
Вивчено розподіли напруженості електричного поля в дальній зоні антен та їхні відповідні коефіцієнти підсилення. 

Висновки. Показано, що антени на основі сегментарних діелектричних резонаторів формують багатопелюсткові діа-
грами направленості в азимутальному секторі кутів 0…360°. Використання локальних сегментів, розміщених у пучностях 
резонансного поля робочої моди, дозволяє отримати відносно високі значення коефіцієнта підсилення, котрі в пелюстках 
можуть сягати 15.5 дБ.

Ключові слова: сегментарні діелектричні резонатори, антена кругового огляду, моди шепочучої галереї.


