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The paper presents the results of numerical modeling of the electrodynamic characteristics of a Vivaldi type patch antenna based on a
circular disk resonator. The modeling was carried out using the semi-open resonator model by the finite element method (FEM)
implemented in the HFFS package. The antenna was fed using a coplanar line segment. The antenna elements were placed over a
grounded plane. The influence of design parameters and the function determining the curvature of the exponentially expanding slot
discontinuity on the frequency, energy and polarization characteristics was investigated. It was established that with a certain
selection of variable parameters, such an antenna can be matched with external circuits in the range from 7.03 GHz to 20 GHz with a
level of VSWR values not exceeding 1.92. In the amplitude-frequency characteristic, fairly wide frequency bands with almost perfect
matching are observed. The choice of the type of excitation element in the form of a section of the coplanar line made it possible to
exclude additional elements inherent in Vivaldi antennas, namely, a section of the auxiliary strip line and a balancing resonator. This
kind of antenna allows to form radiation patterns of various shapes from single-sided to cosecant quadrate. At the same time, in some
intervals of observation angles, the formed fields turn out to be elliptically polarized with an ellipticity coefficient close to unity. The
combination of the obtained results makes it possible to predict the use of this kind of antennas for operation with broadband signals.
Keywords: Ring resonator,; Antenna Vivaldi; Coplanar line; Matching, Frequency characteristics; Energy characteristics
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Small-size strip-type antennas with various radiating apertures have long been an integral part of radio engineering
systems for various purposes. The bibliography, which reflects possible variants of aperture, can be found in a large
number of publications [1-3]. The purpose of this or that type of aperture is determined by the need to solve certain
radio engineering problems. If such a single antenna had to have a maximum (or very high compared to an isotropic
radiator) gain, the designs described in [4, 5] were used. If it was necessary to be able to operate with arbitrary
polarization of the radiated or received fields, other designs were used [6, 7]. Structural (topological) solutions for both
one and another case have both general principles of construction of structures and presence of elements, which lead to
fundamental differences both in circuit solutions and in approaches, methods of modeling and determination of
parameters of such complex-composition systems [8].

A special place is occupied by planar single antennas (or antenna arrays based on them), which are used for
transmission (reception) of ultra-wideband signals. Such kind of radiating structures should have as significantly wider
operating band (or several separate bands) in comparison with "standard" technical solutions, acceptable gain and
acceptable level of matching with external circuits. Quite a large number of designs and technical solutions are known
that satisfy such requirements [9-11]. In addition, there are a number of other factors (e.g., antenna location in space)
that can significantly complicate the application of known designs or require their substantial modernization.

One of the most important elements of any microwave design is the element of feeding (in fact, the method of
feeding) of a certain (given) spectrum of oscillations. Among the most widespread methods of feeding in the microwave
range we can point out the planar ones - it is feeding by means of sections of various types of strip lines [12], sections of
coaxial line [13], and in the high-frequency part of the microwave range (above 20 GHz) - sections of standard metal or
dielectric waveguides [14].

Any of the known feeding methods has both known advantages and disadvantages. For example, the planar
method of feeding allows to preserve the overall planarity of the structure. At the same time, taking into account the
possibility of existence of higher types of waves (under certain conditions), the process of simulation the parameters of
such a structure becomes much more complicated. When using multi-element stripline systems for feeding
(for example, coplanar or multiconductor), it is necessary to take into account a wide enough spectrum of possible
natural waves. The use of the feeding method using a coaxial line segment basically violates the planarity of the
structure. In addition, under certain conditions, this method of feeding can lead to the need to search for non-standard
design solutions. At the same time, due to the peculiarities of the coaxial line itself, the spectrum of the considered
natural waves existing in the radiating structure is limited in the low-frequency part when modeling the characteristics.

Considering all these factors, it is relevant to study the influence of the radiating aperture of a planar antenna on its
characteristics at a given method of feeding.
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In this paper we consider an antenna with an exponentially varying aperture opening (Vivaldi type antenna) and
the effect of different parameters on the frequency, energy and polarization characteristics of the antenna.

STRUCTURE UNDER STUDY
We will consider an electrodynamic structure, which is a disk-strip resonator having an exponentially expanding
slot. Antennas with this kind of slot inhomogeneity are called "Vivaldi antennas" in the known literature [15, 16].
A disk-shaped strip resonator, or patch resonator, is placed on a thin dielectric substrate. This entire structure is placed
over an infinitely extended, infinitely conducting metallic plane (Fig. 1). It should be noted that such an electrodynamic
model is as close as possible to real antenna designs for various purposes. In Fig. 1 the following designations are used:
1 - metallic plane, 2 - dielectric substrate, 3 - patch element, 4 - coplanar line elements.
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Figure 1. The structure geometry and notations

In known designs, feeding of the slot discontinuity is carried out by means of a strip line segment located under
the slot discontinuity. A symmetrizing strip resonator is an obligatory element. All this complicates the design and
affects the antenna characteristics quite strongly. In the proposed design, the feeding is carried out using a disk slot
discontinuity. Due to the fact that this discontinuity feeds axially symmetric types of oscillations (due to a certain choice
of geometric dimensions of the structure in comparison to the resonant frequencies), there is no need to use an auxiliary
strip resonator, in addition, all elements of the structure are located in one plane.

Geometric dimensions and material constants were chosen based on the assumption that the antenna is designed to
operate in the microwave frequency range. The following values of parameters were chosen: external diameter of the

patch element D =13.5 mm; internal diameter d =2 mm; thickness of dielectric substrate 4 =0.5 mm; the values &,
t are variant values. The infinity of the dimensions of the metal plane allows not to take into account the edge
diffraction effects.

RESULTS OF NUMERICAL SIMULATION

The construction of a rigorous electrodynamic model of such a structure is rather difficult and, as it seems,
practically impossible in the near future. Numerical simulation can be realized within the framework of the well-known
model of a semi-open resonator. The model assumes, the resonator is formed by two elements — a patch element and
a grounded base. Under the assumption that the metal of the elements is ideal, the classical boundary condition of zero
equality of the tangential component of the electric field is satisfied on the elements. Another element of the resonator is
the cylindrical surface, which is defined by the projection of the patch element onto the grounded plane. The magnetic
wall condition is satisfied on this surface.

Based on the chosen ratio of the structure parameters and imposing certain restrictions on the parameter ¢, we can
say that if the thickness of the dielectric substrate and the distance to the grounded base are significantly smaller than
the resonant length in the resonator A, the electric field vector will not have variations along the coordinate system ort

perpendicular to the plane of the structure. In this case, the spectrum of oscillations excited in the resonator will include
only oscillations of the E, ,(TM,,,) type.

Numerical simulations have been carried out using the finite element method (FEM) implemented within the
commercial ANSOFT HFFS package [17]. As it is obvious, the dependencies of the main frequency and energy
parameters are multi-parametric. For this reason, a multi-criteria optimization was carried out, first of all, of the return

loss value |S“| using the above-mentioned variational parameters.

As it is known, the return loss value |S“| and the associated VSWR (voltage standing wave ratio) value determine

the degree of matching of the device with external circuits. This parameter is important both from the point of view of
minimal impact on the source that excites oscillations, and from the point of view of effective transfer of oscillation
energy to the final device. The dependencies of both quantities are multi-parametric on the antenna geometric
dimensions and material constants. For this reason, the evaluation of the matching level by only one parameter is not an
absolute criterion for the overall performance. Nevertheless, the study of partial dependencies of return loss on any of
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the parameters allows us to determine the frequency bands within which effective operation is possible (in this case, it is
effective radiation).

Analysis of known designs using strip, microstrip, slot and coplanar structures shows that an integral part is
a dielectric substrate, on which the patch elements are placed. The dielectric substrate is thus an important structural
element, but, at the same time, the substrate is involved in the formation of a certain field structure, affecting the value
of the input impedance (i.e., affecting the value of the matching of the device as a whole). Thus, the substrate
parameters thickness 4 and dielectric constant value & are important parameters. Moreover, the dielectric substrate
thickness is a decisive factor for eliminating the possibility of excitation of surface waves in the dielectric substrate.
In this regard, a priori the substrate thickness % is chosen "thin" in comparison with the resonance lengths of
oscillations that are excited in the structure, and in comparison, with the operating wavelength (h<< A4, h<< A1 ). We

limit the operating frequency range to the value of F =20 GHz, because above this frequency, higher types of waves
and slot waves may exist in the feed coplanar line. The value of the thinness is chosen to be #=0.5 mm, which is
significantly smaller than the minimum operating wavelength 4 =1.5 c¢m for the F =20 GHz frequency.

Fig. 2 shows the dependences of the return loss value |SH| in a given frequency range when the dielectric constant

of the substrate varies. Values of dielectric permittivity are chosen from a number of values that are used in real
devices.
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Figure 2. Dependencies of ‘S“‘ vs frequency with &, variation

The analysis of dependencies shows that all dependencies have oscillatory character regardless of the value of £, .

The frequency range (from 0.5 to 3 GHz) is clearly seen, within which a complete reflection is observed, i.e., matching
is not possible in principle. In the vicinity of 5 GHz, a not wide local band with an acceptable level of return loss is
observed. For the dielectric substrate with the value of €, =2.4, starting from the F =7.03 GHz frequency, an ultra-

wide band opens up with a broadband coefficient of & =2.84. This value of &, should be considered optimal. And,

although within this band there are certain oscillations of the value of |Sll

, the absolute level of return loss does not

exceed the value of -10 dB (corresponding to the value of VSWR =1.92). In addition, near the frequencies 8.36 GHz,
13.73 GHz, 16.06 GHz local frequency bands are observed, within which there is almost perfect matching with a level
less than - 30 dB, which corresponds to VSWR < 1.06 and direct losses of -0.004 dB. Near these frequencies, the
effective radiation pattern of the antenna can be predicted. However, other antenna characteristics may not have
maximum values at other frequencies in the range of return loss levels less than -10 dB.

Another important antenna design parameter is the parameter ¢ . It is the distance from the patch element to the
ground plane. From the point of view of electrodynamics, this parameter is important for two reasons. First, it
determines the size of the region where the energy of excited oscillations is concentrated. Second, this parameter will
ultimately influence the value of the resonant frequency of the structure. And thus, the combination of these two factors
will determine on the energy characteristics of the antenna (gain, pattern, polarization characteristics).

Fig. 3 shows the dependence |S“| vs the frequency with variation of the parameter ¢ .

The analysis of the above dependences shows that in the considered frequency range all dependences have a
sharply oscillatory character. Especially noticeable are the drops of |SH| values at a small value of the parameter ¢

(t=1.5 mm, curve 1). This is explained by the factor that at close location of the screen to the coplanar line elements it
passes from the class of isolated coplanar lines to the class of grounded coplanar lines, which are characterized by a
strong dispersion dependence. Increasing this distance leads to a decrease in this dependence, while a decrease in
ripples is observed.
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Figure 3. Dependencies of ‘S“‘ vs frequency with variation ¢
By using the optimization procedure, a value of the parameter ¢+ =3 mm (curve 3) is obtained at which the ripple
of |S”| does not exceed the value of -10 dB. Further increase of the parameter ¢ does not lead to reduction of the ripple

level, and from the structural point of view the structure itself loses one of its main advantages it is planarity.

The classical version of the Vivaldi type strip antenna for excitation involves the use of a strip line segment with a
symmetric resonator. The functional purpose of the symmetric resonator is to equalize the phases of the currents
flowing along opposite sections of the slot discontinuity. The option of using for such an antenna actually a ring
resonator allows to simplify the design considerably. Fig. 4 shows the distribution of current density lines on the disk

patch element and the ground plane.
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Figure 4. Structure of current density lines on the antenna elements

The image analysis shows that the internal slot resonator is excited on one of the lowest axially symmetric
oscillation type E,,, . And the currents that come to the beginning of the exponential slot discontinuity come in the
same phase. For this reason, it can be assumed that the radiation pattern will have a single-lobe shape. The currents on
the ground plane are in anti-phase with respect to the currents on the patch element.

The topology of the exponential slot discontinuity (actually the opening angle) has a significant influence not only
on the magnitude of |SH| , but also determines the antenna gain. Fig. 5 shows two dependences of the gain on frequency

for two different topologies defined by the functions: curve 1 - 2-exp(—0.3-x)+0.1; curve 2 - 8-exp(-0.123-x)—1 for
the optimized value of the parameter =3 mm and the value of the relative dielectric constant of the substrate
£ =2.4. x isa linear coordinate along the exponential slot. The gain dependencies are plotted with respect to the gain
of an isotropic radiator (IEEE classification in dBi).

As it is obvious both dependences have oscillatory character. However, in the case of a larger opening (curve 2)
the scatter of values is smaller and amounts = 34% to 6.67 dBi from the mean value compared to a smaller opening
where the scatter amounts = 47% to 6.16 dBi from the mean value. Both dependencies have an absolute maximum, but
these maxima are quite strongly shifted in frequency relative to each other. These maxima are much higher than the
"standard" value of patch antenna gain (in general it is 5...6). But, if in known designs such values are achieved only at
some fixed frequencies (in some cases in the band of 1..2% reduced to the center frequency of this range), then,
focusing on the value of 6 dBi, the band in this case is AF =6.8 GHz (reduced to the center frequency - 86%). That is,
in this band it is possible to work with wideband signals.
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Figure 5. Dependences of the gain coefficient vs frequency at variation of the slot discontinuity opening function

Since the energy and polarization characteristics are multi-parametric dependencies, it is possible to synthesize
antennas with given parameters using various optimization procedures. As an example, in Fig. 6 one can find the
normalized radiation patterns in the azimuthal plane (as with any traveling wave antenna) at two frequencies
F =7 GHz and F =8.38 GHz for an antenna with optimized values of the parameters & and ¢. The frequencies are

chosen based on the specific use of the antenna. These two frequencies correspond to two minima in the low-frequency
part of the considered range near the minima of the |SH| function values.
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Figure 6. Directional patterns in azimuthal plane with optimized set of parameters

It is obvious that at both frequencies the directivity patterns are single-lobe, symmetric with respect to the
direction of the axis of the exponential slot inhomogeneity, the maximum of the main lobe of the pattern is observed in
the direction of this axis. The level of the rear lobes at the F' =7 GHz frequency does not exceed -18 dB. The width of
the diagram at 0.707 level depends on the topology of the slot heterogeneity (actually the maximum opening), which is
determined by the curvature change function. In this case, the diagram is given for the function (wide opening) and the
width is 35° By varying the parameters ¢,€. and the curvature change function, it is possible to form directional

diagrams of other shapes (double-lobe, cosecant quadrate, etc.).

In most cases, planar patch antennas form linearly polarized radiated fields, unless the design uses various
auxiliary elements that change the distribution of surface currents on the surface of the patch elements (e.g., short-
circuits), or uses multiport feeding with a certain phase shift. In the antenna under consideration, over the entire
operating frequency range, relatively narrow intervals of angles are observed within which elliptical polarization of the
radiated fields can be obtained. These frequencies are usually coincident (or very close) to the natural resonant
frequencies of the types of oscillations excited in the resonating volume. However, at some frequencies in the antenna
without using known techniques it is possible to obtain radiated fields elliptically polarized with an ellipticity
coefficient close to zero (according to the IEEE criterion in dB). Fig. 7 shows the angular-local polarization
characteristic of the antenna at /' =8.38 GHz. Near this frequency, a rather deep minimum with a level up to -37 dB is

observed on the amplitude-frequency characteristics (with parameter variation ¢, ) (the VSWR level of 1.029 and

direct loss of -0.001 dB are provided).
As one can see from the graph above, in the range of observation angles from 78.5° to 109.9° the ellipticity

coefficient does not exceed the value of 3 dB, i.e. polarization is close to circular. At the observation angle 8 =91.85°
the value of the ellipticity coefficient is 77 =0.053 dB. In other ranges of angle variation, linear polarization is observed.

By varying the parameters €, and ¢ the opening angle, the ellipticity coefficient can be achieved, but other important
characteristics can be significantly degraded.
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Figure 7. Polarization characteristic at the ' =8.38 GHz frequency

CONCLUSION
The paper presents the results of numerical modeling of the parameters of the Vivaldi type patch antenna.

The antenna excitation was carried out by means of a coplanar line segment. The antenna and exciter elements were
placed on a dielectric substrate and were "suspended" above a grounded base. The presence of a sufficiently large
number of variable parameters allows control of frequency, energy and polarization parameters in a sufficiently wide
frequency band. The antenna is sufficiently well matched with external circuits in a wide enough frequency range and
has a sufficiently high gain in comparison with known designs based on various planar structures. The totality of the
obtained results allows us to predict the use of this kind of antennas for operation with broadband signals.
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BILIAB AIIEPTYPU BUIIPOMIIOUYOI CMYKKOBOI CTPYKTYPH HA EJTEKTPOJIUHAMIYHI
XAPAKTEPUCTHUKH ITATH AHTEHHU
Cepriii O. Ilorapcwskuii, Imutpo B. Maiidopoaa, Cepriii M. MuxaJjiiok
Xapxiscokuii nayionanvhuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Yxpaina, 61022

VY crarTi IpeacTaBIeHo pe3yIbTaTH YHCEIBHOTO MOJICIIOBAHHS EJICKTPOANHAMIUYHIX XapaKTepPHUCTUK ITaTd-aHTEeH! THIy BiBanpai Ha
OCHOBI KiJIBLIEBOTO JWCKOBOTO pe3oHaTopa. MopenoBaHHsS 3IIHCHEHO 3 BHKOPHUCTaHHSIM MOJEINI HAIiBBIIKPHTOTO pPE30HATOpa
MeTonoM kiHueBux eneMenTiB (MKE), peanizoBanoro B maketi ANSOFT HFSS. 30ymkeHHs aHTeHH 3I1HCHIOBAIOCS 332 JOIOMOTOIO
BiJpi3Ka KOIUTaHApHOI JiHii. EneMeHTH aHTeHH pO3MiLTyBanucs HaJ 3a3eMIICHOIO IUIOIUHO0. J{OCTiIKEHO BIUIMB KOHCTPYKTUBHHX
mapameTpiB i QyHKIii, 10 BH3HAYa€ KPUBU3HY LIUTMHHOI HEOTHOPITHOCTI, KA EKCIIOHEHIIaJbHO PO3IIMPIOETHCS, HA YacCTOTHI,
CHEPTreTHYHI Ta MOJAPH3aLiliHI XapaKTepUCTUKU. BCTaHOBIEHO, MO 32 IMEBHOTO BHOOPY BapiaTHBHUX MapaMETpiB TaKy aHTCHY
BIA€ETHCS Y3rOAUTH 13 30BHIIIHIMHE JaHIloramu B Hiamazoni Bix 7.03 I'T'y mo 20 [T 3 piBHeM 3Hauens KCBH, 1o He mepeBUIIyOTH
BenmmuuHy 1.92. B aMInIniTyIHO-4aCTOTHOI XapakTEPHCTHII CIOCTEPIraroThbCs JOCHTh IIHUPOKI YacTOTHI CMYTH 3 MPaKTHYHO
ileaIbHAM Y3rOKeHHAM. Bubip Tuiry enemenTa 30yIKEeHHS Y BUIIAI BiIpi3Ka KOIUIAHAPHO] JIiHI1 103BOIMB BUKIIOYHTH JT0JATKOBI
€JIIeMEHTH, IPUTaMaHHi aHTeHaM TUIly BiBanbi, a came, Bigpi30K JOMOMIKHOI CMY)KKOBOI JIiHIl Ta cUMETpyIouuii pe3onarop. Takoro
poxy aHTeHa q03BoJss€ (OPMyBATH JdiarpamMu CIPSIMOBAHOCTI pi3HOT GopMH BiJ OTHOIMENIOCTKOBOI 10 KOCEKaHC KBaapaTHoi. [Ipu
L[bOMY B JESKUX IHTEepBaJlaX KyTIB CIIOCTEPEKECHHSA IOJs, W0 (OPMYIOTbCS, BUSBIAIOTBCA ENINTHYHO IOJISAPU30BAHUMHU 3
Koe(irlieHTOM eninTUYHOCTI O6JaM3bkuM 10 oguHuLi. CyKyMHICTh OTPUMAHUX PE3yJIbTaTiB I03BOJISIE MPOTHO3YBAaTH BUKOPUCTAHHSI
TaKOTo POy aHTEH JUIs pOOOTH 3 MIUPOKOCMYTOBUMH CHI'HAJIAMH.

KurouoBi cioBa: xinvyesuil pesonamop; ammena Bieanvoi; konnanapua ninis; Y32000CeHHA; YACMOMHI XAPAKMEPUCTNUKU,
eHepeemuyHi XapaKxmepucmuxu





