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Abstract. Antenna patterns representing dependences of the directivity factor (DF) on angular
coordinates for arrays formed from Yagi-Uda aerials are considered and discussed. The results of computer
modelling are based on the decision of integral equations by the method of moments. Patterns that represent
dependences of the coefficient of the directivity factor (DF) for an array and her elements from angular
coordinates are counted on fundamental frequency and four harmonics. The data obtained confirmed the
validity of the assumptions that the directivity properties of vibrator antenna arrays can significantly affect the
EMC conditions for harmonics of the fundamental frequency. At these frequencies, several main maxima
appear in the radiation patterns, the level of directivity in which may even exceed the maximum directivity in
the main lobe at the fundamental frequency. The DF patterns shown in the article refer to the case of in-
phase excitation of the active elements of the array (without supply lines). However, in the presence of such
lines with sequential or mixed power supply circuits, the dependence of the directivity on the angular
coordinates can change significantly. The presence of bandpass filters in the input and output stages of the
radar will make it possible to largely suppress the levels of harmonic interference, however, if these filters are
made on the basis of transmission line segments, their parameters at harmonic frequencies may be
insufficient. Further research can be aimed at studying the spatial characteristics and directivity of vibrator
antenna arrays based on wave channel antennas with an increased number of passive vibrators, as well as
with various power supply and filtering schemes.
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AHoTauif. PosrnsaHyTi Ta 0GroBOpIOTECS XapakTEPUCTUKM CMPAMOBAHOCTI @aHTEHHUX PELUiTOK,
noOyaoBaHWX 3 TPUENEMEHTHUX aHTEH TUMY "XBUNbOBUIA KaHan". Pe3ynbTatu KOMM'IOTEPHOIrO MOAENOBAHHS
OCHOBHI Ha pilleHHi iHTerpanbHMX PiBHSHb METOAOM MOMeHTIB. HapgaHi aiarpamu BigobpakatoTb 3aneXHOCTi
koediuieHTa cnpsimosaHoi Aii (KCO) ana aHTeHHO! peLiTku Ta 1i enemeHTiB Big KYTOBUX KOOpAWMHAT, SAKi
pO3paxoBaHi Ha OCHOBHIN YacTOTi i YOTUPBLOX ii rapMoHikax. OTpMMaHi AaHi NiaTBepAMnM o6r'pyHTOBaHICTb
MPUNYLLEHb, L0 BAcTUBOCTI CNPSIMOBAHOCTI BiBpaTOPHMX aHTEHHMX PELUITOK MOXYTb MOMITHO BMMAMHYTU Ha
ymoBu EMC gns rapMoHiK OCHOBHOI YacToTh. Ha umx 4actoTax B giarpamax CnpsiMOBaHOCTI 3'ABNSOTHCS
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Kifilbka ronoBHUX MakcMyMiB, piBeHb KC[] B sikux Moxe HaBiTb nepesuLLyBaty makcumym KC[ B ronoBHoMy
NencTKy Ha OCHOBHIN 4YacTtoTi. [NokasaHi y ctatTi giarpamn KC[I BigHOCATLCS OO0 BMNAAKy CUHMA3HOMo
30yKEHHS1 aKTUBHMX eNneMeHTIB peLliTkm (6e3 niHin xneneHHs). OgHak 3a HassBHOCTI TaKMX NiHin 3i cxemamm
XUBMNEHHA nocnigoBHoro abo 3amiwaHoro tuny 3anexHocTi KCI Big KyToBMX KoOOpAMHAT MOXYTb iCTOTHO
3MiHUTUCA. HasBHICTb cMyroBux qinbTpiB y BXigHMX i BUxigHUX kackagax PJIC gactb Moxnueicte 6arato B
YoMy MPUAYLINTU PiBHI rapMOHIMHMX 3aBaf, OAHaK, SKWO Ui inbTpM BUKOHAHI Ha OCHOBI BIigpi3KiB NiHIN
nepegaudi X napameTpu Ha 4YacToTax rapMOHIK MOXYTb BUSABUTUCA HedocTaTHiMUW. [Moganblui AocnigpKeHHs
MOXYTb OYTM CNpPsIMOBaHi Ha AOCNIMKEHHS MNPOCTOpOoBMX xapaktepuctuk i KCI BibpaTOpHMX aHTEeHHWUX
PELLITOK HA OCHOBI @HTEH TUMNY «XBUIbOBMI KaHan» 3i 36inblIeHM YMCrIOM NacMBHUX BibpaTopis, a Takox 3a
Pi3HUX CXEM XUBMNEHHS i binbTpauii.

KnrouoBi cnoBa: koeqilieHT crnpsiMOBaHOI Aji, aHTEeHHa peLiTka, XBUIbOBWIA KaHarn, poboua
YyacToTa, NeTnbLOoBUI BibpaTop.

AHHOTaumA. PaccMoTpeHbl 1 0BCyXaalTes XapakTepUCTUKN HanpaBrieHHOCTU aHTEHHbIX peLleTok,
MOCTPOEHHbIX W3 TPEX3rIEMEHTHbIX aHTEHH TUMa «BOMHOBOM KaHany. PesynbTaTbl KOMMNbIOTEPHOMO
MOOENNPOBAHMSA OCHOBaHbl Ha PELUEHVMM WMHTErparnbHbIX ypaBHEHWW MEeTOOOM MOMEHTOB. [puBegeHHble
anarpaMmmbl 0TOGpaXkaroT 3aBMCMMOCTU koadduumneHTa HanpaeneHHoro gewcteust (KHL) ons aHTeHHon
peLleTkn U ee 3MEMEHTOB OT YIMOBbIX KOOPAWHAT, paccyuTaHble Ha OCHOBHOW 4acToTe W 4YeTbIpex ee
rapMoHukax. [lonydyeHHble [JaHHble MoATBEPAUNN ODOCHOBAHHOCTL MPEAnofioKEHUA, 4YTO CBOWCTBA
HanpaBfeHHOCTM BUOPATOPHbLIX @HTEHHbIX PELUeTOK MOryT 3aMeTHO noBnuATb Ha ycnosuda OMC ans
rapMOHUK OCHOBHOM 4acToThl. Ha 3aTMx yactoTtax B gvarpamMmmax HanpaBfieHHOCTWU MOSBASIOTCH HECKOMbKO
rmaBHbIX MakcumymoB, ypoBeHb KH[, B kOTOpbiX mMoxeT gaxe npesblwatb mMakcumym KHIO B rnmaBHOM
nenecTke Ha OCHOBHOW 4acToTe. [MokasaHHble B cTaTtbe gnarpammbl KHO oTHOCATCA K criydato cMHgasHoro
BO3OY>XAEHWNS aKTUBHbIX 3NeMeHTOB pelleTkn (6e3 nuHun nutaHus). OgHako, Npy HaNMYUKM Takux NUHUIA CO
CXeMaMu nNuTaHus nocnegosaTenbHOro NMbo cmewarHHoro Tuna 3asmcumoctu KH oT yrnosbix koopavHaTt
MOTYT CYLLLECTBEHHO U3MEHMTbCA. Hannume nonocoBbix uUNbTPOB BO BXOOHbLIX U BbIXOOHbIX Kackagax PJIC
0acT BO3MOXHOCTb BO MHOIOM MOAaBWUTb YPOBHW FApPMOHUYECKUX MOMEX, OAHaKo, ecnv 3Tn unbTpbl
BbIMOMHEHbI HA OCHOBE OTPE3KOB NMHWUIA Nepefayy Ux napameTpbl Ha YacToTax rapMOHMK MOTYT OKa3aTbCs
HedocTaToyHbIMW.  [anbHenmwune wnccnepoBaHWst MoryT  ObiTb  HanpaBfieHbl Ha  MCcrnegoBaHue
NPOCTPAHCTBEHHbIX XxapakTtepuctnk u KHI BuOpaTOpHbIX aHTEHHbIX PELIeTOK Ha OCHOBE aHTeHH Tuna
«BOJITHOBOW KaHamn» C yBENIMYEHHbIM YMCIIOM MAacCWBHbIX BMOPATOPOB, a TakkKe MpU PasnUyHbIX CXxemax
nUTaHna u ounbTpauun.

KnioyeBble cnoBa: KO3(MUUMEHT HaMpaBrneHHOro [AEWCTBUSl, aHTEHHas pelueTKa, BOJIHOBOW
kaHan, pabo4as yacTtoTa, netnesoun Bubpartop.

The development of worldwide communications is accompanied by the emergence and
implementation of new technical solutions, such as mobile networks 5G [1] and numerous VHF
radars.

Moreover, surveillance radar stations (radars) of the meter wavelength range and existing
television channels, as well as mobile communication networks of the decimeter wavelength range,
are potentially capable of creating mutual interference at the frequencies of the fundamental
radiation and reception harmonics.

In any radio electronic device (RED), the characteristics of receiving and transmitting
antennas, in particular, have a great influence on the quality indicators. The characteristics of
antennas in the operating frequency band, such as gain, radiation pattern (RP) and its parameters,
are usually given in the technical documentation.

However, information about the out-of-band (i.e., at frequencies outside the operating band)
characteristics of antennas in the vast majority of cases is lacking. As indicated in the literature [2]:
"the out-of-band characteristics of antennas are currently not standardized, not controlled during
their manufacture or certification, and are not given in the operational and other technical
documentation.” In a particular case, such characteristics can be determined experimentally using
known methods for measuring antenna parameters.

It would seem that in the transmission mode the RED antenna system, playing the role of a
frequency filter, will not allow the level of radiation at harmonics, which is dangerous from the
point of view of electromagnetic compatibility (EMC), and thereby provide acceptable conditions
for the operation of other radio equipment, both in the meter and in the decimeter range.
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However, if the levels of harmonics in relation to the power of the fundamental oscillation at
the output of the radar transmitter are estimated, given, for example, in [3] (Table 1), then it
becomes clear the need to study the directivity properties of antennas outside the operating
frequency band and, in particular, at harmonic frequencies.

Note that the average radiation power in the operating frequency band can reach several
hundred kilowatts. Therefore, at harmonics it reaches several watts. This indicates the possibility of
interference with systems, both mobile communications and terrestrial television broadcasting in the
decimeter wavelength range.

Table 1 — Relative maximum harmonic power level, dB

Transmitter type Harmonic number
2 3 4 5
Magnetron 57 45 63 67
Klystronic 38 57 56 59

It can be noted that in the receiving mode, the radar antenna, along with the useful signal, is
subject to interference if its directivity properties ensure the reception of radiation outside the main
(operating) frequency band. This feature can lead, for example, to nonlinear effects in the receive
path.

Therefore, if the spatial and frequency selectivity of the antenna array does not prevent this,
then interference at harmonic frequencies can enter the input stages of the radar receiver. In this
case, the EMC conditions also deteriorate.

To illustrate the above, Fig. 1 shows a modern domestic highly mobile radar MR-1 of the
meter wavelength range with an antenna array formed from multi-element dipole antennas of the
"wave channel” type. Such a radar is designed to detect all types of existing and prospective aerial
objects, including stealth, unmanned and made using the "Stealth” technology [4]. It can be noted
that the characteristics of vibrator antenna arrays in the presence of harmonic oscillations at their
input in the radiation mode have not been sufficiently studied. Therefore, the question becomes
relevant: can the directivity properties of vibrator antenna arrays contribute to the emission or
reception of interference at the harmonics of the operating frequency?

Figure 1 — Radar station type MR-1
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The purpose of this article is to analyze and compare the dependence of the spatial
characteristics of the directivity of a vibrator antenna array at the operating frequency and at the
frequencies of its harmonics.

Directivity properties of elements of vibrator antenna arrays. Before considering the
directivity characteristics of the entire vibrator antenna array, it makes sense to first indicate the
parameters of the elements from which it is formed and consider their directivity properties. Since
these properties for the harmonics of the operating frequency of such elements have practically not
been studied.

All subsequent calculations were performed in the Feko software environment [5] for
the fundamental frequency f, =150 MHz and for its four first harmonics (300 MHz, 450 MHz,

600 MHz and 750 MHz).

The basis for the construction of a 25-element antenna array was chosen a Yagi antenna of
the “wave channel” type (Fig. 2, a), the vibrators of which are made of flat ideally conducting plates
10 mm wide.

Its active element is a Pistolkors loop vibrator (Fig. 2, b), length I, =0,49 4, (where: 4, is
the wavelength in free space at a frequency f,, the excitation source is placed in the middle of its
lower part). The distance between the top and bottom of the loop vibrator is 0,02 4, .

a)
Figure 2 — Investigated models of lattice elements
The length of the reflector of such an antenna I =0,554,, and the length of the director

I, =0,454,. The distances between the active vibrator and the reflector, as well as the director, are
0,24, and 0,15 4, respectively.

Diagrams characterizing the dependences of the DF coefficient of the loop vibrator on the
angular coordinates are shown in Fig. 3, where, for comparison, each of these figures shows the
dependence of the directivity at the fundamental frequency.
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Figure 3 — Directivity coefficient of the loop vibrator

Comparing these diagrams plotted for the vertical plane, it can be noted that there is only a

slight asymmetry at odd harmonics, while such asymmetry is sharply expressed at frequency 4 fO.

And this distinguishes this curve from the rest.

However, in the horizontal plane, at the harmonics, the appearance of several main lobes is
observed, and the maximum directivity may be approximately 2 ... 3 dB higher than the maximum
directivity at the fundamental frequency. At these frequencies, the main lobes are deflected from the
normal to the vibrator axis, and the directivity in this direction is reduced and even drops to zero at
the fourth harmonic.

All the noted features are manifested due to the fact that the dimensions of the vibrator (in
relation to the wavelength) at the frequencies of the harmonics increase sharply. Consequently, the
mutual influence of these parts and the distribution of currents in them change dramatically. The
asymmetry of the active element in the vertical plane (since the excitation of the vibrator is carried
out only in its lower part) leads, in particular, to the asymmetry of the diagrams in this plane.

Similar diagrams characterizing the dependences of the directivity of a three-element "wave
channel" antenna are shown in Fig. 4. And here it is seen that in the vertical and in the horizontal
plane, the directivity properties of such an antenna sharply deteriorate at the harmonics and the
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directivity in the back (180 >6 <360°) half-space increases. In the horizontal plane, several main
lobes appear, deviating from the antenna axis. Moreover, in contrast to the diagrams of a single loop
vibrator, in this plane the maximum value of the directivity in these lobes is noticeably less than the

maximum directivity at the fundamental frequency.

Vertical plane

0, rpaz. 0, rpax.

270

odd harmonics even harmonics

Horizontal plane

P, TPAN O, rpaa.

odd harmonics even harmonics
b)
Figure 4 — Directivity factor of a three-element antenna
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Directivity properties of the in-phase dipole antenna array. In the process of computer
simulation, the directivity properties of an antenna array (Fig. 5), formed from 5x5 in-phase
excited three-element antennas located in a homogeneous unlimited isotropic medium with

M(6.0) parameters g,,u, corresponding to free space, were

investigated. It can be assumed that the chosen
0 7~ geometry of the array will make it possible to
- estimate, from the point of view of EMC, the spatial
/properties that characterize vibrator antenna arrays
. with a different number of elements and geometry.
In the considered variant of the array
~ geometry, the distance between the floors
h, =054, , the horizontal distance between the
centers of adjacent antenna elements in each floor
d =0,754,.
The dependences of the directivity of this

]

7 f// grating on the angular coordinates are shown in

/// /// Fig. 6. In the vertical plane, at the fifth harmonic
/f,y/ ( f =5f,),the appearance of four main maxima at
/W once is observed, the maximum value of the

directivity in which is equal to the directivity in the
main lobe at the fundamental frequency, both in the
forward (0>6<180°) and in the rear half-space. Six
more petals should be noted, which are somewhat inferior to them in terms of the maximum
directivity. The remaining maxima in the lobes of the diagram at the fifth harmonic, as well as all
maxima at the third harmonic, are about 10 dB less than at the fundamental frequency and can be
disregarded.

Figure 5 - Model of the antenna
array

Vertical plane

D(6),1B

0, rpan. 8, rpag.

odd harmonics even harmonics
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Figure 6 — Coefficient of directional action of the lattice

But for even harmonics, the situation differs significantly from that considered earlier.
Namely: at the second harmonic ( f =2f,),four main lobes in which the maximum of the

directivity factor is the same as at the frequency f, are observed. Note that in the opposite direction

(6=270") the directivity maximum at a frequency 2f, is about 5 dB higher than a similar

maximum at the fundamental frequency. That is, the EMC conditions in this direction noticeably
deteriorate. The levels of the directivity maxima at the fourth harmonic in this plane are about
20 dB lower than the maximal directivity factor at the fundamental frequency; they can also be
disregarded.

In the horizontal plane, for odd harmonics, is a similar picture. Here the directivity maxima
prevail at the frequency f =5f,. However, in this plane, the maxima at the frequency f =3f, also

became more noticeable, the value of which is 3...5 dB less than the maximum directivity at the
fundamental frequency.
For even harmonics at f =2f, (dashed line), six main maxima of the directivity figure with

a level slightly higher than at f = f, are seen. And at this frequency there are already eight main

maxima, the level of which is insignificantly (by 2...3 dB) less than the directivity of the main
maximum at the frequency f,.

Conclusions. The results of this article confirmed the validity of the assumptions that the
directivity properties of vibrator antenna arrays can significantly affect the EMC conditions for
harmonics of the fundamental frequency. At these frequencies, several main maxima appear in the
directivity patterns, the level of directivity, in which it may even exceed the maximum directivity in
the main lobe at the fundamental frequency. The noise immunity of the lattice in the rear
hemisphere is noticeably worse.

Note that the results shown above refer to the case of in-phase excitation of active array
elements (without power lines). However, the above diagrams can change significantly if there are
series or mixed power supply lines. It can be assumed that the presence of bandpass filters in the
input and output stages of the radar makes it possible to suppress harmonic interference, however, if
these filters are made on the basis of transmission line segments, their properties at harmonic
frequencies may be unpredictable.
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Further research in this direction can be focused on the study of the spatial characteristics of
antenna arrays for various power supply schemes and filtering methods.
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