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Abstract

Problem statement. One of the promising approaches to the construction of fifth-generation mobile communication systems (5G)
is the deployment of heterogeneous networks (HetNet), in which millimeter-wave small cells are placed in “hotspots” and overlaid on
conventional macro-cells operating in frequency bands below 6 GHz. At the same time, the deployment of such heterogeneous net-
works in an urban environment imposes special requirements on the receiving and transmitting antenna equipment. Particularly, the
antennas used in radio relay stations should have a wide operating band, a high gain, as well as the possibility of electronic beam
scanning.

Objective. The purpose of this paper was to develop a scanning antenna system of the 60 GHz band containing a toroidal-elliptical
lens made of high-density polyethylene (HDPE) integrated with an irradiator in the form of a compact phased array antenna (PAA)
module. This paper focuses mainly on the study of the frequency properties of a toroidal-elliptical lens antenna since this is of par-
ticular practical interest for broadband applications of the IEEE 802.11ad and IEEE 802.11ay standards.

Results. The results of experimental studies have shown that the developed lens antenna within the band of 57.24-65.88 GHz, di-
vided in accordance with IEEE 802.11ad and IEEE 802.11ay standards into four channels with a bandwidth of 2.16 GHz, has a high
gain of 21.8-24.8 dBi and is capable of performing electronic beam scanning in the azimuthal plane in the £35° sector.

Practical significance. The claimed lens antenna can be used in reconfigurable backhauling networks of millimeter-wave relay sta-
tions transmitting data over distances of 100-150 m at a speed of 2.5-4.62 Gbps.
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Introduction

An important element of the future 5th generation cellular heterogeneous networks (HetNet) [1-2] should be
small millimeter-range relay stations providing the transmission of a large amount of data between basic macro-
and micro-stations with speeds up to several tens of gigabits per second. Such speeds are common for Wi-Fi
systems of IEEE 802.11ad and IEEE 802.11ay standards operating within the 57-71 GHz band. However, the
deployment of millimeter-wave wireless mobile networks in an urban environment imposes special require-
ments on the receiving and transmitting antenna equipment. The antennas used in radio relay stations should
have a high gain and include the electronic beam scanning function.

There are various options for scanning antennas in applications of the new 5G standards. For example, [3, 4]
present lens antennas made of a homogeneous dielectric, in which the beam is controlled by switching between
elements of the antenna array located on the back surface of the lens. The direction of radiation, in this case, de-
pends on the displacement of the active element relative to the focus of the lens. It should be noted that as such
displacement increases, not only does the angle of deviation of the main beam from the central position increase
but also the level of internal reflections in the lens increases and, as a result, the antenna's gain decreases.

Luneburg lens antennas have a wide scanning sector [5—6]. However, despite the significant progress in the
field of materials science and the improvement of 3D printing technologies, the mass production of Luneburg
lenses for mobile millimeter-range communication systems still remains a difficult task.

An alternative direction of research is the development of antennas with passive flat reflective arrays [7-9].
The main disadvantage of such antennas is the narrow bandwidth.
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Currently, controlled antennas based on complex composite materials (metamaterials) [10—12] and tunable
elements such as varactors [13], pin-diodes [14], and liquid crystals [15] are being intensively developed. How-
ever, such promising technologies are at an early stage of development and it will take time for cheap and relia-
ble solutions that can be applied practically in 5G networks to emerge.

The purpose of this paper was to develop a scanning antenna of the 60 GHz band, in which a lens made of
a homogeneous dielectric is integrated with an irradiator in the form of a compact PAA. It is known that such
antennas are capable of focusing the radiation and performing wide-angle beam scanning in the azimuthal plane
[16-18]. This paper focuses mainly on the study of the frequency properties of a toroidal-elliptical lens antenna
since this is of particular practical interest for broadband applications of the IEEE 802.11ad and IEEE 802.11ay
standards. The results of electromagnetic modeling and experimental studies have shown that the developed an-
tenna within the band of 57.24-65.88 GHz has a high gain of up to 24.8 dBi and is capable of performing elec-
tronic beam scanning in the azimuthal plane in the £35° sector. Therefore, the claimed solution can be applied
in millimeter-wave relay stations.

The development of an integrated toroidal-elliptical lens antenna

The lens profile in this paper was calculated in the approximation of geometric optics. The lens was considered
as a continuous radio-transparent body with a refractive index of n>1 and the irradiator as a spot source of
spherical waves.

It is well known that the focusing properties of a homogeneous dielectric lens are determined by the shape of
its refractive surface [19]. Particularly, the profile of the refractive surface of the lens that transforms a spherical
wave into a flat one can be described using the following equation written in the Cartesian coordinate system:

2
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where n; and n, are the refractive indices of the media, in which the electromagnetic wave propagates, fis the dis-
tance between the irradiator and the refractive surface. Depending on the n,/n; ratio, equation (1) changes its type. In
the case of n2/n1>1, the profile of the refractive surface will be hyperbolic, and in the case of no/n<1, elliptical.
However, the lenses have two surfaces (internal, which faces the irradiator, and external), through which
electromagnetic radiation passes. In this paper, it was decided to integrate an irradiator (PAA) on the inner non-
refractive side of the lens in order to prevent distortions of the plane wavefront formed by the surface described
by equation (1). Since HDPE was used as the lens material, it can be assumed that n, =n,, =

=Je ~1.53 and n, =1 (air). In this case, equation (1) describes an ellipse with an eccentricity of 1/#,,,, .

To obtain a high gain and to implement the scanning
capabilities of the PAA, a lens was developed of the toroi-
dal shape, which is formed by rotating an elliptical profile
with a linear aperture of 70 mm (minor axis of the ellipse)

around a vertical axis passing through the focus point, near N/

which the irradiator is located. S \\\\ ‘
The characteristics of the designed toroidal-elliptical .

lens antenna were evaluated using electromagnetic model- ‘

ing in CST Microwave Studio, where an equivalent PAA N

horn antenna was used as an irradiator. Particularly, Fig. 1
shows the profile of the designed lens against the back-
ground of a E-field slice, in the elevation plane. It can be
seen that process thickenings in the upper and lower parts
of the lens do not actually affect the formation of a flat
wavefront in the antenna aperture. Fig. 1. The profile qf the designed. lens against the back-
Fig. 2 shows gain patterns in the elevation plane, cal- lg)rclu%l of a E_f_ield slice in thi clevation pline (6 = 100 mm,
> =70 mm, F=76.3 mm, W=30.1 mm, 2= 15 mm)
culated at various frequencies. According to the data pre- Puc. 1. Ipoduns crpoexTnposanmoii IMH3bI Ha (oHE cpesa
sented the gain of the toroidal-elliptical lens antenna E-nons B miockoctu yrina mecra (H = 100 mm, D = 70 mm,
amounts to 25.8 + 0.3 dBi. F=73,6 MM, W=30,1 o, = 15 mu)
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Fig. 2. Gain patterns in the elevation plane, calculated at various frequencies
Puc. 2. 3aBucumoctu KY 0T yria mecra, pacCUuTaHHBIC Ha Pa3IMYHBIX YaCTOTaxX

The prototype of an integrated toroidal-elliptical lens antenna

The manufactured prototype of the scanning lens
antenna of the 57.24-65.88 GHz band, as shown in
Fig. 3, included a lens (1) turned on a CNC ma-
chine, an active PAA module (2) with a heat sink
radiator (3), as well as various fasteners (4). The
PAA was inserted into a plexiglass housing with the
lens closely adjacent to one side and a heat sink ra-
diator adjacent to the other one. All the listed ele-
ments were fastened into a single structure. The to-
: tal weight of the lens antenna was 650 g.

Fig. 3. Prototype of an integrated lens antenna: / — toroidal-elliptical The antenna module (chip) of the 57.24-65.88
lens, 2 ~ PAA, 3 — heat sink radiator, 4 — fasteners GHz band, developed by Intel, was used as the PAA
Puc. 3. Ilpororun wunTerpupoBaHHON JMH30BOM aHTeHHb (MJIA): . .

1 — TOpOMIAIBHO-3JUTMIITHYECKas IuH3a, 2 — DAP, 3 — TernooTBOAs- [20]. The radlatmg elements of this module are slot-
It paauaTop, 4 — KPETEKHBIC HIEMEHTEI ted holes (slots) in the form of closed loops etched on

the upper surface of the PCB.

The total contour length of each loop is equivalent to the wavelength A, corresponding to the central fre-
quency of 60 GHz. In total, the antenna array has 20 (2x10) elements located at a distance of 0.54 from each
other. At the same time, only 16 of them (the central ones) are excited by microstrip lines located in the lower
layers of the PCB. The four extreme elements are a dummy extension of the antenna array and are required to
minimize parasitic edge effects.

The chip shown in Fig. 3 is a full-fledged receiving and transmitting module, in which the antenna array is
integrated with a radio frequency part manufactured using CMOS technology. This module has a maximum gain
of 15 dBi and is capable of forming beams with a half power beam width (HPBW) of 40-50° in the elevation
plane and 12—14° in the azimuthal plane. Moreover, the entire operating band of the chip of 57.24-65.88 GHz in
accordance with the IEEE 802.11ad standard is divided into four channels with a bandwidth of 2.16 GHz. Dur-
ing the measurements, a specific frequency channel and radiation sector in the azimuthal plane were set using
specialized software installed on a laptop.
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Fig. 4. RPs in the elevation (left) and azimuthal (right) planes, measured in four frequency channels of the single PAA and ILA: a, b —
channel 1 (57.24 — 59.40 GHz); ¢, d — channel 2 (59.40 — 61.56 GHz); e, f — channel 3 (61.56 — 63.72 GHz); g, h — channel 4 (63.72 —
65.88 GHz)

Puc. 4. JTH B yrinomecTHOH (crieBa) 1 a3UMyTalIbHOM (CHpaBa) IIOCKOCTH, U3MEPEHHBIE B YeThIpeX yacToTHBIX KaHaimax ®AP u UJIA: a,
6 —xanain 1 (57.24-59.40 I'T'y); 6, 2 — xaHan 2 (59.40-61.56 ['T); 0, e — xanan 3 (61.56-63.72 ['T); orc, 3 — xanan 4 (63.72—-65.88 ['T)
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Experimental studies were carried out in the far zone of the test antenna using a fixture that included a piv-
oting device (positioner), a receiving lens antenna with an 34 dBi gain, a 11970V frequency converter, and an
E4407B universal spectrum analyzer (both manufactured by Agilent Technologies). The operation principle of

the measuring unit is described in the paper [18].

Experimental results
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Fig. 6. RPs measured at different positions of the main beam of
the ILA in the azimuthal plane

Puc. 6. JIH, uzmepenHsie npu pa3jiniHOM MOJIOKEHUH TJIaBHOTO
ny4ya WJIA B a3uMyTanbHO III0CKOCTH

In the course of experimental studies, radiation pat-
terns (RP) of the single PAA and the proposed inte-
grated lens antenna were obtained in two orthogonal
planes, in each of the four frequency channels of the
IEEE 802.11ad standard. Fig. 4 shows the measured
characteristics in solid lines and the simulation results
in dotted ones. According to the data obtained, the to-
roidal-elliptical lens antenna focuses radiation well in
the elevation plane, in all four frequency channels (to-
tal band of 57.24-65.88 GHz). A slight narrowing of
the beam in the azimuthal plane by 2—4° is due to the
fact that the PAA has a width (25 mm) comparable to
the curvature radius (76 mm) of the outer surface of
the lens (the wavefront incident on the interface is not
straightly spherical). As the calculations have shown,
the operating frequency range of the antenna is not
limited to the 57.24—65.88 GHz band and may poten-
tially amount to 55-72 GHz (see Fig. 5).

The measured gain of the PAA and lens antenna
in the four frequency channels was 12.1, 14.2, 15.0,
and 14.6 dBi and 21.8, 24.5, 24.8, and 23.6 dBi, re-
spectively. Therefore, the greater variation in the val-
ues of the lens antenna gain in comparison with the
simulation results can be explained by the deviation of
the PAA gain.

Fig. 6 shows the RPs measured in the second fre-
quency channel at various positions of the main PAA
beam in the azimuthal plane. It follows from the above
dependencies that the toroidal-elliptical lens antenna reli-
ably covers the £35° sector. At the same time, the scan
loss does not exceed 3 dB. According to previously ob-
tained experimental assessments [16], if using such an-
tennas at both ends of reconfigurable relay communica-
tion lines, it is possible to transmit data over a distance of
100-150 m at a speed of 2.5-4.62 Gbps.

Comparison and discussion

In the last three years, a lot of work has been devoted to the development of scanning lens antennas. Table 1

shows the specification of some of these antennas.

Particularly, the letter [4] presents a dual-spherical lens antenna with a rather wide operating band of
71-76 GHz and a scanning sector of +40°. The beam here was controlled by switching between the 16 Vivaldi
antennas, which were located on the back surface of the lens. To power all 16 Vivaldi antennas, long transmis-
sion lines were required, which eventually generated a huge loss, significantly reduced the antenna's gain, and

increased scan loss.

126
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Table 1. Comparison of the specifications of the manufactured ILA prototype with analogs

Ref. Freq. range, Max. gain, .Scan sector Scan loss, Side lobe level, | Size in E/A-plane,
GHz dBi in E/A-plane dB dB mm
[4] 71-76 19.6 +40° A 3.9 -12 75/75
[13] 27-28 15.8 +30°/£50° ~6 -10 45/90
[17] 26.5-28.2 153 +52° A 2.39 —4.78 82/180
[18] 58-62 27.5 +45° A 4 -15 190/220
[21] 30-32 18 +14° A 0.8 -10 10/80
[22] 29-30.3 18.5 +60°/+60° 3.7 -12 105/105
[23] 73.5-81 31.0 +30°/+30° Z:g 12 2:511:1?: 15 65.3/65.3
This work | 57.24-65.88 24.8 +35° A 2.9 -10 70/152

The antennas presented in [13, 22] have an impressive scanning sector. A feature of the claimed solutions
is that the lenses are made in the form of printed circuit boards with ordered sets of strip elements that trans-
formed the phase front of the incident electromagnetic wave. The dimensions of the printed elements and the
distances between them are determined by the working wavelength, which makes it difficult to provide broad-
band in such antennas. Moreover, in the mentioned article [13], electronic scanning was performed using varac-
tors integrated with strip elements. However, the loss in the cells during phase rearrangement was 1.17-6.5 dB.
In turn, electronic scanning was not implemented in the paper [22]. The beam was controlled here by mechani-
cal displacement of the feed (horn) along the lens plane.

The paper [17] presents a cascaded Fresnel lens antenna with the declared scanning sector of +52°. Ac-
cording to the data presented, the main beam was split at the joints of adjacent cascade lenses. The authors tried
to solve this problem by implementing a special amplitude and phase distribution on the illuminating PAA. De-
spite this fact, the gain deviation in the £52° sector exceeded 5 dB. Moreover, this antenna has a narrow work-
ing band (< 2 GHz) and a high side lobe level.

The letter [18] presents a toroidal lens-array antenna with a zoned profile, a high gain of 27.5 dBi, and a
wide £45° scanning sector. However, the profiles of zoned lenses are calculated taking into account the operat-
ing wavelength, which significantly limits the bandwidth of such antennas.

The paper [21] reports a compact lens antenna based on corrupted parallel-plate waveguides with a low scan
loss. The disadvantages of this solution are a narrow operating frequency band and a small £14° scanning sector.

Finally, [23] presents an integrated metal-lens antenna (IMLA) with a high gain of 31 dBi. Since, the effective
permittivity of the metal-plate lens is a function of frequency, the operation bandwidth of the IMLA is limited.

Therefore, a comprehensive comparative analysis has shown that the integrated toroidal-elliptical lens an-
tenna presented in this paper combines many advantages. The claimed solution has a simple, cheap, and ergo-
nomic design. However, the main advantages of this antenna are a wide operating frequency range of 57.24—
65.88 GHz (8.64 GHz band), high gain of up to 24.8 dBi, and a moderately wide +35° scanning sector, the loss
in which does not exceed 3 dB.

Conclusion

This paper presents the results of the development and experimental studies of the characteristics of a prototype
of a scanning toroidal-elliptical lens antenna of the 57.24-65.88 GHz band with an irradiator in the form of a
compact PAA. It is established that the measured characteristics generally correspond to the simulation results.
The achieved high values of the 21.8-24.8 dBi gain and the possibility of electronic scanning in the azimuthal
plane within the £35° sector make the claimed antenna an attractive solution for small relay stations operating
within the band of 57.24-65.88 GHz at distances of 100—150 m.
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AHHOTauus

BakHbIMW 3neMeHTaMu ByAyLIMX reTeporeHHbIX ceTeit (HetNet) coToBOI CBSI3n 5-ro NOKONEHWs! AOMKHBI CTaTb ManorabaputHble pe-
NeiiHble CTaHLMM MUIMMETPOBOrO AvanasoHa, obecreunBatolwme nepegady 60nblioro ob6bemMa AaHHbIX Mexay 6a30BbIMM Makpo- U
MUKPOCTAHLMSMU CO CKOPOCTSIMU A0 HECKOSIbKUX AECATKOB rMrabut B cekyHAy. Takmmmu ckopocTamu obnapatot cuctembl Wi-Fi ctan-
paptos IEEE 802.11ad m IEEE 802.11ay, paboTtatowme B nonoce yactot ot 57 ao 71 IMu. OaHako pa3sepTbiBaHWe 6ecnpoBOAHbIX
MOBUNbHBIX CEeTeil MUMIIMMETPOBOrO AMana3oHa B FOPOACKON cpeae npeabsBisieT ocobble TpeboBaHMs K MpuemorepeaalollemMy aH-
TEHHOMY 060pyAOBaHMI0. B 4aCTHOCTH, UCMONb3yeMble B paavopenelHbiX CTaHUMSIX aHTEHHbI A40/MKHbI UMETb BbICOKUI KO DULIMEHT
YCUINEHUs B LUIMPOKOM Nosoce YacToT v obnagatb yHKUMEN 3/1EKTPOHHOIO CKaHUPOBAHWS JTyHOM.

B paboTe paccMaTpuBaeTCs CKaHMpylOWasi aHTeHHas cucTeMa avanaloHa 57,24...65,88 Tu, cogepxallas TOponaanbHO-3IUMMNTH-
YECKY0 NIMH3Y U3 BbICOKOMOJIEKY/ISIPHOrO MONAUITUNEHA, UHTErPUPOBaHHYO C obyyaTenem B BuAE KOMMAKTHOW (ha3MpoBaHHOW aH-
TeHHON pelweTkn (PAP). M3BECTHO, YTO NOAOGHbLIE aHTEHHBI CMOCOBGHBI POKYCUPOBaThL M3NydYeHne 0bnydaTens U OCYLLECTBASTb LWK-
POKOYrO/IbHOEe CKaHUPOBAHWE Jly4OM B a3UMyTaslbHOWM MIOCKOCTW. B AaHHOW paboTe OCHOBHOWM aKLEHT cenaH Ha UCCNeAoBaHuM ya-
CTOTHbIX CBOMCTB TOPOMAANBHO-3/IMNTUYECKON SIMH30BOM aHTEHHbI, NOCKO/bKY 3TO MPEACTABASET NMPaKTUYECKUi MHTepeC ANs Wu-
POKOMOJIOCHBIX NpUoxeHui ctaHaapTos IEEE 802.11ad v IEEE 802.11ay.

B x0oae NpoeKTMpoBaHWs 6bl0 NPUHSATO peLleHne UHTerpupoBaTb 06nyyaTens (GAP) Ha BHYTpeHHeN He npenoMnstoLeli NoBepxXHo-
CTU 3MIUNTUYECKON JIMH3bI C BEPTUKAJIbHOW IMHENHOW anepTypoit 70 MM (Manol OCbto 3Munca). M3roToBeHHbI NPOTOTUM @aHTEHHDI
BK/OYan B cebs NMH3Y, BbITOYEHHYIO HA CTaHKe C YMCNOBbIM MPOrpaMMHbIM ynpasneHnem, GAP ¢ TennooTBoASWMM paanMaTopoM, a
TaKkxke pasfMyHble KpeneXHble 3neMeHTbl. MpuMeHsiemMass OAP BCTaBnsfiacb B KOPMyC M3 OprcTekna, K OfHOM CTOPOHE KOTOpOoro
BM/IOTHYIO MpWMbIKana /fIMH3a, a K Apyrol — TennooTBOAAWMI paauaTop. Bce nepeuncneHHble 31eMeHTbl CKPennsiuch B eauHyo
KOHCTPYKLMIO.

B kauectBe ®AP 1CNONb30BaNC aHTEHHbIM MOAyNb (YMn) AnanasoHa 57,24...65,88 ML, pa3paboTaHHbIN koMnaHuen MHTen. [aHHbli
YU SABSETCS NOSIHOLEHHBIM NPUEMoNepeaalolnM MoAySeM, B KOTOPOM aHTEHHas pelleTka U3 16 akTMBHBLIX MUKPOMONOCKOBbIX 3/e-
MEHTOB MHTErpMpoBaHa C PaaMoYacTbio, U3roToBNeHHOW No KMOM-TexHonoruu.

Pe3ynbTaTbl SKCMEpUMEHTaNbHbIX UCCNIEA0BaHWIA U UX CPAaBHEHWE C aHanoramy Mokasasnu, YTo MpefcTaBfeHHasi UHTErpypoBaHHast
TOpOMAANbHO-3NIMNTUYECKAs IMH30Bas aHTeHHa coyeTaeT B cebe MHOro AOCTOMHCTB. B 4acTHOCTM, pacCMOTPEHHOE peLleHve nMeeT
NpOCTYt0, SPrOHOMUYHYIO U AELUEBYIO KOHCTPYKUMIO. OfHaKO rnaBHble NpeuMyLlecTBa AaHHOW aHTEeHHbI — LMPOKMIA pabounii anana-
30H YacToT 57,24...65,88 U (nonoca 8,64 L), BbiCOKMI KO3hdUUMEHT ycunenns 21,8-24,8 by M yMEPEHHO LUMPOKMI CEKTOp
CKkaHupoBaHust £35°, noTepy B KOTOPOM He npesbiwatoT 3 ab.

MpeacTaBneHHas NMH30Bas @aHTEHHA MOXET MPUMEHSITLCS B PEKOH(UIYPUPYEMbIX TPAHCMOPTHBIX CETSX U3 PeneiHbIX CTaHUMiA MuA-
JIMMETPOBOr0 AManasoHa, NnepeaaroLmnx AaHHble Ha pacctosHua 100—150 M co ckopocTbio 2,5-4,62 Féut/c.

KoroyeBsbie cioBa

VIHTErprpOBaHHas IMH30Basi AHTEHHE, @a3npoBaHHas aHTEHHas PELIETKE, S/IEKTPOHHOE CKaHUPOBAaHME, MMﬂﬂMMETpOBb/Mv AanarasoH

Ana yprupoBaHns

CesiesHes B.M. LLIMPOKOMOMOCHas CKaHUPYIoLLAst IMH30Bas aHTEHHa ANs NMPUIOXEHUA 5G MUANMMETPOBOro AnanasoHa // Pagmotex-
Huka. 2022. T. 86. N2 6. C. 122—-130. DOI: https://doi.org/10.18127/j00338486-202206-15

CNMUCOK UCTOYHUKOB

1.

2.

Okasaka S., et al. Proof-of-Concept of a Millimeter-Wave Integrated Heterogeneous Network for 5G Cellular. Sensors. 2016.
DOI: 10.3390/516091362.

Sakaguchi K. et al. Where, When, and How mmWave is Used in 5G and Beyond. IEICE Transactions on Electronics. 2017. V. E100.C.
N2 10. P. 790-808. DOI: 10.1587/transele.E100.C.790.

Artemenko A., Mozharovskiy A., Maltsev A., Maslennikov R., Sevastyanov A., Ssorin V. Experimental Characterization of E-Band Two-
Dimensional Electronically Beam-Steerable Integrated Lens Antennas. IEEE Antennas and Wireless Propagation Letters. 2013. V. 12.
P. 1188-1191. DOI: 10.1109/LAWP.2013.2282212.

Lamminen A.E.L. et al. Beam-Switching Dual-Spherical Lens Antenna with Low Scan Loss at 71-76 GHz. IEEE Antennas and Wireless
Propagation Letters. 2018. V. 17. N2 10. P. 1871-1875. DOI: 10.1109/LAWP.2018.2868543.

Saleem M.K., Vettikaladi H., Alkanhal M.A.S., Himdi M. Lens Antenna for Wide Angle Beam Scanning at 79 GHz for Automotive
Short Range Radar Applications. IEEE Transactions on Antennas and Propagation. 2017. V. 65. N2 4. P. 2041-2046.
DOI: 10.1109/TAP.2017.2669726.

PaguoTtexHuka, 1. 86, N2 6, 2022 r., c. 122-130 129



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Anmennst, pacnpocmpanenue paouoeonn u mexuuka CB4

Li Y., Ge L., Chen M., Zhang Z., Li Z., Wang J. Multibeam 3-D-Printed Luneburg Lens Fed by Magnetoelectric Dipole Antennas for
Millimeter-Wave MIMO Applications. IEEE Transactions on Antennas and Propagation. 2019. V. 67. N2 5. P. 2923-2933.
DOI: 10.1109/TAP.2019.2899013.

Nayeri P., Yang F., Elsherbeni A.Z. Bifocal Design and Aperture Phase Optimizations of Reflectarray Antennas for Wide-Angle
Beam Scanning Performance. IEEE Transactions on Antennas and Propagation. 2013. V. 61. N2 9. P. 4588-4597.
DOI: 10.1109/TAP.2013.2264795.

Visentin T., Keusgen W., Weiler R. Dual-Polarized Square-Shaped Offset-Fed Reflectarray Antenna with High Gain and High Bandwidth
in the 60 GHz Domain. In 2015 9th European Conference on Antennas and Propagation (EuCAP), Lisbon, Portugal. 2015. P. 1-5.

Yang J., Shen Y., Wang L., Meng H., Dou W., Hu S. 2-D Scannable 40-GHz Folded Reflectarray Fed by SIW Slot Antenna in
Single-Layered PCB. IEEE Transactions on Microwave Theory and Techniques. 2018. V. 66. N2 6. P. 3129-3135.
DOI: 10.1109/TMTT.2018.2818698.

Nikfalazar M. et al. Beam Steering Phased Array Antenna With Fully Printed Phase Shifters Based on Low-Temperature Sintered
BST-Composite Thick Films. IEEE Microwave and Wireless Components Letters. 2016. V. 26. N¢ 1. P. 70-72.
DOI: 10.1109/LMWC.2015.2505633.

Zhang W., Liu Y., Jia Y. Circularly Polarized Antenna Array with Low RCS Using Metasurface-Inspired Antenna Units. IEEE Antennas
and Wireless Propagation Letters. 2019. V. 18. N2 7. P. 1453-1457. DOI: 10.1109/LAWP.2019.2919716.

Jafargholi A., Jafargholi A., Choi J.H. Mutual Coupling Reduction in an Array of Patch Antennas Using CLL Metamaterial Superstrate for
MIMO Applications. IEEE Transactions on Antennas and Propagation. 2019. V. 67. N2 1. P. 179-189. DOI: 10.1109/TAP.2018.2874747.
Xi Q., Ma C., Li H., Zhang B., Li C., Ran L. A Reconfigurable Planar Fresnel Lens for Millimeter-Wave 5G Frontends. IEEE Transactions
on Microwave Theory and Techniques. 2020. V. 68. N2 11. P. 45794588, DOI: 10.1109/TMTT.2020.3025337.

Tang X.L., Zhang Q., Chen Y., Liu H. Single-Layer Fixed-Frequency Beam-Scanning Goubau-Line Antenna Using Switched PIN Diodes.
IEEE Microwave and Wireless Components Letters. 2019. V. 29. N2 6. P. 430-432. DOI: 10.1109/LMWC.2019.2913779.

Li X. et al. Broadband Electronically Scanned Reflectarray Antenna With Liquid Crystals. IEEE Antennas and Wireless Propagation Let-
ters. 2021. V. 20. N2 3. P. 396—400. DOI: 10.1109/LAWP.2021.3051797.

Maltsev A., Lomayev A., Pudeyev A., Bolotin I., Bolkhovskaya O., Seleznev V. Millimeter-wave Toroidal Lens-Array Antennas Experi-
mental Measurements. In 2018 IEEE International Symposium on Antennas and Propagation & USNC/URSI National Radio Science
Meeting, Boston, MA, USA. 2018. P. 607-608. DOI: 10.1109/APUSNCURSINRSM.2018.8608633.

Hill T.A., Kelly J.R., Khalily M., Brown T.W.C. Cascaded Fresnel Lens Antenna for Scan Loss Mitigation in Millimeter Wave Access Points.
IEEE Transactions on Antennas and Propagation. 2020. V. 68. N2 10. P. 6879-6892. DOI: 10.1109/TAP.2020.2992837.

Maltsev A., Bolkhovskaya O., Seleznev V. Scanning Toroidal Lens-Array Antenna with a Zoned Profile for 60 GHz Band. IEEE Antennas
and Wireless Propagation Letters. 2021. V. 20. N2 7. P. 1150-1154. DOI: 10.1109/LAWP.2021.3073913.

Milligan T.A. Modern Antenna Design. 2nd ed., Wiley-IEEE Press. 2005. 633 p.

Pan H.K., Horine B.D., Ruberto M., Ravid S. Mm-wave Phased Array Antenna and System Integration on Semi-Flex Packaging.
In 2011 IEEE International Symposium on Antennas and Propagation (APSURSI). Spokane. WA, USA. 2011. P. 2059-2062.
DOI: 10.1109/APS.2011.5996913.

Yang F., Wu X., Zhou J., Shao H. Beam-Scanning Lens Antenna Based on Corrugated Parallel-Plate Waveguides. IEEE Antennas and
Wireless Propagation Letters. 2018. V. 17. N2 7. P. 1296-1299. DOI: 10.1109/LAWP.2018.2842742.

Wang H.-F., Wang Z.-B., Wu Z.-H., Zhang Y.-R. Beam-Scanning Lens Antenna Based on Elliptical Paraboloid Phase Distribution
Metasurfaces. IEEE Antennas and Wireless Propagation Letters. 2019. V. 18. N2 8. P. 1562—-1566. DOI: 10.1109/LAWP.2019.2922695.
Karki S.K., Ala-Laurinaho J., Viikari V. Low-Profile Scanloss-Reduced Integrated Metal-Lens Antenna. IEEE Transactions on Antennas
and Propagation. Feb. 2022. V. 70. N2 2. P. 876-887. DOIL: 10.1109/TAP.2021.3111192.

Undopmaums 06 aBTope

BaneHTMH Muxainosuu CenesHeB — MHXEHED,
Kacheapa CTaTUCTMYECKOW paanodrankm 1 MOBUNbHBLIX CUCTEM CBS3U paanodumamyeckoro dakynbTeTa
ORCID: https://orcid.org/0000-0001-7970-3777

Cratbs noctynuna B peaakumio 28.01.2022
OpobpeHa nocne peueHsvposaHus 08.02.2022
MpuHsiTa kK nybnunkauum 04.06.2022

130

PaguoTtexHuka, 1. 86, N2 6, 2022 r., c. 122-130




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


