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Abstract.

Introduction. Due to its support for the utilisation of wide transmission frequency bands, the millimetre-wave fre-
quency range can significantly increase the capacity of modern communication systems. However, one of the current
problems affecting the design of the 27.5...29.5 GHz-wave communication system is the design of a high gain antenna
of the range of 30 dBi to compensate for the significant level of radio signal attenuation in the communication chan-
nel compared to traditional frequency bands below 6 GHz.

Objective. The research aims at the development an integrated lens antenna with the capability of operating on two
orthogonal linear polarisations in order to create more efficient use of the spectrum by separating the transmitted
and received signals by polarisation. An additional important task is to provide a high aperture efficiency of the an-
tenna and a low level of insertion loss in the distribution system, which should have an interface based on printed
transmission lines for connection to the radio frequency circuit elements realised on a printed circuit board.

Materials and methods. The main method for analysing the lens antenna characteristics is full-wave electromagnetic
simulation in the CST Microwave Studio computer-aided design system. The results are confirmed by means of exper-
imental sample measurement.

Results. The designed antenna comprises an integrated lens antenna consisting of a homogeneous semi-elliptical
dielectric lens with a diameter of D = 120 mm with a cylindrical extension and a primary radiator based on a mi-
crostrip antenna with a waveguide adapter. The radiating opening dimensions of the waveguide adapter were opti-
mised using an analytical method based on a combination of geometrical and physical optics. Two orthogonal polari-
sations were excited on the primary microstrip patch antenna with the corresponding closely spaced “H-type” slots in
one internal metallisation layer. According to experimental results, the designed antenna provides the gain level of
29.5-30.2 dBi having a half-power beamwidth of 4.8-5.1 degrees and a cross-polarisation level exceeding 37 dB for
both polarisations across the whole frequency band of 27.5-29.5 GHz.

Conclusion. Due to the simplicity of the design, high aperture efficiency and the ability to operate on two orthogonal
linear polarisations, the developed lens antenna can be successfully used in radio communication systems of the
27.5...29.5 GHz frequency range.
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PA3PABOTKA JINH30BOW AHTEHHbI
C NNAHAPHbBIM NONAPN3ALNOHHBIM CENEKTOPOM
ANA CUCTEM ®UKCUPOBAHHOI PAANOCBA3M YACTOTHOIO AVAMA3OHA 28 I'TL,

AHHOTauuA

BeedeHue. Vicnons3o8aHuUe MUAAUMEMPOBO20 OUANA30HA O/UH 80/AH OMKpbledem WUPOKUE nepcnekmussl 0/
yeenuyeHuss nponyckHol CNOCOBHOCMU 8 COBPEeMEHHbIX CUCMeMaX C8A3U 30 c4em NpUMeHeHUs WUpPOKUX noaoc ne-
pedasaemeix cueHan08. OOHOU U3 OCHOBHbIX CI0XCHOCMeU npu pazpabomke cucmem paduocssa3u ouana3oHa 0AUH
80/1H 27.5...29.5 [Ty Aensemcs obecneyeHue 8bICOKUX 3HaYeHUl KO3PPuyueHma ycuneHuUs Ucnoib3yemMsiXx aHMeHH
nopsAdka 30 0bu 019 KOMNeHCayuu 3Ha4UMeAbHO20 yPOBHA 30MyXaHus paduocu2HaAa 8 KaHasie C8sA3uU No CpasHe-
HUK € MPpaduyUOHHbLIMU dUaNa3oHaMu Yyacmom Huxce 6 [Ty,

Lens pa6omel. Pazpabomka y3KoHANPasaeHHOU GHMeHHbl C 803MOMCHOCMbIO Ppabomesl Ha 08YX OPMO20HAALHbIX
UHEUHbIX NoAapu3ayusax 045 pasoeneHus nepedasaemMozo U nNpUHUMaeMo20 NOMOKO8 no NoAApU3ayuUU U, COom-
gemcmeeHHo, 6os1ee 3ppekmuHO20 UCN0b308aHUA cnekmpd. [pu 3mom saxcHol 3adayell seademca obecneyeHue
gbIcokol anepmypHOU 3¢dekmusHOCMU GHMEHHbLI U HU3KUU yposeHbs nomeps 8 cucmeme nodgedeHus, Komopas
0o/mKHa umems UHMep@elic Ha 0CHOBe neYamHsiX AUHUU nepedayu 045 NOOKAOYEHUA K 3/eMeHmaM paouo4a-
CMOMH020 MPaKma, peanu308aHHbLIM Ha ne4yamHol naame.

Mamepuansl u Memodsl. OCHOBHbIM MEMOOJOM UCCIEO08AHUSA XAPAKMEPUCMUK QHMeHHbI S8A5emca YucieHHoe
3/1ekmpoduHamMu4eckoe MoOenuposaHUe & cucmemMe a8MOMAMU3UPOBAHHO20 npoekmuposaHus CST Microwave
Studio. lMosy4eHHbie pe3ynsmamsl N0OmMeepxi0eHs! NPU U3MepeHUU 3KCnepuMeHmanbHeiX 06pa3yos.
Pe3ynemamel. B kayecmee pazpabameigaemMoli GHMeHHb! 8bI6PAHA UHMe2PUPOBAHHAS AUH30805 GHMEHHO, CO-
cmoAwaa u3 00HOPoOHoU noayaaaunmuyeckol oussnekmpuveckol NUH3bI duamempom D = 120 mMm ¢ yuauHOpuye-
CKUM NpoJosIXeHUEM U NepeuYHO20 06/1y4ames, 8bIN0JAHeHHO20 HAG 0CHOBE MUKPONO0A0CKO80U OHMEHHbI C 80/HO-
800HbIM adanmepoM. Pasmep packpsiea adanmepa onmMuMU3Upo8aH 0415 yeeaudeHus anepmypHol 3¢pexkmueHo-
CMU AIUH3bI C NOMOW|bI0 KOMBUHUPOBAHHO20 Memooa HA OCHOBE NPUHYUNO8 2eoMempuyeckol U pusudeckol on-
muku. /lee opmozoHabHeIe AUHelHbIe NOAAPU3AYUU HA MUKPONO/0CKOBOM 0bs1ydamesie 8036yxdaromcs depes
coomeemcmayroujue ujenu “H"-popmsl, 8bIN0AHEHHLIE 8 0OHOM U3 8HYMPEHHUX Ypo8Hel Memanausayuu ne4amHol
naamel psdom dpyz ¢ opy2oM. B yacmomuom duanasoHe 27.5...29.5 [Ty pa3pabomaHHas NUH30805 GHMEHHA 0/ KaX(-
doli u3 nossipusayuli obecneyusaem 3HavyeHue Ko3ppuyueHma ycuneHus 29.5...30.2 0bu ¢ wupuHol 0CHOBHO20 /y4Ya ho
YPOBHIO N0MOBUHHOU MOWHOCMU 4.8...5.1° U yposHeM Kpoccnoaapu3ayuoHHoU passsasku He meHee 37 Ob.

3akno4eHue. [lpocmoma KOHCMPYKYUU, 8bICOKOA anepmypHaa 3pPekmusHOCMb U 803MOXCHOCMb pabomame HA
08yX 0OpMO20HA/IbHLIX IUHELHbIX NOAAPU3AUUAX NO38OAAIM COeNamb 861800, YMO PA3PAbOMAHHAS UH308AS GH-
MmeHHa MoXcem 6bimb yCnewHo UCN0/a6308aHA 8 CUCMEMAX paduoCeA3U YaCMOmMHO020 0Uana3oHa 27.5...29.5 ITy.

KnwoueBble cnoBa: MMﬂﬂMMETpOBbIM AnanasoH ANNH BOJIH, UHTErpnpoBaHHaa IMH30Bad aHTeHHa, MMKPONo-
JNO0CKOBasd aHTEHHAa, NeYyaTHaaA nnaaTta, BOﬂHOBOAHO-MMKpOI'IOJ'IOCKOBbIVI nepexoa, ,D,BOIZHaﬂ NNHeNHasa nonapwu-
3aumna, anekTpoanHamMmyeckoe MogenmpoBsaHme

Ana ymtmpoBaHua: MoxapoBckuii A. B. Pa3paboTka IMH30BOW aHTeHHbI C NjaHapHbIM NOASPU3aLIOHHbIM
cenekTopoM st cuctem GUKCMPOBAHHOM PajvoCcBs3n YacTOTHOro AnanasoHa 28 Ty // M3B. By3oB Poccun.
PagnoanekTpoHuka. 2019. T. 22, Ne 3. C. 48-62. doi: 10.32603/1993-8985-2019-22-3-48-62

NcToUYHUK PprHaAHCMpOBaHMA. VIHNLMaTMBHas paboTa.

KOHPNNKT nHTepecoB. ABTOPbI 3aABASIOT 06 OTCYTCTBUM KOHOANKTa MHTEPECOoB.

CraTtbs noctynuna B pegakumio 12.04.2019; npmHsaTa k nybavikaumm 20.05.2019; onybnvkosaHa oHnariH 27.06.2019
Introduction. The rapid growth in the volume of  consequent increase of a data transmission speeds

information transmitted across modern wireless net-  exceeding several gigabits per second. To achieve

works results in the necessity for a significant in-  such speeds, it is necessary to use a wide transmis-
crease in the capacity of communication systems and  sion band; however, this proves extremely challeng-
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Fig. 1. Radio signal attenuation level in a communication
channel caused by oxygen, water vapor and precipitation

ing in the overloaded frequency spectrum bands be-
low 6 GHz traditionally used in radio communica-
tions. A possible solution consists in an increase of
the carrier frequency up to the so-called millimetre-
wave range, where frequency bands up to several
gigahertz are available for data transmission. Pres-
ently, the frequency band between 27.5...29.5 GHz
is considered as one of the most promising for im-
plementation of "point-to-point" and "point-to-
multipoint" wireless communication systems [1]-[3],
as well as for the deployment of fifth generation (5G)
mobile networks [4].

One of the main developmental challenges in
millimetre-wave frequency range radio communica-
tion systems is to provide high antenna gain values
(AG) in order to compensate for the significant level
of radio signal attenuation in communication chan-
nels relative to the frequency bands below 6 GHz.
The main reason for signal attenuation (L) in a radio
communications channel consists in the influence of
oxygen and water vapour [5]-[7], as is shown for
various frequencies f in Fig. 1 (Curve 1 denotes oxy-
gen, Curve 2 denotes water vapour, Curve 3 is for
clear conditions, Curve 4 is for rainfall of 5 mm/h,
while Curve 5 is for rain of 20 mm/h).

In addition, as shown in [6], [8], and explained in
the International Telecommunication Union (ITU)
recommendations [9], precipitation significantly in-
creases attenuation level. Should the precipitation
intensity correspond to heavy rain, overall signal
attenuation increases from 0.05 dB/km to 6 dB/km
when an operating frequency increases from 6 GHz
to 28.5 GHz (the centre of the considered frequency
band) (Fig. 1), which significantly affects radio
channel characteristics. In this regard, the principal
regulatory documents applying in the Russian Feder-
ation and European countries authorise the use of a
high gain antenna in a frequency range around
28 GHz for point-to-point communication systems
and a combination of narrow-beam subscriber unit
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antenna and single-beam sector base station antenna
for point-to-multipoint systems.

At the same time, rain intensity is a statistical pa-
rameter having a certain probability density specific
to each geographical area [10]. Typically, channel
availability is selected as a criterion for the evalua-
tion of a communication system in order to deter-
mine the average declared full capacity time. In
modern communication systems availability criteria
of 99.9, 99.99 and 99.999% are generally used, cor-
responding to an absence of connection in the select-
ed channel for approximately 52 minutes, 5 minutes
and 30 seconds per year, respectively. The communi-
cation range can be calculated by using the classical
Friis transmission equation in which losses affecting
propagation of radio signal in atmospheric gases and
losses due to rain are taken into account:

A
PP =20lg) -2~ |+G, +G, -
r—ht g(4nR] r 06t

-R (Yoxygen + Yvapor * Yrain ) :

where P, and P; are received and transmitted pow-

ers, respectively, in dBm; A is a radiation wave-
length (10.53 mm for a frequency of 28.5 GHz); R is
a communication range; G, and G; are the respec-
tive gains of the receiving and transmitting antennas;
Yoxygen+ Yvapor: Yrain correspond to signal attenuation

coefficients in oxygen, water vapour and rain, respec-
tively. The attenuation coefficients for frequencies from
1 to 1000 GHz are reported in [7] and [9].

According to calculations, a link distance of over
4 km can only be achieved on the lowest modula-
tions in case of availability criteria of 99.99% in a
precipitation zone corresponding to Central Russia
using antennas providing AG of 30 dBi and higher.
These AG values correspond to an aperture size of
about 120 mm in the considered frequency band. The
selected geographic area is located in the temperate
zone with an average level of precipitation per year.
Therefore, obtained results can be considered as an
average over the geographical location of the most
populated parts of the continents.

Additionally, in order to ensure efficient utilisation
of the spectrum, it is possible to implement a commu-
nications system using MIMO (Multiple Input Multi-
ple Output) technology [11], which allows simultane-
ous parallel transmission of several data streams using
several antennas and separation by polarisation.

Thus, the purpose of the present research is to
develop an effective antenna with a high AG level for
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radio communication systems in the 27.5...29.5 GHz
frequency band, which is capable of operating on
two orthogonal linear polarisations to ensure efficient
separation of received and transmitted signals by
polarisation. Since the antenna is designed as a part
of communication systems, an important requirement
is an output interface based on a printed transmission
line for direct connection to radio frequency circuit
elements, such as low-noise amplifiers (LNA), mix-
ers and filters. Another important issue when devel-
oping a millimetre-wave high gain antenna is ensur-
ing a high antenna aperture efficiency and low-loss
feed system, since printed structure losses increase
significantly when the operating frequency is in-
creased to the millimetre-wave range. Therefore, it is
necessary to analyse the principles according to
which the efficiency of the high gain antenna aper-
ture can be maximised.

The main antenna requirements are a high AG
(around 30 dBi), the ability to work on two orthogo-
nal linear polarisations with a cross-polarisation level
of more than 30 dB and a reflection coefficient level
of S1q1 <-10dB in the considered frequency band of

27.5...29.5 GHz.

Antenna configuration. There are various ap-
proaches to the design of a high gain antenna that
supports operation on two orthogonal linear polarisa-
tions in the millimetre-wave frequency range. For
example, a promising planar solution having low
mass-production costs can be realised on a two-
dimensional array of printed microstrip antenna ele-
ments [12]-[14]. However, in order to ensure a high
AG value, this array must contain a large number of
antenna elements, significantly complicating the sig-
nal distribution system and consequently increasing
losses up to several decibels, especially when using
two polarisations.

Losses in the signal distribution system can be
significantly reduced by using a series feed circuit
comprised of antenna array elements [15]-[16], which
can additionally be implemented using substrate inte-
grated waveguide (SIW) [17] technology. The main
disadvantage of using a series feed circuit is the fre-
quency dependence of the main radiation pattern lobe
direction, which is caused by a change in a phase shift
between adjacent array elements when changing an
operating frequency. A possible approach to solving
this problem consists in symmetric excitation of signal
distribution system branches [18]-[19]. In this case,
opposite branches allow the lobe oscillation to be
compensated when the frequency changes; however,

this leads to a decrease in AG which limits this solu-
tion to a relatively narrow band.

Another approach to reducing losses in the signal
distribution system of a two-dimensional antenna
array is an implementation based on hollow metal
waveguides [20]. In this case, the antenna elements
can be comprised of slot- or small horn antennas.
The main disadvantage of this approach is the bulki-
ness of the waveguide elements in the considered
frequency range, the complexity of their manufacture
and the additional requirement of a solution to the
problem of transition from a waveguide interface to a
printed transmission line for integration with a radio
frequency module.

A Cassegrain antenna, which employs a dual-
polarised primary feed [21], can also be considered
as a reflector antenna solution. This approach is
widely used in commercial implementations of high
gain antennas of the considered frequency range due
to their relatively simple design and use of a standard
circular or square metal waveguide interface. Never-
theless, commercial solutions based on this approach
tend to be expensive. One of the drawbacks of this
antenna type is the radiating aperture shadowing ef-
fect caused by the secondary reflector. At the same
time, since the size of the secondary reflector typical-
ly changes slightly with an increase in the size of the
parabolic reflector (and, accordingly, with AG in-
crease), the shadowing effect is more critical for an-
tennas having a moderate AG value, such as those
considered in this article.

Under the present research framework, an inte-
grated lens antenna (ILA) [22]-[24] was selected as
the basic approach for the implementation of a dual-
polarised high-gain antenna in the frequency range of
27.5...29.5 GHz. This choice is due to a number of
well-known advantages of ILA in comparison with
other aperture antennas. In particular, they have no
aperture shadowing effect (unlike Cassegrain anten-
nas), and there is also a possibility of a primary radia-
tor implementation on a printed circuit board together
with radio frequency circuit elements that greatly sim-
plifies the communication systems development.

An ILA generally consists of a homogeneous
dielectric lens having an elliptical (or quasi-elliptical)
shape with a primary radiator located in its focus.
Proceeding from geometric optics laws, it can be
seen that if an ellipsoid eccentricity e satisfies the

relation e=1/n, where n is a lens material refractive

index, then both the geometric and optical foci of an
ellipsoid coincide. In this case, the primary feed radi-
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ation passes through a “dielectric—empty space” in-
terface forming a planar phase front and, accordingly,
a narrow beam of a radiation pattern (RP) in a far
field (Fig. 2). Thus, the focusing principle of an ILA
is similar to that in classical reflector antennas and
thin lenses having a remote primary radiator. Since
the bottom part of the lens (cylindrical extension)
does not participate in the focusing of radiation, its
shape can be arbitrarily modified to integrate the lens
antenna with the radio relay station housing.

The designed antenna consists of a hemielliptical
lens with a diameter of D=120 mm. It is made of a
high-density polyethylene (HDPE) with a dielectric
constant of ¢=23 and a low loss tangent value

(tg 8:2-10’4) in the considered frequency band.

The primary lens feed is located on a flat lens base at
the focal point, as shown in Fig. 3.

Semi-ellipsoid

Cylindrical
extension

&

/

Primary feed
Fig. 3. Lens antenna model

Primary feed design and characteristics. An
important task in the high gain ILA design is to pro-
vide effective illumination of the collimating ellipti-
cal lens surface by means of the primary feed [23],
[25], [26]. The amplitude distribution is determined
by the radiation pattern shape of the primary feed on
the radiating surface of the lens body and, conse-
quently, the ILA radiation pattern shape and AG val-

52

Inefficient
illumination

Efficient
illumination

~ Spillover

<————— Primary feed————

a b
Fig. 4. Lens collimating surface illumination
by the primary feed

ue in the far field. Thus, if the primary feed has a
wide radiation pattern in the lens body, then a signif-
icant part of radiated power is used to illuminate the
cylindrical extension, which does not participate in
an ILA radiation pattern narrow beam formation
(Fig. 4, a). This leads to an increase in the radiation
pattern of the side and back lobes and a reduction in
the amplitude of the main lobe.

Conversely, if the primary feed has a narrow radi-
ation pattern, then its radiated power is concentrated in
the centre of the elliptical part of the lens reducing its
effective radiating aperture and antenna gain (Fig. 4,
b). Thus, it is possible to provide a more effective il-
lumination of the elliptical surface of the lens and,
accordingly, increase ILA AG by controlling the width
of the primary feed radiation pattern.

In order to determine the fundamental depend-
ence of the ILA antenna directivity (AD) on a RP
width of its primary feed at a half-power beamwidth,
the specialised MATLAB software is used to calcu-
late the ILA characteristics. The calculation method
is based on a hybrid method combining the principles
of geometrical and physical optics (GO/PO) [27]. In
this case, the primary feed radiation pattern within
the lens body is considered axisymmetric, while the
angular distribution of the electric field amplitude is
determined as:

‘Ep ; (6)‘ =Egcos’ (0),

where Eg is the main lobe amplitude; 6 is the angle

measured from the lens axis; y is the coefficient that
determines the primary feed radiation pattern width in
the lens body. The calculation results for an HDPE
lens with a diameter of D = 120 mm at a band centre
frequency of 28.5 GHz are shown in Fig. 5.

From the figure it follows that the primary feed
with a radiation pattern width of 44...50° provides the
maximum AD value for the selected lens type — and,
therefore, AG. It is noted that the width of the primary
feed radiation pattern that provides the maximum ILA
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Fig. 5. ILA AD dependence on the primary feed RP width

AD does not depend on the lens size, but only on its
material; consequently, the results are valid for lenses
of any size (having a diameter of more than 5-10
wavelengths in a free-space) and can be used for fur-
ther calculations.

Waveguide-based primary radiators are the most
suitable means for controlling the radiation pattern
width through a determination of the waveguide radi-
ating opening dimensions [23]. An important aspect of
the development of this radiator is the electrical cou-
pling of the radiating waveguide aperture with an in-
terface based on printed transmission lines for direct
connection to radio frequency circuit elements. To
solve this issue, an approach based on a microstrip
antenna radiating in a waveguide channel, similar to
that used in a number of waveguide-to-microstrip
transitions, is used [28]-[31].

The designed ILA primary feed is based on a
combination of the microstrip antenna and wave-
guide adapter with a square aperture of 8.5%8.5 mm
that is optimised for implementation with a dielectric
lens in the frequency band of 27.5...29.5 GHz. The
structure and model of the designed primary feed are
shown in Fig. 6.

The primary feed is implemented on a printed

Lens
Matching
— protrusion
IS
Adapter ™
N 3 mm
- -=//
a

Patch/

Slots

circuit board consisting of five dielectric layers and 6
metal levels. A high-frequency Rogers R0O4350B
(dielectric constant is €=3.66) with a Rogers
RO4450B (€=355) prepreg laminate is chosen as a
printed circuit board material. The main microstrip
antenna radiating element is a square patch. The or-
thogonal linear polarisations are excited through the
corresponding "H-type" slots in one of the internal
metallisation levels of the printed circuit board
(Fig. 6, b). The signal is fed by microstrip lines from
the printed circuit board side opposite to the radiator,
which allows isolating the radiating element from the
radio frequency circuit elements of the communica-
tion system. The remaining board metallisation lay-
ers are not involved in a microstrip antenna structure
formation. They are designed for the further trans-
ceiver board active circuits tracing.

The waveguide adapter, which is attached be-
tween the printed circuit board and the lens, corrects
the patch radiation by optimising the dimensions of
its radiating opening, allowing the lens surface to be
uniformly illuminated and leading to a corresponding
increase in ILAAG.

Fig. 6, a shows the adapter aperture containing a
matching dielectric insert of a circular cross-section
having a diameter of 3 mm and a height of 4.6 mm.
Technologically, such an insert is fabricated as a pro-
trusion of a flat lens base at the adapter attachment
point, serving to improve the dielectric lens and
match the impedance of the waveguide adapter [23].

Electromagnetic simulation of the designed ILA
primary feed is carried out in the computer-aided
design (CAD) system CST Microwave Studio. In the
full-wave simulation, dielectric material losses of a
printed circuit board are taken into account based on
the experimental data reported in [32], [33]. In par-
ticular, the dielectric loss tangent is taken equal to

Microstrip lines

b c

Fig. 6. Cross-section structure of the primary feed with adapter (a); single microstrip antenna structure (b);
primary feed model (c)

53



DNeKTPOANHAMMKE, MUKPOBOIHOBAS TEXHWNKA, aHTEHHb!
Electrodynamics, Microwave Engineering, Antennas

f, GHz

26 27 28 29
0

S,dB! S12
Fig. 7. The designed primary feed
electrodynamic modelling results
0.005 in the whole studied frequency band of
27.5...29.5 GHz. In addition, the simulation accounts
losses in metal conductors by specifying the total
conductivity and roughness of the copper foil.

The results of the primary feed S-parameters
simulation are shown in Fig. 7. It is noted that the sur-
rounding space boundary conditions and parameters
are set to provide the primary feed radiation into the
medium (half space) with the dielectric lens material
parameters that allows the designed primary feed pa-
rameters inside the lens body to be determined.

In accordance with simulation results, the designed
primary feed provides a reflection coefficient level for
each of the ports corresponding to two polarisations
S;1and Sy, <—13 dB in the whole system operating

frequency band of 27.5...29.5 GHz. The polarisation
isolation level within the band is more than 35 dB.

In the lens body, the primary feed provides radia-
tion patterns that are similar in shape to each polarisa-
tion with the gain of 10.8...11.5 dBi and radiation effi-
ciency of at least 96% (no less than 0.2 dB) in the
whole frequency band of 27.5...29.5 GHz. Radiation
pattern cross-sections in the dielectric lens body ob-
tained with the simulation results while designed prima-
ry feed orthogonal ports excitation at the centre fre-
quency of 28.5 GHz are shown in Fig. 8. The cross-
sections are presented in two principal planes (¢ =0°

(solid lines) and ¢ =90° (dashed lines)). A black col-
our denotes port 1, while a grey colour denotes port 2.

AG, dBi
/ﬁ%\\
o )
| /i AN |

- 920
Fig. 8. Radiation pattern cross sections of the primary feed
in the dielectric lens body
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According to the simulation results, the primary
feed forms a radiation pattern in the lens body having a
half-power beamwidth of 47...51° for both orthogonal
polarisations, which is within optimum values to
achieve the required ILA AG values (Fig. 5).

Experimental study of the prototype. The ele-
ments of the designed lens antenna having a dual-
polarised primary feed were constructed for experi-
mental studies. Probe-type waveguide-to-microstrip
transitions with waveguide plugs were added to the
printed circuit board structure to allow the connec-
tion of measurement equipment having a standard
waveguide interface WR-28 to the microstrip lines of
the designed primary feed [31]. In order to take into
account the effects of transitions and supply mi-
crostrip lines on the characteristics of dual-polarised
ILAs, these were primarily tested using back-to-back
("waveguide—microstrip line-waveguide™) transitions
(Fig. 9). The printed circuit board structure with test
elements is completely identical to the board struc-
ture used for the planar primary feed.

Specific path losses in the microstrip line allow
back-to-back test elements having different mi-
crostrip line lengths (15 and 25 mm) to be experi-
mentally estimated and thus taken into account when
determining the characteristics of individual transi-
tions and the designed ILA. Transitions provide a
reflection coefficient level S;1<—20dB in the con-

sidered frequency band of 27.5...29.5 GHz. In this
case, an individual transition loss is no more than
0.4 dB, while the pathloss specific to the microstrip
line does not exceed 0.7 dB/cm.

Photographs of the printed circuit board with a
planar dual-polarised primary feed and waveguide-to-
microstrip transitions are shown in Fig. 10, a and b.

Fig. 9. Back-to-back waveguide-microstrip line-waveguide
structures for testing the of the waveguide-to-microstrip
transition characteristics
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Fig. 10. Photos: a — top view of the printed circuit board with
dual-polarized primary feed; b — bottom view of the printed
circuit board with dual-polarized primary feed;
¢ —waveguide adapter

The waveguide adapter photo is shown in
Fig. 10, c¢. The adapter contains the primary feed
waveguide aperture and waveguide channels based
on a rectangular waveguide of standard cross-section
WR-28, which is used to simplify the connection of
measuring equipment. The adapter is divided into 2
parts that connect in the middle of the waveguide
channel to allow a waveguide channel to be manu-
factured by milling. In this case, the waveguide
channel turns out to be divided in an E-plane along
which the electric current density is minimal, and
slots due to metal elements conjugation do not signif-
icantly affect the waveguide characteristics.

A specially-designed polarisation insert is used to
measure losses in the dual-polarised ILA feed system
(Fig. 11). This insert is attached to the adapter anten-
na port instead of the lens in such a way that a wide
wall of its rectangular aperture is perpendicular to
one of the primary feed supply lines. The adapter is
matched to this microstrip line according to the re-
flection coefficients and the corresponding polarisa-

Fig. 11. Polarising insert

tion of the radiating patch. Additionally, for orthogo-
nal linear polarisation signals, such an insert is fully
reflective.

A comparison of the simulation results (solid
line) and measurements (dashed line) of the primary
feed with distribution system is shown in Fig. 12
(black lines correspond to Port 1, while grey lines
denote Port 2). The distribution system (up to anten-
na port) losses are 1.8...2 dB. Thus, without losses in
waveguide-to-microstrip transitions and feed lines,
which were previously estimated when measuring
two-sided test structures, the designed primary feed
together with the adapter introduces losses of less
than 0.4 dB.

Fig. 13 shows a photo of a manufactured dielec-
tric lens with a diameter of D = 120 mm. The weight

27 28 29
[ [

f, GHz

—
TTST N eN L0
\\ Cad

- \ -
\—-’:<~

- 2.5

S, dB!
Fig. 12. Feed system insertion losses

r

Fig. 13. Dielectric lens
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Fig. 14. Comparison of simulated and measured S-parameters
of ILA

of the manufactured lens is 1.1 kg. The lens cylindri-
cal extension is modified to facilitate attachment of
the adapter and secure its fixation in the measure-
ment setup. For this purpose, special screw-threaded
inserts are installed in blind holes manufactured on-
the lens base. A matching protrusion with the dimen-
sions shown in Fig. 6, a is implemented on the flat
lens base.

Antenna S-parameters are measured by using a
vector network analyser Keysight N5224A PNA.
During measurements, network analyser ports are
connected to the corresponding signal feed system
input waveguide interfaces by using high-quality
coaxial cables, which have low internal losses com-
bined with waveguide-coaxial transitions, manufac-
tured by Mi-Wave company. The ILA was placed on
a stand with a radio absorbing material (RAM) to
eliminate reflections from the surrounding area. A
comparison of the measured (dashed lines) and ob-
tained by electrodynamic simulation (solid) lens an-
tenna S-parameters is shown in Fig. 14.

S-parameters frequency dependences have oscil-
lations that are absent in the individual primary feed

simulation results. These oscillations are caused by
radiation reflections from the inner elliptical lens
surface, which return to the ellipse focus where the
primary feed is located in accordance with the prin-
ciples of geometric optics. These oscillations do not
lead to changes in the average reflection and isola-
tion coefficient values. From the presented data, it is
clear that a good agreement between the full-wave
simulation and measurements results has been
achieved. The antenna provides an isolation level be-
tween cross-polarised ports of more than 37 dB and a
reflection coefficients value S Sy, of no more than

—12 dB in the frequency band of 27.5...29.5 GHz.

The measurement setup is used to measure AG
and radiation pattern of the dual-polarised lens an-
tenna (Fig. 15).

During measurement, the lens antenna was fixed
in a special holding device located on a software-
controlled rotary positioner. The distance between
the receiving (standard horn antenna) and transmit-
ting (ILA) antennas is set at 3.5 m in order to meet
the far field requirement. The receiving horn antenna
is built into a RAM screen slit to eliminate the influ-
ence of room reflections and thereby increase meas-
urement accuracy.

The ILA radiation pattern measurements are car-
ried out separately for each of the orthogonal ports in
E- and H-planes at three key frequencies (27.5, 28.5
and 29.5 GHz). In this case, an unused antenna port is
connected to a matched waveguide load. Fig. 16
shows the measured (dashed lines) and obtained by
full-wave simulation (solid lines) ILA radiation pat-
terns corresponding to orthogonal polarisations at a
centre frequency of 28.5 GHz for two ports (black
lines denote E-plane, grey denotes H-plane).

sl [~ — ‘
Scattering material S

7 o o

Horn
antenna

=

otary positioner  [*°

Fig. 15. Antenna measurement setup
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Fig. 16. Measured and modelled radiation patterns for port 1 (a) and port 2 (b)

Table 1. Radiation pattern parameters of the designed ILA

f, GHz Beam width, ...° Gain, dBi
275 5.1(5.0) 29.8 (29.8)

Portl | 285 4.8 (4.9) 30.2 (30.2)
295 4.8 (4.8) 29.9 (30.3)

275 51(5.1) 295 (29.7)

Port2 | 285 4.8 (4.9) 29.8 (30.1)
295 4.8 (4.8) 29.9 (30.3)

The results show a good agreement between the
measured radiation patterns and those obtained with
the full-wave simulation, both in the AG level and the
main lobe and side lobe regions. Summary data of
measured and simulated (results are shown in brack-
ets) designed ILA parameters are presented in Table 1.

The measured AG values of the designed ILA,
within 29.5...30.3 dBi for each polarisation, are in
good agreement with the full-wave simulation results
and preliminary estimations. At the same time, the
measured aperture efficiency of the designed antenna
is 71...79%, confirming the effectiveness of the illu-
mination of ILA surface by the developed primary
feed. The first side lobe level does not exceed —15 dB
for each polarisation at all measured frequencies.

A comparison of the characteristics of the devel-
oped high gain dual-polarised ILA having different

antenna designs as discussed in the introduction is
presented in Table 2. It can be seen that the designed
antenna surpasses other antennas in the frequency
band of 27.5...29.5 GHz in terms of aggregate param-
eters and characteristics taking its operability on two
orthogonal linear polarisations into account.
Conclusion. The results of the design, full-wave
simulation and measurements of the ILA having a
planar dual-polarised primary feed, intended for use
in fixed "point-to-point® and "point-to-multipoint™
communication systems of the frequency band of
27.5...29.5 GHz, are presented. The antenna consists
of a hemielliptical lens with a diameter of
D =120 mm, which is made of an HDPE having die-
lectric constant € = 2.3 and a low dielectric loss tan-
gent value in the considered frequency band, as well
as a primary feed located on a flat lens base at the
focal point. The designed ILA primary feed is based
on a combination of the microstrip antenna and the
waveguide adapter having a square aperture of
8.5x8.5 mm. The adapter aperture size is selected
using an analytical method based on a combination
of geometric and physical optics principles, allowing
the ILA aperture efficiency — and, consequently, its
AG - to be increased. The adapter aperture contains
a dielectric matching insert of a circular cross-section

Table 2. Comparative table of the considered antennas parameters

?i(t):rr;tz?; Frequency range, GHz Gain, dBi Work on two polarizations Printed Line Interface

Present 275..295 295...30.3 Yes Yes
work
[12] 28...32 225 No Yes
[13] 26...30 19 Yes Yes
[14] 1225, 1219 337 Yes Yes
[17] 26.9...29.2 22 No Yes
[19] 235...25 20 Yes Yes
[20] 235...245 175 No No
[22] 24.3...24.7 205 No Yes
[23] 25 325 No Yes
[25] 275...29.5 235 Yes No
[28] 34...36 34 Yes No
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on a flat lens base, which serves to improve the im-
pedance matching of the dielectric lens and wave-
guide adapter.

According to the measurement results, the de-
signed ILA in the frequency band of 27.5...29.5 GHz
provides an AG level within 29.5...30.3 dBi for each
polarisation, which is achieved due to its high aper-
ture efficiency (71-79%) and small losses in the feed
system. The main lobe half-power beamwidth is
4.8...5.1°, while the first side lobe level does not

exceed —15 dB. The ILA signal feed system is made
on the basis of microstrip transmission lines and pro-
vides impedance matching according to a reflection
coefficient level of Sy <12 nb. The isolation level

between the ILA orthogonal antenna ports is at least
37 dB.

The designed ILA can be successfully used in ra-
dio communication systems of the 27.5...29.5 GHz
frequency range.
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