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One of the statutory principle of fifth generation mobile communications is the
adaptive antenna system beam-forming technology that allow the radiation to be
oriented to specific subscriber. Promising solution of the task can be using the pas-
sive antennas, which provide the direct beam-forming with no active component in
the circuit, thus is low-cost. Lunenburg lens antenna is perspective solution of the
task described above and allows the direct radiation to be formed in wide-angle
range and keeps the required performance. Besides, it's slightly compact, so the
antenna can be installed on various of city infrastructure elements, and the spheri-
cal form of device is advantage when the installation is performed on to the vehicles
surface (train, car, aircraft, etc.) In the paper, the metallic sphere installation inside
the spherical Lunenburg lens as a mean of attachment to constructions is described.
The analysis results of the inner element impact to the antenna characteristics of
the Lunenburg lens are provided. Analytical system model with the spherical con-
ductor inside the antenna, which can also be used to calculate the presence of metal-
lic particles impact to the average permittivity of the lens, is shown. The diffraction
task is addressed by means of the Green's tensor functions application. The results
of numerical modeling of the described antenna system using the Ansys Electronics
Desktop (HFSS Design) are presented. Analytical and numerical calculations show
that the limited-sized metallic sphere presence inside the lens does not significantly
affect the focusing property of the device. The acquired formulas can be used in the
future work to find the solution of the metallic element optimal radius approxima-
tion, using the neural networks as one of the mean to do it.
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Introduction

Luneburg lens (LL) is a volumetric physical body capable of
converting a spherical wave front into a flat one. This antenna
can be used in the following applications: 5G wireless broadband
communications, unmanned systems, automation and control
systems, etc. [1,2]. Antennas based on spherical lenses have
great potential also in radar and navigation. Luneburg lens can
act as a highly directional antenna, but also as a diffuser in vari-
ous radar scenarios. For example, LL is used as part of an air
target E95M for testing air defense systems [3].

Today, there are many methods of LL manufacturing, especial-
ly using 3D printing technologies [4,5]. The material used in tradi-
tional 3D printers have the required electrophysical properties that
necessary to create a Luneburg lens antenna. Due to the cheapness
and wide prevalence of this type of plastic, the manufacture of
antennas based on LL is no longer a difficult task. However, a
sufficiently high print accuracy is required to synthesize a spheri-
cal lens. Therefore, the development of reliable electrodynamic
models, preceding the manufacturing stage, is still an urgent task.

In addition, for a fairly large class of practical tasks, it can be
useful to solve the problem of analyzing LL with a conductive
sphere inside. Such problems are of practical interest both in the
case of considering the issues of fastening a spherical lens to an
object, and in considering the point of synthesizing a lens and
selecting material parameters by adding inhomogeneities to the
lens structure. Also, the obtained electrodynamic model can be
used for calculating LL with a metal sphere, to solve the optimi-
zation problem when finding the optimal radius of attachment
inside the sphere [6].

Setting the task

In order to create a LL with the required refractive index, an
inhomogeneous dielectric must be used as the base material of
the lens body. In this case, an stepwise and optimized approxi-
mation of the lens profile is possible. For stepwise approximation
the entire interval of the spherical structure from its center to the
surface (radius) is dividing into sections of equal width. Each
section is a dielectric layer with certain parameters satisfying the
R.K. Luneburg law. The dielectric constant value in the calculat-
ed lens model is taking from the midpoint of the layer. Such an
approximation method is the simplest. When approximating the
lens profile from the outside of the dielectric sphere, a virtual air
layer (air gap) is attaching, which corresponds to the R.K. Lune-
burg law and allows to adjust the position of the irradiator rela-
tive to the lens body.

Table 1

Layer parameters at stepwise approximation of the lens profile
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Table 1 shows the parameters of the layers that calculated ac-
cording to the Luneburg law at stepwise approximation of the
lens profile.

In order to bring the LL characteristics closer to the required
ones, various optimization algorithms are also used, in particular,
a quadrature approximation of stratification parameters to the
required distribution law. For example - work of French authors
[7]. Table 2 shows the electrophysical parameters of multilayer
LL with optimized profile approximation.

Table 2

Layer parameters at optimized approximation of the lens profile

L Layers radius Layers dielectric constant gl'

1 |0,82 1,67

2 10,63;0,89 1,8; 1,4

3 10,53;0,75; 0,93 1,86;1,57; 1,28

4 10,47;0,67;0,82; 0,94 1,88;1,67; 1,44; 1,22

5 10,43;0,60;0,74; 0,85; 0,95 1,91;1,73; 1,55; 1,36; 1,18

6 10,39;0,56; 0,68; 0,78; 0,88; 0,96 }’?25 L77:1,61; 1,46; 1,31;

7 0,37;0,52; 0,63; 0,73; 0,82; 1,93; 1,80; 1,67; 1,53; 1,40;
0,89; 0,97 1,27;1,13

] 0,34; 0,49; 0,59; 0,69; 0,77, 1,94;1,82; 1,71; 1,59; 1,47,
0,84;0,91; 0,97 1,35;1,24; 1,12

L Layers radius Layers dielectric constant g

1105 1,75

2 10,333, 0,667 1,889; 1,556

3 10,25;0,5;0,75 1,938; 1,75; 1,438

4 10,2;0,4;0,6; 0,8 1,96; 1,84; 1,64; 1,36

5 10,167;0,333; 0,5; 0,667; 0,833 | 1,972; 1,889; 1,75; 1,556; 1,306

6 0,143; 0,286; 0,429; 0,571; 1,98; 1,918; 1,816; 1,673; 1,49;
0,714; 0,857 1,265

7 0,125;0,25; 0,375; 0,5; 0,625; 1,984; 1,938; 1,859; 1,75;
0,75; 0,875 1,609; 1,438; 1,234

p 0,111;0,222; 0,333; 0,444; 1,988; 1,951; 1,889; 1,802;
0,556; 0,667; 0,778; 0,889 1,691; 1,556; 1,395; 1,21

*air gap between lens and irradiator. It’s necessary according to Luneburg law.

Dielectric parameters can be changed to control its filling
density during 3D printing on accordance with the parameters of
the materials given in Tables 1, 2. By selecting the necessary
values of the dielectric constant parameters, which varies from
~ 2 in the center to 1 on the surface, the spherical front of the
wave can be transformed into a flat one on the shadow side of
the lens, Figure 1.

v

\

Fig. 1. Diffraction on multilayer Luneburg lens

In addition to 3D printing, there are other very original manu-
facturing options of the Luneburg lens. Most of them realize a
stepwise approximation of the refractive index to Luneburg law.
Specifically, the lens is realizing in the form of a multilayer ma-
terial with different parameters of dielectric constant. Typically,
the permittivity within each layer is constant and varies discrete-
ly from layer to layer.

—
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Let's consider the developed model of a lens antenna with a
metal sphere inside in the Ansys Electronics Desktop (HFSS
Design) software package using parametric analysis. The body of
the lens, as mentioned earlier, is built in the form of spheres with
different dielectric constants. The model construction used an
optimized approximation for the six-layer lens model. Dielectric
constant and normalized radii of layers are given in Chart 2.

Figure 2 shows the geometry of the optimized separation of
the lens into six layers. The number of layers is due to the fact
that in this approach, with fewer layers, it is possible to achieve
better antenna characteristics. In Figure 2, vector k indicates the
direction of flat electromagnetic wave incidence on the sphere,
E, vector shows the plane of electric field oscillation.

Ansys

>

Fig. 2. Luneberg lens in the Ansys Electronics Desktop software
package (HFSS Design) with optimized stratification
of the six-layer model (the seventh layer is an air)

}
X’...\Y

The spherical lens is irradiating by a flat electromagnetic
wave of linear polarization. The lens model has a radius de-
scribed by r, =81 (~24 cm). Frequency is about 10 Ghz. For

comparison, radiation patterns of the lens were built without any
redundant structures inside the sphere. Figure 3 shows the nor-
malized radiation pattern by gain in two experimental planes.
These results can be used as "reference" for further comparison
with a modified model with a sphere of conductive material in-
stalled in the central part.

It should be noted that the authors in [6] considered the prob-
lem solution of calculating the lens with the central rod inside the
sphere. At the same work, two cases were analyzed, which differ
in the mutual orientation of the primary irradiator and the rod
that acted as a supporting structure. These cases are shown in
Figures 4a and 4b, where A and B are wide and narrow walls of
the waveguide irradiator.

Figure 4a shows the geometry for the case where wide wall
of the waveguide were parallel oriented to the metal rod. Similar
composition for the case of orthogonal orientation are shown in
Fig. 4b. Field structure and radiation patterns in both cases, in
two experimental planes has been researched.

Figure 4b shows a model lens with a metal sphere inside.
This model attractive from a practical point of view, for example,
for those cases of LL calculation, when the central sphere can be
made of a solid conductive material and acts as an element on
which a fastening system of dielectric or metal guides are fixing.

The conductive sphere model discussed in this work can also
be used to determine the effect of metal inclusions on the dielec-
tric constant of the lens body.

Theta (deg)

120

120

Phi (deg)

b)

Fig. 3. Graphs of the dependence of the amplitude multiplier £(0) of the radiation pattern of a Luneberg lens without a central metal rod

on angle O sight (a) and the spatial view (b) of the radiation pattern calculated at (curve /) and at (curve 2)

-
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Fig. 4. The scheme of parallel () and orthogonal (b) orientation
of the metal rod and the primary irradiator and the model (c)
of the Luneberg lens with metal sphere inside

Solution of the Diffraction task

According to the problem mentioned in the previous chapter,
one can see that the assessment of inner metallic sphere of the
LL impact to the antenna characteristics, its sufficient to address
the diffraction task. When finding the right solutions for the
modeling tasks and designing of the lens with central element,
the optimal positioning, appropriate size and possibly the number
of spherical non-uformities are the questions required to find the
solutions for. The optimal solution finder should be able to
perform a rapid analysis of as great number of variables, which
define the prototype geometry. Because of that, the highly
accurate analytical formula seems to be useful to get. Green’s
tensor functions (GTF) applications reworked for the spherical
layers analysis satisfies all the requirements to be the wanted
formula. Here, the comparison of analytical solution and the
finite-element model in the HFSS application is possible to
calculate the described solution in terms of accuracy.

Analysis of the multi-layered spherical regions using the GTF
application are well described in [8]. In this chapter calculation
of the lens with the inner metallic element is to be shown. The
aim is to obtain the optimal solution in terms of memory
resources and calculation time (this solution would be
consequently used in the optimiser, including the use neural
network). Here, the diffraction task is wise to be described when
applying the linear polarization. The task geometry is shown in
Figure 5.

metal sphere

<Y

Fig. 5. Geometry of the problem of linear polarization wave diffraction
on a multilayer sphere with a metallic element inside

The electromagnetic excitation using the remote source can
be addressed with the GTF application and the methods that were
described in [9]. The diffracted wave intensity field vector of
electic fiend, when the linear polarization field is applied, in the

E’;
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far zone is acquired as (the formula is normalized ignoring the
amplification multiplayer):

~ & 2n+l
1Y (1 (0)-M -7 (O)N. €]
6 nln(n—i—l) ( ) (‘Cn( ) n nn( ) n)
=, 2n+1
E,= - 0)-M,—1,(O)N, @)
,,Z::‘n(nﬂ) )" (m,(6)- ,(O)N,)
h 0P} (cos 0). P} (cos0) :
W O == g WO ="

P; (cos0) — Legendre function of the first kind -7 -th order [9;
10]; A, (x)» j,(x) — spherical Bessel — Ricatti functions [10];

ko =2m /% — wave number;

M’ = i%n(a)'jn(koa)_jyn(koa) ;
" iZ,(@) -y (koa) — 'y (koa)

N = ifn(“)'fn(koa)—jvn(koa) — he coefficients of the medium
iY,(a)- hy(koa)—h ,(koa)
calculated through oriented impedances and admittances directed

respectively 7 a(@)s Y (@) (a — radii of lens layers), which are

determined by sequential recalculation from the outer boundary of
the LL to the center through partial regions-layers according to the
methodology described in [8]. The multilayered lense structure is
defined with the environment coefficients A7), and N, [8].

The expressions acquired allows to quickly approximate the
metallic element impact on to the random-size LL antenna char-
acteristics. Using the finite-elements method in the Ansys HFSS
software would require significantly greater amount of time to
address the task due to the fact that the increase of sphere radius
leads to the multiple times geometry recalculation and the new
grid model generation on the every single iteration of the sphere
layers size change. Therefore, in this case the GFT based calcula-
tion time is wise. The analytical formula acquiring time and cre-
ating of the subprogram for the calculations in MATLAB de-
crease the numerical complexity in the Ansys Electronics Desk-
top (HFSS Design).

In order to shown the acquired formulas constructiveness and
that the accurate assessment of the construction element impact
on to the scattering diagram form (that is formed by the lens)
using the formula is possible, let’s have a look at the following
cases. The first one is, using the Ansys HFSS, to calculate the
scattering diagram on the lens with the inner spherical conductor.
The second one is the scattering diagram obtain using the
MATLAB by means of the expressions (1), (2). In the Fig. 6, the
calculation results of are shown for different inner spherical con-
ductor radius values of the LL.

Single geometry calculation using the analytical formulas in
the MATLAB took a split of second. At the same time, the same
geometry calculation (for the diffraction task) in the Ansys HFSS
took 57 minute for every single variant, where the hardware
equipment is as follows: the CPU is 8-core Intel® Xeon Intel(R)
Xeon(R) Gold 6154 CPU @3.00GHz, the RAM amount is
47.5 GB. It’s not the analytical and numerical methods compari-
son in terms of calculation performance.
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Fig. 6. Influence of the radius of the metal sphere inside the LL on its characteristics for different radii r of the metal sphere inside the lens:

ar=15

More likely, it’s the fact that the accuracy of the acquired an-
alytical formula is good enough and that the formula can be used
for further quick model optimization and searching for optimal
positioning and the metallic element radius calculation as fast as
possible. Having the described analytical formula allows to
quickly estimate thousands of positioning and central lens ele-
ment options and to find the optimal one. The above tasks can be
addressed using the described expressions.

Conclusion

Presence of the metallic spherical element in the multilayered
dielectric sphere might be not the best idea. However, in search
for the options to install the lens on the objectives and to control
the lens body permittivity coefficients leads to the need of the
analysis of the conductor presence in the dielectric lens. In the
paper, the calculation model in the special software and the ana-
lytical solution for calculation the lens with the inner spherical
element were acquired. The results of analytical computations as
well as of the modeling in the special software shown that the
appropriate geometry of it leads to the lens focus to be satisfying
the requirements.

The metallic element presence in the lens affects the equip-
ment work regime and the lens characteristics. But for designing
of the LL with all the advantages, including the field-
performance, the use of such elements is reasonable.

Note that the propagation diagram irregularities due to the
metallic element affection tends to be appropriate for the LL
based antennas characteristics realization. Besided, the expres-

; b) r=30 mm; c) r =45 mm; d) r = 60 mm. The calculations were performed by the TGF method (curve 1) and in HFSS Design (curve 2)

sions gained using the GTF application is the way to address the
optimization tasks in the fastest manner when checking for the
optimal hypothesis around the variety of them using the paramet-
ric analysis and the neural networks.
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AHHOTauuA

OpfHUM 13 HeOTbeMNEMbIX MPUHLMMNOB CUCTEM MOOWUIBHOMN CBA3WU MATOrO MOKOJIEHWUA ABMIAETCA TEXHONOrMa GOpPMUPOBAHUA afanTUBHOM
AMarpaMMbl HarpaBIEeHHOCTU AHTEHHOM CUCTEMOW, YTO MO3BOJIAET HarpaBfiATb PaAMOU3ITyHEHME K KOHKPETHOMY MOJb30BaTesto.
[MepcneKkTUBHBIM pelUeHMeM 3TOM 3afadu MOrYT BbICTYyMaTb MAaCCUMBHbIE aHTEHHbI, KOTOpble obecreynBatoT (GOPMUPOBaHUA Jlyya B
33a/]laHHOM HarpaBsieHuM 6e3 MCMoNb30BaHUA aKTMBHBIX KOMMOHEHTOB M TeM CaMbiM CHWXXAlOT 3aTpaTbl Ha 3Hepropecypcbl. JIMH3oBas
aHTeHHa JTtoHe6epra ABNAETCA NepCNeKTUBHBIM PELLEHNEM 3TOM 3aJa4u U No3sonseT GOpMUPOBATbL HarNpaB/ieHHOE M3JTyHeHWe B LUIMPOKOM
YrIOBOM AnanasoHe 6e3 yxyAlleHus npoussoauTenbHocTU. KpoMe Toro, oTHOCMTENbHO KOMMaKTHble pa3Mepbl aHTEHHbI MO3BONAOT
yCTaHaBNMBaTb €€ Ha PasfM4HbIX 3/IEMEHTaX FOpPOACKOM WHGPaCTPyKTypbl, a obTekaeMas ¢opMa CPEpUHECcKOn aHTeHHbl AaeT
NpenMyLLiecTBa NpU YCTaHOBKE Ha KOPMyC TPaHCMOPTHOro cpeAcTBa (Moesfa, aBToMobunu, caMonets! U T. 4.). B pabote paccmatpuBaetcs
BapUaHT UHCTa/NALMKU MeTaimiecKoin cdepbl BHyTpb cepuyeckoin nnH3bl JlioHebepra kak BO3MOXHOIO CpeACTBa KperyieHUs aHTEHHbI
Ha PasnnyHbIX KOHCTPYKuMAX. [lpefcTaBneHbl pe3ynbTaTbl aHanu3a BAMAHUA 3TOTO KOHCTPYKTMBHOTO 3JIEMEHTAa Ha aHTEHHble
XapaKTepUCTUKM NMH3bI JlioHebepra PaccMoTpeHa aHanuTUueckas MoAenb CUCTEMbI C NpoBOAALLEl cdepoit BHyTpU NnH3b! JlioHebepra,
KOTOpas MOXeT ObiTb MCMONb30BaHA TaKkXKe ANA OMpPefesieHNUs BWAHWA META/NIMYECKUX BKPArIEHU Ha CPEeAHIO0 AMNEKTPUYECKYHO
NPOHWULIAEMOCTb Tena NINH3bl. [udpaKkunoHHas 3ajayva peluaeTcs MeToAOM TeH3OPHbIX ¢yHKuui [puHa. [peacTaBneHbl pesynbTathl
KOMMbIOTEPHOrO MOZENIMPOBaHNA PacCMAaTPMBAEMOM aHTEHHOM cucTeMbl B nporpamMmHoM nakete Ansys Electronics Desktop (HFSS
Design). PesynbraTbl Kak aHaJMTUHECKUX PacYeTOB, TaK U KOMMbIOTEPHOrO MOZENMPOBAHMA MOKa3au, YTO HanM4uMe MeTanIM4ecKom
cepbl NpUEMNIEMbIX FEOMETPUYECKUX PasMEPOB COXPaHAET (OKYCUpYIOLLMe CBOMCTBA JIMH30BOM aHTeHHbl JltoHebepra. MNony4eHHbie
¢opMynbl MOryT GbITh UCMOJML30OBaHbI B AasIbHEMLLIEM ANA PELUeHUA 3a/1a4M MOWUCKa ONTUMANbHOTO pajMyca METa/NIUYECKOro 3/IEMEHTa, B
TOM YUCSIE C NPUMEHEHUEM HEMPOHHBIX CETEN.

Knioyeeble cnoea: nuxsa JlioHebepea, cpepuyeckas aHmeHHa, 3nekmpoduHamuyeckoe modenuposaHue, ducppakuusa, memod
MeH30pHbIX pyHKUul [puHa.
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