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Abstract: 

To simulate air targets of various types in the ultrahigh frequency radar range, multilayer 

spherical Luneberg lenses have become widely used. The reflective properties of such 

lenses depend on both their absolute dimensions and irradiation frequency, and on the 

properties of the dielectric material, design features, and their manufacturing technology. 

This research considers six-layer spherical Luneberg lenses with their uniform division 

into layers by dielectric permittivity. The calculations performed have shown that the 

average absolute error in the approximation of the dielectric permittivity to the theoretical 

law of change when the lens is uniformly divided into six layers by dielectric permittivity 

is no more than 6.8 %. Theoretical calculations and experimental studies have revealed 

the influence of the design features of spherical lenses, the characteristics of the dielectric 

material, and the features of the manufacturing technology on the reflective properties of 

such air target simulators. 
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1 Introduction 

In the USA, Great Britain, and other leading European countries, unmanned aerial 

vehicles (UAVs) equipped with multilayer spherical Lüneberg lenses (LLs) have 

become widely used for passive simulation of various types of aerial targets in the ultra-

high frequency radar range [1-3]. 
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The purpose of such lenses is to increase the radar cross section (RCS) by several 

tens of times, thus simulating more significant targets [4]. The advantages of such UAVs 

with LL are both cheapness and ease of manufacture. Multilayer spherical LL is 

a dielectric sphere of arbitrary size, capable of converting a spherical wavefront into 

a flat one. To do this, it must provide a smooth decrease in the dielectric constant of the 

lens material from the center to its edge. It is quite difficult to manufacture a classical 

LL with a continuous law of change in the dielectric constant (refractive index) along 

its radius. 

The reflective properties of spherical LLs, which are used as air target simulators, 

depend on both their absolute dimensions and irradiation frequency, as well as the 

properties of the dielectric material, design features and their manufacturing technology. 

When manufacturing such reflectors in the form of multilayer structures, the 

discreteness of the change in dielectric permittivity and additional design errors lead to 

a deterioration in their reflective properties compared to the theoretical value. 

Thus, there is a need to study the influence of the properties of the dielectric 

material, design features, and manufacturing technology of spherical LLs on their 

“reflective” properties as passive RCS simulators of air targets. 

Modern research on the use of various dielectric materials and the comparison of 

their properties, design features, manufacturing technology and application of spherical 

LLs as passive simulators of air targets is covered in a number of works. Thus, in work 

[4] it is stated that foam dielectric materials can be used as a material for the manufacture 

of spherical LLs, the refractive index of which depends on the density, for example, 

polystyrene foam, polystyrene, etc. In addition, various dielectric composite materials 

with good technological properties can be used. Such materials include synthetic 

polymers and dielectric substances, for example, ceramic powders. Composite materials 

have a low weight and good dielectric properties. Therefore, their use allows you to 

create various designs of spherical LLs. 

In works [5-8], spherical LLs manufactured using various three-dimensional 

printing technologies are described. Thus, in work [5] an approach to creating a pherical 

LL with radial holes is presented. The study investigated how the dielectric constant and 

loss tangent of equivalent lens materials are influenced by hole shape, orientation, and 

porosity. However, using this technology, LLs were created with only two layers, which 

does not allow to fully reduce the discreteness of the changes in the dielectric constant. 

The authors of [6] proposed a low gain LL antenna of 20 dB using the 3D printing 

concept. The required continuous permittivity law was implemented by varying the size 

of dielectric cubes centered at the joints of a plastic rod. 

And in [7], a new method for creating antennas from LLs is presented, which 

combines the production of a fused filament by additive manufacturing technology with 

an effective media approach that uses space-filling curves. Two LLs were created, which 

are designed to operate in separate frequency ranges (26–40 GHz and 70–110 GHz) with 

antenna gains of 20 and 24 dB, respectively. 

Important aspects of designing and implementing electromagnetic (EM) 

components through 3D printing based on polymer inkjet printing are highlighted in [8]. 

A number of polymer materials, their broadband EM characteristics in the GHz to THz 

range, and a methodology for designing 3D printed antennas and other electromagnetic 

components are presented. 

But these approaches to creating LLs using three-dimensional printing have some 

disadvantages, such as limited dimensions of the printed product and fairly high cost of 
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equipment and materials. Moreover, they require a detailed study of the manufacturing 

technology. 

The authors of the article [9] considered various and quite original options for 

manufacturing LLs, but most of them implement a stepwise approximation of the 

refractive index to the required law of change, i.e. the lens is implemented in the form 

of a multilayer material with different dielectric constant parameters. As a rule, the 

dielectric constant inside each layer is constant and varies discretely from layer to layer. 

The authors note that the implementation of LLs with the number of layers higher than 

10 is impractical and does not lead to significant changes in the characteristics of the 

lens. In practice, 4–6-layer lenses have the greatest manufacturability. 

In [10], the possibilities of manufacturing LLs by printing on a 3D printer using 

the technology of jet polymerization, which includes electromagnetic crystals in the 

structure, were analyzed. In order to create LLs with the required refractive index, it is 

necessary to use a non-uniform dielectric as the main material of the lens body. The 

parameters of the dielectric can be changed if the density of its filling is controlled 

during 3D printing. In this case, the dielectric constant of the material should vary in 

a narrow range: from two in the center to one on the surface. 

 References [3, 11-13] examine various methods for simulating the radar cross 

section (RCS) of targets, including corner reflectors, self-focusing antenna arrays, 

Lüneberg lenses (LLs), and two-point coupled simulators. The comparative analysis 

showed that simulators based on LL of different designs have the highest RCS and allow 

to cover the entire radar wavelength range. In addition, the use of LL allows to simulate 

the RCS of most modern air targets (aircraft, cruise missiles and others). 

Thus, the analysis of the literature indicates that while the influence of dielectric 

materials, design features, and manufacturing technologies on the reflective properties 

of multilayer spherical Lüneberg lenses (LLs) – as key components of passive RCS 

simulators for aerial targets – is a relevant topic, it remains insufficiently studied. The 

purpose of the article is to study the influence of dielectric material, design features, and 

manufacturing technology on the “reflective” properties of spherical LLs as passive air 

target simulators. 

To achieve this aim, it is necessary to solve the following tasks: 

•  to conduct theoretical studies of the influence of the design features of spherical 

lens simulators of air targets on their reflective properties, 

•  to conduct experimental studies on the influence of dielectric material, design 

and manufacturing technology on the reflective properties of spherical air target 

simulators. 

2 Theoretical Studies of the Influence of Design Features of Spherical 

Lens Simulators of Air Targets on Their Reflective Properties 

The reflectivity of an air target simulator is a measure of the ability of the simulator 

surface to reflect electromagnetic radiation [14]. The main characteristic of the 

reflectivity of any target is the RCS, which is completely determined by the power of 

electromagnetic energy reflected by the target in the direction of the radar receiver. The 

defining element of all lens simulators of air targets are dielectric lenses of various types. 

Most often, certain modifications of spherical dielectric LLs are used. These lenses 

are a multilayer sphere with different values of the dielectric permittivity of the layers 

and, accordingly, their refractive indices [15]. The dielectric permittivity of an ideal LL 
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without loss smoothly changes along the radius of the sphere from ε = 1 on the surface 

of the lens to ε = 2on the axis of the lens according to the law: 

 

2

( ) 2
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r

ε  = − 
 

 (1) 

where r – the lens radius, a – the radial coordinate of an arbitrary point inside the lens. 

The radial coordinate of an arbitrary point will be comprehended as the distance 

from the center of the lens to this point along the radius of the lens. 

The form of the law Eq. (1) of the change in dielectric constant from the normalized 

radial coordinate of the lens is presented in Fig. 1. 

 

Fig. 1 View of the law of change of dielectric permittivity from normalized radial 

coordinate of lens 

We assume that the radius of the lens is much larger than the wavelength of the 

radiation. This means that at distances of the order of the wavelength of the radiation, 

the dielectric constant changes very little. In this case, the refractive index [16] is: 
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where n(a) – the refractive index. 

In an inhomogeneous medium, where the refractive index is a function of 

coordinates, the beam bends in the direction of increasing refractive index. Accordingly, 

all rays, regardless of the angle of incidence on the lens surface, have the same phase 

lengths and converge at one-point F (focus), which lies on the lens surface on the 

opposite side of it. With small deviations from the law of change of dielectric constant 

Eq. (1) the position of the lens focus shifts along the direction of wave incidence either 

inside the lens or behind it. 

To turn an LL into a reflector, it is enough to place a metal plate at its focus. As 

a rule, this is achieved by metallizing part of the lens surface. Due to symmetry, the rays 

incident on the plate and those reflected from it follow identical paths and, upon exiting 

the lens, propagate in the opposite direction, forming a planar phase front. 

This study considers spherical passive dielectric target simulators, which are built 

on the basis of spherical dielectric LLs [7, 13, 15]. The reflector is a larger 

inhomogeneous dielectric sphere compared to the wavelength, part of which is 

metallized in the form of a “cap” (segment). The reflection of an electromagnetic wave 
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in a dielectric sphere occurs from the metallized surface. The shape of the metallized 

surface determines the scattering indicator of the spherical LL. The maximum 

monostatic RCS [3, 13, 16] created by a metallized spherical lens in the form of a “cap” 

is determined by the aperture method according to the formula: 

 

3 4 2

1 2
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4

r f
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σ =  (3) 

where σ1 – the maximum monostatic RCS of a spherical LL with a metallized segment 

in the form of a “cap”, f – the frequency of the electromagnetic wave of radiation,  

c – the speed of light. 

The monostatic scattering indicatrix of the simulator is a body of revolution with 

an axis passing through the center of the lens and the center of the metal “cap”. The 

shape of the indicatrix depends on the angular size of the “cap” and is determined on 

the basis of a geometric construction considering the “darkening” created by the “cap” 

at large angles of deviation of the line of sight from the axis of the reflector (simulator). 

From Eq. (3) it follows that the RCS of such a lens depends on both the radius of the 

lens itself and the frequency of the electromagnetic wave of irradiation. 

If a spherical air target lens simulator has a metallized “cap,” it provides 

a scattering indicatrix of about 170° in both planes. Design complications allow the 

indicatrix to be expanded even further and circular directivity to be obtained in one of 

the planes, but at the expense of reducing the RCS and narrowing the indicatrix in the 

other plane. 

LL designs may differ from each other in the shape of the metallized surface. 

Instead of a segmented “cap”, a continuous equatorial belt with a width of h, which leads 

to the effect of “shading”, the effect of which reduces the RCS (reflective properties of 

the lens). In this case, the maximum monostatic numerical value of the RCS of a LL 

with a continuous equatorial belt is σ2, is expressed by the formula [13]: 
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where h– the width of the continuous equatorial belt. 

Fig. 2 shows the dependence of the normalized monostatic RCS (σ2/σ1) from the 

ratio of the width of the continuous equatorial belt and the radius of the lens (h/r) from 

0 to 3.14, i.e. until the lens surface is completely metallic [13]. 

Analysis of the obtained data (Fig. 2) shows that the design of a spherical LL 

significantly affects the reflective properties of an air target simulator. Thus, the RCS 

of target simulators based on LL with a metallized segment in the form of a “cap” 

significantly exceeds the RCS of simulators based on LL with a solid equatorial belt. 

At the same time, the maximum monostatic value of the RCS created by LL with 

a solid equatorial belt depends on the ratio h/r. It is advisable to consider only those 

simulators with LL in the presence of a continuous equatorial belt for which the ratio 

h/r does not exceed 0.3925. In addition, it should be noted that a spherical LL turns into 

a reflector (air target simulator) only in the case when part of the dielectric sphere in the 

form of a segment (or “cap” or a solid equatorial belt) is metallized. 
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Fig. 2 Dependence of normalized monostatic RCS on h/r  

Since the manufacture of spherical LLs with a smooth change in dielectric constant 

along the radius Eq. (1) is a rather complex task, in practice they proceed to a stepwise 

approximation of the law of change in dielectric constant using a multilayer structure. 

According to [9], the optimal LL design consists of six layers. The following methods 

of dividing the lens into layers are distinguished [17]: uniform division by refractive 

index; uniform division of the lens by dielectric constant; uniform division of the lens 

by radius. In this work, six-layer LLs with uniform division into layers by dielectric 

constant are considered. The essence of uniform division of the lens into layers by 

dielectric constant is as follows. The dependence of the dielectric constant on the radius 

is divided into equal parts by ε(a). The corresponding layer radii are found 

a1, a2,…, aN−1, aN = r. Each layer is divided into two equal parts. The dielectric constant 

is taken equal to the average in each layer of the lens, i.e. ( )1 10,5i i i ia a aε ε − −′  = + −  . 

Thus, we obtain a uniform partition by dielectric permittivity (by ε(a)). Such an 

approximation function allows us to approximate the change in dielectric permittivity 

to the smooth law Eq. (1) due to the change in the dielectric filling density in the lens 

structure. 

The algorithm for dividing the LL into layers by dielectric constant is shown in 

Fig. 3. The parameters of the LL layers when the lens is evenly divided into layers by 

dielectric constant are given in Tab. 1. The appearance of the LL and their cross-section 

are shown in Fig. 4. 

The closer the permittivity distribution law approaches continuous, the less the 

characteristics of the multilayer lens differ from the ideal LL. As a criterion for the 

effectiveness of the stepwise approximation of the permittivity change law to the 

theoretical one, we have chosen the average absolute error of approximation, which is 

calculated as follows: 

 1 1

iKN

i ik

i k

K

ε ε
δ = =
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=
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where δ – the average absolute error of approximation, 

iε ′ – the value of the dielectric constant for the i-th layer of the LL, 

ikε – theoretical values of dielectric permittivity in the ith layer of the LL, 

iK – the number of dielectric constant values to be analyzed in i-th at layer of LL, 
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– the total number of dielectric permittivity values of the LL to be 

analyzed. 

The calculations of Eq. (5) showed that the average absolute error of the 

approximation of the dielectric constant to the theoretical law of change with a uniform 

division of the LL into layers by dielectric constant is no more than 0.06745 (6.8 %). 

 

Fig. 3 Algorithm for uniform division of the LL into layers by dielectric constant 

 

   

a)                                                   b) 

Fig. 4 Appearance of LL (a) and their cross section (b)  
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3 Experimental Study of Dielectric, Design, and Manufacturing Effects 

on Reflective Properties of Spherical Air Target Simulators 

Experimental studies were conducted to study the influence of dielectric material and 

design features on the “reflective” properties of lens simulators. The following lens 

simulators were used: 

•  two six-layer spherical LLs with cubic holes made of dielectric material such 

as PLA using 3D printing technology, radius r = 97 mm with and without 

a metallized segment in the form of a “cap”, 

•  two six-layer spherical LLs with cubic holes of radius r = 45 mm with 

a metallized segment in the form of a “cap”, made using 3D printing technology 

from various dielectric materials (PET and PETG). 

The following dielectric materials were used to manufacture spherical LLs: 

•  Polylactide PLA – one of the most widely used environmentally friendly 

thermoplastics. PLA is a polymer of lactic acid, which easily absorbs water and 

is relatively soft. It is a colorless transparent material, the density of which is 

1.22–1.25 kg/dm3. One of the most important factors for the use of PLA in 3D 

printing is its low melting point 170–180 °C, which contributes to a relatively 

low electricity consumption. However, PLA solidifies quite slowly, as the glass 

transition temperature is 50–58 °C. The dielectric loss of PLA is in the range 

of 2.3–2.6 [18]. 

•  Dielectric materials such as PET and PETG. Polyethylene terephthalate glycol 

(PETG) is a thermoplastic polyester that provides high chemical resistance and 

durability. PETG is an adaptation of PET (polyethylene terephthalate), where 

“G” stands for glycol. PETG has a greater strength and durability, is more 

impact resistant, and is better suited to higher temperatures. Due to the low 

molding temperatures of PETG, it is easy to vacuum and pressure mold or bend. 

PETG is a transparent, amorphous material with a glass transition temperature 

of 80–85 °C and a melting point ranging from 180 to 230 °C. Its density falls 

between 1.26 and 1.28 kg/dm³. The dielectric constant of PETG ranges from 

2.81 to 3.30 [18]. Unlike PETG, PET-type plastic is prone to crystallization at 

high temperatures, which makes it opaque and weakens its structure. 

Experimental studies were carried out in an anechoic chamber. Fig. 5 shows the 

equipment of the measuring stand, which includes: transmitting and measuring 

antennas, a laser level (Fig. 5a), as well as a portable vector circuit analyzer (FieldFox 

microwave analyzer) (Fig. 5b). 

A vector network analyzer (VNA) measures the characteristics of the signal 

passing through the test device and the characteristics of the signal reflection from its 

ports (S-parameters) [19]. For two-port devices, the reflection characteristic from the 

first port is defined as S11, the forward transmission characteristic is S21, the reverse 

transmission characteristic is S12, and the reflection characteristic from the second port 

is S22 (Fig. 6). Each S-parameter contains an amplitude-frequency and a phase-

frequency characteristic. 

The experiment was carried out in the S12 VNA characteristic measurement mode 

using frequency domain filtering. The LLs were irradiated by a horn antenna connected 

to port 1 of the VNA via a coaxial cable using coaxial wave transitions (CWT). 

A broadband horn antenna of the P6-223 type was used as a measuring antenna 

connected to port No. 2 of the VNA via a flexible coaxial cable using CWT. The LLs 
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were placed in the BEC on a stand made of polystyrene panels and oriented relative to 

the geometric axes of the antennas using a laser level (Fig. 5a). The distance between 

the antennas and the LLs under study was 1.5 m, which is the far zone for LLs of this 

size. 

 

                                        a)                                                                  b) 

Fig. 5 Equipment of measuring stand. a) transmitting, measuring antennas  

and laser level; b) Keysight N9951A – portable microwave analyzer Field Fox 

 

Fig. 6 S-parameters of vector circuit analyzer 

Key technical specifications and capabilities of the FieldFox portable microwave 

analyzer are as follows: its frequency range is from 5 kHz to 44 GHz; it includes an 

antenna-feeder device analyzer; it has options for a vector circuit analyzer, spectrum 

analyzer, power meter, and vector voltmeter. 

VNA allows you to simultaneously measure distances to inhomogeneities and 

reflection parameters and simultaneously measure all four S-parameters. 

Minimum distance Rmin to LL when measuring [19] is determined in accordance 

with the expression: 

 
2

min

π

4

D
R

ϕλ
=

∆
 (6) 

where π 8ϕ∆ = – the maximum phase error at the edge of the standard under 

investigation, D – the diameter of spherical LL. 

During the experiment, the power of the reflected electromagnetic wave from two 

lenses at the receiver input was compared with the transmitter power in decibels: 
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where P1 – the power of the received signal reflected from the first lens, 

P2 – the power of the received signal reflected from the second lens, 

P0 – the transmitter power. 

The difference in relative power of received signals in decibels ∆P[dB] 

proportional to the ratio of the powers of the signals reflected by the lenses is computed 

as follows: 

 [ ] [ ] [ ] ( ) ( ) ( )1 2 1 0 2 0 1 2dB dB dB 10log / 10log / 10log /P P P P P P P P P∆ = − = − =  (8) 

The difference in the relative powers ∆P[dB] of the reflected signals from two LLs 

allows us to compare the reflective capabilities of the lenses under investigation. 

A positive difference in powers, taking into account its magnitude, indicates the 

advantages of the reflective properties of the first LL over the second. A negative 

difference in powers, taking into account its magnitude, indicates the advantages of the 

reflective properties of the second LL over the first. 

Initially, two six-layer LLs of the same radius (r = 97 mm) were made of PLA 

dielectric using 3D printing technology. The difference in the design of the lenses was 

that the first lens had a metallized segment in the form of a “cap” (a hemisphere wrapped 

in foil), and the second without it. Fig. 7 shows the frequency dependences of the relative 

radiation power of the first and second lenses at the receiver input in the X-frequency 

range (from 8 to 12 GHz inclusive). 

The frequency dependence of the difference in relative powers ∆P[dB] of the first 

and second lenses under investigation is shown in Fig. 8.  

Analysis of the obtained results (Figs 7-8) shows that the LL without a metallized 

segment in the form of a “cap” (the second sphere) has rather weak reflective properties. 

    

a)                                                                b) 

Fig. 7 Frequency dependence of relative radiation power of LL.  

a) half-wrapped with foil; b) not wrapped with foil 

The LL with a metallized segment (foil) in the form of a “cap” (the first sphere) 

has very good reflective properties and surpasses the second one in the X-band of 

frequencies from 3.49 to 36.99 dB (i.e. from 2 to 5 000 times). This confirms the fact 

that for the use of a spherical LL as an air target simulator, a necessary condition is the 

metallization of a part (segment) of the lens. 
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Fig. 8 Frequency dependence of difference in decibels of relative radiation power  

of the first and second LL 

During the experimental study, two six-layer Luneburg lenses (LL) with metallized 

“capˮ segments of identical radius (r = 45 mm) were compared. Both lenses were 

fabricated using 3D printing technology. The first LL was made of polyethylene 

terephthalate glycol (PETG), while the second used polyethylene terephthalate (PET). 

The frequency dependences of the relative radiation power of the first and second 

lenses at the receiver input are shown in Fig. 9. 

The frequency dependence of the difference in relative powers ∆P[dB] of the first 

and second lenses under investigation is shown in Fig. 10.  

Analysis of the obtained results (Figs 9-10) showed the following. The reflective 

properties of LLs depend on both the dielectric material from which they are made and 

the frequency of irradiation. 

   

a)                                                                   b) 

Fig. 9 Frequency dependence of relative radiation power of a LL with a metallized 

segment in the form of a “cap”. a) PETG material; b) PET material 

In some frequency ranges (especially in the 8–9 GHz, 10.2–11.0 GHz ranges), the 

reflective properties of a lens made of dielectric material such as PETG exceed the 

reflective properties of lenses made of dielectric material such as PET by an amount 

from 0.1 to 11.9 dB, while in other frequency ranges (especially in the 9–10 GHz ranges) 

the situation is the opposite – a lens made of dielectric material such as PET exceeds the 

reflective properties of a lens made of dielectric material such as PETG by an amount 

from 0.1 to 13 dB. 
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Fig. 10 Frequency dependence of difference in decibels of relative radiation power of 

the first (PETG) and second (PET) LL with metallized segments in the form of a “cap” 

Thus, the analysis of the obtained theoretical and experimental studies showed that: 

•  a necessary condition for converting dielectric LLs into air target simulators is 

the presence of a metallized part (segment) of the lens, otherwise it has rather 

weak reflective properties and its use as a simulator is impractical, 

•  the reflective properties of such LLs depend on both their absolute dimensions 

and irradiation frequency, as well as the dielectric material, design features, 

and their manufacturing technology, 

•  comparisons of the reflective properties of lenses made from different dielectric 

materials have shown that at some frequencies, the reflective properties of 

lenses made from one dielectric material exceed the reflective properties of 

lenses made from another dielectric material, while at other frequencies the 

situation is the opposite. 

4 Conclusions 

Spherical passive dielectric air target simulators are created on the basis of dielectric 

spherical LLs. To transform the LL into a reflector, it is necessary to metallize part of 

the dielectric sphere (segment). The designs of such lenses differ from each other in the 

shape of the metallized surface: with a metallized surface in the form of a “cap” or with 

a continuous equatorial belt of a certain width. 

The reflective properties of spherical LLs, which are used as air target simulators, 

depend on both their absolute dimensions and irradiation frequency, and on the 

dielectric material, design features and technology of their manufacture. When 

manufacturing spherical reflectors in the form of multilayer LLs, the discreteness of the 

change in dielectric constant and additional design errors lead to a deterioration of their 

reflective properties in comparison with the theoretical value by 2–3 dB. The closer the 

dielectric constant distribution approaches continuity, the more closely the 

characteristics of the multilayer lens resemble those of the ideal lens. 

There are the following ways of dividing a spherical LL into layers: uniform 

division by refractive index; uniform division of the lens by dielectric constant; uniform 

division of the lens by radius. In this work, six-layer LLs with uniform division into 

layers by dielectric constant were considered. The calculations performed showed that 

the average absolute error of the approximation of the dielectric constant to the 
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theoretical law of change with uniform division of the LL into six layers by dielectric 

constant is no more than 6.8 %. 

Theoretical calculations and experimental studies have confirmed that the design 

features of spherical LLs (the shape of the metallized surface), dielectric material and 

manufacturing technology significantly affect their reflective properties. Thus, the 

reflective properties of spherical simulators based on LLs with a metallized surface in 

the form of a segmented “cap” exceed the reflective properties of simulators based on 

LLs with a solid equatorial belt, which is explained by the effect of the “shading” effect. 

A comparison of the reflective properties of lenses made from different dielectric 

materials revealed that, at certain frequencies, lenses composed of one material may 

exhibit superior reflective performance compared to those made from another. However, 

at other frequencies, the opposite may be true. Therefore, when designing air target 

simulators, it is essential to consider the operating frequencies of the adversaryʼs 

electronic reconnaissance systems. 
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