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Abstract: In this paper, the research of nonlinear cylindrical metastructure was obtained. An
algorithm for finding the total field of a nonlinearly loaded perfectly conducting cylinder covered
with a metamaterial (MM) layer based on Maxwell’s equations with nonlinear boundary conditions
on the surface of nonlinear loads (NL) was developed. A software package implementing this
algorithm was created. Based on the results of numerical calculations of the program, the scattering
diagrams of a metal cylinder with NL, covered with a layer of MM at the fundamental, second, and
third harmonics were obtained. The dependences of the harmonics of the scattered field on the
parameters of nonlinear loads were also studied. With the help of numerical simulation using Ansys
HFSS, the extract procedure of the effective parameters of cylindrical MM was realized. Based on
the results of calculation and numerical simulation, a model of a nonlinear cylindrical structure of
two radii was made and an experimental study was carried out. As a result of the experiment, the
frequency characteristics of the metastructure were obtained at various angles of incidence of the
wave. The results of numerical simulation were confirmed by the results of the experiment. It is
shown that the use of the provided nonlinear cylindrical marker with metamaterial makes it possible
to obtain the levels of the first and second harmonics in a scattered field of the same order. This
structure can be used as a nonlinear marker in both military and civilian areas.

Keywords: cylindrical metamaterial; nonlinear marker; Maxwell’s equations; nonlinear boundary
conditions; nonlinear load

1. Introduction

Historically, nonlinear effects have been found in electrical circuits containing ele-
ments such as diodes, transistors, amplifiers, mixers, etc. The nonlinear properties of
these elements are currently well understood. One of the less common mechanisms for
causing harmonic distortion is passive intermodulation (sometimes the name “rusty bolt
effect” [1,2] is preferred). Corroded materials on antennas, waveguides, or even structural
elements can act like one or more diodes. Rusty objects that should not be in the signal
path, including antenna structures, can also reradiate signals at harmonics and combination
frequencies. However, nonlinear effects are not always undesirable. For example, it was
proposed that we use these effects for target detection and tracking [3–10]. Today, the effect
of a rusty bolt is used to search for insects [4–8], measure human medical indicators [10], in
devices for finding people caught in natural disasters [3]. In turn, the automotive industry
has received patents for detection using nonlinear tags since the 1970s [9]. Tags can be
placed on vehicles or people in high traffic areas such as security guards, construction
workers, police officers, etc. In this concept, nonlinear tracking is performed by marking
the targets of interest with special nonlinear markers. Such markers allow converting
the reflected signal to higher frequencies. Since the size of the antenna is in many cases
proportional to the wavelength of the signal, increasing the frequency allows the size of
the receiving antenna to be reduced when the receiving and transmitting channels are sep-
arated. Moreover, frequency conversion to higher frequencies allows a wider bandwidth
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to be used, increasing the information transfer rate. However, several issues arose when a
nonlinear locator is used:

• A short locator range;
• An overlapping of the spectrum of the emitted signal and the spectra of nonlinear

responses in the reception band of a nonlinear locator (since the reception of a useful
signal from a nonlinear object is performed against the background of hum noise);

• A load of the radio range with radio sources for various purposes in the frequency
range optimal for use in nonlinear radars.

To isolate the nonlinear response from the frequency of the higher harmonic signal, it
was proposed to use a nonlinear marker, which would be designed in such a way that it
makes it possible to reduce the level of the reflected field at the fundamental frequency of
the reradiated signal by several orders of magnitude. Previously, we proposed [11] to use
as a nonlinear marker, a microstrip array with nonlinear loads (diods) in the plane of strips
with a substrate made of a flat metamaterial (MM) [12]. The nonlinear marker is shown
in Figure 1.

Remote Sens. 2021, 13, x FOR PEER REVIEW 2 of 18 
 

 

separated. Moreover, frequency conversion to higher frequencies allows a wider band-
width to be used, increasing the information transfer rate. However, several issues arose 
when a nonlinear locator is used: 
• A short locator range; 
• An overlapping of the spectrum of the emitted signal and the spectra of nonlinear 

responses in the reception band of a nonlinear locator (since the reception of a useful 
signal from a nonlinear object is performed against the background of hum noise); 

• A load of the radio range with radio sources for various purposes in the frequency 
range optimal for use in nonlinear radars. 
To isolate the nonlinear response from the frequency of the higher harmonic signal, 

it was proposed to use a nonlinear marker, which would be designed in such a way that 
it makes it possible to reduce the level of the reflected field at the fundamental frequency 
of the reradiated signal by several orders of magnitude. Previously, we proposed [11] to 
use as a nonlinear marker, a microstrip array with nonlinear loads (diods) in the plane of 
strips with a substrate made of a flat metamaterial (MM) [12]. The nonlinear marker is 
shown in Figure 1. 

 
Figure 1. A fabricated nonlinear structure, consisting of a microstrip array with diodes with a MM 
substrate: (a) a strip array with diodes; (b) a proposed MM substrate; (c) a nonlinear marker (top 
view); (d) a nonlinear marker (side view). 

The use of such a nonlinear marker, due to the use of an MM substrate, as shown in 
Figure 2, made it possible to reduce the level of the reflected signal at the frequency of the 
emitted signal by 28 dB. The measured frequency characteristics of such markers are 
shown in Figure 2. 

Figure 1. A fabricated nonlinear structure, consisting of a microstrip array with diodes with a MM
substrate: (a) a strip array with diodes; (b) a proposed MM substrate; (c) a nonlinear marker (top
view); (d) a nonlinear marker (side view).

The use of such a nonlinear marker, due to the use of an MM substrate, as shown in
Figure 2, made it possible to reduce the level of the reflected signal at the frequency of
the emitted signal by 28 dB. The measured frequency characteristics of such markers are
shown in Figure 2.

However, when a marker is placed on a search object, it is often difficult to use flat
structures, other nonflat structures are required. For example, as avalanche protection
equipment, nonlinear cylindrical markers, “cuffs” that are worn on the arm, can be used.

We propose a nonlinear cylindrical marker using a metamaterial which provides
increasing the signal-to-noise ratio at the input of the receiver of a nonlinear locator
(compared to a conventional cylindrical marker without the use of metamaterial), and as a
consequence, increasing the range of a nonlinear locator operation.
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2. Materials and Methods
2.1. Nonlinear Boundary Conditions

The development of a nonlinear marker is based on a rigorous theoretical approach us-
ing Maxwell’s equations, nonlinear boundary conditions, and the method of
integral equations.

Let us consider how distributed nonlinear loads are represented by nonlinear bound-
ary conditions using the example of a distributed nonlinear load in the form of a nonlinear
contact formed in a narrow gap between two extended metal objects. It is known [13,14]
that electric charges tunnel in this case across the slot. For such nonlinearities, the following
mathematical models are applied. At first, we will consider a longitudinal surface nonlinear
load located along z (zmin < z < zmax) and are in general case nonhomogeneous along z. Let
us divide the load into elementary sites with length ∆z ≪ λ within the limits of which the
currents and potential differences between load edges are assumed to be constant. Let us
consider one site. For such a site, the applied mathematical model is shown in Figure 3a.
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It is convenient to take local curvilinear coordinate system n′ =
[
ξ, iz

]
. The field

penetration depth in contact along the normal n′ is small and the current volume density
along this coordinate can be expressed through the delta function. Here the electric current
can flow along the ξ coordinate while the magnetic one along z.
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For each such elementary site V-I characteristic is given as:

i
(
n′, ξ, z, t

)
=

M

∑
ν=1

(aν(z)Uν
(
n′, ξ, z, t

)
+ bν(z)

dUν(n′, ξ, z, t)
dt

), (1)

where i, U are the electric current through the load and the voltage on the load edges, aν, bν

are the V-I characteristic parameters. We take M = 3. The electric current and voltage can
be expressed by the surface densities J of electric and magnetic currents as follows:

i
(
n′, ξ, z, t

)
= Je

ξ(z, t)∆z, U
(
n′, ξ, z, t

)
= Jm

z (z, t)lξ ∆ξ, (2)

where lξ is Lame coefficient. Substituting them into the ratio (1) we will receive:

Je
ξ(z)∆z =

M

∑
ν=1

[
aν(z)

(
lξ ∆ξ

)ν
(Jm

z (z))ν + bν(z)
(
lξ ∆ξ

)ν d(Jm
z (z))ν

dt

]
(3)

Turning to complex amplitudes, decomposing the temporary functions in Fourier
series, and taking into account the rule of power function decomposition we will obtain
the local boundary condition for surface currents:

Je
n,ξ(z)∆z = An(z)lξ ∆ξ Jm

n,z(z) + Bn(z)(lξ
∞

∑
s=−∞

Jm
s,z(z)Jm

n−s,z(z) + Cn(z)(lξ×

×

∞

∑
q=−∞

Jm
n−q,z(z)

∞

∑
s=−∞

Jm
q−s,z(z)Jm

s,z(z),
(4)

where n; s; n − s . . . are harmonic numbers (for Fourier series),

An = a1 + inωb1, Bn = a2 + inωb2, Cn = a3 + inωb3,

ω is the cyclic frequency of the primary source.

2.2. Formulation of the Problem

Let us have the surface S1 of a perfectly conducting circular infinite cylinder of radius
a, on which M on which M longitudinal (parallel generatrix) homogeneous nonlinear loads
are located. Let us introduce a cylindrical coordinate system (CCS) with the z-axis aligned
with the cylinder axis (Figure 3b).

Let us denote the loads by narrow nonlinear slots and define the coordinates of the
loads as

(
a, φq

)
, q = 1, . . . , M, ∆φq are the load angular widths. I-V characteristics of the

form (1) are set for the loads. The cylinder is covered with a layer with parameters ε̃a1, µ̃a1
outer radius b (b > a) . The primary source at frequency ω is placed in a volume Vj
that is uniform along the z coordinate. The problem is to find the field strength at the
fundamental and harmonic frequencies at the observation point p for a given external
source in the presence of a given object, taking into account the external volume with
homogeneous parameters εa2, µa2.

2.3. Solution of the Problem by the Method of Integral Equations

Let us denote the area inside the dielectric coating as V1 and the outside as V2. Let the
source is in the domain V1. Then, taking into account the integral relations for the fields in
the domains V1 and V2 and the continuity conditions for the components of the tangent
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vectors of the field on the surface S for r = b, putting the observation point on the surface S,
we get: ∫

Sj

(je,pr
n Em

n1 − je,pr
n Hm

n1)dS′ =
∫
φ′

(Je
n12(Em,z

n1 + Em,z
n2 )−

−Jm
n12(Hm,z

n1 + Hm,z
n2 ))bdφ′ +

∫
φ′

Jm
n Hm,z

n1 adφ′,

(5)

where Em,z
n1,2, Hm,z

n1,2 are vectors of the auxiliary fields excited by an elementary magnetic
radiator located at the point p1,2(r, φ) ∈ V1,2 (whose parameters do not depend on z).

Jm
n12 are the surface currents densities on S at r = b + 0, r = b − 0; Jm

n are the surface
current densities at nonlinear loads.

It is assumed that because of the narrow gap along φ, the magnetic current flows only
along z, the last integral can be represented as a sum of integrals:

∫
φ′

Jm
n Hm,z

n1 adφ/ =

M

∑
µ=1

∫
∆φµ

Jm
nµzHm,z

n1z adφ′, q = 1 . . . M. (6)

Putting the observation point p2 on the surface of the qth nonlinear load using the
integral relations for the fields [15], we obtain

−Je
nqφ = −

∫
Sj

(je,pr
n Em

n1 − jm,pr
n Hm

n1)dS′ +
∫
φ′

(Je
n12Em,z

n1 − Jm
n12Hm,z

n1 )bdφ′+

+

M

∑
µ=1

∫
∆φµ

Jm
nµz Hm,z

n1z adφ′ , q = 1 . . . M.

(7)

Using the nonlinear boundary conditions described earlier on the surface of the qth
nonlinear load and performing the same procedure for M loads, we obtain:

∆φqaAnq Jm
nqz − ∆φ2

qa2Bnq

∞

∑
s=−∞

Jm
sqz Jm

n−sqz + Cnqa3∆φ3
q

∞

∑
ξ=−∞

Jm
n−ξqz

∞

∑
s=−∞

Jm
sqz Jm

ξ−sqz =

=
∫
φ′

(Je
n12Em,z

n1 − Jm
n12Hm,z

n1 )bdφ′ +

M

∑
µ=1

∫
∆φµ

Jm
nµzHm,z

n1z adφ′ −
∫
Sj

(je,st
n Em

n1 − jm,st
n Hm

n1)dS′ , q = 1 . . . M.

(8)

Equations of type (5) and (8) constitute an infinite system of nonlinear integral equa-
tions for unknown currents on the surfaces S and S1.
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If the cylinder is excited by a source located in the domain V2, the procedure for
obtaining the system of equations is similar to that described earlier, we get equations of
the form:

−

∫
Sj

(je,pr
n Em,z

n2 − jm,pr
n Hm,z

n2 )dS′ =
∫
φ′

(Jm
n12(Em,z

n1 + Em,z
n2 )−

−Jm
n12(Hm,z

n1 + Hm,z
n2 ))bdφ′ +

∫
φ′

Jm
n Hm,z

n1 adφ′,

(9)

∆φqaAnq JMnqz − ∆φ2
qa2Bnq

∞

∑
s=−∞

Jm
sqz Jm

n−sqz + Cnqa3∆φ3
q

∞

∑
η=−∞

Jm
η−sqz

∞

∑
η=−∞

Jm
sqz Jm

η−sqz

=
∫
ϕ′

(
Je

n12Em,z
n1 − Jm

n12Hm,z
n1

)
bdφ′ ++

M

∑
µ=1

∫
∆φ′

µ

Jm
nµzHm,z

n1z adφ′, q = 1 . . . M.

(10)

2.4. Defining Auxiliary Fields

As the auxiliary fields Em,z
n1 , Hm,z

n1 , we take the fields of the in-phase magnetic current
filament placed between two coaxial perfectly conducting cylinders with radii a иb at
frequencies nω. The space between the cylinders is filled with a homogeneous medium
with parameters ε̃a1(nω), µ̃a1(nω). Then, if the medium is “Double negative” (DNG) at
one frequency,

k1(nω) = −nω
√

ε̃a1(nω)µ̃a1(nω), for Re(ε̃a1(nω)) < 0, Re(µ̃a1(nω)) < 0 (11)

and at the other frequency it is an ordinary dielectric, then:

k1(nω) = nω
√

ε̃a1(nω)µ̃a1(nω), for Re(ε̃a1(nω)) > 0, Re(µ̃a1(nω)) > 0. (12)

As an auxiliary fields Em,z
n2 , Hm,z

n2 we take the fields of the magnetic current in-phase
filament, excited at frequencies nω, in the presence of a perfectly conducting cylinder of
radius b (in the center of CCS), placed in a space with parameters ε̃a1, µ̃a1. Taking into
account the auxiliary components of the fields, the first integral on the right-hand side of (5)
contains only the term −Jm

n12z
(

Hm,z
n1z + Hm,z

n2z
)
), the first integral on the right-hand side of (8)

contains only the term −Jm
n12zHm,z

n1z . In the same way, we transform Equations (9) and (10).
Auxiliary fields in volume V1 are the fields of the in-phase magnetic current filament

located between two coaxial perfectly conducting cylinders with radii a and b, excited at
frequencies nω. They must satisfy the boundary conditions for the tangential component
of the vector E, for r = a,b. It can be written as:



Remote Sens. 2021, 13, 5006 7 of 17

Hm,z
nz1(r, φ, r′, φ′) = − kn1

4Wn1
×

×

∞

∑
m=−∞

eim(φ−φ′)

J′m(kn1a)H′(2)m (kn1b)−H′(2)m (kn1a)J′m(kn1b)
×

×



(Jm(kn1r′)H′(2)
m (kn1b)− H(2)

m (kn1r′)J′m(kn1b))×
×
(

Jm(kn1r)H′(2)
m (kn1a)− H(2)

m (kn1r)J′m(kn1a)
)

,
a < r < r′;

(Jm(kn1r)H′(2)
m (kn1b)− H(2)

m (kn1r)J′m(kn1b))×
×(Jm(kn1r′)H′(2)

m (kn1a)− H(2)
m (kn1r′)J′m(kn1a)),

r′ < r < b.

(13)

Here kn1, Wn1 are propagation constants and characteristic impedances in volumes V1;
Jm(x), H(2)

m (x) are Bessel and Hankel functions.

2.5. Algorithmization of the Problem

Consider the solution of a system of nonlinear integral equations with the method of
moments. We take piecewise constant functions as basis functions for unknown currents.
We take the δ-function as a test function. Then from (9), (10) we obtain a system of nonlinear
algebraic equations (SNAE):

Nφ

∑
v=1

Jm
n12vzρbb

nvη −
M

∑
µ=1

Jm
nµzρab

nµη = −F1,b
nη , η = 1 . . . Nφ

∆φqaAnq JMnqz − ∆φ2
qa2Bnq

∞

∑
s=−∞

Jm
sqz Jm

n−sqz + ∆φ3
qa3Cnq

∞

∑
ξ=−∞

Jm
n−ξqz

∞

∑
s=−∞

Jm
sqz Jm

ξ−sqz−

−

M

∑
µ=1

JMnµzρaa
nµq +

Nφ

∑
v=1

JMn12vzρba
nvq = −F1,a

nq , q = 1 . . . M,

(14)

and from (9), (10) we obtain the SNAE:

Nφ

∑
v=1

Jm
n12vzρbb

nvη −
M

∑
µ=1

Jm
nµzρab

nµη = F2
nη , η = 1 . . . Nφ,

∆φqaAnq Jm
nqz − ∆φ2

qa2Bnq

∞

∑
s=−∞

Jm
sqz Jm

n−sqz + ∆φ3
qa3Cnq

∞

∑
ξ=−∞

Jm
n−ξqz ×

∞

∑
s=−∞

Jm
sqz Jm

ξ−sqz−

−

M

∑
µ=1

Jm
nµzρaa

nµq +
Nφ

∑
v=1

Jm
n12vzρba

nvq = 0, q = 1 . . . M,

(15)

Expressions for the coefficients ρaa
nµq, ρba

nvq, ρab
nvq, ρbb

nvµ are shown in Appendix A.
When the cylinder is excited by a magnetic current filament with coordinates r0, φ0

we have:



Remote Sens. 2021, 13, 5006 8 of 17

F1a,b
nµ = −

∫
Sj

jm,st
n Hm,z

n1zdS′ = δ±1
n

IM0
2iπW1

∞

∑
m=−∞

eim(φµ−φ0)

Z1m
×

×
{

1
a (Jm(k1r0)H′(2)

m (k1b)− J′m(k1b)H(2)
m (k1r0)) at r = a;

1
b (Jm(k1r0)H′(2)

m (k1a)− J′m(k1a)H(2)
m (k1r0)) at r = b;

(16)

F2a,b
vn = −

∫
Sj

jm,st
nz Hm,z

n2zdS′ =

= δ±1
n

Im
0

2iπbW2

∞

∑
m=−∞

eim(φµ−φ0) H(2)
m (k2r0)

H′(2)m (k2b)
,

(17)

where δ±1
n is the Kronecker symbol.

Solving SNAE (14), (15) we obtain the unknown values of the harmonics of surface
currents on loads and on the cylinder cover.

2.6. Description of MM

The coating of the nonlinear cylinder is realized in the form of DNG-structure [12].
The unit cell of such a structure is a ring resonator, which provides negative values of
the magnetic permeability, and a linear conductor, which provides negative values of the
dielectric constant. The resonator and the line conductor are placed on a dielectric substrate
made of FR-4 material. An infinite structure model of such elements was analyzed using
an electrodynamic design package that uses the method of moments.

Numerical analysis of the model of an infinite lattice of MM is carried out using HFSS.
During the simulation, the complex reflection and transmission coefficients of the MM are
obtained. On this basis, using the method of homogenization of MM parameters, which
are proposed in [16], the effective values of the parameters are calculated (Table 1).

Table 1. Calculated effective parameters of MM.

Frequency εeff µeff

10.2 GHz −1.9 + i2.8 −2.5 + i0.22

20.4 GHz 3.5 − i1.9 0.9 − i0.51

30.6 GHz 1.7 − i0.81 0.7 − i0.3

The results of numerical simulations show that the MM at the frequency of the
fundamental harmonic works like a DNG material, and at the second harmonic it acts like
an ordinary dielectric. This feature of MM is the main interest in the study of its influence
on nonlinear structures.

2.7. Radiation Patterns and Scattering Diagrams of a Nonlinear Cylinder Covered with an
MM Layer

Let us investigate the problem of excitation and scattering of a nonlinear cylinder
covered with an MM layer described in Section 2.3.

The resulting SNAE (14), (15) was solved numerically using the developed C ++
program. The program is based on Broyden’s method [17]. The software package allows
to calculate the total field of a cylinder covered with a layer of metamaterial, taking into
account the position of nonlinear loads when excited by a magnetic current filament, at a
given number of harmonic frequencies. The program provides for changing the parameters
of the I-V characteristic of nonlinear loads, changing the radius of the cylinder, the thickness
of the coating, the amplitude of the external current, the position of the source, and the
position of the observation point.
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At the first stage, a study of the radiation patterns and scattering of the cylinder
with a nonlinear load covered with a MM layer, described in Section 2.3, was carried out.
Consider a situation where the source of an excitation is within the metamaterial. The
parameters of such calculation are presented in Table 2. The geometry of the problem is
shown in the Figure 4.

Table 2. Parameters of calculation.

Variable Name Parameter

Radius of a perfectly conducting cylinder a, mm 30

Outer radius of a MM layer b, mm 35

Coordinate of the source r0, mm 34

Coordinate of the source φ0, ◦ 0

Fundamental frequency F, GHz 10.2

V-I parameter a1, 1/Ohm 0.36

V-I parameter a2, 1/Ohm·V 0.43

V-I parameter a3, 1
Ohm ·V2 0.3
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As a result of the program calculation, the radiation patterns of the cylinder were
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and 3rd) (Figure 5).
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It follows from the figure that the use of MM leads to a narrowing of the pattern at the
fundamental frequency and a decrease in the field level by 12 dB. At the same time, the
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second harmonic level decreased by 5 dB. This made it possible to obtain in a certain sector
of angles the values of the second harmonic exceeding the level of the 1st harmonic. The
use of the MM layer allows the level of higher harmonics to be equalized with respect to
the fundamental frequency in a wide sector of angles, which, in turn, will allow obtaining
a gain in the signal-to-noise ratio in the receiver relative to the uncoated case.

Scattering diagrams were also obtained (Figure 6). The parameters of the problem
are similar to those given in Table 2, except for the position of the source. The source was
located at the point r0 = 300 mm, φ0 = 0.
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As can be seen from the figure, the use of the proposed MM makes it possible to
reduce the level of the fundamental harmonic in the entire range of angles by more than
10 dB. In this case, there is an increase in the level of the third harmonic.

The results obtained using the software package confirm the hypothesis of an increase
in the relative level of harmonic components in the scattered field for a nonlinear marker.
Let us conduct an experimental study to confirm the simulation result.

3. Results
3.1. Experimental Studies of a Fabrication Sample of a Cylindrical MM

The purpose of the experiment was to confirm the possibility of using the proposed
MM in a cylindrical design to increase the relative level of harmonic components in a
scattered field. For this, two cylinders with an outer radius of 35 mm and a radius of
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45 mm were made. A photograph of a fabrication sample of a cylindrical structure is
shown in Figure 7.

Remote Sens. 2021, 13, x FOR PEER REVIEW 11 of 18 
 

 

  
(b) (c) 

Figure 6. Geometry of the problem (a) Scattering diagrams of the cylinder at the three harmonics of the field, (b) without 
coating, (c) with MM coating. 

As can be seen from the figure, the use of the proposed MM makes it possible to 
reduce the level of the fundamental harmonic in the entire range of angles by more than 
10 dB. In this case, there is an increase in the level of the third harmonic. 

The results obtained using the software package confirm the hypothesis of an in-
crease in the relative level of harmonic components in the scattered field for a nonlinear 
marker. Let us conduct an experimental study to confirm the simulation result. 

3. Results 
3.1. Experimental Studies of a Fabrication Sample of a Cylindrical MM 

The purpose of the experiment was to confirm the possibility of using the proposed 
MM in a cylindrical design to increase the relative level of harmonic components in a 
scattered field. For this, two cylinders with an outer radius of 35 mm and a radius of 45 
mm were made. A photograph of a fabrication sample of a cylindrical structure is shown 
in Figure 7. 

 
Figure 7. Photo of a cylindrical structure based on a set of MM plates presented in [12]. 

To investigate the frequency-selective properties of the cylindrical structure, the 
transmission coefficient was measured for different angles of incidence. The setup con-

Figure 7. Photo of a cylindrical structure based on a set of MM plates presented in [12].

To investigate the frequency-selective properties of the cylindrical structure, the trans-
mission coefficient was measured for different angles of incidence. The setup consisted of a
Keysignt E8257D high-frequency signal generator, an SMA-N-type cable assembly (1,2), an
FSW 50 spectrum analyzer, and broadband X-Ka-band horn antennas. The set-up is shown
in Figure 8.
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Figure 8. Measuring setup.

The horn antenna (Tx) radiated a monochromatic wave in the direction of the test
fabrication sample. The field scattered from the nonlinear structure was received using a
receiving horn antenna (Rx) connected to a spectrum analyzer. The measurements were
carried out in the frequency range of 9–11 GHz. For the three positions of the transmitting
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horn (Tx), the absolute power values were found at a distance of 160 mm. The results are
shown in Figure 9.
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As can be seen from Figure 9b, at an angle of incidence of 20◦, the greatest absorption
of electromagnetic energy −71.9 dBm occurs in MM at a frequency of 10.16 GHz, which is
30 dB below the average reflection level in the same range. With an increase in the angle of
incidence, the relative level of absorption at the resonant frequency decreases: 27 dB and
22 dB at angles of incidence of 40◦ and 60◦, respectively.
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3.2. Experimental Study of a Nonlinear Structure Covered with an MM Layer

The cylinder with nonlinear loads, covered with a layer of metamaterial, presented in
Figure 10, was experimentally studied. The fabrication sample consists of a metal cylinder
with a radius of 35 mm with sites for diodes on the upper part of a dielectric substrate made
of FR-4 material with a thickness of 0.2 mm. The height of the model of the metal cylinder
with nonlinear loads was 120 mm. The 3A206A-6 Schottky detector diodes are included on
the seats, which provide the transfer of energy from the frequency of the incident field f1 to
the harmonic component 2f1.
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Figure 10. Photo of a metal cylinder with nonlinear loads.

To obtain greater accuracy and reduce the signal-to-noise ratio, measurements were
carried out in a narrow frequency band. Before starting the measurements, the second
harmonic level created by the generator itself was investigated. For this, instead of a
fabrication sample of a nonlinear structure, a metal sheet of the same size was taken and
a harmonic signal with a frequency of F = 10 GHz was supplied from the generator. We
made sure that the level of the scattered field of the second harmonic is acceptable and
does not exceed −70 dBm.

To determine the effect of MM coating on the scattering properties of a nonlinear
structure, the frequency response of the scattered field of a nonlinear cylindrical structure
without MM at the fundamental and second harmonics were measured (Figure 11). Mea-
surements have shown that a metal cylinder with nonlinear loads of a radius of 35 mm
creates a second harmonic in the scattered field 24.5 dB below the fundamental.

3.3. Experimental Study of a Cylindrical Nonlinear Structure Covered with an MM Layer

After analyzing the characteristics of the cylindrical MM, the characteristics of the
cylindrical MM with nonlinear loads were measured. A nonlinear cylindrical structure
with radii of 35 and 45 mm was installed in special holes in frames made of ABS plastic.
The scheme for measuring the scattered field is shown in Figure 12.
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To reduce the difference between the fundamental and the second harmonic, an MM
coating, measured earlier, was added. The measurement was carried out with a power
input to the horn antenna of 20 dBm (100 mW). To obtain greater accuracy, measurements
for the first and second harmonics were carried out in a narrow frequency band (Figure 13).
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The level of the field first harmonic for a cylinder with a radius of 35 mm decreased
by 23 dB in comparison with the measurement without MM. At the same time, the second
harmonic level lowered by only 5 dB compared to the uncoated level. For a cylinder with a
radius of 45 mm, the difference between the level of the first and second harmonics was
9 dB. Thus, an increase in the relative level of the second harmonic was demonstrated when
using a cylindrical coating made of MM. The diminution in the absolute level of the field at
the second harmonic is a consequence of high dissipative losses in the dielectric caused by
the high value of the dielectric loss tangent tan δ = 0.02 as well as with the decrease in the
power driving diodes (in comparison with the case without a coating) associated with the
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absorption of energy in the MM. To decrease the second harmonic of the field to be less, it
is required to use high-frequency dielectric materials with a low value of the dielectric loss
tangent tan δ = 0.0023 for example, ceramic dielectrics of Rogers, Arlon, and Taconic firms.

4. Conclusions

In this paper, the nonlinear cylindrical marker was introduced. The development
of the nonlinear marker model was based on a rigorous theoretical approach using non-
linear boundary conditions. The resulting system of nonlinear integral equations was
transformed into a system of nonlinear algebraic equations, which were solved using a de-
veloped program based on Broyden’s method. Radiation and scatter patterns of a cylinder
with nonlinear loads were obtained using the software package. The calculation showed
the possibility of an alignment of the harmonic component levels in the scattered field
when using a MM coating. Experimental studies of the fabrication sample of a nonlinear
cylindrical marker also demonstrated the possibility of an alignment between the harmonic
level in the scattered field. The proposed nonlinear marker can be used to combat the
overlap of the spectrum of the emitted signal and the spectra of nonlinear responses in a
nonlinear locator.
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Appendix A

The coefficients for SNAE (14) are as follows:

ρaa
nµq =

φµ+∆φµ/2∫
φµ−∆φµ/2

HM,z
nz1

(
a, φq, a, φ′)adφ′ =

= − ∆φµ

2iπWn1

∞

∑
m=−∞

sin c
(
∆φµm/2

) eim(φµ−φq)

Z1mn
×

×
(
(Jm(kn1a)H′(2)

m (kn1b)− (J′m(kn1b)H(2)
m (kn1a)

)
;

ρba
nvq =

φv+∆φv/2∫
φv−∆φv/2

HM
n1z

(
a, φq, b, φ′)bdφ′ =

= ∆φv
π2Wn1kn1a

∞

∑
m=−∞

sin c(∆φvm/2) eim(φv−φq)

Z1mn
.
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ρbb
nvµ =

φµ+
∆φµ
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φµ−

∆φµ
2
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(Jm(kn1b)H′(2)

m (kn1a)−(J′m(kn1a)H(2)
m (kn1b)

)
Z1mn

−

− ∆φv
2iπWn2

∞

∑
m=−∞

sin c
(

∆φvm
2

)
eim(φν−φµ) H′(2)

m (kn2b)

H(2)
m (kn2b)

;

ρba
nvq = ρab

nvq/
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