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Abstract: The paper proposes and tests an effective method for improving the directivity of diffraction-type
leaky-wave antennas based on the implementation of a longitudinal change in the profile of the distribution-
radiating system due to the variation of the aiming distance according to a given amplitude distribution. It has
been established that changing the aiming distance along the aperture according to a theoretically calculated
regularity makes it possible to improve the initial directional properties of the antenna: to reduce the maximum
level of side lobes, and also to increase the antenna gain.
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1. Introduction

The innovative way of development of radio engineering systems is closely connected with the
development of the short-wave part of the centimeter range, millimeter and submillimeter wave
ranges. The most promising at present is the use of these ranges to create ultra-high-speed wireless
transport networks for mobile traffic. Such networks are already capable of providing data transfer
rates up to 10 Gbit/s based on simple modulation methods without the use of additional coding
algorithms [1, 2]. At the same time, the features of the propagation of radio waves in the centimeter
and millimeter ranges make it possible to implement a number of widely demanded radio engineering
and info communication systems for communication, navigation and control applications. These
include microwave radiometric scattering complexes for environmental studies, systems for
observing objects in conditions of limited visibility, and active survey radar stations [3-5].

For the efficient operation of radio engineering systems in the microwave and extremely high
frequencies bands, it is necessary to equip them with antennas that have a high efficiency and are
capable of forming highly directional radiation patterns in space. As such antennas, diffraction-type
leaky-wave antennas (DTLWA) can be used, which are a reflective grating, for example, a comb
type, covered with a dielectric layer. The main advantages that distinguish diffractive antennas from
other types of antennas are the simplicity and reliability of the design, high manufacturability with
the possibility of a continuous production principle due to the repeatability of dimensions, small
weight and size characteristics and low cost indicators.

The principle of operation of the DTLWA is based on the spatial transformation of a received free
wave by a resonant diffraction grating into a surface wave of an open decelerating line [6, 7]. This
kind of conversion is characterized by a high directional coefficient, reaching more than 95% for
individual optimized antenna samples [4]. The task of providing a low level of lateral radiation and
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increasing the efficiency of using the opening surface can be solved by implementing the optimal
amplitude distribution of the field in the opening by changing the groove depth in the longitudinal
direction and varying the aiming distance - the gap between the flat dielectric waveguide and the
comb grating. The possibilities of optimizing the characteristics of the DTLWA due to the depth
profiling of a one-dimensional quasi-periodic comb array at a fixed aiming distance are considered
in sufficient detail in [8, 9]. The purpose of this work is to develop and test a technique for increasing
the directivity of DTLWA by providing a longitudinal variation of the key geometric parameter of
the distribution-radiating system - the aiming distance.

2. Formulation of the Problem

On Fig. 1 shows in cross-section the model geometry of the distribution-radiating system of DTLWA,
including an equidistant (with a period d) comb resonant a diffraction grating with a finite number of
identical grooves (width a and depth h) and a dielectric layer unlimited in space (fixed thickness 7).
The DTLWA is considered in the radiation mode when the aperture is excited by a slow wave of a
dielectric waveguide of the lowest E-type.

Figure 1. Cross-section of the model geometry of the distribution-radiating system of DTLWA

To establish the pattern of change in the impact distance r(x) (Fig. 1), it is proposed to use a variant
of the widespread energy calculation method adapted to the conditions of the problem under
consideration - the method of distributed parameters [10, 11]. According to this method, discrete
emitters (in the problem under consideration, the grooves of a diffraction grating) generate a discrete
amplitude distribution, and the longitudinal intensity of the power take-off is determined by the
attenuation of the wave in an open transmission line due to radiation. In this case, one emitter
introduces attenuation corresponding to the period of the distribution-radiating system.

Thus, finding the preferred pattern of change in the impact distance r(x) in DTLWA can be reduced
to the task of determining the fraction of power taken by each emitter in accordance with a given
amplitude distribution in the aperture. It should be noted that in practice, the distribution of the
amplitude distribution of the “cosine on a pedestal” type, which is optimal in terms of the surface
utilization factor and the maximum level of side lobes, has become widespread [10]. Then the
specified amplitude-phase distribution in the opening can have the form:

v(k) = {(1— Q) COS(/IX“ _LO’S"A

A

j + Q} exp( JAx,),
(1.a)
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where Q is the relative field amplitude at the aperture edges, La is the aperture length, S is the free
space wavenumber, Xk is the coordinate of the center of the k-th groove of the diffraction grating.

3. Method for Calculating the Best Regularity of the Longitudinal Variation of the Aiming
Distance According to a Given Amplitude Distribution

Let, in order to provide a given amplitude distribution v(k), for each k-th groove of the diffraction
grating, the following condition is satisfied [10]:

vi(k) =Fp,P“=FP/, (1.b)

where F is the normalizing factor, pk is the power take-off factor for the kth groove, Plk Is the power

of the primary wave supported by a flat dielectric waveguide and exciting the k-th groove of the
diffraction grating.

In (1), the square of the amplitude distribution in the DTLWA opening is presented as a functional
dependence on the power take-off coefficients px. Therefore, if the power of the primary excitation

wave incident on the kth groove is Plk , then, in accordance with the approximate model [12-14], the

power of the exciting subsequent groove is:
Pt =R = (P + R +P)=P (L= p,~R —A) =P -}, @

where P’ is the power of the wave reflected from the k-th groove (R« is the reflection coefficient),
P, is the power of the losses arising from the interaction of the excitation wave with the k-th groove.

k
Note that the value A, = Pisk which determines it, is taken for all grooves to be the same and equal
PZ
to the relative power of the loss per unit length in a flat dielectric waveguide. To calculate the specific
attenuation, it is reasonable to use the following approximation [15]:

A, =273/s 1951 4, (3.a)

where A is the wavelength, & and tgo are the relative permittivity and the dielectric loss tangent
of the material of the planar dielectric waveguide.

At the same time, some well-known implementations of the energy method for calculating leaky wave
antennas for a given amplitude field distribution in the aperture, described, for example, in [10, 16],
take into account only attenuation due to radiation and do not take into account power losses in the
transmission line. In such cases, it is often assumed that the wave attenuation in a planar dielectric
waveguide can be ignored (A = 0) due to the small effect of losses on the DTLWA performance.

At the same time, such an assumption can lead to unacceptable errors in calculations, including the
patterns of variation in the impact distance r(x) in antennas operating in the short-wavelength part of
the microwave. Further, we will make the assumption that the considered DTLWA with a comb
diffraction grating can be preliminarily optimized according to the criterion of minimum reflection
coefficient due to the implementation of the optimal width and (or) depth of the grooves [8, 17]. The
latter makes it possible to neglect in equation (2) the power of the wave reflected from the kth groove
(reflection coefficient Rk). Then, the power transmission coefficient for the k-th groove of the
diffraction grating can be taken equal to;
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Pk+1
k Pk
As a result, for the kth groove, we obtain the following power balance equation:

t

—1-p —A. (3.b)

P =R —p, P -P"=R*(-p, -A)=P[]@-p,-A)=F[]t,
for a grating consisting of N grooves,
P = P[It, = P'T, ©)

where T1 is the power transmission coefficient of the primary excitation wave to the periphery of the
distribution-radiating system of DTLWA.

Let us find the power take-off coefficients px for a given amplitude distribution v(k). To do this, from
equations (1) and (4) we obtain:

SV(K)=FYpR =FY (R —R")=F (R —R")=F(R'~TP)=FPA-T). (62
k=1 k=1 k-1

Therefore, the normalizing factor F can be defined as

1

i (6.b)
P (1- T)kZ; (k).
1
We substitute equations (4), (6) into (1) and exclude (1) Pl ' after which we obtain:
0, = — 1-T, v(k) @)

(1-p, -4, )ZV (k)

m

!
2N

The power take-off coefficients px are completely determined by the given normalized amplitude
distribution of the field in the aperture v(k), power transmission coefficient T1 and per unit attenuation

A, inaflat dielectric waveguide. Note that the maximum achievable value of the selection coefficient
for the k-th groove should not exceed one.

As the initial data for the implementation of the presented technique, in addition to the given
amplitude distribution in the opening, the dependence of the power takeoff in DTLWA
i - P - 1 on the value of the aiming distance r is used. Note that this dependence can be
P F)1N+1 -I-1
obtained both experimentally [18, 19] and using a reliable mathematical model, for example,
described in [20, 21]. Thus, at the initial stage of synthesis of DTLWA using the electrodynamic
model of diffraction of a given surface wave of a plane dielectric waveguide on a finite comb grating
[22, 23], one should obtain the dependence of the power take-off on the impact distance, taking into

account the balance: P, + P, + P = P. Further, assuming that unit power (P" =1) is supplied to the
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Plk
Pk+l
1
using equations (4), (6) and (7). Then, according to the known dependence of the power take-off, the
required intensity of the take-off for each k-th groove of the diffraction grating is determined, and
from it, in turn, the aiming distance for the k-th period of the comb is restored. Thus, according to the
given amplitude distribution, the transmission coefficient, the relative power loss in a planar dielectric
waveguide, the calculated power take-off coefficients, and the established dependence of the power

take-off on the impact distance, it is possible to unambiguously determine the pattern of the best
longitudinal change in the profile r(x).

antenna input, the power take-off is calculated for each k-th groove of the diffraction grating

4. Synthesis of an Antenna with a Longitudinal Variation of the Aiming Distance

Using the method presented below, a structural-parametric synthesis of a DTLWA designed for
operation in the frequency band of 9-10 GHz was performed. As a synthesized distribution-radiating
system, a covered flat dielectric waveguide, an equidistant comb diffraction grating with 22 grooves
of the same width and depth, was taken, optimized at the first stage of synthesis according to the
criterion of maximum efficiency (more than 90%) at the center frequency. The distance between
adjacent grooves d (comb pitch) is taken to be commensurate with the wavelength and is 0,764, which
at 4 = 31,6 mm corresponds to the average frequency of the operating range of 9,5 GHz. The thickness
of the planar dielectric waveguide is chosen taking into account the fulfillment of the single-mode
waveguide condition:

rxt ®)

The relative permittivity £_ of the material of a planar dielectric waveguide was taken equal to 2,55,

which corresponds to Preperm 255 polymer. During the synthesis, it was assumed that the value of
the air gap r between the flat dielectric waveguide and the diffraction grating is not less than
(0,3-0,75) A [17, 24, 25]. Since the optimized aperture of the antenna is excited by the E-wave of a
plane dielectric waveguide of the lowest type, so that the radiated wave is vertically polarized, in
order to realize the maximum radiative capacity of the grooves of the comb diffraction grating, their
width is taken equal to half the period — 0,5d. The groove depth was chosen somewhat less than the
resonant depth: 0,634 //4 [26].

For the specified parameters of the radiating aperture, the calculated efficiency at a frequency of 9,5
GHz was 97%, the direction of maximum radiation was 106°. According to the results of the first
stage of the structural-parametric synthesis, the design parameters of the DTLWA are determined as
follows: period (d), length (La) and width of the diffraction grating (W) - 24, 540 and 53 mm,
respectively; depth (h) and width of grooves (a) - 5 and 12 mm,; thickness (z) and initial impact
distance of a flat dielectric waveguide (r) - 6 and 10 mm. The virtual prototype of the antenna is
shown in Fig. 2 in isometric view.

Figure 2. Virtual antenna prototype in isometric view
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To implement the simulation shown in Fig. 2 of the electrodynamic structure and its subsequent
modifications, we used the time domain solver of the CST Studio Suite simulator (with an academic
license), based on the Weiland finite integration method [27]. On Fig. 3, a, b shows the radiation
patterns of the studied antenna at a frequency of 9,5 GHz, from which, in particular, it follows that
the maximum side lobe level is “minus” 7,9 dB, the gain is 20,7 dB. The width of the radiation patterns
in the vertical plane is 4,1°, the direction of maximum radiation is 103°. Note that the maximum level
of the side lobe was not small enough. The latter can be explained by the decreasing amplitude
distribution of the field (Fig. 3, ¢), which is not optimal both from the standpoint of ensuring a low
level of side lobes and a high area utilization factor, and, therefore, it is advisable to further optimize
the distribution-radiating system from the position implementation in the aperture of a more suitable
amplitude distribution, for example, the “cosine on a pedestal” type. In addition to simulation
modeling, the amplitude distribution in the aperture was additionally calculated by two more methods
(Fig. 3, c): using the representation of the field by the Kirchhoff formula at fixed points above the
aperture (according to [28]) and integrating the spectral density of the field amplitudes in the direction
leakage of a surface wave with respect to the spatial frequency (based on the model [29]).

It is also important to note that there are some restrictions on the shape of the amplitude distribution
[17, 20]. Thus, the amplitude distribution curve must be a continuous, smooth function and cannot
take zero values, including the peripheral points of the radiating aperture. The last limitation is due
to the fact that at a zero amplitude value in the aperture, the corresponding power take-off value is 0
dB, which is achieved only at an infinitely large aiming distance. Therefore, such well-known
amplitude distributions as “cosine” or “cosine-square” can only be realized with a finite value
pedestal, which is typical for openings used in practice [17].

Farfield Realzed Gain Abs (Phi=90)

— farfield (F=2.5) [1]

Frequency = 9.5 GHz

-1 Main lobe magntude =  20.7 dBi
Main lobe direction = 103.1 deg.
Angular width (3 dB) = 4.1 deg.
Side lobe level = -7.9 dB

10 : ,’ i ; : ; : : : ;
60 70 80 90 103.18 |110 120 130 140 150 160
Theta / Degree

—O— Kirchhoff formula
Integration over
CST Studio Suite

Figure 3. Antenna patterns at 9,5 GHz: a) angle versus gain; b) 3D radiation patterns;
c) amplitude distribution of the electromagnetic field
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The second stage of synthesis consists, in fact, in finding the best pattern for the longitudinal variation
of the impact distance r(x). Before this, it is advisable to ensure that the field at the periphery of the
opening falls to a value of the order of “minus” 30 dB, for which the relative pedestal Q of the given
amplitude “cosine” distribution should be taken equal to 0,03. Further, using the electrodynamic
model of diffraction of a given surface wave of a plane dielectric waveguide on a finite comb grating
[18, 19], it is necessary to obtain a curve of dependence of the power take-off, which provides the
radiating aperture, on the value of the impact distance r (Fig. 4).

100

10

The dependence of power take-off N
is close to linear

1
0o 2 4 6 8 10 12 14 16 18,r,mm

Figure 4. Dependences of the power take-off, providing the radiating opening, on the magnitude of
the aiming distance

From Fig. 4, in particular, it can be seen that in the initial section of the power take-off curve (when
the aiming distance changes from 0 to 10,5 mm), there are pronounced dips. Their presence, as a rule,
is due to a significant value of the reflection coefficient of the primary excitation wave. In this case,
according to [24], the bulk wave emitted by the antenna is added to the surface wave of a planar
dielectric waveguide, which leads to an increase or, on the contrary, a decrease in the field strength
that excites the grooves of the comb. Therefore, in order to ensure the optimal regularity in the change
in the aiming distance, one should choose the part of the curve that is closest to the linear one. Within
such a section of the power take-off curve, a single-valued and monotonic dependence of the power
take-off on the impact distance r, which is typical for a transparent flat dielectric waveguide with a
thickness determined by (8), is presumably guaranteed.

The choice of the Preperm 255 compound as a material for a planar dielectric waveguide is due to the
fact that it has a high dielectric stability at frequencies up to 120 GHz and relatively low losses
(t0=0,0005) [25]. In addition, the Preperm 255 dielectric is suitable for implementing 3D printing
technology [26], which greatly simplifies the process of manufacturing dielectric waveguides with a
complex profile structure. The specific attenuation at a frequency of 9,5 GHz for a dielectric
waveguide made of this polymer, calculated using (2), is 0,69 dB/m. The influence exerted by losses
on attenuation in a planar dielectric waveguide is illustrated by the longitudinal power take-off curves
(Fig. 5, when the opening is excited by a unit power). So, from Fig. 5 it follows that taking into
account the specific attenuation in the dielectric waveguide (A =0,69dB/m) leads to a consistent

decrease in the proportion of the incident power (up to a third on the peripheral groove) compared to
the case of no losses in the flat dielectric waveguide (A =0).

On Fig. 6 shows the calculated dependence of the longitudinal change in the impact distance r(x),
obtained on the basis of the above method. Aiming distance at this varies from 10,5 to 17 mm.
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Despite the fact that the law of change in r(x) is rather complicated, the curve in Fig. 6 can be divided
into three areas:

B s
0.9 ===A;=0
Ny
0¢ \ — A, =0,69dB/m
0.7 N s
06
0.5
04 \“
03
0.2 -

0.1 "“"--j

0
1234567 89 10111213141516171819202122 N

r 4

4

P

Figure 5. Effect of loss on attenuation in a planar dielectric waveguide

1) from 0 to 140 mm - the opening area, within which the smallest power take-off for radiation is
provided; the aiming distance r in this area decreases from its maximum value of 17 mm to 16,5 mm;

2) from 141 to 450 mm - the area within which the power take-off for radiation increases linearly;
aiming distance r decreases from 16 to 10,5 mm;

3) from 451 to 540 mm - the area within which the power take-off decreases, but the aiming distance
r increases from 11 to 11,8 mm.

v, mm
20 —
18 —
16 —
14 —|
12 —
10

8 —
ol
4 —
2 —
0 7 7 7 7 7

0 50 100 150 200 250 300 350 400 450 500 540 La,mm

Figure 6. Calculated dependence of the longitudinal change of the aiming distance

The obtained pattern of change in the aiming distance can be due to the non-uniformity of the profile
of a flat dielectric waveguide. The virtual prototype of the antenna is shown in Fig. 7 in isometric
view.

Figure 7. Antenna virtual prototype
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On Fig. 8, a, b shows the radiation patterns of the antenna with a longitudinal variation of the impact
distance, obtained for a frequency of 9,5 GHz. The maximum side lobe level is now minus 13,1 dB,
the gain is 22,1 dB. The width of the radiation patterns in the vertical plane is 3,4°, the direction of
maximum radiation is 103,3°. The amplitude distribution (Fig. 8, ¢) has a shape more similar to the
“cosine on a pedestal”.

Farfield Realzed Gain Abs (Phi=90)
25 - - -

—— ™ el
1 T S S -

Frequency = 9.5 GHz

Main lobe direction = 103.3 deg.
Angular width (3 dB) = 3.4 deg.

50 60 70 80 90 103.3 | 110 120 130 140 150 160
Theta / Degree

0.07 1-

0.05

0.03

Figure 8. Antenna patterns: a) antenna patterns with longitudinal variation of the impact distance
obtained for a frequency of 9, 5 GHz; b) 3D model of antenna patterns; c) amplitude distribution of
the electromagnetic field

From fig. It follows from Fig. 8 that when changing the aiming distance in accordance with the
obtained regularity r(x) (Fig. 6), it is possible to reduce the level of side lobes by 66% (by 5,2 dB)
and at the same time increase the gain by 7% (by 1,4 dB) compared to with the case of a uniform
impact distance (Fig. 2). The uneven profile of the flat dielectric waveguide also contributed to
improving the focusing of radiation within the main lobe of the radiation patterns without changing
the direction of maximum radiation.

5. Wedge Gap Between Dielectric Waveguide and Comb Grating

As is known, the implementation of a wedge-shaped gap between a flat dielectric waveguide and a
diffraction grating also makes it possible to optimize the amplitude distribution in the antenna
aperture to achieve a higher area utilization factor and, accordingly, the overall efficiency of the
antenna [8, 9].

On Fig. 9 shows the best performance of the studied antenna, which can be achieved by experimental

selection of the wedge-shaped gap. The value of the maximum sidelobe level at a frequency of 9,5
GHz obtained from the simulation results is “minus” 11,7 dB, the gain is 22 dB, the width of the main
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lobe of the directivity patterns is 3,1°, the direction of maximum radiation is 104,3°. However, these
indicators are still somewhat worse than those of an antenna with an uneven profile of a flat dielectric
waveguide (Fig. 8). Differences also manifest themselves in the forms of realized amplitude
distributions (Fig. 8, c and Fig. 9, c). At the same time, the exponentially decreasing average value of
the amplitude distribution (Fig. 9, c) also does not contribute to achieving the minimum level of lateral
radiation.

Based on the simulation results, it has been established that a wedge-shaped gap DTLWA provides
acceptable electrical characteristics (close to the characteristics of an antenna with a non-uniform
profile for flat dielectric waveguides) only in the lower part of the operating range, at frequencies
from 9 to 9,5 GHz. With an increase in the operating frequency, an increase in the maximum level of
side lobes is observed, which leads to the appearance of a secondary (side) maximum of the radiation
patterns. So, at a frequency of 9,9 GHz for an antenna with a wedge-shaped gap, the maximum side
lobe level is “minus” 8,4 dB, and the gain is 22 dB.

Farfield Realized Gain Abs (Phi=90)

25

22.012 : : f f — farfield (f=9.5) [1]
U b h h f ) ] ) 1 1 i
: : : 1 : 1 : : ! i [[d=11672]

Frequency = 9.5 GHz

Main lobe direction = 104.3 deg.
Angular width (3 dB) = 3.1 deg.

60 70 80 90 1{ 104.39 |10 120 130 140 150 160
Theta / Degree

50 150 250 350 450 540
Z/mm

c)

Figure 9. The best performance of the studied antenna, which can be achieved by experimental
selection of the wedge-shaped gap: a) antenna patterns with longitudinal variation of the impact
distance obtained for a frequency of 9, 5 GHz; b) 3D model of antenna patterns; ¢) amplitude
distribution of the electromagnetic field

For comparison, the maximum level of side lobe in an antenna with an uneven profile of a flat
dielectric waveguide (Fig. 7) at a frequency of 9,9 GHz is “minus” 12,8 dB, while the gain is 22,5 dB
(Fig. 10). The direction of maximum radiation and the width of the radiation patterns at the level of
“minus” 3 dB for these antenna options differ slightly (within 1°). It is also important to note that at
the indicated frequency, for an antenna with a uniform profile (Fig. 2), the maximum level of side
lobes is only “minus” 6,2 dB, the gain is 21,6 dB. This allows us to make a quite definite conclusion
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that the longitudinal variation of the aiming distance, in accordance with the calculated regularity, in
some cases, makes it possible to reduce the maximum level of side lobes by more than 100% (by 6,4
dB) compared to the initial value.

The analysis of the obtained results shows that the initial directional properties of the studied antenna
can be improved by structural-parametric synthesis using the proposed technique. In this case, the
total efficiency of the antenna Eerr. with a longitudinal variation of the impact distance r(x) in
accordance with Fig. 6 is from 87 to 90 (Fig. 11). The best overall performance for such an antenna
IS achieved at operating frequencies from 9,5 to 10 GHz.

| d=49.733 Farfield Realized Gain Abs (Phi=90)

farfield (£=9.9) [1]

0 4

Frequency = 9.9 GHz

Main lobe direction = 99.7 deg.
Angular width (3 dB) = 3.1 deg.

60 70 80 90 [99.733| 110 120 130 140 150 160
Theta / Degree

Figure 10. Amplitude distribution of the electromagnetic field of the antenna with a gain of 22,5 dB

100
Eeff Constant aiming distance =100 m
~— Sighting distance, changing according to the law 7(x)
S Wedge-shaped air gap
=4 >®\ X
85
80 A A A A A A A A

9 91 92 93 94 95 96 97 98 99 10,f GHz
Figure 11. Total antenna efficiency Es with longitudinal impact distance variation r(x)

When implementing DTLWA based on a distribution-radiating system with a non-uniform profile,
high manufacturability is possible. It is guaranteed by widely used modern CAD systems with 3D
printing technology. However, excessive variation of the DTLWA profile can lead to noticeable phase
distortions in the aperture and deformation of the radiation patterns.

6. Conclusions

The paper proposes and tests an effective method for improving the directivity of DTLWA based on

the implementation of a longitudinal change in the profile of the distribution-radiating system due to
the variation of the aiming distance according to a given amplitude distribution. It has been
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established that changing the aiming distance along the aperture according to a theoretically
calculated regularity makes it possible to improve the initial directional properties of the antenna: to
reduce the maximum level of side lobes, and also to increase the antenna gain.
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