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Abstract

This paper presents a new periodic grooved dielectric leaky-wave antenna with non-
identical irregularities for an extremely high-frequency range capable of performing
efficiently in the Ka band through a stable gain, a decrease in the level of the side
lobes, and the achievement of a narrower main lobe beam. It consists of a dielectric
waveguide antenna placed inside a channelled rectangular metallic waveguide to
improve performance. A dielectric rod was used to overcome the losses related to the
propagation of electromagnetic waves in metal conductors. A grooved dielectric of a
21-element linear array is used to propose a simple approach for the synthesis of such
antennas based on a modified energy method and is fed by a standard waveguide. It
was designed and simulated at 37.2 GHz for satellite, 5G antenna, and radar applica-
tions. The major novelty of this study is the ability to control the direction of the main
lobe through non-identical irregularities in geometric parameters such as the width,
height, and distance between each element. Radiation techniques have been exten-
sively studied using simulations. A performance antenna with radiation efficiency of
99.35%, gain of 22 dBi, width of radiation pattern of 3.2 °, and side lobe level (SLL) of
— 183 dB has been achieved.

Keywords: Dielectric waveguides, Leaky-wave antennas, Periodic structures, Antenna
arrays, Non-identical irregularities, Millimetre waveband

1 Introduction

Researchers studied the fifth generation cellular network technology (5G), and they
found that it has a greater capacity while it uses a new spectrum [1-7]. 5G millimetre-
wave bands use frequency bands ranging from 24—-100 GHz [8-12], supporting a wide
range of devices [13—-16] and demonstrating the performance of outlining 5G service
requirements [17, 18]. Leaky-wave antennas (LWAs) are highly promising millime-
tre and submillimetre wave directional antennas [19-21] due to their ability to achieve
higher direct radiation [22—24] with single or multiple feedings [25, 26], resulting in a
compact structure [27] with low energy consumption [28, 29]. Numerous studies have
discussed the functionality of resonant cavities by using the LWA principle [30-35]. For
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the first time, an antenna of this type was proposed by Oliner [36] and was called the
“leaky-wave” A typical antenna of this type is a surface waveguide with a periodic sys-
tem of irregularities [37, 38]. The presence of irregularities leads to the transformation
of the surface waves into radiating waves. This is reflected in the interpretation of the
wave propagation coefficient as a complex quantity y = « + jB, the real part of which is
due to radiation into the surrounding space. The imaginary part characterises the phase
delay of the wave propagating in the waveguide. The flexibility of periodic type LWAs for
scanning over a wide angular range is one of their advantages [39]. Filling the guiding
structures with dielectric is a good approach for producing a slow-wave mode [40—43].
There are different types of open waveguide structures (dielectric rods with different
cross-sectional shapes). The most common are dielectric rods with a ground plane and a
dielectric rod placed in a channel metal waveguide. In addition, there are various irreg-
ularities, such as longitudinal or transverse conductor strips on the waveguide surface
[44], grooves [45, 46], holes in the dielectric rod [47, 48], quarter-wave pins on the walls
of the channel metal waveguide [49], and fractal antennas [50-55]. Each of the presented
options for dielectric waveguide irregularities is quite simple in terms of technological
implementation and has characteristic advantages and disadvantages. Metal strips are
easily implemented by using printing technology with foil materials. However, there is
a slight increase in thermal losses in this case. Irregularities in the form of grooves do
not exhibit this disadvantage. However, their execution requires mechanical processing
operations, which complicates manufacturing. The remainder of this paper is organized
as follows. Section 2 presents the methodology of the current distribution of LWA array
model with non-identical irregularities. The contribution and advantages of the pro-
posed work were involved. Section 3 details the synthesis of LWAs with non-identical
irregularities. A new idea is put forward for how to implement the antenna element
geometry based on each component’s coupling coefficient value. Section 4 presents the
simulation results and is divided into three sections. The first shows the results for an
antenna with identical irregularities. The second shows results for an antenna with non-
identical irregularities. The third section provides a comparison between the results of
the antenna with identical and non-identical irregularities. Finally, Sect. 5 concludes
the paper and summarises the radiating characteristics based on a modified energy

approach and work results.

2 Methods

2.1 The model of LWA with non-identical irregularities

To achieve the LWA amplitude distribution of radiating current |/(z)| (different from the
exponential), the attenuation coefficient of the wave propagating along the aperture must
be changed as follows: «(|X|, z) K)' Agiven (2 [Jgiven (2)]). (|X|) -parameters of waveguide
and irregularities, z-coordinate along the antenna axis). The implementation of this
principle requires the presence of data about the quantitative dependence of the atten-
uation coefficient «(z) in a longitudinally inhomogeneous dielectric waveguide on the
parameters of the waveguide and irregularities [56, 57]. A solution to a specified task is
difficult. The use of numerical electromagnetic modelling (CST, HESS, etc.) to determine
the parameters of irregularities based on a given agiven (2, [/given (2)|) is difficult due to the
need to organize a large number of options that differ in waveguide size, irregularities,
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and interelement distance. Therefore, it is necessary to develop simple engineering pro-
cedures for the synthesis of irregularities in longitudinally inhomogeneous waveguides
using a given amplitude-phase distribution of radiating currents in an antenna aperture.
These can be used to obtain the first approximation when designing such antennas and
refer to the methods of local optimization. This technique can be developed during the
transition to an antenna model as a linear antenna array [58]. According to the indicated
model, the antenna is considered an antenna array with serial excitation. The energy
approach is widely used for the approximate calculation of linear radiating systems in
the form of a periodic system of identical radiators with a sequential excitation scheme
[57]. In [59], a modified energy approach was proposed and approved, which summa-
rises the approach for the case of an almost periodic system of non-identical radiators.
According to the specified approach, a dielectric waveguide with irregularities is repre-
sented by an antenna array model with a serial excitation of its elements. The antenna
array model is shown in Fig. 1a. A section of a waveguide with irregularity is considered
an element of the array. The coordinates of the radiators correspond to the centers of
the sections. The interaction of the waveguide mode with the radiators is characterised
by the power-coupling coefficient. Figure 1b shows the mechanism of antenna element
excitation. According to the energy approach in the antenna, with sequential excitation
the amplitude-phase radiating current distribution of the antenna array model can be
represented as:

1
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Pn=1 g, S» Sn Sk
— A A\ N >
Pn

b) | | | ‘ | ‘
Il 12 In IN
Fig. 1 Antenna array model: a current distribution of the antenna array model; b The power coupling
coefficients of the k-th array element
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n—1

Il = |50 [T 0 =50 (1)
k=1
n—1

arg(ly) = Prdx )
k=1

where sy is the power coupling coefficient of the k-th array element (relative power frac-
tion of the undergoing wave radiated by the n-th element) and g is the wave-number in
the waveguide part from k-1 to the k-th element.

2.2 The contributing advantages of the proposed work are as follows:

(1) The design uses a periodic structure of a dielectric waveguide with non-identical irregu-
lar grooves in a dielectric rectangular rod, which are placed inside the channelled wave-
guide. One of the disadvantages of LWAs with identical irregularities is the relatively high
level of side lobes (— 10 . .. — 12 dB). However, the disadvantage is the exponential distribu-
tion of the radiating equivalent current in the antenna. The use of non-identical irregulari-
ties allows for a change in the distribution of the current and a reduction in the level of the
side lobes. (2) The non-identical irregularities methodology allows us to correct the phase
velocity in a dielectric waveguide. This study proposes a simple and effective method for
synthesizing the parameters of irregularities depending on the required form of the current
distribution.

3 LWA synthesis
The LWA under consideration consists of a dielectric rectangular rod with irregularities in
the form of grooves and a channel metal waveguide (Fig. 2). Serial excitation of the antenna
through the section of a rectangular waveguide with a transition horn was used.

The calculation of the antenna radiation pattern is performed using classical relations,
where the amplitude-phase distribution 1,, = |I,,|¢/*¢/") is in accordance with (1)—(2) and
the coordinates of the radiators (Fig. 1):

N
FO) = gu(O)|I|een) e=4man(sin®)/2) 3)

n=1

where g,(0) represents the n-th radiator’s radiation pattern. The n-th section of the

waveguide exhibited irregularity. Radiation pattern g,(0) can be considered equal to

oL, R R W —

Wy
e e S D
n .,

Fig. 2 A dielectric waveguide with non-identical irregularities
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2,(0) ~ g(0) because the electrical dimensions of the sections are almost the same.

Then:
F(@) — g(e) Z |In|e]urg(ln)e—2]7‘rzn(sm(0)/}.) (4)
n=1

The efficiency coefficient and antenna aperture efficiency are:

N
Efficiency =1 — H(l — %) (5)
k=1
N
‘ i
Antenna Aperture Efficiency = =N 3 (6)
NV Ul

Relations (1)—(6) can be used to solve the analysis problem (looking for radiation pattern
and other basic parameters) and the synthesis problem (looking for geometric param-
eters) using a given radiation pattern or other criteria. Let us consider an antenna in
the form of a dielectric waveguide with non-identical irregularities in the channel of a
metallic waveguide, connected to a matching load. For the given waveguide parameters
and irregularities, the amplitude-phase distribution for the antenna array model is deter-
mined by the relations (1)—(2). The objective of antenna array synthesis is to determine
the parameters of the irregularities and their locations according to the predetermined
amplitude-phase distribution in the antenna aperture. In the case of travelling wave
antennas, the specified distribution is in-phase (or linear for inclined radiation). We
restricted ourselves to the case of transverse radiation obtained with a given beam width
and side-lobe level. Under these conditions, the specified in-phase distribution of the
phase and amplitude distributions can be considered as a function of Jy(giveny = 14| The
form of Jy(given) and the electrical length of the antenna Lt are determined according to
the classical aperture theory of antennas. The number of radiators is N = Lant/ Awaveguide-
The value of Ayayeguide by the first approximation is determined by the specified dimen-
sions and the parameters of the unloaded (without grooves) waveguide. The solution
of the synthesis problem (looking for the irregularity parameters) is carried out in two
stages, each of which is submitted in a closed form.
Stage 1: Let the specified distribution be normalised in such a way that:

N
d =1 )
n=1

From relationship (1) directly follows:

S1 = CNorm]l2 (8)

8§y = C’Norm]lz/1 — 81 9)
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n—1

sn = CNorm/2/ [ [ (1 = s0) (10)

k=1

In relationships (8)—(10), the normalising multiplier Cnyre < 1 is selected such that all
the found coupling coefficients do not exceed the maximum possible value s, for this
type and size of waveguide.

CNorm — max
When s, (CNorm) < SmaxsZ#=1---N (11)

The dimensions of the w,, and 4, irregularities are determined using the inverse of func-
tion s(w, k) based on the discovered s,,.

Stage 2: After determining the irregularity parameters, the coordinates of the radia-
tors were adjusted. The requirement is determined as follows. The initial geometry of
the lattice is an equidistant system with a step equal to the wavelength of the waveguide
(unloaded). The presence of irregularities leads to a change in the phase velocity of the
waves in the waveguide. The phase distribution changes accordingly, which ceases to be
in-phase. The coordinates of the radiators should be slightly changed to restore the in-
phase distribution in the aperture. We assume that in the neighbourhood of the n-th
irregularity, the value of the phase coefficient is equal to:

Bn = BWy, hy) (12)

Knowing the dependency of the wave phase velocity on the parameters of irregularities,
the correction of the coordinates of the radiators is performed such that the distance
between the n-th and n+1 radiators is equal to the local wavelength value in the loaded
waveguide.

27 )
Zptl —Zn = 5 = /bwaveguide(wn’ ) (13)
Bn

The modified energy approach is distinguished by the algorithm for determining the

relationships s(w, d) and Ayaveguide (W, #) [57]. The algorithm is based on the numerical

calculation of the Sp; coefficient of the channel waveguide with the LWA and antenna

radiation pattern using electromagnetic simulation software. In this case, the LWA

model was a periodic dielectric waveguide with identical irregularities. Consequently,

for different combinations of specified values of w and d, we determine the absolute val-
ues|Sy; | that are used to determine the relationship for the coupling coefficient:

1— Sy |?

siw,h) = ——— 14

(w, h) N (14)

The radiation pattern was used to determine the Ayayeguide (W, ) function. The angular

position Omax (W, 1) of its maximum is determined, and the value of is

A
/lwaveguide(w¢ h) = <Sin(0max(wr h)) + ;) Ao (15)



Shaaban et al. J Wireless Com Network  (2022) 2022:97 Page 7 of 16

Table 1 Given amplitude distribution for N = 21transversely radiating antenna

In Value In Value In Value
h 0.085 I 0.205 hs 0.195
5 0.1125 Iy 0.2125 he 0.1835
I3 0.135 ho 02175 7 0.17
n 0.154 I 0.22 hs 0.154
Is 017 12 02175 ho 0.135
Is 0.1835 h3 0.2125 o 0.1125
7 0.195 hy 0.205 I 0.085
A
0.3+
0.275+
0.25+
0.225+
0.2+
0.175+
(1) 0.15
P
0.125+
0.1
0.075+
0.05+
0.025+
i 3 E; 7 9 11 13 1’5 17 19 21 23 "
n
Pt

Fig. 3 A predetermined amplitude distribution

Now, we present the results of the of the transversely radiating antenna with N = 21 (as
shown in Table 1 and Fig. 3 with the given amplitude distribution).

Table 2 lists the calculated values of the coupling coefficients, and Fig. 4 shows them in a
graph.

The calculated local values of the wavelength Ayayeguide (Wn, i) in a loaded waveguide,
where w), and /,, are the dimensions of irregularities listed in Table 3.

The data below are the results of the electrodynamic modelling of the antenna performed
on the basis of a groove dielectric waveguide. The dimensions of the groove correspond to
the standard metal waveguide with a cross section of 7.2 x 3.6 mm, dielectric-Teflon, 2 mm
thick. The excitation is carried out by a standard waveguide using the transition shown in
Fig. 5.

4 Results and discussion

4.1 Antenna results with identical irregularities

We should start with the results of identical irregularities and, after showing the
performance parameter, make a comparison with the new results of non-identical
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Table 2 The values of distances d, and coupling coefficients s, corresponding to design geometry

dn Value dn Value Sn Value Sn Value
d 6.8 di 83.3065 S 0.00723 S12 0.07226
d> 13.609 dis 90.3365 ) 0.01275 513 0.07435
d3 20.391 dia 97.3665 s3 0.01859 S14 0.07475
n 27.1975 dis 104.3965 4 0.02466 515 0.0731
ds 34.0975 die 1114235 S5 0.0308 S16 0.06983
d6 41.0565 d1 7 1184635 S6 0.03703 S17 0.06444
d; 48.0565 dig 1254635 57 0.04343 S18 0.05652
dg 55.0565 dw 1324693 S8 0.05017 S19 0.04604
do 62.0565 dxo 139.4193 9 0.05676 520 0.03351
do 69.1065 da 146.1793 510 0.06304 $21 0.01979
dn 76.2065 S11 0.06884
A
0.077+
0.07
0.063+
0.056 ¢
0.049+
s 0.042+
0.035
0.028+
0.021+
0.014
0.007+
>
1 3 i y & 9 11 1 15 17 19 21
n
—_——

Fig. 4 Antenna coupling coefficients

irregularities. The design provides S11 and a radiation pattern as shown in Figs. 6, 7
and 8. S11 equals — 14.97 dB at frequency 37.2 GHz.

As shown at Figs. 7 and 8, the calculated radiation pattern at frequency
F = 37.2 GHz is 20.9 dBi, width of radiation pattern is 2.8 °, and the side lope equals
— 10.5 dB.

4.2 Antenna results with non-identical irregularities
Now the proposed design provides good performance parameters as shown at Figs. 9,
10 and 11. S1; equals — 16.04 dB at frequency 37.2 GHz. As shown in Fig. 9, the calcu-
lated radiation pattern at frequency F = 37.2 GHz is 22 dBi, the width of the radiation
pattern is 3.2°, and the side lope equals — 18.3 dB.

Page 8 of 16
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Table 3 The dimensions of irregularities w, and hy,, and the calculated local values of the wavelength

Awaveguide (Wn, hn) for individual radiating element

Whp Value hn Value Awaveguide Value
w1 1.1 hy 1.0853 A 6.8
1%) 1.259 h 0.8946 A 6.809
w3 1402 h3 1.0285 A3 6.782
Wy 1.831 ha 0.965 A4 6.8065
Ws 2 hs 0.9135 As 6.9
We 2.26 he 1.0396 A6 6.959
w7 24 h7 1.0044 A7 7

wg 2.75 hs 1.0747 g 7

Wq 29 hg 1.01 /19 7

wig 3.05 hio 1.0035 A0 7.05
W11 3.1 hm 1.0507 /'LH 7.1
W12 3.1 hQ 1.0573 112 7.1
w13 3.1 hi3 0.9962 A3 7.03
W14 3.1 h14 0.9976 /114 7.03
Wis 3.1 his 0.9937 Ais 703
W16 3 hm 1.0203 /‘L16 7.027
w17 3 h17 1.0186 117 7.04
Wig 29 hig 1.009 g 7

Wig 2.402 hig 1.0171 A9 70058
W2q 225 hzo 1.026 ﬂzo 6.95
W21 14 h21 0.9928 121 6.76

component1:Waveguide
Materiai PEC
Type PEC
Thermal cond. PTC

10.06 mm

component1:Dielectric

Material Teflon (PTFE) (loss free)
Type Norma

Epsilon 21

M

Rho
Thermal cond.

17.00

component1:Dielectric
Material Teflon (PTFE) (loss free)

Fig.5 Antenna simulation model (geometry with one-sided excitement, number of elements 21,

30.27 1.

dimensions of waveguide 7.2 x 3.6 mm)
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S-Parameters [Magnitude]

51,1[1.0,0.0]+2[0,0.0] : -14.974166|

-20

-22

-24 t t + + + + +
37.19 37.192 37.194 37.196 37.198 37.2 37.202 37.204 37.206 37.208 37.21

Frequency / GHz
Fig.6 Sijatfrequency F = 37.2 GHz for antenna with identical irregularities

Farfield Directivity Abs (Theta=90)
25
— farfield (f=37.2) [1[1.0,0....

15 \
i
i
I
I

A A n '“ /\
WA IAAN .l V) o]
1 AL [ AN

-15 \ A
I
v U \ r/ U Frequency = 37.2 GHz
-20 14 A Main lobe magntude =  20.9 dBi
25 Main lobe direction = 90.0 deg.
0 30 60 90 120 150 180  Angular width (3 dB) = 2.8 deg.
Phi / Degree Side lobe level = -10.5 dB

Fig. 7 1-D radiation pattern at frequency F = 37.2 GHz for antenna with identical irregularities

Fig. 8 3D radiation pattern at frequency F = 37.2 GHz (RP: 20.9 dBi, width of RP: 2.8 °, side lope: — 10.5 dB) for
antenna with identical irregularities

Figures 10 and 11 show 1D and 3D radiation patterns according to the predeter-
mined amplitude distribution (Fig. 3) calculated by electromagnetic numerical mod-
elling in the CST. Figure 12 shows a comparison between the results obtained by

Page 10 of 16
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S-Parameters [Magnitude]

$1,1[1.0,0.0]+2[0,0.0]
B e i - -

24
3719 37192 37194 37196 37198  [37.2] 37202  37.204  37.206  37.208  37.21

Frequency / GHz
Fig.9 S11 atfrequency F = 37.2 GHz for antenna with non-identical irregularities

Farfield Directivity Abs (Theta=90)

—— farfield (f=37.2) [1[1.0,0....

...
15
=
—

B ATAV PNV B0 Y11 OO NP
. ANV 1 L U T A
. e L] e e

0 30 60 90 120 150 180  Angular width (3 dB) = 3.2 deg.
Phi / Degree Side lobe level = -18.3 dB

Fig. 10 1-D radiation pattern at frequency F = 37.2 GHz for antenna with non-identical irregularities

Fig. 11 3D radiation pattern at frequency F = 37.2 GHz (RP: 22 dBi, width of RP: 3.2 °, Side lope: — 183 dB)
for antenna with non-identical irregularities
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Farfield E-Field(r=1m) Abs (Theta=90)

! — CsT

09 —— MathcAD

0.8

0.7

0.6

0.5

0.4

03

0.2

L Frequency = 37.2 GHz
0.1 Main bbe magntude = 1
0 RQAAN Do Main lobe drection = 90.0 deg.
0 30 60 90 120 150 180  Angular width (3 dB) = 3.2 deg.
Phi / Degree Side lobe level = -18.3 dB

Fig. 12 Comparison of radiation patterns for antenna with non-identical irregularities obtained by numerical
electromagnetic calculation and modified energy approach

Farfield Drectivty Abs (Theta=90)
25 1
20 A

farfield (f=37.2)

Frequency = 37.2 GHz

Man lobe magntude = 22 dBi
Man lobe drection = 90.0 deg.
Angular width (3 dB) = 3.2 deg.

/n Side lobe level = -18.3 dB

- km/ 2 farfield (f=37.2)
~ 'V / Frequency = 37.2 GHz
l‘T A Main lobe magntude =  20.9 dBi
Y ,\/ N Man lobe drection = 90.0 deg.
N \ / \ﬂ / Angular width (3 dB) = 2.8 deg.
] v U F \ \WA\’\I Side lobe level = -10.5 dB
I oo
0 30 60 90 120 150 180

Phi / Degree
Fig. 13 Comparison of the 1-D calculated radiation pattern at frequency F = 37.2 GHz for antenna with
identical and non-identical irregularities

numerical simulation in CST (black line) and a modified energy approach (purple
line). It can be seen that the similarity is very close, especially in the area of the main
lobe. The efficiency of the considered antenna was 83.6%.

4.3 A comparison of the results of antennas with identical and non-identical irregularities
Figures 13 and 14 show comparisons of radiation patterns and Si; coefficients for
antennas with identical and non-identical irregularities.

An antenna with non-identical irregularities has a better side lobe level (7.8 dB bet-
ter) with almost identical gain and an absolute value of Si;. Only a slight increase
in radiation pattern width (0.4°) is observed. Table 4 shows a comparison between
the proposed work and previous works. The proposed antenna exhibits superior char-
acteristics at mm-wave frequency bands, including low SLL with high efficiency and

gain.

5 Conclusions

Antennas of the “leaky-wave” type, based on dielectric waveguide structures, are a prom-
ising class of flat antennas in the EHF band. The approach proposed in the work and
synthesis of such structures is based on antenna representation as an almost periodic
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S-Parameters [Magnitude]

8 Brosssssssndend ST T

2-51,1 -14.974166

&

............. 4 SRR R AR " F—

24 i i i ; i ; ; ;
37.19 37.192 37.194 37.196 37.198 37.202 37.204 37.206 37.208 37.21

Frequency / GHz
Fig. 14 Comparison of the S11 at the same frequency F = 37.2 GHz for antenna with identical and
non-identical irregularities

Table 4 Performance comparison of the presented waveguide arrays

References Frequency (GHz) Gain (dBi) SLL (dB) Rad. eff.(%)
[60] 32 16.1 — 130 83

[61] 30.2 27.0 —130 80

[62] 30 15.5 —100 87

[63] 375 18.0 126 N/A

This work 372 220 —183 99.35

antenna array with a preliminary analysis of radiating characteristics based on a modi-
fied energy approach. The analysis showed the validity of the proposed approach, which
ensured acceptable coordination of the calculated data and was obtained using modern
means of electromagnetic modeling. In this study, we developed a combination of tech-
nical solutions to improve the technical indicators of antennas fabricated using dielectric
waveguides. The solution to the task includes the following components: First, the devel-
opment of the synthesis method of a linear antenna array model of LWA with non-iden-
tical irregularities Second, analysis of an antenna containing irregularities in the form of

grooves in a dielectric.

Abbreviations

LWA Leaky-wave antenna

EHF Extremely high-frequency

SLL Side lobe level

5G Fifth generation cellular network technology
CST Computer simulation technology

HFSS High-frequency structure simulator

RP Radiation pattern
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