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Abstract
A planar leaky-wave antenna (LWA) based on the reconfigurable conductivity of the 
plasma is designed for MIMO applications with electronic beam scanning capability. 
112-semi-elliptical ionized plasma gratings are encased by plexiglass grating filled with 
a noble gas. These gratings are printed on a metal-backed dielectric substrate with total 
dimensions of L ×W

s
× h = 241 × 262.5 × 2.67mm

3 . A coplanar fed printed Yagi-Uda 
like dipole antenna is integrated with the LWA to launch the required excitation waves. 
The radiated beam direction, gain, and the side lobe level are adjusted by controlling the 
periodicity of ionized/non-ionized plasma gratings. The antenna is compact in construction 
and has a high gain. A fan-shaped beam is obtained from the LWA semi-elliptical arrays 
with different aspect ratios. The effect of ON/OFF plasma periodicity configurations on the 
radiation characteristics at fixed frequency is investigated. At 10.1 GHz, the beam is elec-
tronically scanned from − 28 to 34° using different periodicities with high gain of 20 dBi 
and radiation efficiency of 74%. The mutual coupling between two LWA elements is inves-
tigated and is reduced to − 35 dB. Four LWA elements are arranged in MIMO structure for 
a high data rate application. The envelope correlation coefficient of 0.0002 and diversity 
gain of 9.9998 dB are achieved.

Keywords MIMO · Plasma · Leaky-wave antenna · Reconfigurable

1 Introduction

Mltiple-Input Multiple-Output (MIMO) technology is based on simultaneous transmission 
and reception of data signals to improve the channel capacity and data rates. MIMO sys-
tems employ multiple antenna elements at the transmitter and receiver [1]. MIMO sys-
tems are suitable for 5G communication systems due to their advantages such as high data 
rates, high spectral efficiency, immunity to multipath fading and good reliability. Anten-
nas employed in MIMO systems are characterized by compact size, low cost and beam 
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scanning capability [2]. In comparison with other solutions offering MIMO solutions 
[3, 4], reconfigurable LWA elements provide electronically controllable backfire-to-end-
fire full-space scanning, in addition to beam shaping [5]. However, the mutual coupling 
is increased when numerous antennas are utilized in array structures, which degrades the 
array performance [6, 7]. When the elements isolation level is decayed, high impedance 
mismatching, low efficiency, and deflection of the radiation pattern occurs. Suppressing 
the interaction between multi-antenna systems were introduced via many solutions such as 
metamaterial, photonic bandgap and  1800 hybrid coupler [8, 9].

Different mechanical and electrical beam-scanning techniques are introduced in the lit-
erature. The mechanical scanning is achieved using electric motors and MEMS devices to 
rotate the antenna structure. Mechanical scanning technique becomes difficult and unde-
sirable for large-size antennas [10, 11]. The solutions for the mechanical problems are 
achieved using electronic switches such as PIN diodes, varactor diodes, or FET transistors. 
The electronic scanning techniques are expensive and loss at millimeter-wave frequencies 
[12]. Optical switching techniques use photoconductive switches in antenna structures can 
be considered. Recently, beam scanning techniques based on materials with reconfigurable 
properties such as graphene, liquid crystal, ferrite, and plasmonics are employed by con-
trolling their permittivity or conductivity [13, 14]. High-gain beam-scanning techniques 
are used in long-distance wireless communication applications such as airborne platforms, 
radar and satellite communications. The conventional types of high-gain antennas are 
reflectors, lenses, reflectarrays, transmitarrays, and direct-radiating phased arrays [15–18].

Leaky-wave antennas (LWAs) radiate high directive beams in different directions at the 
operating frequency. Their leakage lengths, control the beamwidth. of the LWAs, are char-
acterized by planar, simple and low-profile structures with integrated excitation. Conven-
tional LWAs have the property of sweeping the main beam direction with frequency. It 
has limited applications in modern communication systems such as point-to-point com-
munications which require beam sweeping at the same frequency [19]. LWA structures 
are studied using different geometries such as one dimensional (1D) and two dimensional 
(2D) structures. Periodic structures are introduced in [20, 21]. The leakage from 2D-LWAs 
propagates radially outward from the planar interface with beam-width scanning from pen-
cil beam at broadside to conical beam at other angles with frequency sweeping [22].

Two techniques are employed in LWAs designs. The first technique uses partially 
reflecting surface such as 2D periodic slots, patches, strips, wires and multiple-dielectric 
layers. The second technique uses multiple 1D LWAs [23–26]. In [27], the main beam 
scanning capability is achieved at a single frequency for 1D LWAs using reconfigurable 
graphene material in the THz range. In [28], continuous metal semi-circular strips 2D 
LWA is designed with pencil and sector-conical beam patterns scanning around 21.2 GHz. 
Recently, ionized inert gases (plasma) encased by dielectric tubes are used in reconfig-
urable antenna applications [29, 30]. Plasma material’s conductivity can be controlled by 
using a DC voltage source, RF fields, or magnetic coupling loop. Different plasma-based 
antennas such as dipole, curl, reflectarray, lens and magneto-electric dipole are investigated 
in [31, 32]. Plasma-based antennas provide a high reconfigurable structure due to the abil-
ity to control the of their electrical properties.

In this paper, planar plasma leaky-wave antenna with beam scanning capability at fixed 
frequency is proposed. The radiated beam shape is varied from pencil beam at broadside 
to sector-conical beam at the other angles. A parametric study of plasma electrical con-
ductivity and ionized gas dimensions on the LWA radiation characteristics is introduced. 
An array of two elements with a perforated substrate is proposed for reconfigurable dual 
beams at a fixed frequency. Finally, an array of four elements is designed for MIMO system 
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applications. The MIMO design characteristics are studied and calculated as envelope cor-
relation coefficient and diversity gain. The results are investigated using the finite integral 
technique (FIT) [32].

2  Design of Semi‑Elliptical Gratings LWA

The structure of the single element of the reconfigurable semi-elliptical gratings plasma 
LWA is shown in Fig. 1. The LWA element consists of 112- semi-elliptical ionized plasma 
gratings encased by plexiglass gratings. They are mounted on a grounded RT/duroid 
6010  LM substrate with �rs = 10.2 . Each grating is 0.2  mm thick plexiglass tube with 
�rp = 3.4, width w and filled with argon gas of height hp . It has a cross-section of semi-
elliptical structure with semi major-axis, b , semi minor-axis, a , and aspect ratio,c = b∕a . 
Each point locus on the semi-elliptical grating is calculated from:

where m is the grating number,b
0
= 21mm is the first grating semi-major radius, and P 

is LWA periodicity. According to [33], when c = 1 circular grating LWA is produced to 
radiates pencil beam gain which results in circular gratings. The total dimensions of the 
LWA are L ×Ws × h = 241 × 262.5 × 2.67mm

3 . The semi-elliptical gratings are filled with 
a low-pressure noble gas (argon), its relative dielectric constant is represented by the Drude 
model and is described by [33]:

(1)
y2

b2
+

x2

a2
= 1

(2)b(m) = b
0
+

P

7
(m − 1)

(a) (c)

(b)

Fig. 1  3D plasma leaky wave antenna. a 3D configuration, b Top view, c Single grating structure
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where �,�pandvp are the angular operating, plasma, and collision frequencies respec-
tively. ne is the ionized electron density, eandme are the electron charge and mass. The 
plasma medium is considered as a dielectric material for non-ionized plasma (OFF-state 
for 𝜔 > 𝜔p) . The plasma medium is considered as a conducting material for the ionized 
plasma (ON-state for 𝜔 < 𝜔p) . According to the required radiated beam direction, each 
plasma grating is biased between the ON- and OFF-states with vp = 2GHz . The applied 
voltage V  can be calculated using [33].

where Te is the electron temperature and hp is the plasma height. 2D LWA excitation 
requires cylindrical wave source, which is obtained using a grounded Yagi-Uda like antenna 
feeder introduced in [34]. The feeder consists of a dipole antenna with width x = 4.58 
mm, and the reflector dimensions of t = 0.105 mm, ws2 =2.45 mm, Ly3 = 0.92 mm, Ly4 = 
1.33  mm, and Ly5 =  1.56  mm to reduce the power loss in the back-lobe direction. Two 
matching stubs with ws1 =1.365 mm, Ly1 =2.52 mm and Ly2 =1.26 mm are added to the 
structure as shown in Fig. 1. The plasma LWA with 112 gratings is divided into periods 
with a length of 12.86 mm which contains 7 plasma gratings. Each period has four ON-
states gratings with ionized plasma and three OFF-states gratings with non-ionized plasma 
which is represented by the code 1,111,000. Figure 2 shows the effect of plasma frequency 
�p on the material dielectric constant. It can be noted that the real part �′ is decreased with 
increasing �p while the imaginary part �ε is increased, hence the conductivity of the mate-
rial is increased with increasing�p.

(3)�r = �o

[

1 −

�2

p

�
(
� − jvp

)

]

(4)�p =

√
nee

2

me�o

(5)V =

�
ne
√
ekTeh

2

p

�
0

�2∕3

(a) (b)

Fig. 2  Effect of plasma frequency �p on material dielectric constant
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3  Parametric Study

3.1  Effect of Plasma Frequency !p

When the plasma frequency �p is increased, the ON-state plasma grating conductivity is 
increased. The applied ionization voltage excites free electrons with high density to convert 
the plasma gratings from dielectric state to conducting state. Figure 3 shows the effect of 
varying �p from 50GHzto4.4THz for the 1,111,000 Code-LWA arrangement. The imped-
ance matching bandwidth (BW) is unaffected by the plasma ionization values due to the 
feeder position away from the LWA effective area. The plasma gratings are responsible for 
directing the beam. The peak gain is increased with increasing �p , and the beam disappears 
when the plasma gratings are non-ionized.

3.2  Plasma Gratings Dimensions

The semi-circular gratings LWA with aspect ratio c = 1 results in a high gain pencil beam 
which is preferred in satellite communications and radar systems. The dimensions of the 
LWA are studied to get the optimum values as shown in Table  1. The effect of chang-
ing the plasma grating height, hp , on S

11
 of the LWA with code 1,111,000 is shown in 

Fig. 4a. When the plasma height hp is increased, more gas is included in the grating, which 
increases the free electron density. The impedance matching BWs are 1.41 GHz, 1.52 GHz, 
1.33 GHz, and 1.27 GHz for hp equal 1.5 mm, 1.0 mm, 0.75 mm, and 0.5 mm, respectively. 
Figure 4b shows the gain patterns variation versus angle at 10.1 GHz for different values 
of hp . The peak gain is increased by increasing hp with a little shift in the main beam direc-
tion due to the effect of grating edges. Peak gains of 23 dBi, 23 dBi, 22.4 dBi and 21.7 dBi 
are obtained for hp equal 1.5 mm, 1.0 mm, 0.75 mm, and 0.5 mm, respectively. The main 
beam direction angle/SLL are 4°/− 11.5 dB, 1°/− 14.4 dB, 0°/− 14 dB and − 2°/− 12.6 dB, 
respectively.

Figure 5 shows the effect of changing plasma grating width w at hp =1 mm on S
11

 and 
gain pattern of the LWA. Increasing the plasma grating width,w improves the matching 
BW up to 15.09% for w = 1.36 mm compared with 4.65% for w = 0.5 mm. The peak gain 
is increased to 23 dBi at a deflection angle of 7 degrees for w = 1.36 mm compared with 

(a) (b)

Fig. 3  The effect plasma frequency �p on 1,111,000 LWA with c = 1, P = 7, of hp = 1 mm, w = 1.26 mm and 
νp = 2 GHz
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14.3 dBi gain and a deflection angle of − 9° for w = 0.5 mm from the broadside direction. 
An improvement in the SLL is noticed from − 12.9 to − 14.4  dB for w =  1.36  mm and 
w = 1.26 mm, respectively. The optimum grating width is w = 1.26 mm which produces 
BW = 14.1% (from 10.02 to11.54 GHz), peak gain of 23 dBi, SLL of − 14.4 dB and beam 
deflection angle of 1 °. Figure 6 shows the frequency-scanning at different frequencies of 
LWAs. Figure 7 shows the frequency response of gain and efficiency of the LWA. The peak 
gain is 22 dBi which is nearly constant in the frequency band from 0.02 to 10.5 GHz with 
variation of ± 1 dBi. High efficiency of 74.3% is obtained at 10.1 GHz.

4  Reconfigurable Semi‑Circular Gratings Plasma LWA

The optimized dimensions of the semi-circular gratings LWA are hp =1  mm and w 
=  1.26  mm. The reconfigurable conductivity of ionized plasma is used to achieve elec-
tronic beam scanning without affecting the LWA physical structure. By ionizing/non-ioniz-
ing the plasma enclosed in the gratings with different periodicity, P, the beam is directed to 
different angles at fixed frequency. The 112- plasma gratings are divided into periods each 
have (m, n) of (ON, OFF) pair of plasma gratings. The first number represents the number 

(a) (b)

Fig. 4  The effect of hp plasma height on semi-circular 1,111,000 LWA with c = 1, P = 7, w = 1.26  mm, 
ωp = 4.4 THz and νp = 2 GHz

(a) (b)

Fig. 5  The effect of w grating width on semi-circular 1,111,000 LWA with c=1, P=7, of hp =1  mm, 
ωp = 4.4 THz and νp = 2 GHz
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of ionized plasma gratings, and the second number represents the non-ionized plasma grat-
ings. Figure 8 shows the configuration of different periods P of the LWA coded by (ON, 
OFF) plasma states. Four periods with 6, 7, 8, and 9 are investigated. For example, when 
P = 6 gratings codded by 111,100 has the first four plasma gratings ON and the following 
two plasma gratings OFF. Each code is responsible for directing the beam toward a specific 
direction at the same operating frequency f

0
=10.1 GHz.

Fig. 6  LWA operation on 
semi-circular 1,111,000 LWA 
with c = 1 , P = 7 , hp = 1.0 
mm, w = 1.26mm , �p = ∞ , and 
�p = 2GHz

(a)Gain (b) Efficiency

Fig. 7  The characteristics of semi-circular 1,111,000 plasma gratings LWA with c = 1, P = 7, of hp =1 mm, 
ωp = 4.4 THz and νp = 2 GHz, and w=1.26 mm

(a) P=6, 111100                         (b) P=7, 1111000 (c)  P=8, 11100000 (d) P=9, 11111000

Fig. 8  Configuration of reconfigurable plasma gratings LWA with different periodicity
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For P = 6, different codes are studied (5, 1), (4, 2), (3, 3), and (2, 4). At 10.1 GHz the 
beam is scanned from − 28 to − 14° with peak gain of 18.5 ± 0.6 dBi. For P = 7, the codes 
(5, 2), (4, 3), (3, 4), and (2, 5) are investigated. The beam is scanned from − 11 to 9° with 
peak gain of 20.4 ± 2.6  dBi at 10.1  GHz. For P = 8, the studied codes are (6, 2), (5, 3), 
(4, 4), (3, 5) and (2, 6) show scanning beams from 8 to 23°. For P = 9, the studied codes 
are (6, 3), and (5, 4). The beam is scanned from 30 to 34° with high gain. As noticed, an 
overall beam scanning range of − 28° to 34° at fixed frequency 10.1 GHz is achieved. The 
SLL of the beams varies between − 15.5 and − 8.2 dB. Table 2 introduces a comparison 
between different grating-codded plasma LWA with different periodicity, P. The 3D beam 
patterns at the codes that radiate the maximum gains are shown in Fig. 9. The peak gains 
are 17.5 dBi for P = 9 code (5, 4), 20.3 dBi for P = 8 code (3, 5), 23 dBi for P = 7 code (4, 
3), and 19.3 dBi for P = 6 code (4, 2). The effect of using 2D LWA configuration is clear in 
the scanning BW from pencil beam to sector-conical beam.

Table 3 shows a comparison between the proposed plasma gratings LWA with 2D LWA 
introduced in the literature. It shows that the proposed compact structure provides the wid-
est scanning angle range with acceptable efficiency and gain.

5  Two Elements Antenna Array

An array composed of two plasma gratings LWA is designed to provide two modes of 
operation. The first mode uses the array structure as a switched antenna, where each ele-
ment is used separately to provide single beam scanning in different angles with different 

(a) P=6 code (4, 2)              (b) P=7 code (4, 3)

(c) P=8 code (3, 5) (d) P=9 code (5, 4).

Fig. 9  3D gain patterns for highest gain code configurations at 10.1 GHz
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beamwidths. The second mode uses both antenna elements together to provide a dual-beam 
scanning. Figure 10 presents different configurations of the two-element array to minimize 
the mutual coupling effect between the two antenna elements. The perforated structure is 
employed to hold the array elements in a single substrate. The connected regions are per-
forated to match the substrate dielectric constant to air. The optimum configuration uses a 
perforated substrate between the two elements with effective permittivity given by [35],

where rh is the radius of the air holes, and sh is the separation between the holes centres. 
Minimum �reff ≃ 1.86 is used. Figure 11 indicates the effect of the different configurations 
on the mutual coupling between both antennas. Configuration 3 employs a perforated sub-
strate which minimizes the coupling to about − 30 dB. The 3D radiated beams at 10.1 GHz 

(6)�reff = �r(1 − �) + �

(7)� =

�r2
h

√
3∕2 ∗ s2

h

(a) Configuration 1 (b) Configuration2 (c) Configuration 3      (d) Holes configuration

Fig. 10  Different configurations used to minimize  S12

Fig. 11  Comparison between  S12 
for different configurations
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and 10.5  GHz respectively for the different configurations are shown in Fig.  12, and 
Fig.  13. Configuration 3 introduces a directive beam with low side-beam characteristics 
which is desired for beam scanning applications. The simulation of two modes of operation 
is achieved using configuration 3 as shown in Fig.  14. A single reconfigurable beam is 
obtained for each port with different codes and dual reconfigurable beams are achieved 
using a combination of these single beams at 10.1 GHz.

6  Four Elements Antennas Array for Mimo Systems

MIMO antennas are desired in communication systems that require fast data rates, 
improved capacity and link reliability. Figure 15 shows a MIMO system composed of 
4 antenna elements with 90° orientation angle. The length of each antenna element 
is reduced to 42 plasma gratings for simplicity. The same concept can be applied for 
larger gratings numbers, with a perforated substrate between each of them of length 
�g . The coupling between the first element and MIMO elements is shown in Fig.  16. 
The coupling is minimized between the elements of the MIMO system below the level 
of − 30 dB. The radiated beams of each element at 10.1 GHz and 10.5 GHz are shown 
in Figs. 17 and 18. The envelope correlation coefficient, ECC, and diversity gain, DG, 
are simulated to determine the independency of MIMO elements on each other and the 
effect of the diversity scheme on the radiated power is shown in Fig. 19. The ECC is 
determined from the antenna isolation,  S21  without measuring the antennas’ radiation 

Fig. 12  3D gain patterns different configurations at 10.1 GHz for [P1 = 7 code (4, 3), P2 = 7 code (4, 3)]

Fig. 13  3D gain patterns different configurations at 10.5 GHz for [P1 = 7 code (4, 3), P2 = 7 code (4, 3)]
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(a) (b) (c)

(a) (b) (c)

(a) (b) (c)

Fig. 14  3D gain patterns at 10.1 GHz for different Codes

Fig. 15  Proposed Configuration
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patterns. Because, the antennas produce highly correlated radiation pattern, then they 
will also have low isolation for antenna reciprocity. The receiving element receive the 
transmitted radiation pattern energy proportional to how correlated the antennas’ radia-
tion patterns. ECC and DG are calculated from:

Fig. 16  The coupling between 
the first element and MIMO 
elements

Fig. 17  3D gain patterns at 10.1 GHz for Code P1 = P2 = P3 = P4 = 7 (4, 3)
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(8)ECC = �eij =

||
|
S∗
ii
∗ Sij + Sji ∗ Sjj

||
|

2

(
1 − ||Sii||

2
− S2

ij

)(

1 −
|||
Sji
|||

2

− S2
jj

)

(9)DG = 10

√

1 −
|||
�eij

|||

2

Fig. 18  3D gain patterns at 10.5 GHz for Code P1 = P2 = P3 = P4 = 7 (4, 3)

(a) ECC (b)DG

Fig. 19  MIMO antenna parameters
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The ECC values obtained from Eq. (8) are very low ~ 0.0002 within the operating fre-
quency, which is considered to be excellent diversity performance with uncorrelated far-
field patterns of the MIMO antennas. The diversity gain for all the antenna elements is 
more than 9.9998 dB which is very close to the ideal value of 10 dB.

Table 1  The optimum dimensions of the plasma gratings LWA

Substrate

�r h Ws L

10.2 2.67mm 262.5mm 241mm

Grating

tg hp w

0.2mm 1mm 1.26mm

Table 2  Comparison between 
radiation characteristics using 
different codes of plasma 
gratings LWA at 10.1 GHz

Period Code Main beam Gain SLL

6 2, 4  − 28 17.7  − 10.3
6 3, 3  − 24 19.2  − 9.5
6 4, 2  − 19 19.3  − 8.8
6 5, 1  − 14 18.3  − 9.9
7 1, 6  − 11 17.8  − 10.5
7 2, 5  − 6 22  − 13.3
7 3, 4  − 3 22.4  − 14.9
7 4, 3 1 23  − 14.4
7 5, 2 4 22.7  − 15.5
7 6, 1 9 19.4  − 11.8
8 2, 6 8 19.3  − 10.4
8 3, 5 12 20.3  − 10.8
8 4, 4 16 19.9  − 11.4
8 5, 3 19 19.2  − 11.8
8 6, 2 23 17.2  − 10.6
9 5, 4 30 17.2  − 8.2
9 6, 3 34 15.5  − 8.7

Table 3  Comparison between the proposed plasma gratings LWA with 2D LWA introduced in the literature

Ref Operating fre-
quency (GHz)

Scanning ability Efficiency (%) Area ( �
o
× �

o
) Gain (dBi)

[36] 19.48 17° 57.6 6.6 × 6.6 18.55
[37] 18 N/A 96 2π(16.8 × 16.8) N/A
[38] 237.5 50° 56 35.6 × 6.7 28.5
[39] 42 54° 89 18.6 × 13 29.2
[40] 32 28° 89.4 30 20.43
This work 10.1 62° 74 8 × 8.7 23
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7  Conclusion

This paper introduces an investigation of reconfigurable planar LWA using controlled con-
ductivity of the plasma material for beam steering applications. The effect of plasma con-
ductivity is investigated at different plasma frequencies. The plasma LWA with 1,111,000 
code introduces radiation with BW of 1.52 GHz, a gain of 23 dBi, and SLL of − 14.4 dB 
with pencil beam at 1° shifted from the broadside direction. The beam is scanned at a sin-
gle frequency of 10.1 GHz by controlling the conductivity of plasma gratings from − 28° 
degrees up to 34° degrees with a maximum gain of 23 dBi. A comparison between the radi-
ation characteristics of plasma gratings LWA for different codes arrangements is explained. 
The antenna is employed in the MIMO system with four elements. The ECC values are 
very low ~ 0.0002 and the diversity gain is 9.9998 dB.
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