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Chapter

Reconfigurable Antennas Based on
Plasma Retlectors and Cylindrical
Slotted Waveguide

Fatemeh Sadeghikia, Ali Karami Horestani
and Mohamed Himdi

Abstract

In this chapter, we focus on the application of plasma structures to realize
reconfigurable antennas. Several approaches are presented to dynamically control the
beamwidth and radiation gain of circularly polarized helical antennas based on plasma
reflectors. Ideas and design principles were discussed and confirmed by full-wave
simulations and measurements of realized prototypes. It is shown that plasma reflec-
tors can be effectively used to design reconfigurable helicone antennas with control-
lable gain and beamwidth. The chapter also presents a reconfigurable slotted antenna
using a plasma tube inside the metallic waveguide. It is shown that the radiation
pattern of the antenna can be readily reconfigured by changing the state of the plasma
column. In short, it is shown that in contrast to conventional methods based on
electronic or mechanical devices, reconfigurable antennas based on plasma media
benefit from simple and relatively low-cost structures as well as high performance.

Keywords: plasma technology, reconfigurable antenna, beam steering, beamwidth
control, helicone antenna

1. Introduction

During past decades, potential applications of reconfigurable antennas in single-
input single-output (SISO) and multiple-input multiple-output MIMO communica-
tion systems have been widely investigated [1-32]. In both cases, the principal objec-
tive is to reduce the complexity of communication systems by obtaining diverse
radiation patterns and operating frequencies. For example, beam-steerable antennas
can provide multiple functionalities, thus, mitigating the complexity and overall cost
of communication systems.

Regarding applications in reconfigurable antennas, partially ionized plasma ele-
ments have the potential to be used either as the main radiator of the antenna as a
reflector, a parasitic director element, or even as a dielectric to improve the perfor-
mance of conventional antennas. Various realizations of antennas with reconfigurable
radiation characteristics and/or tunable resonance frequencies based on plasma radi-
ating element (s) have been reported in [1, 10-32]. However, due to the finite
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conductivity of the plasma elements, these antennas generally suffer from low effi-
ciency [12, 33]. This problem may be worse for small plasma antennas on which there
are high current densities. It can be seen, however, that since the current density on
the reflecting and parasitic elements of an antenna is much smaller than on the main
radiator of the antenna, plasma conductors may be good surrogates for metallic
reflector structures. The main advantage of using plasma reflectors rather than metal-
lic ones is that plasma reflectors can be switched on or off to toggle between original
and modified radiation patterns. This feature is demanded in many applications. For
instance, when radiation patterns with an adjustable beamwidth or main direction are
needed. In brief, a combination of plasma elements as reflectors and metallic element
(s) as the main radiator results in highly efficient reconfigurable antennas. In view of
these advantages, this chapter focuses on applications of plasma media as reflectors
(rather than the main radiator) for the realization of reconfigurable antennas.

The chapter is organized as follows. In Section 2, the characteristics of the plasma
media and the electromagnetic waves propagating in such media are briefly reviewed.
In Section 3, the benefits of the application of the plasma reflectors along with conven-
tional metallic antennas are described and two different prototypes, namely, a plasma-
cupped-ground helical antenna and a plasma helicone antenna are introduced. For each
prototype, the basic structure and the implementation technique are discussed and their
radiation characteristics are presented. The study will be concluded in Section 4.

2. Theory of plasma

In order to investigate the effect of plasma media on the radiation characteristics of
antennas, some basic properties of the plasma are first presented in this section.
The complex permittivity up of an isotropic plasma at low pressure can be modeled

as follows:
2 2
& _ (1D )
€0 (1 ®* + 1)2> J (a)(a)2 + 02)) D

Based on this relation, the plasma is a dispersive medium with permittivity ep,
which is a function of the operating angular frequency w (rad/s). The permittivity of
the plasma is also a function of the electron-neutral collision frequency v in Hz, and
the plasma angular frequency w, (rad/s), which is defined as follows [13, 14]:

262\ 2
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where 7 is the electron density (m3), e is the electron charge, and m is the electron
mass (kg). The electrical conductivity ¢ is given by [14]:
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This relation thus indicates that the electrical conductivity of the plasma can be

controlled at a given operating frequency by varying either the plasma frequency or
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Figure 1.
Variations of the permittivity of the plasma medium versus the frequency for the plasma frequency of 7.8 GHz and
the collision frequency of fp/3.

the collision frequency. The loss factor tand of the plasma medium can be derived
from the ratio of the imaginary part to the real part of the plasma dielectric constant as
follows:

- (—w;,l/ 2 ) z/a)2
&E; 0 (w*+.
tan § = & — _\*@ - ) _ P (4)

& (1 — —w;)fyz) a)(a)2 + 12— a)§>

Based on this relation, plasma loss is a function of plasma parameters and operat-
ing frequency.

From Eq. (1), the plasma medium acts as a dielectric with a positive permittivity
for incident EM waves with frequencies higher than the plasma frequency, thereby
allowing the propagation of the incident wave through the plasma medium. I under-
stand this. In contrast, at frequencies less than the plasma frequency, the plasma
shows a negative permittivity, thus prohibiting the propagation of the EM wave. At
frequencies much lower than the plasma frequency, the plasma medium can be used
as a conductor, but it is not a very good conductor. For instance, in Figure 1, varia-
tions of the real part of the plasma permittivity versus the operating frequency, for a
medium with the plasma frequency f,, = 7.8 GHz and the collision frequency v = f;,/3
are shown. It is observed that at the frequencies below the plasma frequency, the
plasma permittivity is negative, thus the plasma reflects the incident wave. However,
at frequencies greater than 7.8 GHz, the plasma permittivity varies from 0 to 1, thus
the plasma acts as a dielectric. It is also important to note that, since the plasma
angular frequency w;, can be tuned by adjusting some of the characteristics of the
plasma, such as its density, the frequency band in which the plasma behaves as a
dielectric or a conductor is adjustable.

3. Application of plasma reflectors in the antenna structures

Application of the plasma reflectors along with conventional metallic antennas
may provide benefits including steering capability and/or beamwidth control. In
general, a variety of methods are available to control the radiation pattern of direc-
tional antennas. However, almost all of these methods employ a kind of switching
mechanism including electrical, optical, or mechanical switches which require
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complex and costly feed circuitries [5-7]. Altering the substrate characteristics by
using materials such as liquid crystals, ferrites, or plasmas is an almost new alternative
method for steering the radiation pattern of the antennas. The unique properties of
plasma as the fourth state of the matter have opened a new perspective for the
realization of antennas with a reconfigurable radiation pattern or a tunable operating
frequency. Therefore, plasma-based reconfigurable/tunable antennas can be consid-
ered as cost-efficient and efficient alternatives for currently in-use methods [2, 4,

8, 9]. As shown in the previous section, the plasma medium can be used as a conduc-
tor at frequencies much lower than the plasma frequency. An important advantage of
plasma-conducting elements compared to metallic ones is that they can be switched
on and off and their length can be adjusted electrically. Authors [2, 4, 8, 9, 34, 35]
investigated theoretical aspects and different configurations of metal antennas with
plasma reflectors for manipulating antenna radiation patterns.

Although various techniques have been introduced to control the beamwidth of
antennas, including the use of liquid metal reflectors [36], conformal selective surfaces
[37], and varactor switches, antenna beam steering and beamwidth control There has
been little research done on the simultaneous execution of Single antenna architecture
[38-39]. However, in these studies, antenna beam steering and beamwidth control
increased the cost of hardware and software complexity. It has been shown by authors
[40] that a reconfigurable antenna based on plasma reflectors not only may be able to
steer the radiation pattern in 3-D space but also can be used for the dynamic control of
the antenna beamwidth. Based on these advantages and recent trends in scientific
reporting, we believe it is likely that the next decade will see a significant increase in
research on plasma-based communication components, including reconfigurable
antennas. Therefore, in this section, we present here two prototypes of reconfigurable
antennas based on plasma reflectors and analyze their radiation properties. In both
cases, a conventional axial-mode helical antenna is used as the primary radiator, and a
plasma reflector is used to steer the beam or change the beamwidth of the antenna.

3.1 Plasma-cupped-ground helical antenna

The first part of this section presents the structure of a conventional dish ground
axial mode helical antenna and compares its radiation pattern with that of an identical
planar ground antenna. In the following, we consider an axial mode helical antenna
with a plane ground as the reference antenna. In addition, we study the effect of the
height of the dish bottom on the radiation properties of the antenna, including the
gain and half-width (HPBW) of the antenna. Part 2 investigates the feasibility of
beamwidth control based on plasma elements by replacing the metal dish ground of
the helical antenna with a plasma dish ground and numerically comparing the char-
acteristics of the two antennas. Then, the final part of this section describes the
realization and experimental verification of the proposed antenna.

3.1.1 Structure and dimensions of dish bottom helical antenna

Various methods have been proposed in the literature to improve the radiation
properties of helical antennas. Authors [41-44] considered modifying the ground
plane of the antenna to form a cup-shaped ground reflector. Despite its simplicity, this
method is very effective in improving the beamwidth and radiation gain of helical
antennas. Figure 2 shows the shape of a conventional dish-bottom helical antenna.
The antenna consists of a helical antenna operating in on-axis mode and a dished
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Figure 2.
The structure of a typical cupped ground helical antenna.

metal reflector. It can be shown that the cup-shaped reflector with the height of H,
and the diameter D¢ can improve the radiation gain and the HPBW of the antenna.
Note that the achieved gain depends on the dimensions of the cup, including its height
and radius. For demonstration, the effect of the height H¢ of the cup on the radiation
gain and HPBW of the helical antenna is shown in Figure 3. The antenna operates at
the center frequency of 927 MHz and has an antenna diameter of D, = 330 mm (~ }).
Simulation results are shown for three different numbers with turns N = 6.5, 10, and
13. In this study, the diameter of the helix is Dy = 116 mm, the pitch angle a = 13.6>
and the helix height Hy; = 550 mm. The designed helical antenna with a planar ground
conductor with a radius Dy = 480 mm demonstrates a simulated radiation gain of 12.7
dBi and the HPBW of 37.5° at the center frequency. The full-wave simulated radiation
gain and HPBW of the antennas versus the height of the cupped ground (normalized
to the helix height, i.e., Ho/Hy) show that increasing the height Hc of the cupped
ground up to around Hc/Hy = 0.07 when N = 6.5 in this study, enhances the gain of
the antenna up to 0.5 dB. However, further increasing the H¢, decreases the gain and
consequently, increases the HPBW of the antenna. For instance, when Hc/Hy = 0.29
(i.e., Hc = 160 mm for N = 6.5), the radiation gain of the antenna with respect to the
reference helical antenna decreases around 0.4 dB, while the HPBW increases around
7.5°. Figure 4 compares the simulated radiation gain of the reference antenna with
that of the cupped ground helical antenna when H¢ = 160 mm for N = 6.5.

It can be concluded here that HPBW and the maximum radiation gain of the helical
antenna can be adjusted by the height of the cupped ground. The results also show the
potential application of the tunable length plasma cup for controlling the radiation

Gain (dB)

Figure 3.
Simulated Gain and HPBW of the cupped ground helical antenna versus Hc/Hy considering the constant height of
the helix (Hy).
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Figure 4.
A comparison between the simulated radiation gain of a conventional helical antenna with a planar ground and
the cupped ground helical antenna with He = 160 mm.

gain and beamwidth of helical antennas. Thus, in the next section, first, the metallic
cup of the helix antenna is replaced with a plasma cup with H¢ = 160 mm, and the
effects of different configurations of the plasma reflector on the performance of the
plasma-based and metallic antenna will be compared.

3.1.2 Plasma reflectors as the cupped ground for a helical antenna

It is worth reminding that if the plasma frequency is sufficiently larger than the
operating frequency, the plasma medium demonstrates a relatively high conductivity.
Therefore, if the metallic cup in the antenna is replaced with a plasma cup, the
efficiency of the antenna with a cup-shaped plasma reflector depends on the plasma
frequency. To further investigate this effect, two different plasma frequencies f,; = 3
GHz and f;,; = 30 GHz for the plasma-cupped ground in a helical antenna with
identical dimensions as the antenna presented in the previous section are studied. In
Figure 5, the radiation gain of the antenna for the two plasma frequencies f;,; = 3 GHz
and f;,; = 30 GHz is plotted. The results are also compared to the radiation gain of the
helical antenna with a metallic planar ground as well as the gain of the antenna with
metallic-cupped ground. As shown in this figure, the gain of the first plasma-cupped
antenna shows no improvement with respect to the gain of the helical antenna with a
planar ground. This is because the conductivity of the plasma cup with the plasma
frequency f,1 = 3 GHz is not adequate to act as a good reflector. In contrast, for the
higher plasma frequency of f,,; = 30 GHz, the plasma behaves nearly the same as a
metallic cup, leading to improved gain. In short, the simulation results show that the
metallic reflector can be replaced with the plasma reflector if the plasma frequency for
the plasma reflector is properly chosen.

Gain (dB)

= =Metallic Cupped Ground
15t :xx= Plasma Cupped Ground (fé] =3.18 GHz)

—==Plasma Cupped Ground (fpz =30.18 GHz)

20 40 60 80 100 120 140 160 180
0 (Degrees)

Figure 5.
Simulated radiation gain of a cup-helix antenna with different cup materials compared to a conventional flat-
bottom helix antenna.
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It is worth noting that achieving a uniform plasma surface is demanding and
expensive. However, an array of plasma columns dense enough to form the cup-
shaped bottom 10 can be used. For this purpose, taking into account the various types
of commercially available plasma tubes. In this study, a compact U-shaped fluorescent
lamp (CFL) is used to implement the plasma reflector. An array of 25 CFLs arranged
in a circle around the helix is used, as shown in Figure 6a. As shown in Figure 6b, the
actual size of commercial type CFL is considered in this investigation for the geomet-
ric scales of the reflectors. In this study, the height of each CFL from the ground plane
is 160 mm while its diameter is 14.7 mm leaving a 1.6 mm space gap between the
columns of the CFL.

Using this configuration, variations of the number and arrangement of the acti-
vated CFL reflectors shape the beam profile of the radiated wave. For the beamwidth
adjustment, three configurations are studied in this investigation. The first configura-
tion is called the all-off state, with all CFLs off (), the second configuration with 12
alternate CFLs; on (), and the final configuration with the all-on state. All elements
are known to be on ()

For simulation purposes, the plasma frequency and collision frequency of the CFL
are assumed to be w = 14 x 10 rad/s and v = 400 MHz, respectively. Also, his
commercially available CFL tube components are modeled as Pyrex with a dielectric
constant of 4.82. and 0.5mm thick. Additionally, inactive CFL tubes are only simu-
lated as empty U-shaped Pyrex tubes. For simulation purposes, a loss factor tand =
0.069 at the operating frequency f = 927 MHz is considered. As already mentioned,
plasma medium losses are higher than conventional conductors. However, since the
plasma element is used as a reflector rather than the antenna’s main radiator, the
performance of the antenna is not degraded. However, some of the physical parame-
ters of the plasma, such as pressure, can be used to further reduce the effects of
plasma leakage [45].

Figure 7 shows the simulated antenna radiation gain for the three configurations.
As shown in this figure, a relatively narrow radiated beam, which is around 37’,
exactly the same as the radiated beam of the helical antenna with no reflector, belongs
to the All-OFF state, while a wider beam and a lower gain are achieved by the 12
alternatively turned-on. Increasing the number of activated CFLs makes the beam

| 147 cm

0.16 cm

18 cm

<>

Y

(@) (b)

Figure 6.
(a). Geometry configuration of a plasma-cupped-ground helical antenna based on the CFL reflectors. (b).
Geometry of the reflective CFL elements.
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Figure 7.
Simulated radiation gain of the cupped ground helical antenna using plasma reflectors.

even wider and it covers a wider space angle. Therefore, the widest beam, which is
around 50.3", is observed at the direction of the end-fire when all the CFLs are
activated and as expected, the gain adversely decreases from 12.5 dBi for the All-OFF
state to 9.21 dBi for the All-ON state. In short, as shown in Figure 8, due to the
diffraction of electromagnetic waves, when a higher number of plasma reflectors is
activated, the radiation gain decreases.

Another desirable characteristic of the plasma-cupped-ground helical antenna is
that by unsymmetrical activation of a group of neighboring CFLs the main radiation
lobe of the antenna can be steered. The radiation patterns of the antenna for two
configurations, including the case in which half of the adjacent reflectors (i.e., a half-
cylinder) on the right side are turned ON and the CFLs in the left half cylinder are
turned OFF, and also the case with its complementary configuration, in which the
CFLs in the right half cylinder are turned OFF and those in the left half cylinder are
turned ON, are compared and the results are shown in Figure 9. The figure clearly
shows that the beam of the antenna can be steered by +6° electrically by this method.
Note that the beam steering in a three-dimensional space around the end-fire direc-
tion of the antenna can be performed by activating a half cylinder of CFL array, while
the height and radius of the cup change the scanning angle. Although the dimensions
of the commercially available plasma tubes used in this study enforce the height of the
plasma cup, in practical applications customized plasma tubes can be used to bypass
the barrier of steering angle.

In short, through full-wave electromagnetic simulations it is demonstrated that,
using a dense array of plasma CFLs instead of a metallic cup, the radiated beamwidth
of a helical antenna can be electrically controlled, while its direction has the potential
to be steered in the space.

55

W
=1

~
w
HPBW (Degrees)

Gain (dB)

0
s
=}

0 5 10 15 20 25
Number of Activated Plasma Reflectors

Figure 8.

Variations of the simulated radiation gain and HPBW of the cupped ground helical antenna versus the number of
symmetrically excited plasma reflectors.
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Figure 9.
Simulation results of the steered radiation pattern of the helical antenna using activation of the half number of
CFLs.

3.1.3 Realization of the antenna and measurement results

The details of the realization and experimental validation of the plasma-cupped-
ground helical antenna are devoted in this section. To this end, a prototype of the
antenna is implemented and a comparison between simulated and measured results is
presented.

By assembling the main body of the helical antenna and the plasma CFLs on a
circular ground structure, as shown in Figure 10a and b, a prototype of the proposed
antenna is realized. In this structure, each CFL is supplied by an electrical ballast
which is connected to a relay. The states of each relay are controlled independently by
a microcontroller board and as a result, every single CFL can be switched ON or OFF
independently to control the radiation beamwidth or to steer the radiated beam
toward the desired direction. The block diagram of the details of the reflector struc-
ture, including the CFLs and controlling electronic devices, is shown in Figure 10c.

Measurements are performed in an anechoic chamber with peak gain accuracy
better than 0.5 dBi within the operating frequency range of the antenna. A compari-
son of simulated and measured antenna radiation gains for various plasma reflector
configurations is shown in Figure 11. The measured gain and HPBW in the fully off
state are 12.2 dBi and 420, respectively, slightly wider than the simulated HPBW in
this state. The measured gains for the all-element active and 13 alternately active
configurations are 9.18 and 10.07 dBi, respectively, and the HPBW are 51.50 and
42.40, respectively. In short, the good agreement between the simulation and

—

“4— Transformer -€— Relay -<—

—

-4— Transformer -<€— Relay --—

IS[[OIJUODOIDTN]

[} .
[ ] L ]
Transformer <— Relay --—

©

Figure 10.
(a), (b) Fabricated antenna, (c) Block diagram of the details of the structure of the showing antenna.
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Figure 11.

Comparison of simulated and measuved radiation gains of a plasma dish antenna at a frequency of 927 MHz for
various configurations: (a) all CFLs active; (b) all CFLs are deactivated; (c) CFL is activated alternately; and (d)
half of the adjacent CFL becomes active.

measurement results of the configuration confirms the simulation results related to
the proposed method of electronic control of the antenna beamwidth. In total, 25 CFLs
(odd number of CFLs) are used in this study to fully cover the cup bottom situation.
Therefore, this mode is not a completely symmetrical configuration because alternat-
ing CFL activations leave two adjacent CFLs both activated (or deactivated). There-
fore, some asymmetry in the radiation gain is expected. The time required to change
the width or direction of the radiation beam depends only on the plasma decay time.
This is about a few microseconds.

To experimentally verify the beam-steering capability of the proposed antenna, only
12 CFLs on one side of the bottom of the plasma cup are turned on and the remaining
CFLs are turned off. The measured gain, in this case, is about 11.07 dBi at 960, which
matches very well with the simulated gain of 11.10 dBi, as shown in Figure 11d. In
summary, the proposed technique for steering the beam and controlling the beamwidth
using plasma reflectors is validated both numerically and experimentally.

3.1.4 Application of a half-cup plasma veflector for beam steering

An investigation on the effects of the dimensions of a half-cup plasma reflector,
including its height HC and diameter DC, on the radiation characteristics of the helical
antenna to control its steering angle will be presented in this section [46].

4. The effect of the diameter of the half-cup plasma reflector

To investigate the effect of the diameter of the half-cup D¢ on the radiation
characteristics of the antenna, a parametric study is conducted in this section. In this
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Figure 12.
Radiation characteristics of the plasma half-cupped-helical antenna with a diameter of the cup at Hc = 0.5 : (a)
gain, (b) half-power beamwidth (HPBW), (c) axial ratio (AR), and (d) main lobe direction (MLD).

study, the diameter of the half-cup is changed between D¢ = 0.6 A and D¢ =1.4 A,
while its height is fixed at H¢ = 0.5 A. Figure 12 shows the simulated radiation
characteristics of the antenna for different values of D¢. As shown in this figure,
increasing the diameter of the half-cup reflector increases the gain while decreases the
HPBW and AR of the antenna. Moreover, variations of D also change the direction of
the radiated beam. The figure shows that for small diameters of the half-cup reflector,
e.g., D¢ < 0.7 in Figure 12c, the polarization of the antenna is not circular because the
AR is greater than 3dB. Furthermore, as shown in Figure 12d, for small values of Dg,
the direction of the main beam is greater than 90°, i.e., the radiated beam is tilted
toward the plasma half-cup. In contrast, further increasing the diameter of the half-

(a) (b)

Figure 13.
Simulated radiation pattern of the plasma half-cupped-helical antenna at He = 0.5 A when: (a) D¢ = 0.6 A, (b)
De=1.4 A

11



Plasma Science - Recent Advances, New Perspectives and Applications

cup to the greater diameters than 0.7 A, changes the direction of the main beam to the
opposite side with respect to the half-cup, i.e., to angles smaller than 90 degrees.
Based on these graphs, an optimum diameter of around 1.0 A for the half-cup is also
observed to achieve the maximum gain of 12.2 dBi with the circular polarization,
while the beam is steered to 85°. In short, altering the diameter of the half-cup
controls the direction of the main beam of the helical antenna, as shown in 3D
radiation plots in Figure 13 for two different diameters of the half-cup plasma reflec-
tor at Hc = 0.5 .

5. The effect of the height of the half-cup

Based on the results presented in the previous section, to compromise between a
higher radiation gain and a lower AR for the antenna, a diameter of D¢ = 1.0 A is
considered as the diameter of the half-cup in this section. By fixing D, the height of
the half-cup plasma reflector (H¢) controls the physical shape of the half-cup. Thus, a
parametric study is presented in this section based on the variation of Hc. The
numerical results of the radiation characteristics of the antenna versus H¢, when it
changes between H¢ = 0 and H¢ = 1.5 A, are shown in Figure 14. The graphs clearly
show that Hc changes all the radiation characteristics of the antenna. Specifically, the
figure shows that for heights of smaller than 0.7 A (H¢ < 0.7 A) the polarization of the
antenna is circular (AR < 3 dB), and the maximum gain is achieved when H¢c % 0, i.e.
when there is no conductor reflector around the helix. The figures also show that
increasing Hc from H¢ = 0 to H¢ = 0.7 A decreases the radiation gain while steers the
beam of the antenna from end-fire (i.e., 0 = 90°) to 6 = 84° in the opposite direction of
the half-cup. Further increasing the H¢ from 0.7 A, increases the steering angle of the

13
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Figure 14.
Simulated radiation chavacteristics of the half-cupped-plasma antenna with a height of the cup at D¢ = 1.0 A: (a)
gain, (b) HPBW, (c) AR, and (d) MLD.
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Figure 15.
Radiation of the half-cup plasma antenna with D¢ = 1.0 Awhen: (a) Hc = 0.0 A, (b) Hc =1.25 A

main beam up to 6 = 80°. However, the polarization of the antenna is not circular in
this case. To have a better insight, 3-D radiation plots of the antenna for two special
cases of Hg = 0.0 A and H¢ = 1.5 A when D¢ = 1.0 A are shown in Figure 15.

In summary, from these graphs, it can be concluded that increasing the height of
the half-cup steers the radiated beam of the helical antenna which is the target of this
study. However, an appropriate selection of the height of the cup is required to
achieve the maximum steering angle while maintaining the circular polarization using
a half-cup plasma reflector around the helical antenna.

5.1 Summary

Dynamic beamwidth control and beam steering using plasma technology for the
radiation beam of axial mode helical antennas is proposed. It has been shown that a
circular array of plasma CFLs around the helical antenna controls electronically the
direction and width of the radiated beam of the antenna. Fabrication of prototypes of
the proposed structure and measurements of the radiation properties of various con-
figurations of plasma reflectors confirmed the concept and computational results. The
proposed antenna can be considered as a cost-effective solution for scanning and
finding the target in certain applications related to space communications and radar
systems.

5.2 Plasma helicone antenna

As previously mentioned in Section 3.1, an efficient technique to improve the
radiation characteristics of a conventional axial mode helical antenna is shaping the
ground conductor [40-44]. Some papers proposed a truncated conical reflector
around an axial-mode helical antenna, known as a helicone antenna, in order to
enhance its radiation gain, up to 5 dB, and also to minimize the side-lobe levels of
helical antennas [42, 47, 48]. To compromise between the maximum radiation gain
and minimum physical dimensions of the antenna, the optimal dimensions of the
conical ground plane of the antenna have been presented in [42]. This antenna has
applications in many communication systems where high radiation gain is desirable,
including tracking and space communication systems.

13
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Generally, a helicone antenna covers an area with a certain footprint. When the
location of the target is known, a high-gain antenna will be preferred and this
approach may be effective. However, when the location of the target is inaccurate,
misalignment loss, especially in space applications, may be very high. In this case, if
the beamwidth of the antenna in the ground station can be varied, even with less
radiation gain, an alternate approach may be used. Using auto-tracking antenna ped-
estals is one method to address this issue. However, controlling the beamwidth of the
ground station antenna is an alternative elegant method so that in normal conditions
the antenna is adjusted to have its maximum gain, and when the target is lost, to find
its accurate position its beamwidth is increased. For instance, to cover a relatively
wide area, a conventional helical antenna with a relatively wide beamwidth can be
used, and after receiving some information from the target, it can be reconfigured to
have a narrower beamwidth (and as a result higher gain). The required
reconfiguration from an antenna with a wider HPBW to an antenna with a higher gain
is possible if the truncated conical ground of the antenna can be electrically switched
ON and OFF or its dimension can be altered.

Although there are different techniques for controlling the beamwidth of a single
antenna [49-52], it is critical that the selected technique minimizes the complexity of
the hardware and software designs and as a result and reduces the costs associated
with such an antenna. The aim of this study is to demonstrate a truncated conical
plasma reflector around a conventional axial mode helical antenna as an efficient and
relatively low-cost method to enhance the radiation gain and control HPBW of a
helical antenna. It will be shown that there will be two radiation modes for the
proposed antenna, namely, a narrow beam mode with higher radiation gain and a
wide beam mode with lower radiation gain. To verify the performance of the pro-
posed antenna, the simulation results of the designed antenna in terms of radiation
gain and HPBW are presented. The results show that there are two different operating
modes based on the state of the plasma. In the first mode, the plasma reflectors are
switched OFF and the proposed structure acts as a conventional helical antenna, and
in the second mode, the plasma reflectors are switched ON and the structure acts as a
helical antenna with a truncated conical plasma reflector. As expected, in the second
mode, the radiation gain is higher than the gain in the first mode. For the realization of
the proposed structure, it is important to consider the feasibility, level of complexity,
and the costs associated with the implementation. Thus, based on these consider-
ations, different techniques for the implementation are analyzed and the best
structure in terms of ease of fabrication is selected.

5.2.1 The basic structure of a helicone antenna

Figure 16 illustrates the structure of the helicone antenna which is composed of a
conventional axial-mode helical antenna with a truncated conical ground. In this
figure, D, C, @, N, and L are, respectively, the diameter, the circumference, the pitch
angle, the number of turns, and the length of the helical section of the antenna. For
the truncated conical section, D1, D,, 3, and H are, respectively, the inner diameter,
the outer diameter, the angle, and the height. The operating frequency of the
antenna is 1280 MHz. At this frequency, the dimensions of the helical section of the
antenna are D = 8.4 cm, C = 1.12 A, a =11.35°, N = 5, and L ~ 26.49 cm. Considering a
circular ground plane with the radius of D, = 1.5 D for the designed helical antenna,
which is used as a reference in this study, the simulated radiation gain and beamwidth
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Figure 16.
(a) The structure of a conventional helicone antenna, (b) an illustration of the antenna.

are, respectively, G = 12.6 dBi and HPBW = 40.6° while the direction of the main
beam of the helix is in the end-fire direction at 6= 90°.

Based on the study presented in [42], the optimum dimensions of the truncated
conical ground section for the maximum gain are D; = 1.1, H = 0.6 A, and f =45°,
which for the operating frequency of 1280 MHz, D, = 25.78 cm, and H = 14.06 cm. For
the optimized helicone antenna, the simulated radiation gain and beamwidth are,
respectively, G = 15 dBi and HPBW = 31.7° in the end-fire direction, while the
polarization of the antenna is still circular. So, around 19% enhancement in the
radiation gain of the optimized helicone antenna with respect to a circular ground
plane helical antenna is observed while, as expected, the HPBW of the antenna has
proportionally decreased.

5.2.2 A helicone antenna using plasma conical ground

In this section, a helicone antenna using a truncated conical ground of the plasma
material is analyzed numerically. Here, the plasma and collision frequencies are,
respectively, w, = 14 x10'° rad/s and v = 400 MHz, the height of the cone is 0.6 % and
its angle is 45°. The simulation results show a gain of G = 15.3 dBi and beamwidth of
HPBW = 31.2° for the antenna, which proves that the performance of the plasma
conical ground is similar to the performance of the metallic conical ground. Moreover,
it is clear that by switching OFF the plasma section, the radiation gain and beamwidth
of the antenna, just like a single helical antenna, are, respectively, G = 12.6 dBi and
HPBW = 40.6°, as shown in Figure 17. So, the helical antenna with plasma conical
ground is capable of switching between two different radiation patterns, by switching
the plasma conical ground ON and OFF. When the plasma conical ground is switched

20
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Figure 17.
The simulated radiation gain of the helicone antenna using a plasma conical veflector.
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ON, a helicone antenna is achieved which benefits from a higher radiation gain (or
narrower beamwidth) and when the plasma reflector is switched OFF a helical
antenna is achieved with lower radiation gain (or wider beamwidth).

5.2.3 The implementation of the plasma helicone antenna

Numerical results presented in the previous section show that a truncated conical
plasma reflector provides a switchable beamwidth (or gain) for the helical antenna. In
practice, the realization of the homogenous conical section by plasma material is not
straightforward. So, the aim of this section is to analyze different conical structures
based on the commercial fluorescent lamps for the realization of the plasma conical
reflector. To this end, different structures are analyzed and their performances are
evaluated.

5.2.4 Plasma helicone antenna based on the U-shaped compact fluovescent lamps

As the first method for the realization of the plasma helicone antenna, as shown in
Figure 18, a sufficiently dense array of U-shaped CFLs are arranged in a conical
structure. The dimensions of a U-shaped CFL has been shown in Figure 6b. The
number of CFLs in the structure is selected based on the circumference of the bottom
face of the cone so that a dense array of CFLs covers this face. The length of each CFL
is 18 cm from the circular ground and the diameter of each CFL column is 14.7 mm,
while a 1.6 mm space gap is between the columns. So, to form the truncated conical
reflector, 19 CFLs are arranged at the bottom face of the cone. The angle between the
ground plane and each CFL is 45°. Note that the packaging of the commercial off-the-
shelf CFLs is such that small space gaps between adjacent elements are inevitable. It is
clearly observed in the figure that the distance between the CFLs in the larger diam-
eter of the cone (i.e. D;) is not possible to be ignored. So, discrepancies between the
performance of the conical-shaped homogenous plasma reflector and the conical
reflector using U-shaped CFLs are expected. The simulated radiation gain and
beamwidth of the plasma helicone antenna with based on the proposed structure are G
= 12.8 dBi and HPBW = 37.8° compared to G =12.6 dBi and HPBW = 30.6° for the
helical reference antenna (without the conical ground). This structure shows less than
2% improvement in the radiation gain of the antenna, while the total power con-
sumption of the antenna is 342 W.

5.2.5 Plasma helicone antenna based on the fluorescent tubes

In this case, 45 commercial conventional fluorescent lamps are arranged in a
conical shape to form the reflector, as shown in Figure 19. The diameter and length of

Figure 18.
The structure of the helicone antenna using U-Shaped CFLs.
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Figure 19.

The structuve of the helicone antenna using commercial fluorescent lamps.

the fluorescent lamps are 1.5 cm and 18 cm, respectively. The plasma and collision
frequencies are, respectively, w, = 14 x10'® rad/s and v = 400 MHz for each lamp.
Since the power consumption of each lamp is 6 W, the total power consumption of
this structure is 270 W. The simulated radiation gain and HPBW of the helicone
antenna based on this structure are, respectively, G = 13.1 dBi and HPBW = 37° when
all the lamps are excited. This shows a 3% improvement in the radiation gain with
respect to the reference helical antenna. It seems that this structure is also inefficient
because the distance between the plasma elements in the upper section of the conical
reflector is large.

5.2.6 Plasma helicone antenna based on the combination of U-shaped CFLs and fluorescent
lamps

In order to improve the radiation gain of the plasma helicone antenna, a new
version of the truncated conical reflector is proposed here based on the combination
of the U-shaped CFLs and cylindrical fluorescent lamps. In this structure, 19 U-shaped
CFLs are arranged in the structure shown in Figure 18, while 19 fluorescent lamps are
also inserted between them from the upper side of the cone, as shown in Figure 20.
The holder of the fluorescent tubes is made from Teflon. The simulated radiation gain
and beamwidth of this structure are, respectively, G = 14.7 dBi and HPBW = 30°,
which around 17% enhancement in the gain is observed with respect to the reference
helical antenna. The power consumption of this structure is around 459 W.

5.2.7 Plasma helicone antenna based on a spiral plasma tube

As another alternative for the implementation of the conical ground in the helicone
antenna, the effects of a spiral plasma lamp are also investigated. A view of the

Figure 20.
3-D view of a helicone antenna based on the combination of fluovescent lamps and U-shaped CFLs.
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proposed structure is shown in Figure 21. The diameter and thickness of the spiral
plasma tube are, respectively, 1 cm 0.1 cm while the tube material is Pyrex. To form
the conical plasma section, around 17 turns of the plasma tube are wrapped in this
study. The plasma and collision frequencies are around w, = 14 x10™ rad/s and v =
400 MHz in the column. The simulated radiation gain and beamwidth of this antenna
are around G = 14.6 dBi and HPBW = 33.9°, respectively. Around 16% enhancement
with respect to the reference helical antenna is observed in the radiation gain using
this structure which is similar to the enhancement of the radiation gain in the previous
case in which a combination of fluorescent lamps and U-shaped CFLs are used for the
implementation of the conical section. A comparison between the simulated gain of
the helical antenna using proposed plasma reflectors in the two last cases with the gain
of the reference helical and helicone antennas is shown in Figure 22.

5.2.8 Reconfigurable slotted cylindrical waveguide and coaxial array plasma antenna

Slotted waveguide antennas have been studied in the literature for many years
[53-59]. A number of papers [60-64] have proposed plasma-filled waveguides for
mode modification or as protection against high-power electromagnetic waves. In this
study, the waveguide is partially filled with plasma. In this section, we propose a
reconfigurable cylindrical slotted waveguide antenna coupled to a plasma tube, and
study the radiation pattern, gain, S-parameters, and we present simulation and
experimental results related to efficiency and performance. This antenna system
offers him two modes of operation depending on the plasma conditions. 1) the wave-
guide mode, which is active when the plasma is off, and 2) the coaxial mode, when the
plasma is on. Performance of the reconfigurable system is observed in terms of
reflection coefficient, maximum realizable gain, radiation pattern, and overall effi-
ciency. Slotted waveguide antennas have been studied in the literature for many years

Figure 21.
The structure of the helicone antenna using conical spiral plasma lighting tubes.
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Figure 22.
The simulated radiation gain of the helicone antenna for different cases.
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[53-59]. A number of papers [60-64] have proposed plasma-filled waveguides for
mode modification or as protection against high-power electromagnetic waves. In this
study, the waveguide is partially filled with plasma. In this section, we propose a
reconfigurable cylindrical slotted waveguide antenna coupled to a plasma tube, and
study the radiation pattern, gain, S-parameters, and We present simulation and
experimental results related to efficiency and performance. This antenna system
offers her two modes of operation depending on the plasma conditions. 1) the wave-
guide mode, which is active when the plasma is off, and 2) the coaxial mode, when the
plasma is on. Performance of the reconfigurable system is observed in terms of
reflection coefficient, maximum realizable gain, radiation pattern, and overall effi-
ciency.

5.3 Modeling and simulation

The shape of the waveguide is shown in Figure 23. The diameter and length of the
metal tube are 70 mm and 620 mm, respectively. A plasma tube, which is a commer-
cially available fluorescent lamp, is inserted into the metal tube (see Figure 24a and
b). The height and diameter of the lamp are 590 mm and 26 mm, respectively. The
feed system consists of a metal ring surrounding both ends of the lamp and a coaxial
cable (see Figure 24a) attached to this metal ring to provide the RF signal. The
realized prototype is shown in Figure 24b. In this study, CST Microwave Studio is
used for simulation. The gas-containing tube consists of glossy glass with er = 4.82, tan
d = 0.005 and a thickness of 0.5 mm. The plasma follows the Drude model [65, 66]

Metallic Ring

Cylindre
de §70

Coaxial cable

Figure 23.
Antenna shape.

Figure 24.
Realized models. (a) Feeding lamp. (b) Realized waveguide.
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defined by two parameters: plasma angular frequency op = 43.9823x109 rad/s and
electron neutral collision frequency v = 900 MHz.

5.4 Results and discussion
5.4.1 Plasma waveguide antenna

First, we investigate the S-parameters of the antenna and examine the behavior of
the metal tube depending on the plasma state. Figure 25 shows simulated S11 and S21
of the proposed structure for both plasma off and plasma on cases. Note that when the
plasma is turned off, we expect a conventional waveguide with a cutoff frequency of
about 2.5 GHz, as shown in Figure 25a. However, when the plasma is on, the coaxial
conductor appears with stronger absorption around 4 GHz, as shown in Figure 25b.

In order to validate the simulation results, S21 measurements were carried out in
cases of plasma activation and deactivation, as shown in Figure 26. Simulations and
measurements agree, but the observed loss is more significant. Plasma OFF curves
indicate low-frequency lamps, possibly due to prototype and delivery system
manufacturing.

5.4.2 Slotted waveguide antenna

Now, to use the metal tube as an antenna, make 12 small slits (Is = 40mm, ws =
5mm) in the surface of the tube, as shown in Figure 27. The distance between the slots

. =
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Figure 25.
Simulated S11 and S21 magnitude. (a) Plasma is OFF. (b) Plasma is ON.
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Figure 26.
Measured S21 magnitude when the plasma is OFF and ON.
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Figure 27.

Slotted waveguide geometry, small slot for 4 GHz antenna (Is = 40 mm, ws = 5 mm) and large slot for 1 GHz
antenna (Is = 150 mm, ws = 5 mm).
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Figure 28.
Simulated sizes of S11 and S21 for slot antennas. (a) Plasma is off. (b) Plasma is on.

is M2 to 4 GHz (40 mm), so the antenna radiates up to 4 GHz with the plasma turned
off. It also has four large slots (Is = 150 mm, ws = 5 mm) and a slot spacing of A/2 at 1
GHz (150 mm). The antenna operates at 1 GHz when the plasma is on.

Figure 28 shows the S11 and S21 simulations of the slotted antenna both when the
plasma is off (Figure 28a) and on (Figure 28b). The match around 4GHz is -40dB
and the S21 is -10dB. This means that most of the power is radiated resulting in good
gain and efficiency. By turning on the plasma, the 1 GHz match due to the waveguide
to coaxial line conversion is -20 dB and S21 is about -20 dB. In this case, a 4-element
array provides good gain and efficiency.

A radiation pattern is shown in Figure 2 to demonstrate the reconfigurable capa-
bility of this antenna system. Figure 29a and 29b show simulated E-plane radiation
patterns for 4 GHz frequency when plasma is off and 1 GHz frequency when plasma is
on, respectively. In the two simulation results, each radiation pattern is normalized to

E-plane($=90)

E-plane(¢=90)

Figure 29.
Normalized H-plane radiation pattern. (a) 4 GHz with the plasma turned off. (b) 1 GHz with plasma ON.
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Figure 30.
Gain of the antenna in plasma OFF and ON cases.

its electric field maximum. The -3 dB simulation bandwidths are 8.1° to 4 GHz and
34.1° to 1 GHz. The antenna is tilted between two frequencies, 120° to 4 GHz and 60°
to 1 GHz. Sidelobe level (SLL) is close to -10dB regardless of configuration.

Figure 30 shows the maximum simulation gain achieved. For plasma shutdown,
the gain is maximum at 4 GHz, 13.27 dBi. In the case of ON, the gain is maximal at 1
GHz and is equivalent to 6.82 dBi. As far as gain is concerned, there isa 40 dB to 1
GHz difference between plasma OFF and plasma ON. The difference of 52 dB to 4
GHz between switched-off plasma and activated plasma. Normally, the antenna is not
expected to operate at 1 GHz because the cut-off frequency is greater than 1 GHz. But
once the lamp is switched on, the waveguide becomes a coaxial line from which to
obtain radiation and gain at 1 GHz. Gain allows evaluation of antenna efficiency. Total
efficiency is 83.4% to 4 GHz (extinguished plasma) and 68.2% to 1 GHz (activated
plasma).

6. Conclusion

In this chapter, several approaches for the dynamic control of the beamwidth and
radiation gain of circular polarized helical antennas based on plasma reflectors have
been presented. The concept and design principles were discussed and confirmed
through complete full-wave simulations. Various achievements of the plasma reflec-
tor, using U-shaped CFLs, commercial fluorescent tubes and conical spiral plasma
tubes have been explored. From the upper and lower side of the cone, the most
effective solution is to replace the metallic truncated conical reflector by a combina-
tion of U-shaped CFLs and commercial fluorescent tubes.

In all cases, we look at the practicalities and costs of implementation.

In the last section, a reconfigurable slot antenna using a plasma tube inside a metal
waveguide was presented. The antenna exhibits reconfigurable radiation patterns at 4
GHz and 1 GHz, depending on the plasma conditions. The main advantage of this
antenna with the plasma on is that it can radiate at 1 GHz while the gain drops off
sharply at 4 GHz frequency.
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