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Abstract

Transformations of scalar and vector quantities from one Cartesian cogr-
dinate system to a shifted Cartesian frame constitute a powerful tool in Jineay
algebra with wide applicability in solving physical problems. In this work, we
employ such coordinate transformations to construct a unified analytical for-
mulation for multi-ring plasma antennas. By expressing the vector and scalar
potentials in systematically shifted Cartesian coordinates, the electromag-
netic fields and radiation impedance of single-ring and multi*ring structures
are derived in closed form. The method clarifies how, radiation resistance
and field distributions depend on ring number, radiiy and vertical displace-
ments, while showing that symmetric arrangements lead to notable mathe-
matical simplifications. Because the framework is built upon generalizable
coordinate transformations, it naturally exténds to a broad class of antenna
geometries composed of repetitive or modular elements. This highlights the
strength of the mathematical approach: ‘many complex antenna configura-
tions become analytically tractable,6ncereformulated through shifted Carte-
sian transformation techniques.
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1. Introduction

A key factor in creating radiation in an antenna is the generation of fluctuations
in the surface and volumetric current densities that occur within the antenna. As
we know, extensive research has recently been conducted on the characteristics of
thin two-dimensional plasma antennas in the shape of circles or straight rods [1-5].
One of the fundamental parameters in antenna studies is the radiation resistance
and the radiation pattern, both of which are highly dependent on the antenna’s
shape, operating frequency, and the materials used in the antenna’s structure[6—
9]. Since the phase and amplitude of the waves received from an antenna are
highly dependent on the geometric shape and the observer’s position, it is evi-
dent that a repetitive and periodic structure of a particular type of antenria can
create an interference process (constructive or destructive interferenee)at the ob-
server’s location[10-13]. In reference[14], the authors examined hewithis approach
is closely related to multilayered planar antennas, as both exploit advanced polar-
ization control and phase manipulation to enhance performance in communication
and signal processing applications. This very aspect can have‘a significant impact
on the radiation impedance of periodic multi-segment{antenna systems. In other
words, the arrangement and number of antennas can’create conditions that opti-
mize or minimize the radiation impedance. Exténsive experimental research has
been conducted on two-dimensional Archimedean antennas and telescopic anten-
nas, demonstrating that these antennas exliibit relatively high radiative power in
specific regions of space[14-17]. In this research, as we will see, by employing trans-
formations in two parallel Cartesian egordinate systems, a generalized relation to
the Cartesian components of physicaljquantities such as the vector potential will
be provided for the far-field régions Tesulting from multi-segment structures used
as antennas. It should be emphasized that one of the main design ideas for plasma
antennas is the development of a thin, three-dimensional plasma antenna in the
form of an Archimedean spiral. The primary motivation for investigating and
constructing a multi-layer Archimedean plasma antenna is to achieve a desirable
energy distribution profile along the antenna’s axis of symmetry, arising from the
constructive superposition of the rings in each layer. Although the current in each
layer is assumed to be in phase, due to the adjustable spacing between the layers,
the fields from each layer travel different wave paths before reaching a point along
the axis. This can lead to the appearance of peak intensity points along the axis.
However, this article does not delve into such tuning details. This paper consists
of four sections, with the ”Introduction” being presented as the first section. The
second section provides a mathematical formalism for the radiation from a thin
three-dimensional plasma antenna shaped in cylindrical coordinates as ' = f(6')
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Figure 1: The positioning of a three-dimensional antenna according tio the equa-
tions ' = f(#’) and 2’ = g(¢’) and the selection of an element on it fofjcalculating
the vector potential component.

and 2z’ = g(#’). This is followed by the derivation of the electric E and magnetic
H fields generated by a circular antenna. Then, usiing the properties of vector
quantity transformations in Cartesian coordinates, & generalization is made. This
generalization applies to the pattern of electric Jand magnetic fields produced by
similar multi-segment structures. The section dlsojexamines strategies for calculat-
ing radiation resistance. Finally, it presents a relation for the radiation pattern of
a multi-ring plasma thin antenna. The third section presents the obtained results.
It also includes diagrams showing chamges in radiation impedance and variations
in the radiation pattern for differenticonfigurations. Finally, the fourth section
provides a summary and conglusion 6f the research conducted in this paper.

2. Formalism for three-dimensional plasma antennas
and their transformations generalization to multi-
segment structures transformations

As Figure 1 illustrates, it is assumed that an alternating current I(t) = i,,e'! with
an angular frequency w is passing through a three-dimensional length element in
cylindrical coordinates, which is part of a thin antenna described by the equations
" = f(0') and 2/ = ¢(0') [18, 19]. The observer is typically located at a point
like 7 in three-dimensional coordinates. The Cartesian components of the vector
potential (specifically just a component, not the entire vector potential) resulting
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from a length element dl’ can simply be derived from the following equation:
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In the above equation, € is a variable, and depending on the range of the curve
r’ = f(0') and 2’ = g(#"), integration will be performed over it [19-21].
Additionally, Ag represents the wavelength corresponding to the operating fre-
quency w of the antenna in free space. In the above equation, r, 8 and ¢ correspond
to the observer’s position and are constant values, while Z, ¢, and 2 ate unit vec-
tors in Cartesian coordinates. Since computing and integrating the@beove relation
is challenging even for simple curves such as a simple circle, approximations can
be made for regions far from the antenna, which are also_suitablefor calculating
the radiation impedance. Here, for far-field regions and longywavelengths where,
Ao >> 1 >> {mazx of v = f(0")) and 2’ = ¢(0')} we can simplify the above
equation for integration more conveniently.
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O = cos(0') dj;l(://) — f(0")sin(9"),
©Y = sin(0") dj;(:/,) + £(0") cos(0"),
. _ dg(6")
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As shown by the set of Equations (1), (2), and (3), as well as the accompanying
relations presented below them, the existence of a phase mismatch between the
time-dependent function of the current source and the time-dependent function
of the vector potential components implicitly originates from the complex nature
of terms such as [¥9 — W3], [PY —iWY], and [¥F — ¢WE]. This is because these
complex expressions contain phase information. Each length element of the thin
antenna is considered as a small current source. Consequently, just as current-
carrying length elements in traditional metallic antennas contribute to generating
the electromagnetic vector potential A, we use the same description for the length
elements in the thin plasma antenna. However, the strategy in this artieleyisidiffer-
ent. It is based on integral formulations and shifted coordinate transfermations. It
focuses only on far-field behavior. Additionally, solving the differential equations
inside the plasma tube (as discussed in the next section) Mas been deliberately
avoided due to the tube’s small thickness. As a result, sueh’ numerical methods
are neither applicable nor helpful in this context. Itymust also be emphasized
that in these numerical methods, knowledge of near-fieldydata is essential. Since
the main objective of this article is to estimate theTadiation impedance and the
far-field radiation pattern and because radiationjiinpedance is inherently linked to
the far-field approximation using direct integration methods offers a simpler and
more reliable approach. This is especially trme*if the asymptotic behavior of the
vector potential functions is properly conSidered in the integrals.

By performing calculations for a citcular antenna with radius ag described by
the equation v’ = ag and 2’ = ¢(0')= 0"each of the Cartesian components of the
vector potential under the condition”Ag >> r >> {max of v = f(¢') and 2’ =
g(0")}, will be obtained as follows/denoted here as the single ring representation

single ring _ _,uoima(% . . . f
A3 (z,y,z,a0,t) = o sin(y) sin(#) 4 cos |w(t )
r c

f%sin {w(tf f)} } (4)

single rin MOima% . r
Ay 9(x,y, z,a9,t) = e cos(¢p) sin(6) {cos [w(t - 7)}
r

7% sin {w(tf g)}} (5)

Figure 2 shows a schematic approximation upon which the calculations are based.
As illustrated in Figure 2, the maximum occupied dimensions of the antenna are
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The maximum occupied
dimensions of the antenna
—

Figure 2: An overview for comparing the antenna dimensions, the observer’s
distance, and the operating wavelength of the antenna.

significantly smaller than the distance of the observer from the cefiter of the an-
tenna (r). Meanwhile, the system radiates a wavelength that.s both greater than
the distance to the observer and substantially larger than the occupied dimensions
of the antenna. Under the assumption

Ao > 1> max{f(¢), g(60 )13

the phase term in the exponential and the denominator of the Green’s function can
be expanded in powers of %9/) and %9/). By xetaining only the leading-order terms
proportional to 1/r and neglecting higherrordet contributions, the integral form of
the vector potential reduces to a tractable expression. For further details on how
to obtain the Cartesian components.of'the vector potential, and subsequently the
electromagnetic scalar potentiagl*function, readers are referred to [20, 21]. In these
references, the procedure for{calculating the electric and magnetic fields within
the approximation presented ab6ve is also provided. This approximation directly
leads to the simplified closed-form results for a circular ring antenna, as given in
Equations (4) and (5) [20, 21]. In Equations (4) and (5), each of the coordinates
r,6 and ¢ for the observer in spherical polar coordinates relates to the Cartesian
coordinates of the same point, x,y, and z in the following way:

r= ($2 +y2 _’_22)1/27 (6)
' 22 4 42 1/2
sm(9) = |:CU2+Z/2+22:| ) (7)

sin(yp) = W, (8)



Mathematics Interdisciplinary Research x (x) (202x) zz — zx 7
e e e

cos(p) = W (9)

One of the advantages of obtaining the components of physical quantities in
the Cartesian coordinate system is the ease of applying the superposition principle
in this coordinate system. As illustrated in Figure 3-A, if we intend to determine
the Cartesian components of the vector potential resulting from two parallel rings
in the XYZ coordinates, this can be achieved as described below. In Figure 3-A,
a ring in the first level with radius a;is located at a distance d; from the XOY
plane, which we consider as the ground plane. By appropriately choosing a shifted
coordinate system x1, y1, 21 and specifying the observer’s position relative to these
new coordinates, denoted as r_f, we will be able to estimate the components of
the vector potential resulting from this new ring located in the ground plane with
respect to the x1,¥y1, 21 coordinates. As a result, we have:

i7)’La2 . . T
A, 21, a1,) = =35 sin(o)) sin(0) { cos [w(t - ]
T(l) C

—”2“ sin [w(t — “2)) 1, (10)

c

ima? . T
A (x1,91, 21,01, 1) = ,uz o cos(¢(1)) sin(61)) {COS [‘U(t - ﬂ)}
7'(1) C

1w r
WY g [w(t - ﬂ)} } (11)
c

In Equations (10) and (11), the observer’s position'Telative to the primed spher-
ical coordinates is specified, and its relation to the Cartesian coordinates x1, ¥y
and z; for the same point in the same shiftéd”¢coordinate system is defined by the
following set of equations:

2, .2, aife i+t e
T = (z1 +y1 +21) 5, s1n(0(1)) = [332 F 2+ 22} ) (12)
1Y +2
. U z1
sin(p(1)) = e cos(p(1y) = CEYIIE (13)

Certainly, by employing a series of simple coordinate transformations from the
primed coordinate system to the unprimed one, and considering that in Cartesian
coordinate systems that are merely shifted in parallel, the unit vectors of the coor-
dinate axes do not change, we can express the potential relationship resulting from
two rings in terms of the observer’s spatial coordinates relative to the unprimed
coordinates. As a result, we would have:

%
d1+771)>:7:>x1:x, y1 =1y, 21 =2z—dj,

Aguble rings(,r,’ t) _ Aiingle 7"1'71_(]($7y7 2, ao,t)
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+A;ingle m'ng(x7 Y,z — d17 ay, t)’
Azuble M‘ngs(r’ t) _ Azingle ring(x, Y, 2, ao, t)
+ Azingle ring (1‘, Y,z — d17 ag, t) (14)

In other words, the above equations provide a suitable tool for calculating the
components of the vector potential resulting from a multi-rings system (Figure 3-
A) arranged in parallel with specified distances d; from the ground ring. Below,
we observe the presentation of these equations for such a system including m rings.

Amulty rings(,r, t) — Asingle ring(,r, ao,t)
X T

m
+ Z Aiingle ring (T(n)7 s Oy P, t),

n=1

A;n,ulty rings(r, t) — Azingle ring(,r, Clo,t)

=3 AT T G t), (15)

n=1

9 N 1/2
(a2 2 21/2 o _ TS
T(n) = (CE Ty + (Z - dn) ) / ) Sln(en) ) i y2 + (z _ dn)Q !
sin(¢p) = & = 4 .
@+~ @R

A set of Equations given in (15) is presented/forta total of m parallel rings, as
depicted in Figure 3-B, where the distance ofseaeh rings from the ground is d,, and
their corresponding radii are a,,, relative totheplane on which each ring is situated.
As we know, the backbone and validity*of\the superposition principle for physical
quantities for an observer is the linearityyof the differential equation obeyed by that
quantity [20, 21]. This is trué for, beth vector potential A and electromagnetic
scalar potential ®. According, to/the Lorentz’s gauge for electromagnetic wave
radiation, it is easy to obtain the electromagnetic scalar potential ® from the
divergence and integration of the vector potential, as follows:

B (x,y, 2,1)"Y TS = / [ ap A T 2,y 2, )
¢
9 multy rings / /
+8—yAy Yrngs gy, z,t') | dt’. (16)

Ultimately, each of the equations for the electric field E and the magnetic field
H can be derived from the following well-known relationships, and we have:

E({E,y, Z’t)multy rings _ —ﬁ(l@?ﬁ Zyt)multy rings
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Figure 3: (A): Configuration and arrangement of two parallel circular antennas
in Sj-marked and S-marked coordinate systems. (B): The positioning of multiple
circular antennas on the ground floor, first floor, second floor, and third floor, and
the arrangement and order of their geometric characteristics.

o .
— Ay rings (g 2 p), (17)
ot
ﬁ(x’:% Z7t)multy rings _ 7? % Zmulty rings ({E7y, Z,t) (18)
Ho

Here, it is time to take the first step in simulating a multi-fing’system. Initially, in
the approximations provided in Equations (4) and (5) above, wé obtain the electric
and magnetic fields of a single ring, which can serve as%a, generator function for
multi-ring systems. As a result, we have:

s 202
Esmgle "I (r, ag,t) = “imAo §in(A) cos {w(t - 7)} X
c

4eoc3y
[— sin(p)d& Hyeos(¢)7], (19)

) ) g 2, .2
Hoingte ring (. 0.y & Z’Z‘C‘gf sin(9) cos [w(t — )] x

[cos () cos(P)Z + cos(f) sin(p)y — sin(h)Z] . (20)

For Equations (19) and (20), the same approximation has been applied. This
allows for a simplified evaluation of the expressions while retaining the essential
physical behavior. A more detailed derivation, including the step-by-step applica-
tion of this approximation, is provided in the references [20, 21].

Without a doubt, since the governing differential equations for the electric and
magnetic fields are linear, according to the mentioned discussions, we can infer
the electric and magnetic fields for a system consisting of m layers of circular ring
antennas as follows. However, it should be noted that the following equations are
valid only under approximation Ay >> r >> {max of a, and mazx of d,}:

ﬁmulty rings (7‘, t) _ Bsingle ring (717 ag, t)
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m

+ Z ﬁsingle ring (r(n)a Qn, ena Pny t) (21)

n=1

ﬁmulty rings (T’, t) _ ﬁsingle ring (n ag, t)

Y H T (1 a0, ). (22)

n=1

As mentioned in the previous paragraphs, the only condition for applying the
superposition principle is the linearity of the governing differential equations of
the quantities. Therefore, in order to obtain the Poynting vector S, the only
permissible relationship for its application can be calculated as follows:

?multy rings(r t) — ﬁmulty rmgs(T t) % ﬁmulty m’ngs(r t). (23)

By calculating the flux of the Poynting vector over a mathematical closéd sphere
with radius R and applying the far-field approximation E and H ~ (W) for
each of the magnetic and electric fields, and averaging it over one period, the
average radiated power by a repetitive and regular multi-element,_anténna can be
estimated as follows:

multy rings 1 ’ multy rings multy rings -
(provity rings), = Errutty rings o proglty vings - qq | gy —
0

A
- : g
< gt gt -da> =

t

%j{ |:Emulty rings % Hmulty Tings*:| . CZ; (24)

The vector da = r?cm, sin 0dfdpry it Bguation (24) represents the surface element
vector perpendicular to the far sphete. Additionally, the symbol * denotes the
complex conjugate of the magnetic/field function, which was previously introduced
in Equation (20). As previously mentioned, since a closed mathematical sphere
is considered in the process of calculating the radiation impedance under the far-

field approximation, for each of the parameters such as 7, = (22 + y? + (2 —
2\1/2 : 2 +y° 1/2 (z=dn)? 1/2
)2 sinn) = [y cosOn) = [mgntlap|  and da

that implicitly appear in Equations (21) and (22) and consequently in Equation
(24), we have the following approximation:

sinf,, = dn sin(f) cos(f),  cos(6,) = —= sin?(0) + cos(8), (25)
r r
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exp {Mdn cos(@)} = exp {mdn COS(H)] ~ {1 + @dn cos(0)| . (27)
C )\0 /\0

In the set of Equations (25), (26) and (27), a,, and d,, represent the radius of the
n — th ring located in the n — th layer and the height of the n — th ring from the
zoy plane, respectively and r,, represents the magnitude of the position vector of
the observer relative to the center of the n — th ring in the n — th layer. It should
be noted that the a, values are always positive, whereas the d,, values can be
negative or positive, which the negative values indicating rings located below the
zoy plane. Additionally, it should be noted that in Equation (27), A¢ represents
the wavelength in a vacuum, which corresponds to the operating frequency of the
antenna. The approximation A\g > r > {mazx ofa,,d,} has been made for this
scenario. After applying the proposed approximations and retaining the terms
of the electric and magnetic fields up to the order of (%), we equate the average
radiated power by the antenna with the average power consumed by a linear
resistor R™*? as follows:

1 ; : - 1
5% |:Emulty Tings o Hmulty rzngs*:| .da = iRTadign' (28)

The radiation impedance of this multi-element antenna can be'estimated as follows:

5 m m m
rad _ T o f § 2 2
" ond |37 3 523 +3;;alan
3272 O~ —
15)\QZZala d dl} (29)
0 =1 n=1

In other words, as observed in Equétion (29), the radiation resistance for a
segmented ring antenna, with varyingradii and different heights for each segment,
is a function of the geometric dimengions as well as the wavelength A corresponding
to the antenna’s operating fréquency w.

Equation (29) provides a gemeralized expression for calculating the radiation
resistance of a regular array of ring antennas arranged in parallel layers with
specific spacing and systematically varying radii. It is easily seen that if we wish
to verify Equation (29) for the special case where only a single ring exists in the
system, we simply eliminate all the radii corresponding to rings 1, 2, 3, and so on.
As a result, the well-known relation to the radiation resistance of a single ring can
be derived from it as follows [20, 21]

single ring

4
Rred 307 x 10° (io) , for Ao > ap.
0

Undoubtedly, if we wish to obtain a wavelength-independent radiation resistance
for a single-ring antenna structure to serve as a reference and act as a constant in
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subsequent calculations, the ring radius must be considered as a small fraction of
the wavelength. Here, we have taken ag = (1/50)Ao. In this case, the radiation
resistance of a single-ring will be Rgfrflgle ring = 0.0491 Q. In the following section,
this value will increase for multi-ring systems. An important and noteworthy point
to consider when applying Equation (29) is that if it is used for an antenna system
arranged symmetrically with respect to the XOY plane, the rings placed below
the XOY plane must be assigned negative height values d,, < 0. Equation (29)
consists of four separate terms, with the fourth term representing the coupled
contribution of the antenna ring radii and their placement heights.In the first,
second, and third terms of Equation (29), the ring radii ultimately contribute only
to the fourth power. Since, in the following section, these radii are considered
as multiples of the wavelength, the only wavelength-dependent term is the fourth
term of Equation (29). This term vanishes for configurations in which the number
of rings is symmetric, and the upper and lower rings are exactly identical.

Up to this point in the article, there has been no discussion on how to drive the
antenna current I(t) = i,,e™*, and only in specific approximations, forithe case
where the antenna’s longitudinal elements are very thin, the calculations related
to the radiation impedance were performed and presented, which aresindépendent
of the amplitude of the current i,, passing through the antenna. “Here, to con-
tinue presenting the theoretical formulation for what will be’presented in the next
section, we assume that the multi-ring, multi-layer antenna‘i§ a very thin plasma
antenna tube biased by a high-frequency alternating RE, voltage source. Undoubt-
edly, if we consider the amplitude of the biased RF voltage as V,,, the amplitude
of the current i,, passing through the plasma tube(can be easily estimated from
the following relationship:

0w, Wpeg ) BV,
- 2map w3 2may,

(30)

m

In the above equation, o(w,wpe) is~théyplasma conductivity and A is the cross-
sectional area of the glass tub€ containing the plasma. The entire expression in
the denominator of Equation (30),2mao+>_"" ; 2ma,, is considered equivalent to
the total length of the plasma tube. Since it is assumed that the gas inside the
very thin glass tube is converted into plasma through an AC discharge process
and is constantly being charged, undoubtedly the plasma generated under these
conditions will fall into the category of weakly ionized plasmas (or partially ionized
plasmas). In this situation, the plasma conductivity relationship can be applied
as follows [22-24],

2
o(w,wpe,y) = M For v>w, o(w,Wpe,y) = %’ (31)
s Wpes = )
w2+ | por v <L w, o (W, Wpe,Y) = %

In Equation (31) and its limiting cases, which are presented subsequently, wp. is
the plasma frequency of the electrons given by the following relationship, which is
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related to the electron density, ng. , electron mass, m., and electron charge e:

Nn0ee?
Wpe = 4/ e (32)

Also, in Equation (31), w and 7 represent the frequency of the applied signal
and the collision frequency of the electron carriers, respectively. Therefore, in
summary, it should be noted that by applying a biased RF voltage to a plasma
antenna with a specific geometry, the amplitude of the current i,, generated in the
plasma tube can be estimated. It should be noted that all relations are derived
under the assumption that the plasma tube is very thin, in which case the self-
inductance L(in Henry wunit) of the plasma tube will be negligible, and only the
ohmic resistance of the plasma tube will play a role in determining the current
amplitude. Finally, with the amplitude of the current 4,, generated in the very
thin quasi-Archimedean plasma antenna, and by applying the presented theory for
multi-ring systems, the following relationship can be used for the averagé power
radiated into the solid angle df2 by this antenna:

dP 1 : —,
°r - Emulty rings Hmulty rings | 1 ]
(i), =@ (7 Vo

After performing calculations similar to those presented for radiation impedance,
we have for the average power radiated into the solid angle d<:

<dP> =Ty sin® () + o sin2(9) cos2(9), (34)

daQ
m m m
b+ 2433 k.
n=1

2 f2r\*
Iy = —
32060 )\0 =1 n—1

_ 2%1 P L 2,24 4
_32050 )\—0 ZZalan naj.

=1 n=1

Iy

All parameters in Equation (34) have been previously introduced, and 6 is the
angle of observation at a relatively far distance. In the following section, we will
present diagrams of the radiation impedance variations (Equation (29)) as well as
the simulation of the radiation pattern of a plasma antenna using Equation (34).

3. Radiation resistance data and diagrams: derived
from the presented formulation

In this section, we will begin by simulating and presenting the diagrams of radiation
resistance variations in multi-layer ring antennas in various configurations. To
verify the accuracy of the provided graphs for radiation resistance variations, each
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of the Figures 4 to 6. Here, it should be noted that in all the figures presented
and discussed hereafter, the term nur is an abbreviation for number of up rings
(the number of rings located above the xoy plane), and ndr is an abbreviation
for number of down rings (the number of rings located below the xoy plane). It
should also be noted that, as introduced in the theoretical section in Figure 3, the
parameters a; and d; are considered for the radius of the i-th ring and its distance
from the xoy plane, respectively.

multy rings

rad nur=5 ndr=()
a5 =(1/500)A
al=(1/100)\
0.0698| | a0=(1/50)A,
d5 =500mm
d1=100um

0.0694

0.0690

100 200 300 400 500 600
f-GHz

Figure 4: The radiation resistance variatiomydiagram as a function of frequency.
The presented curve is obtained from the $héoretical formula in Equation (29).
Here the parameters a; and d; are considered for the radius of the i-th ring and its
distance from the xoy plane, respectively. Also, A is considered as the wavelength
corresponding to the wave frequency-in vacuum.

With an increase in the number of rings above the XOY plane, the average
values of the radiation resistance show a relative increase. This is clearly observed
in Figure 5, which has been theoretically derived from Equation (29). In Figure 5,
the number of rings above the XOY plane has been increased to ten. As Figure 5
also shows, with an increase in the antenna’s operating frequency, the radiation
resistance rises. Compared to Figure 6, since the number of rings has increased,
the average radiation resistance has grown. An interesting point mentioned below
the presentation of Equation (29) the disappearance of the radiation resistance’s
relative dependence on frequency for structures that are completely symmetric
with respect to the XOY plane is observed in Figure 7. In all configurations
shown in Figure 7, the number of rings above and below the XOY plane is not
only considered equal, but their spacing from each other is also uniform. This
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Figure 5: The curve of radiation resistance variations versus frequency when
the number of rings is increased compared to Figure 4. The presented curve is
obtained from the theoretical formula in Equation (29). Here the parameters a;
and d; are considered for the radius of the i-th ring and its digtance from the xoy
plane, respectively. Also, A is considered as the wavelength corresponding to the
wave frequency in vacuum.

means the system is completely symmetric/in terms of both the number and the
arrangement of the rings. It is again emphasized here that the first, second, and
third terms of Equation (29), due to the presence of the inverse fourth power of
the wavelength behind the parenthesesis in fact independent of the wavelength.
The only term that indicates a“dependence on the wavelength is the fourth term of
Equation (29), which containsithe coupling of the radii with the ring spacings. To
demonstrate the role of the fourth term in Equation (29) regarding the dependence
of the radiation resistance on frequency for asymmetric systems, it is sufficient,
for instance, to introduce an asymmetry in the spacing of the lower rings in the
data of Figure 5. As a result, the diagram of radiation resistance variation with
frequency takes the forms shown in Figure 8. The data corresponding to Figure 8
are consistent with the data presented by the blue curve in Figure 7, with the
difference that the spacing between the lower rings is considered to be closer and
denser. As can be seen, in this case, the fourth term of Equation (29) plays
an effective role, and the dependence of the radiation resistance on frequency
reappears.

Next, we examine a new configuration in which the ring radii are alternately
equal, and we compare it with the case where all the radii are identical. As shown
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Figure 6: Diagram of the flocculation reduction in radiation resistance variations
versus frequency changes that occur with an increase in the nwmber of rings. The
presented curve is obtained from the theoretical formula in Equation (29). Here
the parameters a; and d; are considered for the radius/of the i-th ring and its
distance from the xoy plane, respectively. Also,\ iSconsidered as the wavelength
corresponding to the wave frequency in vacuup

in Figure 9 for a 15-ring structure, the®adii of the rings in the odd layers (1, 3, 5,

..) are considered different from these”in the even layers (2, 4, 6, ...). Thus, it
can be said that the rings alternate between smaller and larger sizes. For a clearer
comparison, these diagrams are presented together with those of the case where all
ring radii are identical in a single figure. Following the approach presented in this
paper, Figure 9 represents the variations of radiation resistance versus frequency
obtained from the theoretical Equation (29). A clear and evident conclusion that
can be drawn from the diagrams presented in Figure 9 is that with the appearance
of alternating radii in each layer at a fixed frequency, the radiation resistance de-
creases. As seen in Figure 9, when the ring radii alternate, the radiation resistance
becomes much more uniform and tends toward an asymptotic behavior.

Here, we delve into examining the radiation pattern of such configurations,
specifically of plasma antennas. For this purpose, Figures 10 to 12 are provided.
Since an increase in the voltage amplitude V,,, naturally leads to an increase in radi-
ated power due to the increased current density, in all the considered configurations
for investigating the radiation pattern, the voltage amplitude parameter is set con-
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Figure 7: Diagram of the stability of radiation resistance/variations versus fre-
quency changes for configurations that are fully symmetricaldin,terms of the num-
ber of rings and their spacing relative to the XOY plane. The presented curve
is obtained from the theoretical formula in Equation (29)#Here the parameters a;
and d; are considered for the radius of the i-th ring{and its distance from the xoy
plane, respectively. Also, A is considered as the’fyayvelength corresponding to the
wave frequency in vacuum.

stant at V,,, = 4K'V. Indeed, as customary’in plotting radiation pattern diagrams,
the distance of each point from the ¢oérdinate origin represents the power radiated
at that angle. As shown in Figure 1074, if we consider a plasma antenna composed
of very thin ring (assuming the radius of the glass tube containing the plasma
h is very small), if the distance between the rings is very small, it can be simu-
lated using the theory of a segmented, multi-layer ring antenna. Such antennas,
as shown in Figure 10-a, take the form of a three-dimensional Archimedean spi-
ral, and for this reason, they can be referred to as three-dimensional Archimedean
(quasi-Archimedean) spiral plasma antennas [25-27]. The previously presented set
of relations is valid for Figure 10-a when the spiral pitch (distance between layers)
is very small, and the antenna is also very thin.

As observed in Figure 10-b, when the number of rings is relatively high and
they are located only in the upper part of the XOY plane, the radiation pattern
diagrams exhibit a limiting behavior and become very close to each other. In terms
of radiation power, no significant difference is observed when the number of rings is
high. In Figure 10-b, the plasma density ng, which is synonymous with the plasma
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Figure 8: The emergence of the dependence of radiation/Tesistance variations
on frequency for the case where the number and radii of%the rings above and
below the XOY plane are identical, but the ring spacings below are different. The
presented curve is obtained from the theoretical formgalajin Equation (29). Here
the parameters a; and d; are considered for the radius of the i-th ring and its
distance from the xoy plane, respectively.

frequency wy., and the collision frequency(*y are considered constant. Additionally,
the radius of the plasma tube cross-section is assumed to be h = 0.5mm. If the
number of rings is considered to be"atound nur 1, 2, or 3, a significant difference
in their radiation power at eath anglé is observed. However, in both Figure 10-b
and Figure 10-c, the optimalizadiation power is for an observer located on the
XOY plane, ie., § = /2. As shown in Figure 10-c, the higher radiation power
corresponds to a greater number of rings, which is natural because, in the far-field
region, rings with in-phase currents do not create destructive interference due to
their dimensions, and the sum of their effects results in higher amplitudes.

Since in this simulation, the bias voltage amplitude is considered a constant
value of V,,, = 4KV, conditions that lead to a decrease in the ohmic resistance
of the plasma tube result in an increase in the amplitude of the current inten-
sity 4., and consequently an increase in the radiated power. One of the factors
contributing to the increase in the current intensity amplitude is the increase in
plasma conductivity o, which logically has a direct relationship with the increase
in the density of free charge carriers, synonymous with an increase in the plasma
frequency wpe.
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Figure 9: The diagram of radiation resistance variations”versus frequency for
configurations that include only rings above the XOY plane{ with their radii al-
ternately equal and changing periodically in each layér. The presented curve is
obtained from the theoretical formula in Equation (29)'Here the parameters a;
and d; are considered for the radius of the i-th ring(and™its distance from the xoy
plane, respectively. Also, A is considered as thelfvavélength corresponding to the
wave frequency in vacuum.

To demonstrate this effect, Figureall-a'is presented, showing that with an in-
crease in the plasma frequency, the éonductivity and consequently the radiated
power increase significantly. At should be noted that in the series of Figure 11-
a, Figure 11-b, Figure 11-c, andAF'igure 11-d, all the rings are considered to be
located on the upper side of the XOY plane, and the system is not symmetric.
One of the most interesting behaviors observed in the radiation power diagrams
appears when we examine the effect of collision frequency in the plasma on the
antenna’s radiation pattern. The origin of this dual behavior relates to the limit-
ing relationships mentioned in Equation (31). As shown in Figure 11-b, since the
assumed data is such that the operating frequency of the antenna is much greater
than the collision frequency, it is observed that with the increase in collision fre-
quency ~, the conductivity ¢ increases, and consequently, the current intensity
amplitude 4, increases, leading to higher radiated power. This plasma behavior
is not always consistent, and as indicated in Equation (31), in another region for
the antenna’s operating frequency, the radiation pattern behavior changes so that
with the increase in collision frequency =, the conductivity o decreases, resulting
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Figure 10: A three-dimensional thin Archimedean plasma antenna configuration
with very small pitch steps and a description of its radiation pattern using the
theory of successive rings with varying radii. Figure 10-a shows the geometric
structure of the three-dimensional thin Archimedean plasma antenna. Figure 10-
b illustrates the radiation pattern diagram when the number of rings is large.
Figure 10-c shows the radiation pattern of the antenna when the number of rings

is relatively small.
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Figure 11: A thin plasma helical Archilmedean antenna described using multi-loop
antenna theory, and diagrams illustrating their radiation patterns.

in a decrease in the antenna’s radiated power, as shown in Figure 11-c. In plotting
Figure 11-c, as observed, we had to change the antenna’s operating wavelength re-
gion to avoid issues with the approximations used in the problem. This is because,
in weakly ionized plasmas, as mentioned, the collision frequency ranges are within
a specific limit, and our assumptions must align with practical and experimental
setups. Another configuration whose radiation pattern we will discuss corresponds
to the configuration in Figure 9, where the rings have alternating radii and are
not telescopic. As shown in Figure 11-d, the configuration corresponding to Fig-
ure 9 is depicted in a state where the spacing between the layers and the rings
has also been changed, and its effect on the radiation pattern is illustrated. It
should again be noted that in this case, because the geometric dimensions of the
problem and the radiated wavelength must conform to a specific approximation,
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Figure 12: The radiation patterns for cases where the presence of the rings,is either
symmetric (12-a) or asymmetric relative to the XOY plane(12-b).

we had to increase the operating wavelength of the antenna, te\ A = 200mm to
ensure the approximations used were not violated. Figureill~d shows that with
the increase in the distance between the layers (while adheringio the limitations of
the approximations), destructive interference patterns an also manifest, and for
an observer at § = m/2, a decrease in power can be observed. Another observation
in Figure 8-d is that the radiation pattern for an obgerver with § = 7/2 reaches a
limiting value for all different layer spacings. Finally) it seems it is time to examine
the radiation patterns for cases where the presence of the rings is either symmetric
or asymmetric relative to the XOY plane,

For this purpose, Figure 12-a, and Figure 12-b are presented. As seen in Fig-
ure 12-a, where the rings are symmetrically distributed on both sides of the XOY
plane, the radiated power decreases,with an increase in the number of rings under
symmetric conditions. The only reason for this can be attributed to the principle
of superposition, where the effects of the upper and lower antennas destructively
interfere with the radiation pattern. However, this destructive effect disappears
when the symmetry in the distribution of the rings is lost. Figure 12-b shows that
with an increase in the number of lower rings(number of down rings ndr), the
power radiated into space increases again.

4. Conclusion and summary

This work presented a comprehensive theoretical analysis of multi-segment plasma
antennas composed of multiple rings positioned at varying heights above and be-
low the XOY plane. The study focused on vector potential, electric and magnetic
fields, and radiation resistance calculations, with particular emphasis on vector
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and scalar transformations of the electromagnetic quantities between two shifted
Cartesian coordinate systems. By employing these mathematical transformations,
the complex integrals typically required for direct electromagnetic calculations
were avoided, significantly simplifying the analysis. This approach allowed the
fields and potentials to be expressed in a more tractable form, making it eas-
ier to evaluate the influence of geometric configurations, such as ring radii, layer
spacing, and symmetry, as well as plasma parameters including density, collision
frequency, and conductivity. Symmetric configurations generally yielded higher
and more stable radiation resistance, while asymmetries introduced variability
and fluctuations. The results demonstrate that using coordinate-shift transforma-
tions as a mathematical tool not only reduces computational complexity but also
provides deep insight into the interplay between antenna geometry and plasma
properties on key performance metrics, such as radiation resistance and radiation
pattern.Overall, this study highlights the power of analytical mathematical meth-
ods in modeling multi-segment plasma antennas. The technique of transforming
vector and scalar quantities between shifted coordinate systems provesito be a
highly effective strategy for simplifying calculations, avoiding cumbergome direct
integrals, and providing clear guidance for antenna design and optimization.
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