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Abstract We present a quantitative analysis of a dipole antenna and its characteristics from the viewpoint of quantum
mechanics. The method makes use of a Maxwell equation used in an existing antenna propagation formula. This
includes radiation resistance, input reactance, and antenna efficiency as functions of frequency and antenna length.
Particular attention is paid to the Schrodinger equation. We accomplish E-field and H-field analyses of a dipole
antenna by combining the Maxwell and Schréodinger wave equations. When comparing the existing Maxwell wave
equation with the Schréodinger wave equation, quantum-electric movement is more accurate than using the Maxwell
wave equation alone.
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1. Introduction unconventional — materials  with  non-linear  or

homogeneous conductivity and permittivity properties

Recently, various studies have conducted numerical — are often combined with novel antennas [1-3]. Also, for
analysis and experiments for a more accurate analysis an antenna placed in a complex electromagnetic
of communication devices at microwave (gigahertz)  environment, its radiation performance is significantly
frequencies. There has been a renewed interest in affected by the surrounding materials or an undesirable
analyzing antenna propagation characteristics using  radiation source [45]. The classical wave equations
quantum mechanics in order to take complex antenna  (e.g, Maxwell equation, acoustic equation) are not

environments  into  account. ~ For  instance,  sufficient to accurately analyze antenna fields in the
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aforementioned environments. In order to overcome
this limitation, numerical tools based on the method of
moment (MoM), finite difference time domain (FDTD),
and finite element method (FEM) are frequently
used(6-9].

closed-form expressions for quick and physically

However, there is still demand for
intuitive analysis. For this reason, quantum mechanics
has been attempted for antenna analysis [10]. The
Schrodinger equation is the key equation in quantum
mechanics. It can be effectively relevant to construct a
wave function that can satisfactorily describe the
probability of finding a freely traveling particle within
a given space at a given time. We were introduced by
Schrodinger equation for wave equation, unlikely the

existing analysis methods.

2. Dipole antenna analysis by maxwell
equation

2.1 Electric Field and Magnetic Field
Intensity of Dipole Antenna

Based on the known current distribution, it is

straightforward to calculate the radiated electric and

magnetic fields. We follow Balanis [11]. For the current

distribution of the along the z-axis, the electric field in

the far field region must be in the @ direction, and is

given by

kefl‘kr +1/2
E =i : 9 ] ikzcost
o =in - sin { I (2)e z} @

=1/2

Here, n is the characteristic impedance of free
space. For a traditional wire antenna, the current
distribution is periodic with a wave vector. Therefore,
the distribution of the total field is a product of element
factor and space factor. We can express the electric

field as
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After evaluating Equation (2), the result is
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The magnetic field component has been obtained in
a similar way, as follows.
Kl
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2.2 Vector Potential Energy of Dipole Antenna

To find the fields radiated by the current element, it
is important to extract vector potential energy [11]. The
vector potential (A) is useful in solving for the EM
field generated by given harmonic electric current (.J).
By Maxwell's law, the magnetic flux (B) doesn’t
always radiate. Therefore, it can be represented as the

curl of another vector. (i.e. vector potential (A ))

V-VxA=0 (5)
Where, A is arbitrary vector form. Thus,
Ba=,LlHa=VXA 6)
Therefore, H, can be represented.

1
H,=—VxA4

M )

Here, subscript @  indicates the field due to the

A potential. Substituting (7) into Maxwell's curl

equation
VxE, =—jouH,=—joVxA4 ®)
which can be written as
VX[E,+ jwA]=0 ©
It can be represented that
E, +jod=-V4, (10)

The scalar function ¢, represents an arbitrary

electric scalar potential which is a function of position.
2
Vox(uH,)=V(V-4)-V4 (an

Equating Maxwell's equation leads to
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pJ + jousE, =V (V-A)-V’4
Eventually, we obtain wave equation.

VA+KA=—uJ +V(V-A)+V (joued,) (13

Where, k* = w’pe .
Following Lorentz equation, we represent magnitude

of potential energy.

A:ﬁjﬂ.}

Therefore, we obtain potential energy of linear dipole

—jkR
e i
dv
R

(14)

antenna.
V()= L]t)+i|12 sin [k(l/Z)—‘zH s
4r 3, r (15)
be,
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[Fig. 11 Proposed conventional dipole antenna

[Table 1] Dimension of the proposed Dipole Antenna

Symbol Unit(mm)
L 70
D 3.6
hl 40.6
h2 180
h3 4
sl 0.5
s2 3

3. Introduction of The Schr
Equation

dinger

3.1 The one dimensional time—dependent
Schr
The Schrodinger equation is the main equation in

dinger equation

3109

the analysis using the quantum mechanical model. The
one-dimensional Schrodinger equation is used when
the particle
dimension. The particles traveling along the x-axis are

interest is confined to one spatial
assumed. To derive the one-dimensional Schrodinger
equation, we start with the total energy equation (ie.,
the sum of kinetic and potential energy [12-14].

2

p

2m

Here, p is the momentum of the particle, mis the

+ U('x) = Etm‘al

(16)

mass of the particle, /() is the potential energy in
the combined particle, and £} ,,,; is the total energy
of the system achieved by combining particles.

The substitution of the dynamical variables with
their quantum mechanical operator, which acts on the
wave function W(z,t), vields the one-dimensional
time-dependent Schrodinger equation:

hZ
2moax®

2 ho
YO0+ U@ (60 ==~ W0
l
a7
The left side of this equation can be rewritten using
the Hamiltonian operator (or total energy operator).
n? 8?
——+U(x
2m Ox? ()

(18)
Using the Hamiltonian operator ( H ), formula
(15) can be expressed as follows.
h o
HY(x,t) =———Y(x,t
() = === ¥ () W)
Since the Schrodinger equation is a partial

differential equation, the product method can be used to
separate the equation into spatial and temporal parts.

The wave function Y(x.©) that describes the

quantum state in time for the wave equation for the

change is to make the particles are described as
follows.

ihg‘l—’(;,t) = {—hzvz + V(;)}‘P(;,t)

ot 2m (20)
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3.2 SchrOdinger equation in the

spherical coordinate system
If the potential of the physical system to be
examined 1is spherically symmetric, then the
Schrédinger equation in spherical polar coordinates can
be used to advantage. For a three dimensional problem,
Laplacian in spherical polar coordinates is used to
express the Schrédinger equation in the condensed

form
170(#8\11 +f0(sinaaw]+ AL
o\ o ) rsnddd\ 00 ) rsinfdp b

21

4, Hamiltonian based in The
Classical Electromagnetic Wave

In this section, we accomplish to substitute the
quantum mechanical momentum for the classical. Here,
we can think Lorentz gauge and Coulomb gauge about
the electromagnetic wave.

In classical physics, gauge transformation is the in
variance of the fields[15-16]. When the charged particle
(electron ; e) moves in an electric field, the particle is
taken to the Lorentz force.

—_— —_— v —_—
F=el E+—xB

c (22)

In case of the absence of electromagnetic fields, the

Hamiltonian that describes the movement of the

charged particles of mass m is

A2
..
H= 2m (23)

The ]; and H are expressed within electromagnetic
field,

-~ ~ e —_—
p—>p——A4
C
H—>H-ep (24)
Therefore, Hamiltonian is

H :L(A —EZJ_ +eg
2m c (25)

From the Hamiltonian, Schridinger Equation is

LoV 1| (A e—(\) oy~
th:g[[7V—2A(r)) +e¢(r):|‘~l—’(r,t) 6)
If the Schrédinger equation were invariant by gauge

transformation, wave equation W¥(r,t) is phase

transformation. Therefore, we were supposed to be able

to phase transformation® (r,t).

- -iiz(;,z) -
y(r.ny=e’™ YW(r,) @0
If charged particles

electromagnetic field, we have to accomplish gauge

were moved in the

transformation in order to have the same physical

meaning Schrédinger equation. Therefore, Schrédinger

equation is

Loyt | 1 (hy esY -
Zh—at _I:Zm[iv CAJ +e¢}//(r,t) 8)
5. Hamiltonian based on The

Poynting Vector and Analysis of
Dipole Antenna by The
Maxwell-Schr dinger Equation

Antenna radiation characteristics are converted into
spherical coordinates. So, it is important that antenna
propagation analysis represents using the spherical
system of the Schridinger equation [11-14]. Quantized
Hamiltonian ~ of
electromagnetic waves with an average pointing vector
[12-14].

electromagnetic waves is

H:%‘I[(go‘E‘z"‘ﬂo‘H‘z)dV (29)

Therefore, when the propagation produces total
system energy, the dipole antenna with radiation can be

expressed as follows.
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Finally the dipole antenna using the Schrodinger

E,

total —

> x| sin@

(30)

equation can be expressed as follows.
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Where, ¥ is need to revise¥z, ¥yto accomplish
E-filed and H-field.

kl kl
= cos ?cosﬁ —cos 5
Y, =% in2 sin @
’ i 2rzr 1-cos@
ki ki
ik cos 30059 —cos 5
v, =3i"% sing
" ! ! 1-cos@ (32)

and m is mass of electron.
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[Fig. 2] Fabricated Conventional Dipole Antenna
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[Fig. 3] Measured and Simulated S-parameter of the
Dipole Antenna.
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[Fig. 4] E-H field pattern pattern of the Dipole Antenna
(@1.85GHz) parameter of the Dipole Antenna.

6. Demonstration of Maxwell=Schr
dinger Equation

The equation (32) is existing and other expression
on the propagation of the dipole antenna. This is
type of Maxwell's
Schrédinger equation. So as to prove equation (32), we

combination equation and
proposed dipole antenna, as shown in Fig.1 and each of

the length information is summarized in table.l. Also,
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Fig. 2 is fabricated conventional dipole antenna. The
simulated and measured return losses (S11) of
conventional dipole antenna are shown in Fig.3. In
order to derive equation (32), we accomplish E-plane
and H-plane plot in the center frequency (@ 1.85). If
you plot the equation (32) at the resonance frequency
(@1.85GHz), you will be expressed as Fig4. As shown,
the E-plane and H-plane patterns which are very
similar to simulation, measurement, and induced
combining the Maxwell equation and the Schrodinger
equation that is Maxwell-Schrodinger equation.

7. Conclusion

The Maxwell equation is fundamental in interpreting
the movement of electromagnetic waves. The
Schrodinger equation is based on treating wave
movements that generate particles during exercise. In
this paper, to analyze the dipole antenna, its
propagation is derived using a formula that combines
the Maxwell and Schrodinger equations. To verify the
equation, the E/H-fields were plotted in the far field.
As a result, the derived E/H-field patterns of the
Maxwell-Schrodinger  equation  formula and  the
E/H-field patterns of measurement are similar. In the
future, it will be possible to fabricate antennas using

non-linear material.
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