International Journal of Modern Communication Technologies & Research (IIMCTR)

ISSN: 2321-0850, Volume-3, Issue-10, October 2015
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1D Model for Microwave Power Transmission
Problem in the Mixed Layers Environment from
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Abstract—Wireless Power Transmission (WPT) or
Microwave Power Transmission (MPT) has been discussed
since the beginning of XX century, but this research field has
been only intensively studying since 1973. So far there are many
impressive theoretical and practical results as well as
applications of MPT in both civil and army fields, but there are
still many difficult theoretical and practical issues to be
confronted. In this paper the MPT system and some essential
different points between a wireless infomation transmission
(WIT) system and a MPT system are considered and discussed.
Some theoretical issues of MPT with the mathematical methods
for finding the transfer efficiencies in both cases are briefly
outlined and discussed. After that the authors have developed
and proposed a 1D power transfer model with the several
concrete parameters of transfer environment from GEO to the
Earth with the aim of searching for numerical solution methods
of the Beam collection efficiency for MPT problem.

Index Terms—Theoretical issues of MPT problem, 1D model
of MPT, Gaussian energy distribution, Gaussian beam,
collection efficiency of WPT.

I. INTRODUCTION

The ideal of using space solar energy had been raised since
very long in 20 century, but until to 1968 based on the
concept of Solar Power Satellite (SPS) and on the patent No.
3.781.647 given by Peter Glaser [1] in which the Author
suggested that solar energy can be transmitted wirelessly from
an transmission antenna being on orbit (GEO, MEO, LEO)
via space and Earth’s atmosphere to the rectifier antenna on
the Earth surface, in addition the MPT has widely application
in many fields, then the MPT has been intensively developing
[1]- [3]. Currently the development of sustainable energy
sources is being an urgent task, so scientists are focusing
intensively on searching the new promising sustainable
energy source of clean energy from space to the Earth, This
kind of energy so called solar electricity[2]-[4]. In generally,
according to proposals and developments of WPT the
wireless transfer of power since the 1973’s point to point has
been also intensively researching. A variety of schemes have
been suggested for transferring energy from earth-to-space,
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space-to-earth, space-to-space, and between points on earth
using high power microwave beams. Possible applications
include to energize solar power to earth, from satellite to other
space vehicle, from earth to the Unmanned Area Vehicle
(UAV) or to the hovering helicopter platforms or even
satellites by the power be supplied with radiation [4]-[5].
Although these applications are still not appeared very
practical at the present time, but the researches and
discussions of the basic theoretical and principle aspects of
these types of power transmissions are very needed [5]-[6].
The research of MPT includes many aspects: the research and
development of Space Solar Power Satellite (SSPS), the
problems of the Microwave Power Transmission (MPT)
between two points in the space, two points on the Earth
and/or from several Orbits (GEO, MEO, LEO) to the Earth
surface [3]-[6].

This paper briefly views and outlines MPT system, the
essential different points between WIP and MPT after that
discusses some mathematical issues of MPT problems from
GEO two the earth. The simple 1D model of MPT has
proposed this 1 D model includes some numerical estimated
parameters of transfer environment. The mathematical basics
of the MPT 1D problem with Gaussian beam based on the
Maxwell equations and Fresnel Kirchhoff diffraction theory
are discussed for searching a numerical solution method for
MPT problem aiming to find the transfer efficiency.

Il. WPT SYSTEM BETWEEN TWO POINT AND SOME
ESSENTIAL DIFFERENT POINTS IN COMPARISON WITH WIT

A. WPT system in briefly

A typical SPS system for MPT consists of three main parts
[1]-[4]: (i) the first part is the Solar Power satellite (SPS)
flying on an orbit that consists of mirror system, solar cell
matrix system, conversion unit from solar energy to the high
power microwave beam by microwave devices, transmission
antenna;(ii) the second part is Wireless energy Transfer
environment including the outer space and the Earth
atmosphere regions; (iii) the third part is Ground antenna so
called rectenna system that consists of array antenna unit
receiving microwave power, filter unit and rectifier unit to
converses microwave power to DC voltage and DC power
combiners, then this electrical energy connecting to the
electrical line network (Fig.1).
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Fig.1 Block Scheme of WPT system using high power
microwave beam (or MPT)

So far there are many MPT projects that have been

designed and implementing in the developed countries [2]-[4].

Concerning those projects, it is worth to note that the
magnitudes of the transmission powers from GEO to the Earth
surface are very larger in the range of 1.3 GW - 6.72 GW with
efficiencies of from 80% up to 95%, the diameters of
transmission and receive antennas are from 1 km to 2 km to
ensure the WPT occur almost in near field region. The energy
distribution at transmission antennas as well as rectenna is the
Gaussian distributions (or beams) with optimized conditions

[1]-[4].

B. Some essential different points between wirelss
communication transmission (WIT) and Wireless Power
Transmission (WPT) systems

The main different points between the WIT
(Telecommunication, TV, Radar, Radio...) and WPT are
followings:

- For the WIT, one uses far field theory with plane wave
for mathematical treatment with transmission distance is at
least equal to the far-field distance, 2D% A, where D is the
diameter of the largest transmission antenna. A is Wavelength
of microwave power beam [3]-[7]. The magnitude of a
transmitted power at transmission antenna is usually in the
range of several tens Watt (W) - up to about KW depending
on purpose of WIT .The power of received signal is in the
range of from nW to mW. The transmission coefficient in
WIT, this means that the ratio of the received signal power at
a receive antenna to transmitting signal power at transmission
antenna is very small; its value usually is in the range of from
10™ to 10™ 9% [7]. Here the transmission signal has the
digitalized codes or the modulations With AM, FM (at analog
system) containing information, it so called the structured
signals. The structured signals usually spread to all directions
as the longer the better. The ratio of the transmission antenna
size to the receive antenna size is not taking into consideration
so much. So far the WIT has also many difficulties and
challenges to overcome [4], [6], and [8]-[10].

- For the MPT system, the structure of MPT system is
considerable different from that of WIT. Here one uses the
beamed technology with the comparison able large apertures
sizes of matrix transmission antenna and matrix rectenna in
comparison With transmission distance in order to increase
transfer efficiency. In the MPT one also uses the near field
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theory with spherical wave for mathematical treatment. The
microwave beam with very high power in the range of from
KW to GW spreads only in one straight direction. The
frequency of microwave power beam is often chosen at 2.45
GHz or 5.8 GHz sometimes at 30 GHz, where the absorptions
of the Earth atmosphere at these frequencies are low [3]-[4].
In the MPT, the transmission efficiency so far is mainly
calculated based on the Fresnel- Kirchhoff diffraction theory
With Gaussian beam by the ratio of the received power at
rectenna to the transmitted power at transmission antenna.
Recently the characteristic parameter, so called Gaubou
parameter or a modified form of this, is often used to estimate
the transfer efficiency of MPT as well as WIT. [2], [3], [5]
[71, [11]-[16].

So far many attempts have been devoting for developments
of the theoretical and practical problems concerning MPT,
especially for the theoretical developments for finding
solutions of mathematical problems of MPT between two
antennas in the Fresnel zone Some authors have dealt mainly
With the general principles underlying the theory of power
transmission between two aerials, others instead have been
more concerned With the numerical computation of the
Transmission Efficiency in particular cases of Gaubou
relation or Fresnel parameter With optimized conditions of
amplitudes and phase front and energy taper Unfortunately, in
general, these works mainly carried out based on Fresnel
Kirchhoff diffraction theory[2],[3],[5] [7], [11]-[20].

C. Determination of transfer Collection efficiencies in

WIT and WPT systems

In the WIT including satellite telecommunication one often
uses Friis transmission equation to calculate the receiving
power at receiver antenna, this expression has the following
form [3]-[5].

2

R=tSCp Al p_p O

(47d) (Ad)

And the transfer efficiency in this case is
== =7 @
R
Where the 7 term is introduced in the following form:

2_AA __AA "

(2d)*’ Ad
where P, is received power, Gr is receiving antenna gain; Ar is
aperture area of a receiving antenna. Py is transmitted power,
G; is transmitting antenna gain, at is aperture area of a
transmitting antenna. A is wave length of signal or power
beam. This characteristic parameter, t, iS S0 called Goubau
parameter. From the expression of 'z, if one choose A= A, then

one has:
A=A =7d 4)

From (4) we see that when A increases (the frequency is
smaller) the apertures of A; and A, has to increase. Based on
this expression, at the given value of 1, A and transmission
aperture A, the transmission distance (d) will be calculated.
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Table.1l. Some main different points of WIT and MPT in
comparison for each parameter concerning

The magnitude of t parameter depending on two apertures
antennas, wave length and transmission distance that plays
very important role in determination of collection efficiencies
both in the WIT and WPT cases [3], [5], [6].

As we known, the Friis equation (1) and (2) can only be
applied for calculation of transfer efficiency in far field
(Fraunhoter Field) With plane wave for WIT [[2]-[5],[7].
Friis equation cannot be applied to calculate collection
efficiency for the WPT case where the microwave is spherical
wave transmitting in the Fresnel field or near field of the
transmission antenna [11]-[16].

For MPT, in order to determine collection efficiency, there
has been many attempts devoted for research of mathematical
models, approaches and calculation methods for finding
collection efficiency, particularly the research works and
applications of Fresnel Kirchhoff diffraction theory (physics
optics) using paraxial equation of Gaussian beam in the form
of the Helmholtz equation under the assumptions that
amplitude and phase distributions in the beam are optimized
for maximum transmission efficiency [2],[3],[5], [11]-[16].
The power beam efficiency in this case can be estimated as
follows expression [2]-[3], [14]:

= -1-e ©)
R

The equation (5) is only approximation based on
estimation. So, both the transfer Efficiency of WIT and MPT
could be calculated using Gaubou parameter (t). The
collection efficiencies of both cases in the function of t,
Gaubou parameter are shown in Fig.2.
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Fig.2 Estimation of Power transmission efficiencies for Far
field - near field transmission vs. Goubou parameter (c) [6].

Here it is worth to note that with value of t is smaller then
0.5, two curves are nearly merged. In this case the antennas
apertures are small in comparison With transmission distance
(d) at given A. Both of WIT and WPT are mainly occurred in
the far field with plane wave. When antennas apertures are
increased step by step then two efficiencies curves are
separated and increased rapidly. The WPT occurs in the
mixed regions of far field and near field region, after that the
WPT will be dominated in the near field with spherical wave.
When the antennas apertures are increased to the value of t =
2 the BCE will close to 100%. The theoretical expressions of
transfer efficiencies in cases of WIT (Eg. (2) and for WPT
Eq.(5) did not depend on power level, therefore we can
transmit high power of kWs, MWs... via electromagnetic
waves [2], [5], [6].
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Features or WIT (Satellite
parameters communication TV, MPT
of WIT and MPT location, Radio,
in comparison RADAR...)
Transmission In the range of W- In the range of W-
power kW MW-TW

Received power at
receiving antenna
or Rectenna

In the range of
nW-mw

In the range of W- KW-
MW-GW

Frequency

In many bands With
Af bandwidth

At fix frequency (2.45;
5.8 Ghz or much higher
30 Ghz...)

Transmission

In Far field region

In near field region

region of With d > 2D?% & (Fresnel region) With
transmission d< 2D¥ A

antenna

Transmission Plane wave Spherical wave

wave

Structures of
transmission

Single antenna or
array antenna

Large array antenna
(sometime by Large

distribution at
trans. antenna

signal With AM,
FM or digital coding
in form of TEM
field

antenna (RADA, satellite single antenna)
communication...)
Signal/field The structured Large power beam (or

TEM Field
combination) Without
modulation or coding in
the form of the
determined Energy
distribution such as
Gaussian energy

(RADA, satellite
communication...)

function
Gaubou parameter T <<1 T>1
(t) (or Fresnel e
parameter (c) ) r= N AA r= 7AA
Ad Ad
Structures of Single antenna or Large array rectenna (or
received antenna array antenna large single rectenna)

Signal/field at
received antenna

Uniform With
directive pattern

Irregular, in the form of
energy distribution
depend on energy
distribution at trans
array antenna

Calculation
methods of
Transfer
Efficiency (%) and
its value

-Using Friis
Equation or Path
loss models

- Its value is in range
of 10™° t0 10"

-Using Gaubou
parameter (or Fresnel
parameter) based on
Fresnel Kirchhoff
Diffraction theory

-its value is in the range
of 10-95% depending on
value of t

apparatus often
used

Maxwell equation
system

The most Received Highest collection
important information With efficiency

parameter good quality

required

Mathematical Integral equations of | -Integral equations of
treatment EM field based energy fluxes based

Maxwell equation
system-Fresnel
Kirchhoff diffrection
theory

-Matrix analysis

Recently
developing
situation

Well developed for
longtime but still
face With many
challenges

Developing at beginning
stage With many
challenges of theoretical
and practical problems
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In briefly, there are many essential different points
between the WIT and WPT systems as mentioned in above
leading to have treatments of theoretical and practical
problems. Table 1 summarizes several different points of two
systems.

D. Some Theoretical Issues of MPT Problem, further
researches and studies

Here we summarize shortly several theoretical issues for
searching solution methods and solving problem of WPT as in
the follow:

- The research development and manufacture of WPT are
at the beginning stage, the obtained results are still limited
both in the theoretical and practical fields although there were
many attempts devoted. The further new technological
developments must have to fulfill two major requirements:
one of these is large amounts of solar electric power at
reasonable cost for manufacturing operations in low Earth
orbit and the other requirement, based on the obtained results,
is for large amounts of power for electric propulsion need for
a greatly improved space transportation system [2].

- Mathematical treatment apparatus for WPT is also
limited. The researches and developments are so far mainly
for setting up theoretical WPT models. There are still lacks of
results for real WPT systems. The mathematical apparatus of
Fresnel — Kirchhoff diffraction theory has been using for the
case of Gaussian beam with some assumptions of the
amplitude and phase optimized [5], [7], [11]-[21]. The other
mathematic apparatuses such as matrix analysis... have to
apply for treatment of the real large energy distributions in
transmission antenna and rectenna as well as for WPT of large
sizes and large power with large transmission distance
between two points in space or from GEO to the Earth.

- There are few works dealt with the analytical and /or
numerical solution of energy distribution flux expressions for
determining transfer efficiency of WPT between two points
due to the difficult issues of mathematical treatments
concerning large power with large sizes transmitting in the
unclear feature transfer environment of the space and earth
atmosphere.

- A questionable fact is raised: by which velocity (phase or
group velocity) the energy distribution travels from GEO to
the Earth in the case of WPT with very large energy. This
question is not discussed clearly.

- In order to find the numerical solution of WPT problem
from GEO to the Earth we need to know the numerical valued
parameters of the space and atmosphere environment and
some factors acting to the travelling energy distribution, but
these parameters of transfer environment are not understood
clearly although there were several attempts devoted to study
transfer environment especially the ionized atmosphere
region [22], [23], [25-[27]. In addition, the choice of space
—time grid for very large transmission distance from GEO to
the Earth for finding numerical solution is also difficult
problem.
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MATH 1D MODEL OF MPT WITH SOME MAIN FEATURES,
ASSUMPTIONS

A. 1D model and the features of transfer environment

Up to presently, the problem of MPT has been
investigating, describing and analyzing intensively by many
methods but this problem has not yet been described and
solved analytically and or numerically clearly in detail due to
the lack of a real theoretical model containing the concrete
numerical parameters of power transfer environment from
GEO to the Earth [22]-[25]. Here We have proposed a 1D
model for WPT from GEO to the Earth With the simple
transfer environment that is including the space region and
earth atmosphere region of the layered different dielectric
permittivity (e,) and magnetic permeability (u,), refraction
index (n), conductivities o estimated under assumptions of
the Gaussian energy distributions at transmission antenna
and rectenna, (Fig.4).
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Fig.3 Proposal 1D model for WPT with Gaussian energy
distributions (beams) at transmission antenna and rectenna:
WPT with 3D demonstration figure (a) and 2D demonstration
figure (b)

Based on the features and published results of WPT
system, we have suggested some following assumptions:

- Energy transfer mainly occurs inside of an approximately
cylinder waveguide, along the outside edge of cylinder, the
energy densities to be assumed very small (even nearly zero).

- Transmission antenna and rectenna apertures are nearly
equal. These apertures areas are very small (about several
km?) in comparison With the transmission distance (d) from
GEO to the Earth (D= 35 700 km).

- Energy distributions (beams) at transmission antenna and
rectenna assumed to be the volume of Gaussian distributions
(beams) as in Fig.3 (a) and the form of the attenuated
Gaussian distribution at the rectenna.

- The energy transfer by wireless transmission is governed
by energy Gaussian beam with assumptions of amplitude and
phase optimized to get maximum transfer efficiency. The
antennas apertures have chosen so large i.e. the t Gaubou
parameter is so large that MPT occurs in near field region of

www.erpublication.org
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transmission antenna.

- The transfer environment from GEO to the Earth surface
is divided into the space region with distance of about 34700
km and atmosphere region with distance of more than 1000
km. The earth atmosphere is also divided into two regions:
the ionized region is about more than 900 km and the neutral
region is about 90 km (Fiug.4)

..... Sunlight

Ny#  ses

35.700 km

A Space region
Ex=1,p =1

Average values

1.000 km

B 7 Erige Rrig Oiy

Average values of
the ionzied region

Ionized Region |

90 km 4> &g Wrig Tig

A £y Brye T

Average values of
the neutral region

Fig.4 The simplified transfer environment from GEO to the
earth surface with three regions: space region, ionized region
and neutral region with the numerical concrete parameters
(er, tr, n and o).

B. Mathematical expressions of WPT problem for 1D
model

1. Energy flux distribution for the case of WPT in the
near field region
We can write the time-dependent power over a specified
volume V With Gauss distribution function as in form of
Poynting theorem in the following [22, [25]:

JVP(t)dV =i, Pas
o1 o1
=—[cEX(t)dV — = [ ZsE2(t)dV — = [ ZuH?(t)dV
JO' (t) &Jze (t) atjzu ()
= Power Flux through S (6)

The left side of equation (6) expresses the variation of the
electromagnetic energy per a time unit in the V volume
(Gauss volume in this case) that is enclosed by the surface A.
In the right hand side, the first term is a part of energy loss due
to the thermal energy dissipation that provides thermal energy
for the transmission environment, the second term in the right
hand side of (6) expresses the decrease or increase of energy
due to the external field being in transfer environment. The
third term of equation (6) expresses the variation of
electromagnetic energy transferred per unit time through the

ISSN: 2321-0850, Volume-3, Issue-10, October 2015

surface A of volume V.

If we suppose that electrical field -E (&) distribution is
Gaussian distribution then the form of electrical field
distribution function can be written as follows [14], [15], and
[18]:

ko

E()=f(x)e2" =f(x),, e % 0<x<R (7)

Where E(x) is the electrical field distribution of
transmission array antenna, f(X)max is maximum electric field
at central of Gaussian distribution , where d is transmission
distance, A is wave length.

The Equation (6) of energy flux distribution could be solve
for finding energy (power) along transmission direction as
well as transfer efficiency at receive antenna/rectenna if we
know the transfer environment parameters being in the
equation (6) and the form of electric field (E) and magnetic
field (H).

2. Determination of Transfer efficiency of WPT With
Gaussian beam using Fresnel-Kirchhoff diffraction
theory

There are many attempts devoted for finding the transfer
efficiency of WPT problem with different methods [2]-[8],
[11]-[21] but until there are few results published. In order to
determine the theoretical efficiency of power transmission in
the Fresnel region one must have to know the form of Gauss
energy distribution expression, the interaction between
Gaussian energy distribution With the parameters (g, W, n
and o ) of transfer environment. Here we also assume an
idealized transmitting antenna with an aperture At located at
the plane z = 0 and energy passing directly to the rectenna
With Ar aperture area located at plane z = d as in Fig.5.

¥

D, = 2R,
?<H

o S
o
»
D, = 2R,
C
]
=

Fig.5 Simplified scheme of WPT 1 D problem in z direction
With the structures of transmission antenna at z=0 and
rectenna located at z=d where R; is radius of Transmission
antenna, Rr is radius of rectenna , d is the transfer distance
between two antennas is and 1 is wavelength of microwave
power signal

Now, the wave equation is, for any field or potential
component U0 of Now, the wave equation is, for any field or
potential component U, of an electromagnetic wave [28]-[29.

O°E N 0°E 0°E

+k’E=0 8
ox*  oy* orf ®)

For one dimension we have the normalized form of the
electric field distribution is:
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We can solve equation (9) with some assumptions and
constrains [5] [7] [18] to find electric field and magnetic field
at the transmission antenna and receive antenna and based on
the obtained results the transmission efficiency n can be
formulated as in [3]. [5], [7], [[18]

Re ”[Et(z,y,d)fo(x,y,d)]ezdxdy
n=—rp" (10)
Re H[Et(z,y,O)fo(x,y,O)]ededy

where asterisks indicate the conjugate complex values, e, is
the unit vector of the z direction, E; (X, vy, z) is the tangential
electric component, and H; (X, y, z) is the tangential magnetic
component of the field. The components Hy(x, y, 0), E«(X, Y,
d), and Hy(X, y, d) can be expressed in terms of E(X, y, 0)
which uniquely determines the field in the entire half-space z
>0 [18],[28], [29].

Based on equations (8), (9), (10) with assumption and our
numerical estimated parameters of transfer environment (g,
W, n and 6) [26], [27] we can solve the WPT problem using
Fresnel- Kirchhoff diffraction theory for finding transfer
efficiency. The procedure will be outlined in the forthcoming

paper. .

IV. CONCLUSION

We have summazed the WPT system with some features,
discussed some essential different points between WIT and
MPT. We have outlined some difficult theoretical and
practical issues for solving mathematical problem of WPT.
We have offered the 1D model for WPT with Gauss energy
distributions with some assumptions and constraints. The
transfer environment of 1D model with the numerical
calculated parameters for WPT consist of the space region
with distance of about 34700 km and atmosphere region with
distance of more than 1000 km. The earth atmosphere is also
divided into two regions: the ionized region is about more
than 900 km and the neutral region is about 90 km. The
numerical Solution for finding transfer efficiency of the 1D
WPT problems using the calculated data of transfer
environment will be shown and discussed in next coming

paper.
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