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Abstract: The specific phase and group refractive
indexes concerning the specific phase and group velocities
of single and packet electromagnetic waves contain all
interactions between the electromagnetic waves and the
propagating medium. The determination of the specific
refractive indexes vs. altitude is also a challenging and
complicated problem. Based on the first-order Appleton-
Hartree equations and the values of free electron density by
altitude, this paper outlined the numerical estimated results
of the specific real phase, group refractive indexes vs. the
altitude from 100 km up to 1000 km in the ionized region.
The specific real phase refractive index has a value smaller
than 1, corresponding to this value, the specific phase
velocity is larger than the light speed (c) meanwhile the
value of the specific real group refractive index is larger
than 1, the specific group velocity will always be smaller
than light speed (c). These estimated results are agreed with
the theory and forecasted model predicted. These results
could be applied for both the experiment and theoretical
researches, especially for application in finding the
numerical solution of mathematics problems of Wireless
Information and Wireless Power Transmissions.

Keywords: Specific real phase and group refractive
indexes by altitude, The First order Appleton-Hartree
equations, the Earth’s ionized region, Microwave
propagation.

Corresponding Author: Khac An Dao

Email: daokhacan@duytan.edu.vn

Sending to Journal: 9/2020; Revised: 11/2020; Accepted:
12/2020.

SO 04B (CS.01) 2020

I. INTRODUCTION

The developments of the theoretical aspects of the
refractive indexes concerning the electromagnetic waves
(EMW) propagation in the Earth’s ionized region always
have been studying up today. The refractive index of the
EMW is an essential concept that reflects the interactions
between the EMW and a given medium. Depending on the
features of a given propagating medium and the forms of
EMWs, the refractive index is changed and it has been
discussed and formulated in different forms, such as by
Sellmeyer formula and Lorentz formula [2-5]. During the
time from 1927 to 1932, the essential formula for the
refractive index of the Earth's atmosphere’s ionized region
in a magnetic field has been developed and called by the
name of the Appleton-Hartree equation. This
equation describes  generally the refractive index
for EMW propagation in a cold magnetized plasma region
- the ionosphere region. Since then there were many
aspects concerning this refractive index expression that
have been studied and published in Literature, for example:
the determination of constants being in the Appleton
Hartree equation [4, 5]; the study of effect of electron
collisions on the formulas by magneto-ionic theory; the
development of theory, mathematical formulas concerning
the complex refractive indices of an ionized medium [4, 5
and 7]; the conditions and the validity of some
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approximations related to the refractive index have also
been studied including the high order ionosphere effects on
the global positioning system observables and means of
modeling [6, 7, 8 and 9]; the proposed model and predicted
values of the refractive index in the different layers of the
earth atmosphere medium [10]; the scattering mechanisms
of EMW [11]; the variation of the ionosphere conductivity
with different solar and geomagnetic conditions [12]; the
ionosphere absorption in vertical propagation [13]; the
atmospheric influences on microwaves propagation[14];
the stochastic perception of refractive index variability of
ionosphere [16]; and a lot of other aspects have been
studied in references [15-19].

Recently there are also many works continuing to study
deeply different problems such as determination of the
specific phase and group refractive indexes in different
propagating environments, the calculation of the discrete
refractive indexes based on some conditions, the
calculation of the refractive index at F region altitudes
based on the global network of Super Dual Auroral Radar
Network (SuperDARN) [17-21]. In addition, presently
many attempts are devoted to researches of

The Wireless Power Transmission (WPT) problems using
high power microwaves and Laser power beams. During
propagation of high power beams, the Earth atmosphere
region will be ionized, this fact has generated some
research problems concerning the propagating theory
development of EMWSs power beams with Gaussian energy
distributions, the real interactions of High power beams
and the Earth atmosphere this fact brought about the
modified concepts of the relative permittivity, EMWSs
velocities, and refractive indexes [25-32, 39, 40].

So far, it has a few systematic data of the specific phase
and group refractive indexes vs. altitude of the ionized
region published in the Literature [10, 27, 28, 37, 42, 43].
In our previous published work [28, 39], we have studied
and outlined the relative permittivity and the numerical
data of the complex phase refractive index by altitude
based on the free electron density (N¢) distribution [38]. In
this paper using the first-order Appleton-Hartree equations
bypassing the imaginary parts due to their values are very
small, we estimated and outlined the systematic numerical
results of both kinds of the real phase and group refractive
indexes (nphand ngr) vs. the altitude concerning the single
and packet EMWs forms propagating in the ionized regions
from 100 km to 1000 km depending on the frequency range
of from 8 MHz to 5.8 GHz.

1. THE EXPRESSIONS OF RELATIVE

PERMITTIVITY AND REAL REFRACTIVE
INDEXES EXPRESSIONS FOR THE EARTH’S
IONIZED REGION

11.1. Briefly on electromagnetic waves propagation in the
ionized region

The features of the ionosphere region strongly influence
microwaves propagation. The mechanism of refraction
mainly occurs in the following ways: when the EMW
comes to the ionosphere region, the electric field of EMW
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forces the free electrons being in the ionosphere into
oscillation with the same frequency as that of the EMW.
Some of the radio-frequency energy is transferred to this
resonant oscillation, and the oscillating electrons will then
either be lost due to recombination or will re-radiate the
original wave energy. The total refraction can occur when
the collision frequency of the ionosphere is less than the
EMW frequency, and the electron density in the ionosphere
is high enough [9, 14, 15, 25].

When the EMW frequency increases to higher values,
the number of reflection decreases and then not the
refraction. So there will be a defined limiting frequency
(so-called, critical frequency or plasma frequency) where
the signals could pass through the ionosphere layer [9,14,
33]. If the propagating EMW’s frequency is higher than the
plasma frequency of the ionosphere, then the free electrons
cannot respond fast enough, and they are not able to re-
radiate the signal. The expression determining the critical
frequency has the form: £ =9.,/N, . Herein, Ne [m?] is
a free electron density being in the ionosphere region. If we
do not take into account the number collision of ionized
particles (O, N, H...), then the effective permittivity (sef)
as a function of critical frequency or plasma frequency ()
and EMW’s frequency (w) that can be written as the
following form [32, 38, 39]:

2
Eoff = €9 (1'%> (a);

Based on this formula, the plasma frequency (wp) of the
ionized region has been calculated, and its value is about
8 MHz [32-34].

11.2. The expressions of the complex relative
permittivity in the ionized region

C()p _ N,e?
meq

() (@

In the ionized region, the dielectric permittivity has been
accepted as a complex number. Various processes are
labeled on the imaginary part: ionic and dipolar
relaxation, atomic and electronic resonances at higher
energies. As the response of the ionized region to external
fields that strongly depends on the EMW frequency, the
response must always arise gradually after the applied
field, which can be represented by a phase difference
leading to the formation of the imaginary part. The
complex relative permittivity in the ionized region can be
expressed in the following form [36, 38, 39]:
& (o) =1—47rNe‘e2 L= e.(0)+ ie, (w)

EoMe (w2+S2) o
)

Ng,ez S
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Herein, N is the free electron density, e is the angular
frequency, me is electron mass, & is the vacuum dielectric
constant, ¢ is the conductivity, and S is the collision
angular frequency of ionized particles in the ionized
region. The &, (w) and &, (w) are denoted as the real part
and imaginary part of the relative permittivity,
respectively. Based on the graphic curves of free electron
density by altitude in the ionized region, the different kinds
of conductivities and relative permittivity vs. the altitude

o=
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have been estimated [38, 39].

11.3. The first-order expressions of Appleton-Hartree
formulas for calculation of the specific real phase and
group refractive indexes

As known, the refractive index offered in the Literature is
often undertaken as a general refractive index determined
by n=c/v. Herein, c is the speed of light, v is the related
velocity of EMW. This concept is not often distinguished
clearly from the specific phase. group, energy velocities
concerning the different forms of the single wave, packet
waves, power beams EMWSs propagating in given medium
[22-24, 28]. This concept is only valid and used for the
ideal medium (linear medium) corresponding to an ideal
vacuum (homogeneous, isotropic, linear) where all forms
of EMWs travel with the same velocity [1, 2, 3, 14, 36, 37].
In fact, for the reality medium, depending on the different
types of the EMWs (single sinusoidal wave, packets wave,
and distributed waves power beams...), the EMWs will
travel with different velocities (the phase velocity, group
velocity, particle velocity, and energy velocity) [22-24].
Here it is so-called the specific velocity corresponding to
the related refractive index, it is so-called the specific
refractive index. The specific refractive index expression is
given by ny =c/vy where ny is denoted by the specific phase,
group, or energy refractive index that is concerning the
specific velocity (vx) of phase velocity for single EMW,
group velocity for packet EMWSs, or energy velocity for
energy power beam, respectively. The general original
equation of the complex refractive index for ionosphere
region, so-called the Appleton-Hartree Equation based on
the work of Budden (1985) is written as the following form
[33]:
2 _ A
- 4
ie{ st Mo ]
2(1-A-jC) J | 4(1-A-jC)?

Herein the dimensionless quantities A, B, and C are
defined as follows:

f,2 _f f
A=t BTt el

Bcos@
C="f_/f where f

B, :%a)ssine ’ is the

angular plasma frequency: ¢ _ [ N,.e? ]% :
N =] —

EoMe
fB is the electron gyro-frequency: fo = B.-€ (f)is the

frequency of the EMW, @is the angle between the
propagation direction and the geomagnetic field, Ne is the
free electron density in the ionosphere region due to
particles (O, N, H...) ionized, B is the magnitude of the
magnetic field vector, the meaning of other symbols have
mentioned in above. When f comes to a remarkably high
value (>100 MHz) or infinite, the terms of imaginary in the
Appleton-Hartree Equation (4) will be neglected. Besides,
if the collision effects of the particles are not taken into
consideration, after yielding Eq. (4), the expressions of the
real specific phase and group refractive indexes (nphand
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Ngr) can be derived, they have the following forms [8, 9]:

i fi%if”-%[”ﬂ“mz(’)] ©
ng=1 + ffz)%;mo % [” +f2(1 +cos29)] (6)
f127 4 gme ]2.' 2m, ( ) (7)

Herein, ngh and ng are the specific real phase for single
EMW and group refractive indexes for packet EMWs,
respectively. The Egs. (5), (6) are so-called, the specific
high-order real phase and group refractive indexes of the
Appleton-Hartree formulas. We observed that Egs. (5) and
(6) have opposite signs before the three terms after the first
term with the value of 1. The waves with the upper signs
after the second term in Eqgs. (5) and (6) are called the
ordinary waves (O-wave) and are left-hand circularly
polarized waves. In contrast, the waves with the lower signs
are called the extraordinary waves (X-wave) and are right-
hand circularly polarized [1, 6, 8, 9, 28, 37, 44]. If we take
only the effects of the free electron density (Ne) in the
ionosphere region into consideration, the equations of the
high order refractive indexes of Appleton-Hartree formulas
in Egs. (5), (6) will become to simple forms, which are
named the first-order expressions of the specific real phase
and group refractive indexes [18, 37]. After

substituting the constants symbols of e, me, 7, and &, into
Egs. (5), (6), these expressions will be reduced to the
following approximated forms [6,8,9,37]:

1‘2 _ Nee N,

My~ 1-3—1 pwm ef >=]- 4031 —- (8)
J Nee

ng e / = 87:2 7 > =1+40. 31 9

The values of ngh and ng by altitude can be determined
based on the N values vs. altitude at different given
frequencies.

I11. RESULTS AND DISCUSSIONS
I11.1. The variation of the relative permittivity vs. altitude

Based on Egs. (2)&(3) and the outlined graphic free
electron density (Ne¢) distribution by altitude in the
ionosphere region [38], the relative permittivity concerning
the two kinds of the Pedersen conductivity (op.) and Field—
Aligned conductivity (ora) has been estimated and
outlined in the tables [39]. These results are redrawn on
Figs.1&2 for a more clear review to setting up our proposal
estimating condition for this paper.
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Figure 1. The numerical results of relative complex
permittivity vs. altitude from 100 km to 1000 km based on
Field-Aligned conductivity (oea), the real part data (a),
and the imaginary part data (b).
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Figure 2. The numerical results of relative complex
permittivity vs. altitude from 100 km to 1000 km based on
Pedersen conductivity (ap), the real part data (a), and the
imaginary part data (b).

From Figs.1&2 we see clearly that the imaginary
parts of complex permittivity’s values are very small in
the ranges of 1077 for the Field-Aligned conductivity (or.a)
case and 10712 for Pedersen conductivity (op) case. This
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fact supports our proposal estimating conditions: We can
ignore the imaginary parts in Eq. (4) as well as the higher-
order terms being in Eqs.5&6 for numerical estimation of
the real phase and group refractive indexes in this work.

111.2. The estimated results of the specific real phase and
group refractive indexes vs. altitude in the ionized region
from 100 km to 1000 km

Using Egs. (8) and (9) with the same numerical calculated
method with replacing the values of the free electron density
by altitude that outlined in the tables in the work [39] we will
have estimated the systematic numerical results of both the
specific real phase and group refractive indexes vs. altitude
from 100 km to 1000 km concerning the specific velocities
of the single EMW and packet EMWSs. The obtained results
are outlined in Figs. 3 & 4 for four different frequencies of
8 MHz, 100 MHz, 2.45 GHz, and 5.8 GHz.
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Figure 3. The specific real phase (npn) and real group
(ngr) refractive indexes vs. altitude from 100 km to 1000
km at the EMW frequencies 8 MHz (a) and 100 MHz (b).
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Figure 4. The specific real phase and group refractive
indexes vs. altitude from 100 km to 1000 km at the
EMW frequencies 2,45GHz (a) and 5.8GHz (b).
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Figure 5. The estimated results of the real phase and
group refractive indexes in comparison with two
frequencies at 2.45 GHz and 5.8 GHz

From the obtained results we observed that the values
of the specific real phase refractive index varied strongly
along with the altitude in the range of from 150 km to 500
km. At 250 km altitude, their values are smaller than 1. For
example, its value is 0.2 at 8 MHz, and increased to
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0.9999985 at 5.8 GHz; corresponding to these values, the
specific phase velocities concerning the propagation of a
single EMW form in this region could be larger than the
light speed (c). This result is opposite the Einstein principle,
but indeed at some special propagating environments, the
phase velocity could be larger than the light speed. This
fact could be accepted for the phase velocity of single EMW
propagation when it is not contained information as the
approach predicted [22, 23].

The obtained results in Figs.3, 4, 5 also show the values
of the specific real group refractive indexes concerning the
propagation of the packet EMWs in the ionized region that
are larger than 1, for example, at the altitude of 250 km, its
value is 1.8 for 8 MHz frequency EMW, it varied to the
value of 1.0000015 at 5.8 GHz frequency EMW;
corresponding to these values, the specific group velocities
in this region will always be smaller than light speed (c)
due to the propagation of packet EMWs is usually
contained energy/information [22, 23]. In practice,
depending on the given form of EMW, the EMW could
propagate with its own specific phase, group, or energy
velocity; this will determine the value of the own specific
phase, group, or energy refractive index, respectively.
Indeed it is hard to distinguish or point out clearly which
kind of the EMW'’s specific velocity is really propagated.
Therefore the related refractive index so far is often
labeled by the general refractive index, not by a defined
specific refractive index. This situation together with the
result of the specific real phase velocity has a value larger
than light speed (c) these facts should be studied and
explained more clearly in next time.

Our obtained results of specific refractive indexes here
are in orders similar to the values of refractive indexes
predicted model and discrete values determined at different
altitude and local positions published in Literature. Our
results are listed in comparison with several published
results of refractive indexes computed or measured at
different regions and conditions, as in Table 1 in bellow
[10, 16, 21, 42, 43, 45].
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Table 1. The estimated results in this work are in comparison with the results of other Works published

Authors/ Year Freq. Altitude of Refractive indexes (n) values Study Method / Refs,
publication Range Earth Notes
/wave atmosphere/ | Neutral Region lonized Region
length location
a) n>1 n<1 Model of
Stephen M. 0 km to 2000 | (from 0 to 30 | (inregion from 90| refractive [10]
Hunt, et al. km km) km to 2000 km) | indexes in the | Fig.7
(2000) b) n~1 atmosphere up
(from 30 to 90 to 2000 km
km) (forecast)
Syed  Nazeer | 3.04 to | F2 layer; at - Refractive index: | Computed
Alam et. Al 8.29 MHz | latitude33.75° n=0.948ton= | based on | [16]
(2013) N; longitude 0.953 depending | experiment data
72.87 °E on parameters (forecast)
R. G Gillies, - Common (calculated
G. C. Hussey et F region Refractive index: | values using | [21]
al. n= 0,8 to 1 value) | SuperDARN
(2009) velocity
measurements
Recomm- for The results | The results shown | Computed
endation ITU- | frequency | The shown in the | in the forms of | parameters [42]
R p.453-7 up to 100 | atmosphere forms of maps | maps of the | concerning the
(up to 1999) GHz region of the | refractivity data refractive index
Recomm- refractivity data “n”  (Surface
endation ITU- refractivity, [43]
R P.834-7 (up vertical
to 2015) refractivity
gradients...)
- - Series curves of n| Calculation of
YESIL, S. From 130 km varied from -2.4 to| Refractive index
KARATAY to 250 km and 1. of the extra [45]
S. SAGIR |, K. F2 region up to The real part of | ordinary wave
KURT (2013) 650 km the refractive | depending on
index was affected | Ne, seasons,
in winter location...
Estimated - Series curves of | Estimated the
at: 8 MHz | lonosphere N and ngr are | systematic data
KEaC An Dao, 100 MHz, | from 100 km shown. of Real and
Chung  Dong | 5 45517 | to 1000 km +Real  phase | Group This
Nguyen and 5.8 GHz refractive refractive work
Diep Dao indexes: nNpn<1 indexes at 4
+Real group| frequencies
refractive indexes:| from 90 km to
Ngr >1 1000 km

IV. CONCLUSIONS

- We have outlined briefly some research - development
activities more in detail concerning the specific phase and
group refractive indexes given by the relation ny =c/vy
concerning the specific phase and group velocities of the
single EMW and packet EMWs forms in the Earth

atmosphere’s ionized region, respectively.

- The systematic numerical estimation of the real
refractive indexes by altitude from 100 km to 1000 km in
the ionized region is firstly carried out at four frequencies
of 8 MHz, 100 MHz, 2.45 GHz, and 5.8 GHz based on the
first-order Appleton-Hartree equations and based on the
data of the free electron density (Ne) vs. altitude. These
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estimated results are agreed with the theory and forecasted

model published in Literature.

- The specific real phase refractive index in the ionized
region has a value smaller than 1, corresponding to the
specific phase velocity could be larger than the light speed
(c), this result could be accepted for phase velocity of the
propagating single EMW not containing the information as

the theory predicted. Meanwhile, the value of the specific

real group refractive index is larger than 1, corresponding
to the specific group velocity will always be smaller than
light speed (c). This is explained by the propagation of
packet EMWs always containing information/energy, as
predicted by theory.

-The obtained data in this paper have significant
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meanings: this gives a general view about the variations of
the specific refractive indexes in whole the ionized region.
These estimated data could be used for the discussion as
well as used to replace into Maxwell equations for
investigation and/or calculation of the numerical solution
of the mathematical problems of WIT, GPS, and WPT to
determine the transfer efficiencies. These problems should
be continuously discussed and studied more detail in the
next time.
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TINH TOAN PHAN THYC HE SO CHIET SUAT
PHA VA NHOM BAC THU DQC THEO CHIEU CAO
LOP KHI QUYEN ION HOA S’ DUNG CAC
PHUONG TRINH BAC NHAT APPLETON-
HARTREE

Tom tdt: Cac hé sb chiét suat pha va nhom lién quan
dén tdc do pha va tdc do nhom ddi voi song dién tir don
va bo song dién tir truyén trong 16p khi quyén ion hoa
chung chira dung tat ca cac tuong tac giira song dién tir
va moi truong truyén séng. Viéc xac dinh dung gia tri cac
hé s chiét suat dac thu doc theo chiéu cao I6p ion héa
cua tang khi quyén Trai dét luén luén duoc quan tam, tuy
nhién do ciing 1a van d& thach thirc I6n  va rat phic tap vi
céc thong sb caa I6p ion hda ludn thay ddi ngau nhién
phu thudc rat nhidu vao vi tri tri, mua, thoi tiét, buc xa
mit troi va thoi gian vao ban ngay va ban dém. Dén nay
dd c6 mot sé mod hinh dy doan va nhiéu cong trinh xac
dinh hé sé chiét suat roi rac trén cac khia canh ly thuyét
va thuc nghiém khac nhau , tuy nhién danh gia -tinh sé
mot cach hé thdng hé s6 chiét suat pha va nhém theo theo
chiéu cao thi chwa thiy cé nhiéu két qua cong bd. Trén co
s& cac phuong trinh Appleton-Hartree vé hé sé chiét suat
gian woc bac nhét véi gia thiét bo qua cac thanh phan sé
phuc 1a rat nho, bai béo nay lan dau tién cb ging xac dinh
va trinh bay mot cach cé hé théng két qua tinh sé phan
thuc céc hé s chiét suat pha ddi véi song don va hé sb
chiét suit nhom ddi v6i bé song dién tir phu thugc vao tan
sb vi bava chiéu cao 16p ion hda khi quyén trai dét tir
100 km dén 1000 km. Nhiing két qua ndy cho buc tranh
t6ng quat vé su bién doi cua hé sé chiét suat phu thugce
Va0 tan sb va chiéu cao, va trén co s ndy co thé phat
trién dé g dung trong cac nghién ctru thuc nghiém va
ly thuyét, dac biét c6 thé wng dung trong gii bai toan
truyén séng tim 1oi giai s vé truyén théng tin khéng day
va truyén chum tia céng suit cao khong day gitra hai diém
trong bau khi quyén trai dt .

Tirkhoa: phan thuc hé s6 chiét suat pha va nhém  theo
chieu cao; phuong trinh Appleton-Hartree bac nhat, Mién
ion hda bau khi quyén trai dat, truyén song dién tur.
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