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The ionospheric phase refractive index is a complex  function that determines the attenuation and the 
trajectory of radio signals through the ionosphere.  This complex refractive index model has been 
obtained using the Maxwell's equations, the tensori al conductivity equation, electron collision models , 
and the geomagnetic field model. The model has been  used to study and investigate the phase 
refractive index on radio wave propagation for high  latitude, low latitude and equatorial regions of t he 
global ionosphere, at 1400 h LT, during the periods  of high solar activity (Rz = 104.5, year 1970), 
moderate solar activity (Rz = 68.9, year 1972) and low solar activity (Rz = 12.6, year 1976). Our resu lts 
showed that ionospheric phase refractive index is n ot constant, less than unity, increases with 
increasing propagating radio frequencies and for a particular propagating radio frequency, it increase s 
with decreasing solar activity .  
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INTRODUCTION 
 
Space communications problem is the problem of 
propagation through a slab of ionospheric irregularities 
(Liu, 1970). The variations of ionospheric parameters as 
a result of solar radiation affects various scientific 
missions involving satellites, such as communication 
efficiency, radar and navigation systems and forecasting 
of weather conditions (Habarulema, 2007; Okeke et al., 
2009). Thus, in order to clearly explain what is happening 
in the ionosphere and give sufficient information on the 
impact on radio signals in the ionosphere, there is a need 
to understand the dynamics of the ionosphere in terms of 
its varying refractive index. 

The ionosphere affects radio signals in different ways 
depending on their propagating frequencies which range 
from extremely low (ELF) to extremely high (EHF), 
oscillation frequency of the electron, the refractive index 
of the ionospheric plasma and the Earth’s magnetic field 
(Budden, 1988). Due to these behaviors, the radio wave 
penetrates, reflects, refracts, is absorbed and  delayed by  
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the ionosphere.  
The ionosphere is a dispersive medium for radio waves 

propagating through it. This implies that the ionospheric 
phase refractive index is a function of the propagating 
radio waves’ frequency, the electron density, and to a 
minor degree, the intensity of the Earth’s magnetic field 
(Langley and Komjathy, 1996). Theoretically, the concept 
of the phase and group velocities and phase and group 
refractive indices are useful for studying of the 
propagation of the radio waves in the ionosphere. 

This research work studied and investigated the impact 
of the variation of the complex ionospheric refractive 
index on radio wave propagation in Ibadan 7.4° N, l ong 
3.9° E and Dakar 14.8° N, 17.4°W (Equatorial region ); 
Dourbes 50.1° N, l 4.6° E and Wakkanai 45.4°  N, 141.7° 
E (Mid latitude); Tromso  69.7° N, 19.0° E and Thul e 77.5 
° N, 69.2° W (High latitude), at 1400 h LT, during the 
periods of high solar activity (RZ = 104.5, year 1970), 
moderate solar activity (RZ = 68.9, year 1972) and low 
solar activity (RZ = 12.6, year 1976). Data sources 
include; IGRF Geomagnetic Field Model 1945 to 2010, 
International  Reference  Ionosphere - IRI-2007, MSIS-E- 
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90 Atmosphere Model and SPIDR. Each year for each 
station is classified into December solstice, March 
Equinox, June Solstice and September Equinox. 
 
 
BASIC EQUATIONS  
 
Ionospheric plasma  
 
The phase refractive index of the ionosphere is a 
complex quantity (Ratcliffe, 1959), given as; 
 

χµ in +=                                                               (1) 
 
µ is the real part of the ionospheric refractive index and 
affects the phase velocity, χ is the complex part and 
determines the attenuation of the wave.  

The behavior of the complex refractive index of a 
propagation medium yields almost everything one needs 
to know for propagation purposes (URL-1, 1999). The 
ionosphere is not bound by specific, fixed limits, although 
the altitude at which the ionosphere begins to be 
detectable is about 60 km and stretches to 1200 km 
above the Earth’s surface (URL-2, 2000; Baumjohann 
and Treumann, 1999). The ionosphere is a partially 
ionized, spherically stratified plasma with a wide 
spectrum of non-uniformly spaced irregularities, upon 
which is imposed a non-uniform magnetic field - which is 
itself distorted by perturbations in the solar wind 
(Hunsucker, 1991). The structure of the ionosphere is not 
constant but is continually varying in response to 
changes in solar radiation and the Earth’s magnetic field 
(URL-2, 2000). The ionospheric plasma contains equal 
numbers of positive and negative charges (quasi-neutral) 
and, hence, is electrically neutral. The mass of an ion is 
greater than the electron mass, electrons are more 
mobile and thus ions have a negligible effect on radio 
waves (Budden, 1988). In plasmas, electrons can 
oscillate about the heavy ions and spiral or gyrate around 
the external magnetic field Bo (Davies, 1990). 

The plasma oscillating angular frequency, ωp, is given 
by  
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The plasma angular gyrofrequency, ωB, 
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where, Ne is the number density of electrons, e and me 
are the electron charge and mass, respectively, εo, is the 
permittivity of the free space, fp is the plasma frequency, 
fB is the plasma gyrofrequency.  
 
Radio   waves   in  the  ionosphere  are  subject  to  some  

 
 
 
 
attenuation because the motions of the electrons and 
ions are damped through collisions with other particles 
(Oyinloye, 1988). When electrons in the ionosphere are 
set in motion by a passing wave, collisions between 
particles are so frequent that a major portion of their 
energy may be used up as heat. Changes in the index of 
refraction of the ionospheric medium will also cause 
variations in the propagation velocity and direction of 
propagation. This in turn will cause the energy ray paths 
to be delayed as it experiences refractive bending. As the 
electrons move under the influence of the applied electric 
field, they frequently collide with the more abundant 
neutral particles. Since the mass of an electron is 
thousands of times less than the mass of a neutral 
molecule, these collisions result in a significant loss of 
electron momentum and energy. The collision 
frequencies play a crucial role in partially ionized plasma 
for accurate calculations of the ionospheric refractive 
index and the ionospheric radio wave absorptions or 
attenuations. Texts by Rishbeth and Garriott (1969), 
Baumjohann and Treumann (1999), Siegfried (1973) and 
Bittencourt (1986) discuss the physics in some detail. 

The motion of charged particles is strongly influenced 
by the presence of collisions and the electromagnetic 
field. Hence the equation of motion for an electron of 
velocity νe under the action of the Coulomb, Lorentz 
forces and in the presence of collisions is (Baumjohann 
and Treumann, 1999). 
      

( ) ( )uvmBvEe
dt

dv
m ecee

e −−×+−= ν         (4) 

 
where  ( )uvm ece −ν  is the collisional term, eν is the 

electron collision frequency and u is the velocity of 
collision targets (ions or neutrals) which will be assumed 
to be 0 for a steady state and cν  is the collision 

frequency, given in complex form (Bittencourt, 1986) and 
(Rishbeth and Garriott, 1969)  as; 
 

( ) ωννωνν ii eneiec −+=−=            (5) 

 
ω  is signal frequency, enν is electron-neutral collisions 

and eiν is electron-ion collisions; Rishbeth and Garriott 

(1969) gave the ionospheric electron collision frequencies 
models as   
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Nn is the neutral density,  
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Figure 1.  Relationship between electric field and 
current in the ionosphere (http://wdc.kugi.kyoto-
u.ac.jp/ionocond/exp/figs/ejexp.gif) 

 
 
 

 
 
Figure 2.  Relative orientation of the vector fields E║, E⊥, 
and –E x B0. the conductivities σ║, σ⊥, and σH govern the 
magnitude of the electric currents flowing along these 
directions, respectively (Bittencourt, 1986). 

Awe et al.          6803 
 
 
 
For a propagating wave in the presence of a magnetic 
field, it is advantageous to split the electric field vector, 

E
r

, into the component parallel to the magnetic field, B , 
and the component perpendicular to magnetic field, with 
its respective current vectors as shown in Figure 1. 

In the absence of magnetic field, B0=0, and for a steady 
state (that is, 0dtdve = ), Equation (4) becomes. 
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but    
 

eevenJ −=                                                   (9) 
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σ is the plasma conductivity in the absence of 
geomagnetic field, called the longitudinal conductivity.  
 
Conversely, since no Lorentz forces act on a particle 
moving parallel to the magnetic field, the current vector 
can be expressed as 
   

//0// EJ σ=            (11) 
 
where σ0 is called parallel conductivity and it represents 
the direction parallel to the magnetic field line. This is 
same as that when there is no magnetic field, for this 
reason, σ in Equation (10) is also called the parallel 
conductivity given as. 
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2
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However, since the plasma may also move with velocity 

ve across a magnetic field, then the Bv e ×  electric field 
resulting from the lorentz transformation must be added 
to the current equation, hence we have 
   

( )BvEJ e0 ×+= σ                                    (13) 

   

BJ
en
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e

0
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vv
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In solving Equation (14), we have assumed that the z-
axis of the coordinate system with its origin located on 
the ground is vertical upwards, that is, the magnetic field 

is aligned with the z axis, zBB 0

)= . The geometry of the 

geomagnetic field is thus given as shown in Figure 2. 
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Hence, 
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noting that 
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then   
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and  
  

z0z Ej σ=  (21) 

 
substituting (20) into (19), we have 
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Similarly, substituting (23) into (20), we have 
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In matrix form, Equations (23), (25) and (21), can therefore 

 
 
 
 
be written as 
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This set of component equations can be written in dyadic 
notation as 
   

EJ •= σ                                                (27) 
 
where σ, is the plasma conductivity tensor in this case. 
For a magnetic field aligned with the z direction, the 
conductivity tensor reads (Baumjohann and Treumann, 
1999). 
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and the tensor elements are given by 
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The tensor element σp is called Pedersen conductivity 
and governs the Pedersen current in direction of that part 

of the electric field, ⊥E , which is transverse to the 
magnetic field. The Hall conductivity, σH, determines the 
Hall current in the direction perpendicular to both the 

electric and magnetic field, in the BE ×−  direction. The 
element σ1 as earlier stated is the parallel conductivity 
since it governs the magnetic field-aligned current driven 

by the parallel electric field component //E  (Baumjohann 
and Treumann, 1999). (Recall that the parallel 
conductivity is equal to the plasma conductivity in the 
unmagnetized case). 
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Radio propagation through plasma 
 
A plane wave propagating in the ionospheric plasma 
satisfies the following set of Maxwell’s Equations (Bo 
Thide, 2004) and (URL-3, 2008); 
   

0E =⋅∇                                                             (32) 
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The electric field component a radio wave propagating in 
space is given by,     
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with similar expressions for magnetic field, B , and 

velocity, v , where ω is the angular frequency and k wave 
vector. In our chosen Cartesian coordinate system, we 
assumed that the z axis coincide with the wave normal of 
the plane then, the electric field component a radio wave 
propagating in space may be written as,   
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for constant phase 
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where kk ≡  and k
)

 is a unit vector pointing in the 

direction of k , νph is termed the phase-velocity; 
   

                                                (39) 
 
n is the phase refractive index of the propagating 
medium, in this case the ionospheric plasmas as given in 
Equation (1) and c is the speed of light in the free space. 
Equation (37) can therefore be written for propagation 
through the ionosphere as 
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The χ
ω
c  term is called the absorption coefficient, κ, and 

this expression shows that the radio wave propagating 
through the ionosphere is attenuated by the term of   






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− z
c

exp χω . Substitution of the plane wave solution of 

Equation (37) into Maxwell’s equations yields 
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similarly 
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Now 
 

( ) ( )BiE ×∇=×∇×∇ ω                       (43) 
 
Recall   
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For the plane wave propagating in the z axis of assumed 
Cartesian coordinate, it implies that    
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Equation (45) becomes  
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where I is an identity tensor; the identity tensor takes 
every vector into itself and 1 is often written as the 
identity tensor as; 
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ijδ  is known as the kronecker delta symbol 

Rearranging Equation (50), we have 
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Tensorially, Equation (52) can be written as  
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In tensor form, Equation (53) becomes 
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Determinant oM =  is called the basic dispersion 

relation. 
Therefore, replacing the tensor elements, the dispersion  

 
 
 
 
relation is 
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The complex refractive index n can be obtained in terms 
of plasma parameters by solving the dispersion relation. 
Thus 
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Substituting respective components of Equation (56), we 
have 
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This is a quadratic equation in terms of n; the first 
expression is the plasma oscillation, the second 
expression is the left-hand polarized wave and the third 
expression is the right-hand polarized wave. Considering 
only the left-hand polarized wave, 
   

ωε
σ

ωε
σ

oo

HP2 i
1n −=−⇒            (61)           

 
( )

( )[ ] ( )[ ]
( )( )

[ ]ωνωνωω
ωωωνω

ωνωω
ωω

ωνωω
ωνω

e
22

e
2
B

B
2
pe

2
p

2

e
2
B

B
2
p

2

e
2
B

e
2
p2

2i

ii

ii

i
i1n

−−+
−−

=
−+

−
−+

−
=−∴

                                                                      (62) 
  
Rationalizing the complex fraction, we have 
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separating into real and imaginary parts, we have 
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Equation (1) can therefore be written as; 
    

( ) iNMin 22 +=+= χµ                                 (69) 
 
that is,  
 

( ) ( )iNMin +=+= χµ                      (70) 

 
 

to solve µ and χ recall from complex analysis that if  
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Therefore the theoretical model for the complex phase 
refractive index of the ionospheric plasmas is 
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The plus and minus signs correspond to the ordinary and 
extraordinary wave modes of propagation and the plane  
 

 
wave propagating through the ionospheric plasmas for 
the ordinary wave can therefore be expressed as 
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Hence the attenuation term can be expressed as 
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and the phase velocity term is a function of   
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RESULTS AND DISCUSSION 
 
Equation (76) shows that the refractive index is a function 
of the following ionospheric variables 
  

( )σνωωω ,ne,neeBpph T,TN,N,,,,,hfn =         (80) 

 
where, ω is angular frequency of the propagating radio 
signal through the ionospheric plasma 
   

( ) ( )( )eoePp m,,e,hNfff εω ==          (81) 

   

( ) ( )( )eoBB m,e,hBfff ==ω          (82)

   
( ) ( ) ( ) ( )( )hT,hT,hN,hNf nenee =ν                     (88) 

  
( ) ( ) ( )( )h,h,hf HP1 σσσσ =                       (84) 

 
h = ionospheric alttitude; D region is 60 to 80 km, E 
region is 85 to 110 km, F region is 115 to 440 km and 
TOPSIDE region is 445 to 600 km .We have assumed 
the ionospheric plasmas to be stratified into spherical 
layers, an interval of 5 km from the D region to the 
TOPSIDE region  was considered in our computation 
using Microsoft Excel spreedsheet for each of the varying 
ionospheric parameter at 1400 LT.  

Our results show that phase refractive index is less 
than unity for 5 MHz, 15 MHz, 25 MHz, 100 MHz, and 1.5 
GHz propagating frequencies. This implies that the phase 
velocity is greater than the speed of light, a result already 
obtained by different researchers but with the exclusion 
of collision frequencies, ionospheric conductivities and 
Earth’s magnetic field (Oyinloye, 1975; Bassiri and Hajj, 
1993; Komjathy, 1997; Habarulema, 2007; Kintner and 
Ledvina, 2004; URL-2, 2000; Aydodu and Ozcan, 1996). 
Table 1 shows the phase refractive index calculated for 
Ibadan for the propagating frequencies, similar results 
were calculated for the other stations. The variation of 
phase refractive index with altitude explains the nature of 
the trajectory of radio signals in the ionosphere and as 
well as the delay experienced. The decreasing phase 
refractive index with altitude for radio signal implies a 
bending away from the normal and hence the reflective 
ability of the ionosphere for HF signals as deduced from 
Figures 3 to 5, and an increasing refractive index with 
altitude implies bending towards the normal. Therefore, a 
radio signal passing through the ionosphere will 
experience an alteration in velocity of propagation and as 
well as the direction of propagation; HF signals 
experience immense refractivity and reflected, while VHF 
experience double ray path alteration; to and from 
satellite as they pass through the ionosphere in Figure 6. 
The phase refractive has its minimum value around 
hmF2.  

 
 
 
 

Figures 3 to 5 show that in Ibadan for different 
propagating radio frequencies, the phase refractive index 
increases with increasing propagating radio frequencies. 
Also for a particular propagating radio frequency, the 
phase refractive index increases with decreasing solar 
activity as shown in Figures 7 to 9 for the different 
stations. The phase refractive index ranges for 5 MHz 
from 0.801736853 to 0.999999945, 0.679103281 to 
0.999999869, and 0.58322336 to 0.99999913 for low, 
moderate and high solar activity respectively for all the 
stations as shown in Table 2. Prior to reflection, as shown 
in Figures 7 to 9, 5 MHz frequency and other HF radio 
signals in the equatorial regions will reflect (as these 
have very low refractive index) at a lower altitude 
compared with mid and high latitude regions. Therefore 
HF radio signals in the mid and high latitude regions will 
travel a wider distance for sky wave communications.  

Figures 10 to 14 show the amount of energy of radio 
signals attenuated in the ionosphere deduced from the 
imaginary part of the theoretical model. It shows that 
attenuation increases directly with increasing solar 
activity, highest in D regions, very high at high solar 
activity a, very high at June solstice, very high for HF 
frequency and extremely low attenuation for VHF. These 
results are in agreement with that obtained by Unal et al. 
(2007). Furthermore, radio signals in the ionosphere are 
calculated to be completely attenuated for LF. Tables 3 to 
5 summarized the results for calculated attenuations.  

However, if the collision frequencies and the Earth’s 
magnetic field are neglected in Equation (65), the phase 
refractive index becomes real and reduces to the 
approximated Appleton-Hartree equation, which has 
been used by various authors (Oyinloye, 1975; Bassiri 
and Hajj, 1993; Komjathy, 1997; Habarulema, 2007; 
Kintner and Ledvina, 2004; URL-2, 2000; Aydodu and 
Ozcan, 1996). Thus the approximated AH equation for 
the phase refractive index is 
  

2

2
p

2
1n

ω
ω

−≈                                        (85) 

 
Figure 15 shows the behaviour of the phase refractive 
index for the AH model and the theoretical model for 5 
MHz for January 1970 at Ibadan. Figure 16 shows the 
variation of the amplitude attenuation of 1 V/m with 
altitude for 5 MHz for January 1970 for the theoretical 
model and AH model at Ibadan. It also shows the 
exclusion of the Earth’s magnetic field and the electron-
ion collision frequency in the theoretical model. 
 
 
Conclusion 
 
The trajectory of radio signals through the ionosphere 
and ionospheric phenomena like attenuation, ionospheric 
delay,  refraction,   reflection   and   transmission  can  be  
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Table 1.  Calculated phase refractive index for Ibadan January 1970 at 1400 LT. 
 

Layer Altitude (km) IBD_5 MHZ IBD_15 MHZ IBD_25 MHZ  IBD_100 MHZ IBD_1.5 GHZ 

D 60 0.9999511343 0.9999905509 0.9999977325 0.9999999238 0.9999999997 
D 65 0.9999290078 0.9999942924 0.9999986073 0.9999999281 0.9999999997 
D 70 0.9996793735 0.9999864647 0.9999956442 0.9999997140 0.9999999987 
D 75 0.9994238990 0.9999794961 0.9999922071 0.9999994491 0.9999999974 
D 80 0.9994842534 0.9999753706 0.9999901977 0.9999992956 0.9999999967 
E 85 0.9994673652 0.9999522461 0.9999808115 0.9999986169 0.9999999935 
E 90 0.9963861674 0.9994885191 0.9997941661 0.9999851604 0.9999999307 
E 95 0.9892573018 0.9982478258 0.9992950652 0.9999492009 0.9999997629 
E 100 0.9828276910 0.9971250505 0.9988439413 0.9999167359 0.9999996115 
E 105 0.9805463705 0.9967312371 0.9986860306 0.9999054010 0.9999995586 
E 110 0.9803372701 0.9966953979 0.9986719440 0.9999044195 0.9999995541 
F1 115 0.9802835205 0.9966880136 0.9986692863 0.9999042603 0.9999995534 
F1 120 0.9798255157 0.9966138641 0.9986398376 0.9999021755 0.9999995437 
F1 125 0.9793501825 0.9965370769 0.9986093450 0.9999000171 0.9999995337 
F1 130 0.9788528704 0.9964568003 0.9985774676 0.9998977606 0.9999995233 
F1 135 0.9783361300 0.9963734502 0.9985443733 0.9998954182 0.9999995124 
F1 140 0.9777960510 0.9962863845 0.9985098056 0.9998929716 0.9999995011 
F1 145 0.9772312376 0.9961953830 0.9984736776 0.9998904146 0.9999994892 
F1 150 0.9766402762 0.9961002250 0.9984359021 0.9998877411 0.9999994768 
F1 155 0.9760204519 0.9960004767 0.9983963066 0.9998849389 0.9999994638 
F1 160 0.9753677367 0.9958954902 0.9983546333 0.9998819896 0.9999994501 
F1 165 0.9746806513 0.9957850412 0.9983107942 0.9998788870 0.9999994358 
F1 170 0.9739538180 0.9956682660 0.9982644454 0.9998756067 0.9999994205 
F1 175 0.9731844058 0.9955447242 0.9982154129 0.9998721364 0.9999994045 
F1 180 0.9723669554 0.9954135474 0.9981633519 0.9998684517 0.9999993874 
F1 185 0.9714933485 0.9952734375 0.9981077459 0.9998645158 0.9999993691 
F1 190 0.9705579479 0.9951235151 0.9980482473 0.9998603041 0.9999993496 
F1 195 0.9695486637 0.9949618415 0.9979840840 0.9998557618 0.9999993285 
F2 200 0.9684517569 0.9947862403 0.9979143922 0.9998508274 0.9999993056 
F2 205 0.9672534924 0.9945945401 0.9978383098 0.9998454400 0.9999992806 
F2 210 0.9659254603 0.9943822049 0.9977540321 0.9998394709 0.9999992529 
F2 215 0.9644360037 0.9941442328 0.9976595737 0.9998327794 0.9999992219 
F2 220 0.9627308072 0.9938719816 0.9975514972 0.9998251209 0.9999991864 
F2 225 0.9607170926 0.9935507361 0.9974239521 0.9998160795 0.9999991444 
F2 230 0.9582126660 0.9931517300 0.9972655008 0.9998048417 0.9999990922 
F2 235 0.9551618738 0.9926719255 0.9970749751 0.9997913272 0.9999990295 
F2 240 0.9520006363 0.9921677762 0.9968748952 0.9997771429 0.9999989636 
F2 245 0.9486742688 0.9916394104 0.9966653280 0.9997622947 0.9999988947 
F2 250 0.9451647370 0.9910867615 0.9964462603 0.9997467823 0.9999988227 
F2 255 0.9414867306 0.9905101643 0.9962178427 0.9997306177 0.9999987477 
F2 260 0.9376373338 0.9899093178 0.9959799716 0.9997137945 0.9999986697 
F2 265 0.9336170816 0.9892845878 0.9957328063 0.9996963247 0.9999985887 
F2 270 0.9294258372 0.9886363051 0.9954764969 0.9996782204 0.9999985047 
F2 275 0.9250650970 0.9879650458 0.9952112872 0.9996594995 0.9999984179 
F2 280 0.9205374473 0.9872715856 0.9949375027 0.9996401864 0.9999983284 
F2 285 0.9158443188 0.9865565063 0.9946553887 0.9996202992 0.9999982362 
F2 290 0.9109926815 0.9858212558 0.9943655342 0.9995998806 0.9999981416 
F2 295 0.9059836936 0.9850664006 0.9940681804 0.9995789486 0.9999980446 
F2 300 0.9008289493 0.9842940685 0.9937641817 0.9995575645 0.9999979455 
F2 305 0.8955326612 0.9835052748 0.9934539546 0.9995357585 0.9999978445 
F2 310 0.8901053651 0.9827019471 0.9931382709 0.9995135858 0.9999977418 
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Table 1.  Cont’d. 
 

F2 315 0.8845576816 0.9818860104 0.9928179013 0.9994911013 0.9999976377 
F2 320 0.8789032655 0.9810598242 0.9924937877 0.9994683722 0.9999975325 
F2 325 0.8731548656 0.9802255558 0.9921667919 0.9994454598 0.9999974265 
F2 330 0.8673291550 0.9793858642 0.9918379617 0.9994224378 0.9999973200 
F2 335 0.8614420635 0.9785433335 0.9915083247 0.9993993794 0.9999972133 
F2 340 0.8555131398 0.9777008963 0.9911790271 0.9993763645 0.9999971069 
F2 345 0.8495640326 0.9768618300 0.9908513631 0.9993534850 0.9999970011 
F2 350 0.8436216561 0.9760299752 0.9905268305 0.9993308453 0.9999968964 
F2 355 0.8376864327 0.9752053715 0.9902054381 0.9993084456 0.9999967929 
F2 360 0.8318221197 0.9743969523 0.9898906815 0.9992865313 0.9999966917 
F2 365 0.8260150150 0.9736025841 0.9895817085 0.9992650413 0.9999965924 
F2 370 0.8203307780 0.9728312273 0.9892820183 0.9992442209 0.9999964963 
F2 375 0.8147737430 0.9720830573 0.9889916508 0.9992240710 0.9999964033 
F2 380 0.8093793595 0.9713626094 0.9887123654 0.9992047142 0.9999963140 
F2 385 0.8041682579 0.9706722444 0.9884450618 0.9991862123 0.9999962287 
F2 390 0.7991949399 0.9700188268 0.9881923954 0.9991687498 0.9999961482 
F2 395 0.7944821463 0.9694047793 0.9879552803 0.9991523886 0.9999960728 
F2 400 0.7900521607 0.9688324767 0.9877346177 0.9991371904 0.9999960028 
F2 405 0.7859284163 0.9683043547 0.9875313248 0.9991232173 0.9999959385 
F2 410 0.7821679582 0.9678273120 0.9873480627 0.9991106538 0.9999958808 
F2 415 0.7787774785 0.9674015171 0.9871848667 0.9990995004 0.9999958296 
F2 420 0.7758156699 0.9670339468 0.9870444180 0.9990899422 0.9999957857 
F2 425 0.7732712278 0.9667224776 0.9869258651 0.9990819181 0.9999957490 
F2 430 0.7711847579 0.9664717957 0.9868310030 0.9990755514 0.9999957200 
F2 435 0.7695966979 0.9662865911 0.9867616284 0.9990709658 0.9999956992 
F2 440 0.7685299980 0.9661693163 0.9867186656 0.9990682235 0.9999956869 
TOPSIDE 445 0.7680233931 0.9661246249 0.9867039041 0.9990674478 0.9999956838 
TOPSIDE 450 0.7684677948 0.9662026674 0.9867367928 0.9990699918 0.9999956960 
TOPSIDE 455 0.7700046119 0.9664217440 0.9868244242 0.9990763482 0.9999957258 
TOPSIDE 460 0.7725092746 0.9667661478 0.9869606827 0.9990860881 0.9999957713 
TOPSIDE 465 0.7758878142 0.9672245584 0.9871411805 0.9990989046 0.9999958310 
TOPSIDE 470 0.7799925424 0.9677788179 0.9873588790 0.9991143069 0.9999959026 
TOPSIDE 475 0.7847279085 0.9684175554 0.9876093792 0.9991319879 0.9999959847 
TOPSIDE 480 0.7899645351 0.9691248625 0.9878865176 0.9991515179 0.9999960754 
TOPSIDE 485 0.7956252787 0.9698915826 0.9881867600 0.9991726512 0.9999961735 
TOPSIDE 490 0.8015834581 0.9707017698 0.9885039276 0.9991949575 0.9999962770 
TOPSIDE 495 0.8077659040 0.9715463010 0.9888344889 0.9992181911 0.9999963847 
TOPSIDE 500 0.8140843191 0.9724137898 0.9891740277 0.9992420443 0.9999964953 
TOPSIDE 505 0.8204693327 0.9732951319 0.9895190106 0.9992662714 0.9999966076 
TOPSIDE 510 0.8268869116 0.9741857961 0.9898676762 0.9992907494 0.9999967211 
TOPSIDE 515 0.8332698765 0.9750766494 0.9902164780 0.9993152318 0.9999968345 
TOPSIDE 520 0.8395705772 0.9759609342 0.9905627770 0.9993395344 0.9999969471 
TOPSIDE 525 0.8457577735 0.9768340981 0.9909047993 0.9993635337 0.9999970583 
TOPSIDE 530 0.8518045324 0.9776920716 0.9912409536 0.9993871190 0.9999971675 
TOPSIDE 535 0.8576989618 0.9785328284 0.9915704435 0.9994102347 0.9999972746 
TOPSIDE 540 0.8634181594 0.9793527589 0.9918918539 0.9994327821 0.9999973790 
TOPSIDE 545 0.8689539324 0.9801502941 0.9922045647 0.9994547180 0.9999974806 
TOPSIDE 550 0.8742949687 0.9809234125 0.9925077787 0.9994759869 0.9999975790 
TOPSIDE 555 0.8794397411 0.9816714675 0.9928012328 0.9994965701 0.9999976743 
TOPSIDE 560 0.8843827326 0.9823933074 0.9930844737 0.9995164365 0.9999977663 
TOPSIDE 565 0.8891269328 0.9830889626 0.9933575030 0.9995355861 0.9999978549 
TOPSIDE 570 0.8936735442 0.9837582324 0.9936202328 0.9995540124 0.9999979402 
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Table 1.  Cont’d. 
 

TOPSIDE 575 0.8980245091 0.9844010952 0.9938726518 0.9995717153 0.9999980221 
TOPSIDE 580 0.9021838037 0.9850177996 0.9941148486 0.9995887007 0.9999981007 
TOPSIDE 585 0.9061596131 0.9856092545 0.9943471728 0.9996049931 0.9999981761 
TOPSIDE 590 0.9099539365 0.9861754755 0.9945696236 0.9996205923 0.9999982483 
TOPSIDE 595 0.9135742052 0.9867173418 0.9947825435 0.9996355228 0.9999983173 
TOPSIDE 600 0.9170282105 0.9872357701 0.9949862853 0.9996498090 0.9999983834 

 
 
 

 
 
Figure 3.  The variability of phase refractive index at Ibadan for different propagating frequencies during high solar activity Rz =104.5, for 
different seasons. 

 
 
 
comprehended by the ionospheric complex phase 
refractive index as shown in this work for desired 

ionospheric regions. For vertical propagation of radio 
signals, this theoretical model can be used for studying,
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Figure 4.  The variability of phase refractive index at Ibadan for different propagating frequencies during moderate solar activity Rz =68.9, for 
different seasons. 

 
 
 

 
 
Figure 5.  The variability of phase refractive index at Ibadan for different propagating frequencies during low, solar activity Rz =12.6, for 
different seasons. 
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Figure 6.  Ionospheric effects on radio wave propagation. 

 
 
 

 
 
Figure 7.   The variability of phase refractive index for the stations for 5 MHz during high solar activity Rz =104.5, for different seasons. 
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Figure 8.  The variability of phase refractive index for the stations for 5 MHz during moderate solar activity Rz =68.9, for different 
seasons. 

 
 
 

 
 
Figure 9.  The variability of phase refractive index for the stations for 5 MHz during low solar activity Rz =12.6, for different seasons. 
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Table 2.  Calculated minimum and maximum values of n for 5 MHz for all the stations for different solar activities and seasons. 
 

Station IBD TOR DAK WAK THU DOU 

Jan-70 
Minimum 0.76802339 0.94216517 0.66343797 0.92371808 0.96832522 0.86132612 

Maximum 0.99996124 0.99999982 0.99995804 0.99999931 0.99999913 0.99998577 
 

Apr-70 
Minimum 
Maximum 

0.70589303 0.93020940 0.58322336 0.86202133 0.95784185 0.87947378 
0.99994823 0.99998470 0.99994319 0.99998728 0.99998720 0.99995050 

 

Jun-70 
Minimum 0.73290839 0.95166949 0.67463787 0.90947704 0.96316333 0.92622351 
Maximum 0.99994804 0.99996326 0.99994193 0.99997249 0.99996965 0.99994525 

 

Sep-70 
Minimum 0.76568026 0.94651578 0.64887943 0.89524184 0.96028747 0.91047246 
Maximum 0.99994624 0.99998313 0.99994099 0.99998689 0.99998566 0.99995043 

 

Jan-72 
Minimum 0.83406463 0.96798984 0.75824857 0.95486002 0.97980371 0.91508798 
Maximum 0.99996124 0.99999983 0.99995804 0.99999931 0.99999913 0.99998586 

 
Apr-72 Minimum 0.77504162 0.94760907 0.67910328 0.95933245 0.96710758 0.91418453 

 
Maximum 0.99995893 0.99998477 0.99995482 0.99999985 0.99998728 0.99996042 

 

Jun-72 
Minimum 0.80938005 0.95784215 0.75934221 0.93689090 0.96742142 0.94225252 
Maximum 0.99995849 0.99997076 0.99995376 0.99999902 0.99997583 0.99995652 

 

Sep-72 
Minimum 0.82986125 0.95898758 0.74425982 0.96026358 0.96880912 0.93731324 
Maximum 0.99995740 0.99998324 0.99995316 0.99999987 0.99998576 0.99996098 

 

Jan-76 
Minimum 0.89957807 0.98998914 0.85062947 0.99329778 0.99084396 0.96371931 
Maximum 0.99997710 0.99999983 0.99997516 0.99999994 0.99999913 0.99998593 

 

Apr-76 
Minimum 0.84027822 0.98901473 0.80173685 0.98625039 0.99229456 0.98263330 
Maximum 0.99999595 0.99998482 0.99997328 0.99999988 0.99998731 0.99997672 

 

Jun-76 
Minimum 0.87109272 0.97326357 0.86407971 0.96637151 0.97889468 0.97051500 

Maximum 0.99999228 0.99998282 0.99997269 0.99999902 0.99998580 0.99997443 
 

Sep-76 
Minimum 0.87425049 0.97578579 0.84246098 0.92371808 0.98073675 0.93731324 

Maximum 0.99999224 0.99998332 0.99997232 0.99999931 0.99998582 0.99996098 
 
 
 
investigating and understanding the dynamics of the 
ionospheric plasmas in term of varying refractive index on 
radio signals. It yields a robust and a more informative 
result than the approximated AH model and can be used 
for better prediction purposes in radio communications 
through the ionosphere. The calculated high attenuations 
for the two equatorial regions as compared with other 
ionospheric regions need further investigation and as well 
as the ionospheric conductivities of these regions. 
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Figure 10.  The variation of the amplitude attenuation of 1 V/m with altitude at Ibadan for different propagating frequencies for January 1970; 
(a) Transmitted signals; (b) Reflected signals. 

 
 
 

 
 
Figure 11.  The variation of the amplitude attenuation of 1 V/m with altitude at Ibadan for different propagating frequencies for different 
solar activities; (a) Transmitted signals; (b) Reflected signals. 
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Figure 12.  The variation of the attenuation of 1 Vm-1 with height for 5 MHz for January 1970: (a) Transmission; (b) Reflection. 
 
 
 

 
 
Figure 13. The variation of the attenuation of 1Vm-1 with height for 5 MHz for January 1972: (a) Transmission; (b) Reflection. 
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Figure 14.  The variation of the attenuation of 1 Vm-1 with height for 5 MHz for Jan 1976: (a) Transmission; (b) reflection. 
 
 
 

Table 3.  The variation of attenuation with solar activity.  
 

1970 (Rz=104.5) 1972 (Rz=68.9) 1976 (Rz=12.6) 
Attenuation is very high Attenuation is  high Attenuation is  low 

 

Attenuation is insignificant at VHF and above.  
 
 
 

Table 4. The variation of attenuation with ionospheric regions. 
 

Equatorial  Mid-latitude  High -latitude  
Attenuation is very high Attenuation is  high Attenuation is  low 

 
 
 

Table 5. The variation of attenuation with ionospheric seasons. 
 

December solstice March equinox June solstice 
Attenuation is low Attenuation is  high Attenuation is very high 

 
 
 
 

 
 
Figure 15.  The variability of phase refractive index at Ibadan for 5 MHz for AH model and our 
model for January 1970. 
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Figure 16.  The variation of the amplitude attenuation of 1 V/m with altitude for 5MHz for January 1970 for our model and AH model; (a) 
Transmitted signals; (b) Reflected signals. 
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