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Abstract A two-dimensional Ohm heating theoretic
model in the magnetizing ionosphere and a ray-tracing
model in a discrete ionosphere background are used to
analyze quantitatively the characteristics (mainly the
Doppler shift and the phase shift) of the over-the-horizon
radar (OTHR) wave, which propagates through the
ionospheric region heated by high frequency radio wave.
The simulation results about the Doppler and the phase
shift are obtained within two minutes after the heater is on.
Preliminary conclusions are given by comparing the
numerical results with experimental data.

Keywords over-the-horizon radar (OTHR), wave char-
acteristics, Doppler shift, phase shift

1 Introduction

Since the 1980s, Norway, Sweden and Finland had started
using the over-the-horizon radar (OTHR) to diagnose the
ionospheric region heated by high frequency radio wave
[1] in order to find the change of characteristics of high
frequency radio wave propagated in heated ionospheric
regions. Because this kind of diagnostic experiment is
expensive and region dependent [2,3], numerical simula-
tion becomes a convenient way to predict and evaluate the
experiment results.
The theory and numerical simulation of the ionosphere

heated by high frequency radio wave have been well
developed. The first ground-based artificial ionosphere
heating experiment was led by Utlaut, in April 1970 in
Platteville, USA [4,5]. However, the theory of ground-
based artificial ionospheric modification had been devel-
oped in the 1950s. DuBois, Silin, Nishikawa, Perkins

found two main heating mechanisms [6–9]: Ohmic heating
and parametric instability. Lots of domestic researchers are
studying the numerical model of the heating experiment.
Huang Wengeng developed the model of lower ionosphere
heating and higher ionosphere heating [10,11], Ni Binbin
developed a one-dimensional unmagnetized ionosphere
heating model [12] and a two-dimensional model [13].
Because the one-dimensional model is a function of
altitude only, the grads of electron density (ED) in the
horizontal direction cannot be expressed. However the ED
horizontal grads can affect the radio wave propagation in
the ionosphere greatly [14,15], when the ionosphere ED is
given in two dimensions, ray-tracing program in the
numerical way has to be used [16].
As to the numerical way of ray-tracing program, there

are many researchers who have studied this subject. In
view of the computational complexity of a ray-tracing
program, analytic ray-tracing methods are used. However,
the two-dimensional ionosphere model cannot be
expressed in an analytic way. Xie Shuguo has developed
a grid method for a ray-tracing program under two-
dimensional ionosphere background [16]. It divides the
ionosphere background into a series of grids where the ED
grads is a constant. In this way, the ray-tracing program can
be run effectively with good accuracy.
Based on the two-dimensional magnetized ionosphere

Ohmic heating model and the discrete ED ray-tracing
program, simulation on the OTHR diagnostic wave in the
heated ionosphere region is carried on. The results are
helpful to predict the influence of artificial ionosphere
heating experiment to the characteristics of diagnostic
wave which propagates through the ionosphere.

2 Model descriptions

2.1 Two-dimensional magnetized ionosphere heating
model

As to the two-dimensional magnetized ionosphere heating
model, Ni Binbin [13] has already fully elaborated on it.
The relative functions are:
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Momentum equation of two-dimensional ionosphere
background:
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Continuity equation of various charged particles:
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Energy equation of electron temperature:
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where kB is Boltzmann’s constant, κe is electron con-
ductivity coefficient, l is the angle between geomagnetic
field and horizontal direction, ne is electron density, ve is
electron velocity, nα represents the density of one kind of
particle, vα represents the velocity of one kind of particle,
Te and Ti represent electron and ions temperature
respectively, g is the acceleration of gravity, D is diffusion
coefficient, Soα represents the stationary source which
keeps one kind of particle, Pα and βα represent generation
rate and recombination rate of one kind of particle
respectively, QHF is the ionosphere absorption term, Q0

is the radiant energy of solar power which keeps the
homeostasis of electron temperature, Le is the cooling rate
of electron energy.
It has to be noticed that the initial ionosphere is modeled

by International Reference Ionosphere-2001 (IRI-2001),
and is considered as horizontal homogeneous stratified.

2.2 Ray-tracing in discrete ionosphere background

The vertical range of initial ionosphere background is 60–
400 km, step length is 1 km; the horizontal range is 0–
3000 km, step length is 1 km. Then we get a 341�3001
space grid.
The heating region is represented by a 41�255 space

grid.
The relation of heating region and the initial ionosphere

background is shown in Fig. 1.

3 Parameters

3.1 Heating parameters

The ionosphere background model is determined by the
IRI-2001. The location of interest is at the city of Dongfang
in Hainan province (19.0°N, 108.7°E, geomagnetic
inclination: 24.6°).
1) Effective radiation power (ERP): 10MW.
2) Heating wave frequency: fh= 6MHz.
3) Heating time: local time 20:00, Sep 15th, 2006.
4) Heating duration: 120 s.
5) Heating step length: 10 s.
6) Altitude range of heating: 146–400 km.

3.2 Ray-tracing parameters

The ray-tracing model is described in Sect. 2.2. The
distance between the center of the heating region and the
diagnostic wave transmitter is 440 km. The diagnostic
wave parameters are:
1) Diagnostic wave frequency: f = 11MHz.
2) Elevation angle θ: 50°, 51°, 52°, 53°, 54°, 55°.
The geometric relation of ray-tracing and heating region

is shown in Fig. 2, where Tx, Rx and ‘heater’ represent the
location of the transmitter, the receiver and the heating
facility, respectively. The shaded parts represent the heated
ionosphere region.

Fig. 1 Heated ionosphere background grid graph

Fig. 2 Ray path of diagnostic wave in heated ionosphere
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4 Simulation results of diagnostic wave

Neglecting the influence of magnetic field, the Appleton-
Hartree formula can be written as

�2 ¼ 1 –X , (4)

where μ is the refractive index, X ¼ ω2
N=ω

2 ¼ e2N=

ðε0mω2Þ; e, m and ε0 are the value of electron charge and
mass, and dielectric constant in free space, respectively. N
is the electron density. Thus,
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The change of phase path caused by ionosphere is [17]
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where N is the function of propagation path.
The phase refractive index in ionosphere is less than 1,

so the wave phase advance may occur. When the phase
distortion caused by irregularities in the ionosphere less
than Fresnel radius is comparable to 1 radian, the
amplitude scintillation may occur [17]. Phase advance
can be written as
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Equation (7) shows that the phase change is proportional
to total electron content (TEC). Any changes with time can
result in the phase change, and this phase change with time
means the frequency disturbance in the received signal,
which is Doppler shift. The Doppler shift caused by
ionosphere disturbance is [18]
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where l is the diagnostic wave length.
Based on the ray path calculated by Sect. 2.1 and heated

ionosphere background in Sect. 2.2, the change of phase
path Δlp can be obtained, from which Doppler shift of
single-pass can be obtained.
Figures 3 and 4 show the simulation results ofDoppler shift

and phase shift of OTHR diagnostic wave varied with the
heating duration. The heating and diagnostic wave parame-
ters are given in Sects. 3.1 and 3.2. The variform dots in the
figures represent the results with different elevation angle.

As shown by the dotted line in Fig. 3, the Doppler shift of
6 simulation diagnostic waves has the similar trend. In less
than 10 s from when the heater is turned on, Doppler shift
increases to about 2 Hz. With the time passing, Doppler shift
decreases using the time axis as an asymptote. The Doppler
shift of all 6 diagnostic waves reduces to 0.3 Hz after the
heater is turned on for 120 s. This suggests that the change of
the density variation is stabilizing, and the heating effect is
close to saturation. The dotted lines in Fig. 4 increase to the
saturated level in 30 s after the heater is on, with small
disturbance in the latter 90 s.
It has to be emphasized that as shown in Fig. 2, only the

single path effects of the diagnostic wave is considered in
order to make the comparison of the simulation results
convenient.

5 Analyze on experimental results with
simulation results

In October 1980, the ionosphere heated by high frequency
(HF) wave experiment was held by Norway, Sweden and

Fig. 3 Doppler shift vary with heating duration

Fig. 4 Phase shift vary with heating duration
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Finland in Tromsø, and the diagnostic wave was used for
analysis [1].

5.1 Doppler shift of diagnostic wave

The Doppler shift of diagnostic wave passing through the
heated ionosphere region in Tromsø is shown in Fig. 5. The
fundamental frequency of the 3 diagnostic waves is
3.498MHz, and offset frequencies for each wave are 2 Hz,
5Hz and 9 Hz respectively. The tag ‘ON’ and ‘OFF’
indicates the heater state. The abscissa represents the
universal time, and the duration of heater on and off is both
2 min. In Fig. 5, before the heater is turned on, the Doppler
shift of 3 diagnostic waves had no significant change.
From the time the heater is turned on, Doppler shift had a
significant increase of 1.5–2 Hz in the forward bias. These
results are consistent with the simulation results in Fig. 3.

5.2 Phase shift of diagnostic wave

Heater factor ‘p’ in Fig. 6 indicates the heater power of
ERP�pMW. The heater power in 0–2 min, 4–6 min, 8–
10min, 12–14 min is 160MW, 80MW, 40MW, 20MW,
respectively. Because the given simulation results are
calculated with the heater power of 160MW, only the
condition of p = 1 is considered.

In Fig. 7, within 2 min after the heater is turned on, the
phase shift of diagnostic wave increased from 0 to 40π rad

in 40 s, and the change in the latter 80 s was not significant.
It suggests that the simulation analysis is consistent with
the experiment results.

6 Conclusions

1) The ground based high power radio wave can
modulate the density or other parameters of a charged
particle. These effects can influence the characteristics of
OTHR waves which pass through the ionosphere.
2) Heating duration is a key parameter which determines

the characteristics of diagnostic waves. With the increase
of heating duration, the Doppler shift decreases.
3) The heating region has a saturation effect to the HF

wave. It is concluded that after 1 min from when the heater
turns on, the ionosphere reaches a saturation state.
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