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Abstract. China is one of the countries that employs high-frequency over-the-horizon 
radars for both military and civil applications. The first Chinese high-frequency over-the- 
horizon backscatter radar was developed in the 1970s. This paper briefly introduces the first 
Chinese over-the-horizon backscatter radar system and reviews ionospheric backscatter and 
propagation studies in China. The paper discusses the motivation for establishing over-the- 
horizon radar systems in China, the experimental system, target recognition and detection, 
and estimation of over-the-horizon radar availability. Observations of aircraft, large-scale 
traveling ionospheric disturbances, and the effects of a remote nuclear explosion are also 
presented. Finally, the real-time Chinese ionosonde network and frequency predictions 
using backscatter ionograms are discussed. 

1. Introduction 

Within the family of modern radars, various sys- 
tems operating at different frequencies are continu- 
ously being developed in order to meet civil and mil- 
itary requirements. High-frequency (HF) sky wave 
over-the-horizon radar (OTHR) is unique in its ca- 
pability to detect distant targets below the horizon 
line such as aircraft, ships, rockets, and nuclear ex- 
plosions. The propagation of HF or shortwave over 
very long distances arises from a series of reflections 
occurring successively between the Earth's surface 
and the ionosphere, which typically have an average 
peak altitude of about 300 km. The coverage pro- 
vided by one hop (i.e., the distance between two ad- 
jacent reflection points of radio waves by the Earth's 
surface) is typically about 1000 km up to 3000 km, 
although it can be as great as 4000 km. 

HF OTHRs have been developed in many coun- 
tries, including Australia, Canada, China, England, 
Prance, Russia and the United States, and employed 
in various civil and military applications [Headrick 
and $kolnik, 1974; Croft, 1967, 1972; Rao, 1974, 
1975; Anderson and Lees, 1988; Earl and Ward, 
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1987; Ahearn et al., 1974; Georges, 1980; Barrick 
et al., 1967, Lipa et al., 1981; Maresca and Georges, 
1980]. Basically, two types of OTH radars have been 
designed, one using a monostatic pulse Doppler sys- 
tem and the other utilizing a bistatic frequency mod- 
ulation (FM) continuous wave (CW)system. 

The earliest Chinese HF OTH backscatter (OTH- 
B) radar system was a monostatic pulsed system (re- 
ferred to as the phase I system), built in the 1970s, 
which is still in operation today. This experimental 
OTH-B sky wave radar system was a collaboration 
by the China Research Institute of Radiowave Prop- 
agation (CRIRP) and the Nanjing Research Insti- 
tute of Electronics Technology (NRIET) [Wang and 
Wu, 1986]. The phase I pulsed system was changed 
in 1990 to the FM CW system (referred to as the 
phase II system). In addition, two OTH ground 
wave backscatter radar systems are currently oper- 
a. ted by Wuhan Institute of Mathematics and Physics 
(WIMP) of Chinese Academy of Science and Harbin 
University of Technology (HUT) for ocean surface 
remote sensing and ship detection within 150 kin. 
Although the two radar systems are also part of 
the Chinese OTH backscatter radar systems, they 
are not related with ionospheric research and there- 
fore are not discussed in this paper. This paper 
discusses the motivation for establishing over-the- 
horizon radar systems in China, the first (phase I) 
experimental OTH-B radar system, target recogni- 
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tion and detection, and estimation of OTHR avail- 
ability. Observations of aircraft, large-scale traveling 
ionospheric disturbances (TIDs), and the effects of 
a remote nuclear explosion and two launched carrier 
rockets are also presented. Finally, the real-time Chi- 
nese ionosonde network and frequency predictions 
using backscatter ionograms are discussed. 

2. Motivation of the OTHR 

Development in China 

Like most other countries, the Chinese OTH radars 
have been developed by a. defense organization, in 
this case the Chinese Defence Science and Technol- 

ogy Organization (CDSTO). Even so, the motivation 
of the OTHR development in China has included sci- 
entific and civil applications as well as military ones. 

2.1. Scientific Exploration of the 
Atmosphere 

The first major role of the Chinese OTH-B radars 
is the scientific exploration of the ionosphere to pro- 
vide ei•cient services of ionospheric predictions. Nor- 
mally, ionospheric parameters are measured by means 
of vertical ionospheric sounders. The China Research 
Institute of Radiowave Propagation (CRIRP), to- 
gether with Wuhan University, has established the 
Chinese Ionosonde Network (CIN), which measures, 
at specific locations, the ionospheric profile and its 
diurnal and seasonal variations. However, it is not 
practical to set up vertical sounders in some ar- 
eas, such as the ocean, but this can be overcome 
to some extent by backscatter ionospheric probing 
using OTHRs. 

2.2. Military Wide-Area Surveillance 

The second role is to monitor aircraft traffic for 

defense purposes. The region covered by conven- 
tional line-of-sight (LOS) radars corresponds to only 
l0 min flying time for supersonic aircraft and only 
30 min for subsonic aeroplanes. OTHR can extend 
this to 1.5 hours flying time for supersonic aircraft 
and to over 3 hours for subsonic aeroplanes. OTH 
radar aircraft detection is transmitted directly to the 
National Operation Command Center (NOCC) by a 
data transmission network. The information can also 

be transmitted to the sector operations command 
centers upon an individual's request. The extra time 
gained allows for more flexibility in defense strate- 
gies. The area covered by the phase I and phase II 

Chinese experimental HF OTHRs is roughly shown 
in Figure 1. However, this coverage does not include 
those by the two OTH ground wave backscatter radar 
systems. 

2.3. Ocean Civil Services 

The third role of the Chinese OTHRs is to provide 
civil services to various scientific, educational, and 
industrial institutions. These services, offered by the 
two OTH ground wave radar systems, include the 
supply of data on the state of the ocean surface and 
navigation guidance. 

The OTHR provides a means of remote sensing. 
Analyzing the mean Doppler spectrum of sea echoes 
gives information on the state of the sea surface. 
The first-order and higher-order Doppler echoes, for 
instance, give the wind-wave direction or the wind 
direction on surface, the surface current, the RMS 
wave height, the scalar ocean-wave spectrum, and 
the frequency of the dominant ocean wave. These 
useful meteorological observations can provide addi- 
tiona.1 data for weather forecasting in certain special 
situations. 

3. The First Experimental OTHR 
System (Phase I) 

The aforementioned scientific, civil, and military 
requirements led to the earliest experimental sys- 
tem of Chinese OTHR systems being developed in 
the 1970s. It was sponsored by the Chinese Defence 
Science and Technology Organization (CDSTO), ini- 
tially for the experimental development of OTHR 
systems and for studies of ionospheric wave propaga- 
tion and ionospheric physics. The projects were sub- 
contracted to the Chinese defense industry, mainly 
involving the China Research Institute of Radiowave 
Propagation (CRIRP) and the Nanjing Research In- 
stitute of Electronics Technology (NRIET). 

The first Chinese OTHR system was a monostatic 
pulse-Doppler radar with separate transmitting and 
receiving antenna arrays. In systems development, 
an ionosonde was attached to give ionospheric infor- 
mation used for target location. The basic param- 
eters of the experimental OTH radar (phase I) are 
shown in Table 1 [Wang and Wu, 1986]. 

In the OTHR system, flexible changeable wave- 
forms were available to study short-term ionospheric 
instabilities and fluctuations. A programable digital 
waveform generator was used. The choice of pulse 
width was between 300 us, I ms, and 3.5 ms. The 



LI: HF OTH RADAR AND IONOSPHERIC BACKSCATTER STUDIES 1447 

80 100 120 1•,0 

50 

Chongchun • 

Beijing 

Chongqing 

iong 

6uonõzho 

Q, ingdoo 

3O 

2O 

Hoikou 

Greot Woll / 

10 

Figure 1. A map showing the coverage of the HF over-the-horizon (OTH) sky wave 
backscatter radars and the distribution of the Chinese Ionosonde Network (CIN). 

linear frequency modulation bandwidth was chosen 
from 3.4-, 10-, or 30-KHz in 3.5-ms pulse width. The 
choice of wave form repetition period could be either 
60, 100, or 300 Hz. The transmitter was a tuned 
amplifier, and the receiver was linear, with a large 
dynamic range. A frequency synthesizer of high spec- 
tral purity was used for the local oscillators. 

A pulse-Doppler (PD) processing system was adopt- 
ed to determine the desired target signals, which are 
generally very weak in comparison with the much 
stronger noise clutter. The signal processor was a 
macro-instruction computer, and the logic control 
was hard-wired. The clock frequency for computa- 
tion and control was 4 MHz. A fast Fourier trans- 

form (FFT) procedure was the core component of 
the processor, transforming the signals from the time 
domain to the frequency domain. The computing 
method for the FFT was a centralized radix-two data 
process with block floating point. These procedures, 
in the radar signal processing, enable desired target 

signals to be detected within a strong clutter back- 
ground. In addition, on the OTH radar site, there 
was a spectral monitor subsystem that selects a quiet 
frequency automatically with a networked computer. 
This computer also rapidly changes the frequency of 
the local oscillators. 

Using the signal processor of the experimental 
radar itself, the spectra of ground clutter were an- 
alyzed for many conditions. The measured results 
showed [Wang and Wu, 1986] that when the Doppler 
frequency of the ground clutter was shifted by •02 Hz, 
the power density of the clutter dropped by •0-40 dB. 

With the help of a cooperative target (e.g., a coher- 
ent reference transponder), the horizontal antenna 
pattern from the full-size receiving log-periodic an- 
tenna array was measured. To locate the coopera- 
tive target in a suitable place, the receiving antenna 
beam direction was controlled by the computer and 
rapidly scanned across the cooperative target. The 
signal levels received in the different antenna beam 
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Table 1. The Parameters of the First Experimental Over-the-Horizon Radar (Phase I) System 

Component Parameters 
Operation frequency 
Transmission power 
Transmitting antenna 

Receiving antenna 

Frequency Management 
Detection energy 
Waveform and SCV 
Time 

Work model 

6-22 MHz 

PT = 600 kW, PT = 100 kW 
eight elements, vertical polarization, linear polarized antenna fan array; 
directlye gain GT = 18 dBi (at 14.5 MHz); ground screen, 90 m in front 
of array; stretch cell size, 45x45 cm; horizontal beam width, 15ø-30ø; 
constant direction beam; angle at lower 3 dB point of vertical beam, 60-8 ø 
32 elements, vertical polarization, linear polarized antenna array; horizontal 
beam width, 5 ø (at 14.5 MHz); directire gain G• = 26 dBi (at 14.5 MHz); 
control of beam phased array in azimuth; ground screen, 60 m in front of 
array; stretch cell size 45x45 cm 
spectrum surveillance system and backscatter sounder 
100 dBJ (at 14.5 MHz) 
linear FM burst and >55 dB 

both integration and dwell: (Ti) 1-17 s 
for target detection, fullpower and fixed single frequency; for ionospheric 
research, small power and sweep frequency. 

positions were then compared with the signal level in 
the direction of the cooperative target. The scanning 
pattern of the receiving antenna was thus obtained. 
It is an inexpensive method used to measure the 
full-size receiving antenna pattern in the horizontal 
plane. The results obtained from the measurements 
by means of the comparison method were in very 
good agreement with those predicted by theoretical 
analysis. The maximum sidelobe level is shown by 
the measurements to be between -22 and -17 dB 
down relative to the main lobe. 

The cooperative target, referred to as a coher- 
ent transponder, was located 1500 km away from 
the radar site. It was also used to measure the 

ionospheric propagation losses Lp and the coefficient 
of backscatter or0, with the output of the coherent 
transponder kept constant. A great number of sam- 
ple statistics of Lp and er0 were made in the desert 
areas and in the Qilian Mountain area. When the 
available pulse width is 100 us, the amplitude of the 
recorded waveform showed that the amplitude of the 
backscattered ground clutter is much stronger than 
the scatter background. The measurement shows 
that the difference of the pulse peaks is approxi- 
mately l0 dB. This is mainly the result of land fea- 
tures. For instance, mountain ranges and cities in 
certain areas were found to be efficient scatters. The 

average backscatter coefficients or0 are about -25 dB 
in the desert areas and about -20 dB in the Qilian 
Mountain area. 

4. Coefficient of Ground Backscatter: 

An Empirical Formula 
}•¾om the backscattered signal record data col- 

lected for the hilly land, over 200 samples were used 
in the analysis and statistics. The following empirical 
model for the coefficient •0 of groundwave backscat- 
ter was developed, based on the experimental data. 
Expressed in linear form, the relation is 

cr0(a) - Asin n a, (1) 
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Figure 2. A comparison between the predicted 
backscatter coefficient (using an empirical model) 
and the previously documented data. 
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Figure 3. The tracks of civilian aircraft for two periods during December 1982. 

where A - 0.1342 and n - 4.3085, or in decibel form, 

cr0(c•) - -8.77 + 43.0851og sin c•. (2) 

For land in the hilly area, we have used this model 
to compute the backscatter coefficient or0 (see land 
(case II) in Figure 2). The predicted coefficient ob- 
tained by using the empirical model is also compared 
in Figure 2 with other published data. As can be seen 
from the comparison, this developed model gives a 
close value to measured data found in the literature 
for various ground environments such as rough ice, 
smooth ice, desert, sea, and land (case I). 

5. Observation of Aircrafts and 

Carrier Rockets 

Actual observations of aircraft targets were made 
by utilizing a newly developed method for track pro- 

cessing of the HF OTH-B radar, which include civil 
transport airplanes and fighter aircraft at distances 
of about 700 km to 1500 km [Du and Jiao, 1988; 
Jiao, 1991]. Figure 3 (upper part) shows the record 
of an actual observation on December 19, 1982, of 
a civil airplane, flight PK752. In the observation 
experiment, three operating frequencies, i.e., 14.5, 
18.5, and 20.5 MHz, were used. Figure 3 (lower part) 
demonstrates another record of the actual observa- 

tion on December 22, 1982 of civil aircraft, flight 
CA948. In this experiment, two operating frequen- 
cies, 14.5 and 22 MHz, were adopted. In Figure 3 the 
plus signs show the locations along the flight path 
of the navigation stations. The solid circles denote 
the tracks of the civil aircrafts. The solid line de- 

notes the track of the civil airplane observed by the 
ground navigation station. The relative errors of the 
ground distances obtained by the radar and the nav- 
igation stations are shown in Figure 3 at less than 
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4%. In April 1984, similar detection of aircraft was 
also made and at that time a B-707 transport air- 
craft was observed. Two frequencies of 10.5 MHz 
and 11.5 MHz were used and the parameters shown 
in Figure 3 were •- - 3.5 ms, N - 256 x 4, P - 70 
kW, and Fr - 60 Hz. Details of those observations 
are given by Wang and Wu [1986]. 

The vertical launchings of two carrier rockets, DF- 
2 and DF-5, in November 1989 were observed by 
means of the OTHR sweep-frequency system [Jiao 
and $i, 1991]. An artificial ionospheric hole was an- 
alyzed by using the ray tracing technique. It was 
found that 79 min after the DF-5 was launched, the 

disturbance waves reached a range of 350 km and 
the critical frequency (f0) in such a hole decreased 
2.6 MHz relative to the critical frequency in the back- 
ground ionosphere of 12.4 MHz, while the dimension 
of the ionospheric hole grew to 573 km. The existence 
of the ionospheric hole due to the rocket launching 
lasted for 132 min. 

6. Real-Time Chinese Ionosonde 

Network (CIN) 
The ionosphere is the medium necessary for the op- 

eration of HF OTHR. The accuracy of locating tar- 
gets or distant environments using OTHR is affected 
directly by the variations of ionosphere. Therefore it 
becomes quite necessary (1) to provide real-time ac- 
cess to the ionospheric parameter data from scientific 
and educational institutions in China; (2) to provide 
the accumulated data of the ionosphere above main- 
land China and the related special ionospheric mod- 
els at various zones; and (3) to provide ionospheric 
predictions over China to CCIR and other similar 
organizations in Asia-Pacific areas. 

Although effective means have been developed to 
extract the ground distances of targets from backscat- 
ter lonGgrams without knowing ionospheric parame- 
ters, these methods still rely upon the system re- 
quirement. Therefore it is still necessary to have 
a separate real-time ionospheric probing network. 
From this network, ionospheric parameters can be 
used directly to assist the OTHR system and to ver- 
ify data from the OTH radar systems. Analyzing a 
great quantity of experimental data, scientists and 
research engineers can derive real-time ionospheric 
prediction models. 

For the aforementioned reasons, in China many 
ionospheric vertical probing stations have been es- 

tablished, and these are known as the real-time Chi- 
nese Ionosonders Network (CIN)[Ma and Jiao, 1996], 
consisting of 13 existing ionospheric sounding sta- 
tions: Changchun, Chongqing, Beijing, Great Wall, 
Ouangzhou, Haikou, Lanzhou, Manzhouli, Qingdao, 
Sheshan, Urumqi, Wuchang, Xinxiang, and Zhong- 
shah. Most of these stations belong to the China 
Research Institute of Radiowave Propagation. The 
remainder are operated by the Wuhan Institute of 
Mathematics and Physics, Chinese Academy of Sci- 
ence. Fig 1 shows the location of the ionospheric 
vertical sounders. The locations of these ionoson- 

des are taken from Ma and Jiao [1996]. At these 
ionospheric vertical sounding stations, the majority 
of the instruments were produced at the China Re- 
search Institute of Radiowave Propagation, and the 
remainder were imported from the United States. 

7. Target Location 
The location of ground targets detected by OTHR 

is quite important. In China, three specific software 
packages for HF OTHR target location and detec- 
tion have been developed for determining the ground 
distance between the receiver and the targets. The 
main concepts of the models are (1) the ray equation 
method, (2) the semiempirical method, and (3) the 
relative location method. 

7.1. Ray Equation Method 

The idea, behind this method was taken from Croft 
and Hoogasian [1968] and Rao [1975]. On the basis 
of Croft and Hoogasian's quasi-parabolic P-D equa- 
tions of group path (P)and ground range (D), the 
derivative of group time delay with frequency was 
found, and the minimum group time delay and cor- 
responding frequency were then calculated. By use of 
the measured data of minimum group time delays on 
backscatter ionograms and the real-time ionospheric 
parameters obtained from the ionospheric vertical 
sounding stations, the real-time position of targets 
(or environments) was then obtained. The method 
implemented is now rarely used in actual OTHR op- 
erations due to the requirement for real-time iono- 
spheric parameters a,t the reflection point. 

7.2. Semiempirical Method 

The quasi-empirical method was first developed by 
Jiao and Zhu [1985] and then improved by Jiao and 
Du [1987] and Du and Jiao [1988]. 
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To establish the relationship between the mini- 
mum group delay and its corresponding ground dis- 
tance, two well-known formulae were given by Croft 
and Hoogasian [1968]. However, the ionospheric pro- 
file must be known before the relations can be 

......... [i985] 1;ua, lly used. To overcome 1;[118• JZaO and 
and Wieder [1955] worked out a different formula. 
On the basis of the geometrical relation, an inter- 
mediate relation was obtained [Yiao and Zhu, 1985; 
Wieder, 1955] as a function of elevation angle, reflec- 
tion virtual height, the minimum group delay, and 
the operating frequency. To minimize the error, a 
semi-empirical factor was introduced [Jiao and Zhu, 
1985]. Then, a. modified equation satisfied by the ver- 
tica.1 incident frequency, oblique incident frequency, 
group path, and reflection virtual height was derived. 
Such a semiempirical constant (taken as 4.7 x 10 -s 
km -•) was determined from a large number of ex- 
perimental records. One then takes the derivatives 
of both the aforementioned equations and the group 
time delay given by Croft and Hoogasian [1968]. Sub- 
stituting the vertical incident frequency from one 
derivative formula into the other derivative formula, 
they obtained a general equation for the minimum 
group path, its derivative, virtual height, correspond- 
ing operating frequency, and the semiempirical con- 
stant. Using actual measurements, the minimum 
group time delay, its derivative, and corresponding 
operating frequency can be read from the backscat- 
ter ionograms. Therefore the virtual height of re- 
flection may be solved from the nonlinear equation. 
Furthermore, the ground distance and other quanti- 
ties can be obtained from the derived virtual height 
of reflection. 

However, the derivative of group path is quite difficult 
to determine accurately from the ionograms because of 
the sudden changes at different points along the group 
path curve. Jiao and Du [1987] and Jiao and Du [1988] 
modified the previous method and improved the accuracy 
of experimentally determining the group path derivative. 
By assuming that the equations satisfied by both the 
minimum and arbitrary time delays are parabolic (e.g., 
P'min-' Co 4- Cl•mi n 4- C2f2min andf = C'0 + C',P' + C'2P'2), 
the coefficients were calculated from the various data 
read from the backscatter ionograms using a regression 
method. Therefore the minimm group path and its 
derivative were obtained easily from the above equations 
so that the reflection virtual height can be derived from a 
general equation developed by Jiao and Zhu [ 1985]. The 
other calculations are carried out exactly as before. These 

methods were developed based only on backscatter ion- 
ograms without requiring any other data, such as iono- 
spheric parameters. Therefore it was frequently used in 
the OTHR experiments. 

7.3. Relative Location Method 

The relative location method was based on the 

principle of a circuit network and the quasi-parabolic 
electron concentration of ionosphere developed by 
Croft and Hoogasian [1968], where the ionosphere 
is considered to be an intermediate network ILl and 
Jiao, 1991]. A coherent transponder is introduced 
downrange and used as a reference point for the 
targets [Huang and Li, 1986]. With this method, 
it is necessary to set up a series of coherent refer- 
ence transponders distributed appropriately, mak- 
ing it unnecessary to obtain real-time downrange 
ionospheric parameters. From the formulae given 
by Croft and Hoogasian [1968], for two transpon- 
ders close to the unknown target, we can obtain 
four groups of equations in which the ground ranges 
are known and the group paths and corresponding 
frequencies can be determined from the backscatter 
ionograms. Therefore the unknown variables are the 
three ionospheric parameters and the two elevation 
angles for different radio rays. We can, in a simi- 
lar fashion, obtain four additional equations where 
only three quantities, for example, the two eleva- 
tion angles of rays propagating to the same target 
and the unknown ground range, are the variables 
for the unknown target if the targets are close to 
the transponders. Because the ionospheric parame- 
ters are assumed in this case, other quantities such 
as group path can be measured from the ionograms. 
Finally, an equation system with eight equations can 
be solved quickly with a supercomputer, although 
the equation system is nonlinear. So the unknown 
ground range and elevation angle of the ray to the 
unknown targets can be obtained. The entire calcu- 
lation procedure may be automatically controlled by 
the computer network. 

8. Estimation of OTHR Availability 
Unstable phenomena often occur in the ionosphere. 

Their effects on making OTHR systems inefficient 
or unable to detect the targets effectively have been 
studied extensively [Jiao, 1986b]. Interruption of 
the propagation channel can be caused by the fol- 
lowing unstable phenomena: sudden ionospheric dis- 
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Table 2. The Unstable Phenomena Occurrences 

Occurrence 

Solar Activity 
Phenomena Effect Time High Low Full Cycle 
Sudden ionospheric break of the channel daytime 0.5 ... 0.2 
disturbance 

foF < 2.5 MHz coverage > 1300 km before dawn ... 1.5 1.5 
foF > 10 MHz coverage < 3200 km noon 30.0 3.4 7.5 
Es screen coverage < 2000 km daytime 1.4 4.6 3.0 
Aurora limit detection night 1.0 ... 1.0' 
Spread F limit detection night 0.3 3.0 1.3 
* Thiry percent in midlatitude region of western hemisphere. 

turbances (SIDs), ionospheric storms, nuclear explo- 
sions, auroral absorption, and polar cap absorption 
(PCA). Limitation of the coverage area is created 
by following variable phenomena: foF (the critical 
frequency of F layer) and the screening by the Es 
layer. Influences of variable phenomena on OTHR 
detection may be due to aurora, spread F, meteor 
trails, semiscreening of the Es layer, and traveling 
ionospheric disturbances (TIDs). These unstable or 
variable phenomena. occur randomly and have a se- 
rious influence on OTHR systems. Therefore it is 
necessary to estimate OTHR availability. 

8.1. Minimum Unavailability of OTH Radar 

According to statistical data from midlatitude iono- 
spheric stations in China., the occurrence of unstable 
phenomena is given in Table 2. The minimum un- 
availability of HF OTH radar as a function of range is 
given in Table 3. It can be seen from Table 3 that the 
minimum unavailability of HF OTH radar depends 
only on the ionospheric propagation conditions. It 
is, in one sense, insurmountable. 

8.2. Relationship Between Detecting Energy 
and Availability 

The availability of OTH radar is defined as the 
ratio of time that the radar takes to reach a given 
value of signal-to-noise ratio (SNR) within an inter- 
val of operating time. This time is influenced by the 
solar cycle, which is approximately the lifetime of a 
radar system. Therefore the reliability results should 
be obtained on the basis of long-period statistics so 
that a reasonable estimate can be derived so as to 

take into account the long-period environmental ef- 
fects. In the analysis [Yiao, 1988], expected ranges of 
sunspot numbers over a full l 1-year cycle, all seasons 
and all times, have been examined. The statistically 
estimated results as a function of range are useful 
ways to determine the required detecting energy C' 
for a typical HF OTH radar [Jiao, 1986a}. In this 
procedure, the minimum of the availability must, as 
mentioned, be considered. 

As an application, the situation in China's mid- 
latitude region was considered [Yiao, 1986a]. For 
simplicity, the data were chosen as follows: January, 

Table 3. The Over-the-Horizon Radar Unavailability Minimums 

Distance, km 
phenomena 800-1300 1300-2000 2000-3200 3200-4000 
Sudden ionospheric 0.2 0.2 0.2 0.2 
disturbance 

Aurora 1.0 1.0 1.0 1.0 
Spread F 1.3 1.3 1.3 1.3 
foF < 2.5 MHz 1.5 ......... 
foF > 10 MHz ......... 7.5 
Es screen ...... 3.0 3.0 
Total 4.0% 2.5% 5.5% 13.0% 
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Figure 4. HF OTH radar availability at a given 
level of detectability. 
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Figure 6. Spectra in the presence of traveling iono- 
spheric disturbances as a function of frequency and 
time recorded on April 24, 1984, at a radar frequency 
of 14.5 MHz. 

April, and July; 0300, 0700, 1100, 1500, 1900, and 
2300 UT (1100, 1500, 1900, 2300, 0300, and 0700 
LT); and sunspot numbers 20, 70, and 120. Then, the 
relative wavelength, ionospheric loss, atmospheric ra- 
dio noises for given distances D (in the 1000- to 4000- 
km range and 5000 km per group) were calculated at 
all these times. It should be pointed out that the val- 
ues are statistical. Thus, for each calculated range, 
54 measure of C were obtained. The time percent- 
ages were calculated for C values of the given de- 
tecting energies required and multiplied by the mini- 
mum unavailability for different coverages. The final 
results are shown in Figure 4, which indicates that 
a detection energy between 110 and 120 dBJ is re- 

12 

-2 -1 0 1 2 

Doppler Shift (Hz) 

Figure 5. The spectra. of the ground backscattered 
echoes as observed in a quiescent ionosphere. 

quired for good availability and that the most advan- 
tageous covered reg;.on is in the range between 1200 
and 1300 km. 

9. Extraction of Ionospheric 
Large-Scale TIDs Parameters 

As an application of HF OTH radar, one has in- 
verted the experimental data to obtain ionospheric 
parameters such as those of large-scale traveling iono- 
spheric disturbances (LSTIDs) and irregularities. In 
this section, the inversion procedure used to deter- 
mine ionospheric LSTIDs parameters from HF OTH 
radar will be introduced. 

When the ionosphere was in a "quiet" state, iono- 
grams showed very clear echo signatures and there 
was no distortion on the spectrum of pulse that 
propagated obliquely through the ionosphere and 
was scattered from the Earth's surface [Zhang et al., 
1988]. Representative ground-echo spectra are shown 
in Figure 5. 

The experimental observations showed that either 
natural or artificial events cause ionospheric pertur- 
bations which were often observed. The following 
event is a typical LSTIDs: Figure 6 shows the three- 
dimensional Doppler spectra at 1325 UT (2125 LT) 
on April 24, 1984. It can be seen that there exist mul- 
tiple peaks in the Gaussian-shaped spectra. It can 
also be seen that at different time delays there exist 
different Doppler frequencies, and as the time delay 
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changes the Doppler frequency changes from positive 
to negative, and vice versa. This represents the vari- 
ation of the equivalent reflection surface as a function 
of time as it moves up and down. The correspond- 
ing maximum velocities are -55.7, +48.5, and -24.3 
m/s, respectively. The following characteristic pa- 
rameters of the LSTID were calculated using the fast 
Fourier transform: horizontal maximum main wave- 

length, •2165 km; horizontal propagation velocity, 
•451 m/s; azimuth movement direction, 19a.ao; 
vertical movement amplitude, •93 km, and average 
height of equivalent reflecting surface region, a20 km. 

In addition to the previously discussed LSTIDs, 
many other TIDs have been observed. For example, 
the LSTIDs parameters observed at 0900-1200 UT 
(1700-2000 LT) on January 5, 1983, at an operating 
frequency of 14.5 MHz were the following: the hori- 
zontal movement velocity, 277.8 m/s; the horizontal 
wave length, 1346 km; and the vertical movement 
amplitude, 43.5 km. The parameters of an LSTID 
observed at 1300-1600 UT (2100-2400 LT) on April 
25, 1984 were the following: horizontal propagation 
velocity, 386.7 m/s; horizontal maximum main wave- 
length, 1345.7 km; average height, 340 km; vertical 
movement amplitude, a8.a km, and azimuth propa- 
gation direction, 171.5 ø (latitude). 

10. Frequency Prediction Using 
Backscatter Ionograms 

In general, frequency prediction is carried out us- 
ing vertical ionospheric sounding data. In China, 
the oblique backscatter ionograms obtained from the 
OTH radar system have also been used for frequency 
prediction [Zhao, 1988]. In HF OTHR oblique sound- 
ing experiments, a large number of ionograms have 
been obtained. By using these ionograms to extract 
the ionospheric profiles, the diurnal variation of the 
critical frequencies was obtained. This approach was 
used to analyze propagation models for E, Es, F, and 
mixed propagation modes, and to extract ionospheric 
propagation parameters, such as the optimum win- 
dow of operating frequency, MOF, LOF, EsMOF, 
etc. 

Figure 7 shows the diurna.1 variations of observed 
frequency which were obtained from the 96 backscat- 
ter ionograms recorded by the OTHR systems on 
April 30, 1985. In the period of time between early 
night at 1300 UT (2100 LT) and the next morn- 
ing a.t 2200 UT (06:00 LT), some strong interfer- 
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Figure 7. Diurnal frequency variations observed at 
a distance of 1500 km in April 1985. 

ence occurred in HF communications. The frequency 
range chosen for communication is very narrow and 
is about 4 MHz. At 2100 UT (0500 LT), it is more 
dif•cult to communicate at this frequency, and only 
lower frequencies in the HF band could be used to 
maintain communication. The available frequency 
range shown in Figure 7 is only about 1 MHz. After 
2200 UT (0600 LT), the communication conditions 
were much improved. The propagation models were 
expanded from/• (or/•s) layer model to the complex 
mode models. At about noon, the E (or Es) layer 
model was much more suitable for use in communi- 

cations prediction. 
Because the experiments were made in April and 

May, the probability of signal propagation in the Es 
model becomes so high that the received signals are 
therefore very strong. Frequently, the maximum ob- 
served frequency of/•s layer (/•sMOF), is larger than 
F•,MOF. Therefore/•s can be used to transmit mes- 
sages rapidly at a higher frequency when/•s is very 
strong because the time delay of the transmitted sig- 
nal is very small relative to the normal case. Actual 
observation shows that the usable percentage of the 
Es layer for HF communication is between 30 and 
40% during April and May. An important result per- 
taining to the ionosphere in the east Asian region is 
that the probability of/•s is very high and the Es is 
strong. However, when/•s becomes weak and F2 be- 
comes stronger, the propaga. tion mode in the F2 layer 
is then available for digital communication because 
at that time the transmitting rate is high. 
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Figure 8. The effects of a nuclear explosion on OTH backscatter echoes. (a) Variation 
of plasma frequency as a function of time. (b) Temporal variation of the derivative of the 
observed minimum group delay. 

11. Observation of a Remote Nuclear 

Explosion 
In China, the experimental system of OTHR was 

used in 1976 to detect an actual nuclear explosion. In 
that observation, the HF OTH radar located at the 
Xinxiang radar base was 2205 km away from the nu- 
clear explosion point. The operating frequency was 
18.13 MHz, the power of the pulse waves was 10.8 
kW, the antenna gain was approximately 32 dB, and 
the horizontal beamwidth used was 12 ø. A coherent 

transponder of 150 W was located to the east of the 
explosion site as a reference. Before the nuclear ex- 
plosion, other instruments such as a vertical sounder 
and a high-frequency continuous wave Doppler mea- 
surement system were also set up, just below the 
nuclear explosion region to explore the variations of 
the upper ionosphere. 

Figure 8 shows the plasma frequency in the reflec- 
tion region (Figure 8a) and the derivative of the min- 
imum group delay (Figure 8b) as a function of time. 
It can be seen from the contour diagram that the 

constant plasma frequency is greatly perturbed. Fig- 
ure 9 shows the ground spreading distance of the nu- 
clear ionized region as a function of exploding time. 
The solid and dotted curves show the results ob- 

served from vertical and oblique backscatter sound- 
ings, respectively. In addition, Tables 4 and 5 show 
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Figure 9. Temporal evolution of the ionized region 
near the time of the nuclear explosion. 
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Table 4. The Propagation Velocity of Disturbance in the Ionosphere 

Observed Name of Distance of Beginning Time 
Method Station Explosion Point, km of Disturbance, min 

Propagating Velocity 
of Disturbance, m/s 

Backscatter 

Vertical 

probing 

Xinxiang 1400 51 
(leading edge 

reflected region) 
Lasa 1260 43.4 

Lanzhou 1300 44.7 

Chongqing 1950 65.9 
Beijing 2200 74.5 

Wuchan 2450 85.1 

Guangzhou 2930 98.3 

458 

484 

458 

493 

492 

480 

496 

a comparison between the results obtained from var- 
ious soundings. The results are in reasonable agree- 
ment with those obtained by other means, such as 
the vertical ionosonde set up below the explosion re- 
gion. 

12. Conclusion 

In this paper, the high-frequency sky wave over- 
the-horizon backscatter radar systems in China, es- 
pecially the Chinese phase I HF OTHR system, have 
been introduced, and the associated ionospheric back- 
scatter studies in China have been briefly reviewed. 
The earliest Chinese HF OTHR (phase I) was a 
monostatic pulsed radar system supported by an 
ionosonde. It was built in the early 1970s primar- 
ily for scientific exploration of the environment, civil 
services, and military wide-area surveillance. The 
basic parameters and specifications of the Chinese 
experimental system are outlined in Table 1. In 
1982, the first observations of aircraft were made, 
and from 1982 to 1984, several different types of 
civil aircraft were also successfully detected. With 
this OTHR system, two vertical carrier launchings 
of DF-2 and DF-5 rockets were observed in Novem- 

ber 1989. To assist the Chinese OTHR operation, a 
real-time Chinese ionosonde network which serves as 

the world's largest ionosonde network has been set up 
jointly by the China Research Institute of Radiowave 

Propagation and the Wuhan Institute of Mathemat- 
ics and Physics. Since 1982, this experimental sys- 
tem has continued to serve in scientific and civil ap- 
plications. Typical examples are (1) the extraction 
of ionospheric LSTID parameters, (2) frequency pre- 
diction using backscatter ionograms, and (3) obser- 
vations of a nuclear explosion. In 1990s, the pulse 
Doppler system was changed to the current phase II 
frequency modulation (FM) continuous wave (CW) 
system, and the scanning beam direction was also 
changed. So the new phase II system is currently in 
operation and will continue to serve Chinese scien- 
tific, educational, and industrial institutions in the 
future. In addition to the OTH sky wave backscat- 
ter radar system (phases I and II), run jointly by 
the China Research Institute of Radiowave Propaga- 
tion and the Nanjing Research Institute of Electron- 
ics Technology, two other OTH ground wave radar 
systems are currently operated by Wuhan University 
and Harbin University of Technology. 

Only those relevant and relatively important pub- 
lications and research reports are included in this 
brief review. There are many other results of case 
studies conducted on the HF radar's area of illu- 

mination [Huang, 1987a], the ionospheric coherent 
integration time using the phase detection integral 
method [Huang, 1987b], distinct propagation models 
[Huang, 1987c], the Chinese OTHR frequency man- 
agement system, and the remote sensing of ocean 

Table 5. Various Methods Used to Observe Other Ionized Regions 

Cosmic Noise Vertical High-Frequency 
Method 

Measurement Sounding Communication 
Short-Range 
Backscatter 

OTH 

Backscatter 

Time, min (maximum 
Maximum radius, km 

9 ionized region) ... 5 8 10 
350 > 270 400 360 350 
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states around China. Studies of the last two aspects 
have been carried out for several years by two oper- 
ating OTH ground wave radar systems. This paper 
does not attempt to cover all of the research results 
(from published papers and internal reports) on Chi- 
nese OTHR systems and their relevant ionospheric 
physics and wave propagation, due in part to their 
sensitive nature. 
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