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Abstract. Backscatter ionospheric sounding (BIS) is a 

powerful tool for monitoring and predicting conditions of 
operation of HF communication systems. The BIS method 
is adopted to determine coverage areas of radio waves and 
maximum usable radio frequencies, distance along the 
ground to a scatterer, as well as to gain information about 
ionospheric structure and conditions. To solve these prob-
lems, we propose a method for direct diagnostics of HF 
radio channel at the leading edge of BIS signals on iono-
grams. The method relies on real-time automatic pro-
cessing and interpretation of BIS ionograms. We present 

algorithms for determining the maximum usable frequen-
cies and characteristics of oblique sounding signals from 
current BIS data, without correcting ionospheric parame-
ters. We realize the algorithm for recovering ionospheric 
parameters at the path midpoint. 

Keywords: ionosphere, ionogram, radio wave propa-
gation, backscatter ionospheric sounding. 

 
 
 

 

 
INTRODUCTION 

Backscatter ionospheric sounding (BIS) has been 
widely used for ionospheric research along with vertical 
(VIS) and oblique (OIS) ionospheric sounding since the 
1940s. It has also been utilized to predict operating con-
ditions in radio channels [Benner, 1949; Kabanov, 
Osetrov, 1965; Chernov 1971]. The BIS signal is affect-
ed by the same factors that influence signals of the main 
radio channels. It is therefore natural to expect that BIS 
signal parameters and their variations can be used to 
predict propagation conditions in radio channels. More-
over, the BIS signal contains information about iono-
spheric conditions at a distance of several thousand kil-
ometers from the observation point in any given direc-
tion. This considerably increases the capabilities of VIS 
stations for studying the ionosphere and predicting its 
parameters. There are several basic approaches to iden-
tifying radio communication characteristics from BIS 
data. The most common approach relies on the solution 
of the so-called inverse problems when quantitative 
ionospheric parameters are determined from BIS data. 
The measured characteristics generally includes delays 
of a sounding signal, which correspond to the leading 
edge of the BIS signal [Benito et al., 2008; Fridman et 
al., 2012; Norman et al., 2013; Zhu et al., 2015; Feng et 
al., 2016]. The use of such methods usually requires 
much time for computer calculations, thereby greatly 
reducing the applicability of BIS tools for monitoring 
working conditions in HF radio channels. 

One of the possible ways to predict radio commu-

nication characteristics in real time is the method for 
direct radio diagnostics allowing us to determine radio 
channel characteristics from a sounding signal without 
correcting ionospheric parameters [Kurkin et al., 
1993]. This approach is adopted when the diagnostic 
OIS path coincides with the radio path of interest or 
lies within the BIS sector. This paper presents a meth-
od for real-time diagnostics of HF radio channel from 
results of automatic processing and interpretation of 
BIS ionograms, obtained with a chirp ionosonde de-
veloped by ISTP SB RAS [Brynko et al,. 1988; Podle-
sniy et al., 2013]. The results of interpretation of BIS 
signals and construction of tracks are the initial data 
for determining OIS maximum usable frequencies 
(MUF) and distance-frequency characteristics (DFC) at 
given distances. Then, the results of real-time diagnostics 
of HF radio channel from current BIS data are used to re-
cover ionospheric parameters of the sounding sector. 

METHOD FOR DIRECT 
DIAGNOSTICS OF RADIO 
CHANNEL 

The simulation of OIS and BIS signal characteris-
tics and the analysis of experimental data have re-
vealed the following ratios slightly depending on iono-
spheric parameter variations [Kurkin et al., 1993; 
Ponomarchuk et al., 2009, 2012]: 

• the ratio of the group path Pm, which corresponds 
to the leading edge of the BIS signal, to the distance to 
the boundary of an illuminated zone Dm (Pm/Dm); 
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• DFC of the oblique propagation mode at the rela-
tive frequency grid β=f/fm, where fm is the MUF mode 
for the range considered (P(β)); 

• DFC of the BIS signal at the leading edge at the 
relative frequency grid ν= f/fm, where fm is MUF for a 
maximum BIS signal range. 

These ratios allow the following problems of real-
time diagnostics of decameter radio channel to be 
solved: 

• interpretation of propagation modes on experi-
mental BIS ionograms from high-amplitude points re-
sulting from secondary processing; 

• reconstruction of BIS ionograms from track frag-
ments when technical capabilities of the ionosonde or con-
ditions along the propagation path do not allow us to obtain 
the frequency dependence of the group path of a mode; 

• real-time determination of MUF and DFC of BIS 
signals along a given radio path from BIS data. 

The position of the boundary of the illuminated zone 
is found from DFC of BIS signals at the leading edge 
because the maximum in the amplitude relief of the BIS 
signal in the group path is close to the boundary of the 
leading edge [Dyson, 1991; Ponomarchuk et al., 2009]. 
BIS ionograms can therefore be interpreted by calculat-
ing the frequency dependence of the minimum group 
path Pm(f) corresponding to the closing point of upper 
and lower rays for BIS signals [Ponomarchuk et al., 
2016]. The operating frequency f for the corresponding 
distance Dm(f) is the maximum usable radio frequency. 
Characteristics of BIS and OIS signals are simulated 
using the waveguide approach with the IRI model [Ilyin 
et al., 1996; Bilitza, Reinisch, 2008; Ponomarchuk et al., 
2009; Ponomarchuk et al., 2014]. 

 
DATA PROCESSING  
AND INTERPRETATION  

A determining factor in the real-time prediction of 
radio channel characteristics is the automation of sec-
ondary processing and analysis of processing diagnostic 
information about HF radio channel conditions. Iono-
gram processing includes the following stages [Grozov 
et al., 2012; Ponomarchuk et al., 2012; Grozov et al., 
2013]: 

a) ionogram preprocessing in order to remove noise 
from an image and improve amplitude characteristics;  

b) data compression allowing a significant reduc-
tion in their volume without appreciable loss of useful 
information. 

Ionogram preprocessing involves removing noise 
components from an ionogram to isolate a useful signal, 
as well as removing single outliers comparable in inten-
sity with the useful signal. Noise is eliminated using 
local smoothing techniques, which have high computa-
tional efficiency and can process images in real time. To 
remove noise from an image and to recover signal sam-
ples, we employ a median filter capable of smoothing 
noises and reducing blurring of track boundaries, as 
well as restoring values in track breaks. When switching 
between realizations at adjacent frequencies, the low 
correlation of noises causes the noise to become impul-
sive; it is best removed by the median filter. 

A data compression technique is used to select high-
amplitude points corresponding physically to the mo-
ments of signal arrival at the leading edge of the signal 
or to the amplitude relief maximum. To exclude indi-
vidual artifacts, partially recover data, and detect the 
primary track on ionograms, the cellular automaton 
mechanism can be effectively utilized. Cellular automa-
ta are discrete dynamic systems whose behavior is com-
pletely determined by local interconnections between ele-
ments of these systems. This processing leaves points on 
ridges of the tracks and slight noise. The implemented al-
gorithm allows us to compress the source information 5–10 
times depending on noise and diffusion levels.  

Figure 1 shows a BIS ionogram (a) and secondary 
processing results (b). The transmission point is Usolye 
Sibirskoe (52.88° N, 103.26° E). The reception point is 
Tory (51.8° N, 103.0° E). The transmission azimuth is 
55°. The time of recording is 08:40 UT on September 
25, 2005. The chirp ionosonde in hand has a transmitter 
power of less than 1 kW; it therefore can record scat-
tered signals within the maximum range of one hop 
(~3000÷4000 km) in the BIS mode. The isolated scat-
tered BIS signals on the ionogram in Figure 1 corre-
spond to a single reflection from the F2 layer.  

The BIS DFC recovery algorithm is based on the ad-
iabatic dependence of the minimum group path of a 
signal scattered by the Earth surface at the relative fre-
quency grid ν=f/fm under variations in ionospheric 

 

 
Figure 1. BIS ionogram (a) and secondary processing re-

sults (b) (09.25.2005, 08:40 UT) 
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parameters. For predictive ionospheric parameters at 
the frequency grid, we compute DFC of BIS signals at 
the leading edge. Characteristics of BIS signals at the 
leading edge are simulated using the waveguide ap-
proach with the IRI model [Bilitza, Reinisch, 2008; 
Ponomarchuk et al., 2009]. The predictive DFC of the 
BIS signal is recalculated to the relative frequency grid ν. 
As the frequency fm we take MUF for a maximum sig-
nal range. The secondary processing of the experi-
mental BIS ionogram yields a matrix of experimental 
points, which corresponds to a two-dimensional array 
of the group path Pi at the frequency grid fj for the 
high-amplitude points. Experimental points are also 
converted into the grid frequency ν. The algorithm for 
automatic identification of the propagation mode on a 
BIS ionogram involves determining the maximum of 
distribution of the number of experimental points in a 
model mask, constructed based on the long-term pre-
diction, for changing frequency fm at the relative fre-
quency grid ν= f/fm. 

Figure 2 presents the results of secondary processing 
and interpretation of a BIS ionogram. Lines 1 and 2 
show the results of the simulation of Pm and Dm from a 
long-term prediction; line 3 is the interpreted BIS DFC; 
black dots are high-amplitude points of the BIS signal. 

 
REAL-TIME DIAGNOSTICS 

The methods developed for automatic processing 
and interpreting BIS ionograms enable us to solve the 
following problems of real-time diagnostics of the dec-
ameter radio channel from current BIS ionograms: 

• real-time determination of MUF and DFC of OIS 
signals for the 1F2 propagation mode along a given radio 
path from BIS data; 

• reconstruction of spatial electron density distri-
bution in the zone of backscatter ionospheric sounding 
with a chirp ionosonde.  

MUF of the OIS signal at the given radio path length 
for current DFC of BIS signals is calculated from the 
adiabatic ratio Pm/Dm. At the first stage, for the esti-
mated ionospheric parameters, we compute the distance- 

 
Figure 2. Results of secondary processing and interpreta-

tion of the BIS ionogram obtained on September 25, 2005, at 
08:40 UT: Line 1 is Pm; line 2 is Dm; line 3 is BIS DFC; black 
dots are high-amplitude points of the BIS signal  

frequency characteristics of Pm(f) and Dm(f). For a giv-
en distance D0, we calculate the ratio η= Pm/D0. Then, 
for the real BIS DFC at the leading edge of the signal, 
we determine the frequency for which the group path is 
equal to P=ηD0. The frequency thus estimated is the 
actual frequency fm for D0. After determining MUF for a 
given range from current BIS data, we can calculate 
actual OIS DFC for the corresponding propagation 
mode. DFC of OIS for D0 is calculated from the long-
term prediction of ionospheric parameters at the relative 
frequency grid predict

m/ .β = f f  The actual OIS DFC at 
the current time is restored from the predicted one by mul-
tiplying β by fm [Kurkin et al., 1993; Grozov et al., 2012].  

Figure 3 shows the results of the recalculation of es-
timated OIS DFC of the 1F2 mode to actual signal de-
lays at the distance grid from MUF, restored from the 
current BIS DFC presented in Figure 2. The time of 
recording is 08:40 UT on September 25, 2005. The ge-
ometry of the sounding sector in this experiment is de-
picted in Figure 4. The central azimuth of 55° coincides 
with the direction to Magadan.  

To illustrate capabilities of the method for correcting 
MUF from BIS data, Figure 5 presents the results of the 
comparison of OIS DFC for the 1F2 one-hop mode at a 
distance of 3000 km from the transmitter with an exper-
imental OIS ionogram obtained over the Magadan–Tory 
path (the path length is ~3000 km) at 08:45 UT. The 
dashed line indicates the results of the OIS DFC simula-
tion within the waveguide approach using IRI; the solid 
line is the results of the reconstruction. 

Figure 6 shows time variations in MUF of the 1F2 
one-hop mode for 3000 km toward Magadan for No-
vember 18 and 19, 2005. To correct MUF for this 
distance, we used data obtained from automatic pro-
cessing and interpretation of BIS ionograms [Ponomar-
chuk et al., 2016]. The solid line indicates MUF cal-
culated from the results of the reconstruction of OIS 
DFC from current BIS data. The dashed line shows 

 
Figure 3. Results of the secondary processing, interpreta-

tion of BIS ionograms (09.25.2005, 08:40 UT), and OIS DFC 
at the distance grid  
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Figure 4. Sounding sector with the central azimuth of 55° 

 
Figure 5. OIS ionogram (09.25.2005, 08:45 UT) and OIS 

DFC obtained for 08:40 UT on the same day: from IRI 
(dashed line), from reconstruction (solid line) 

 
the experimental values of maximum observed fre-
quencies (MOF) over the Magadan–Tory path during 
this period of observations. 

The 1–2 hr variations in ~2 MHz MOF are caused 
by traveling ionospheric disturbances (TID) along the 
path [Ivanova et al., 2011]. MUF calculated from cur-
rent BIS data are consistent with the experimental 
MOF (Figure 6). To correct MUF with respect to trav-
eling ionospheric disturbances, as input data on the 
BIS ionogram we should select a flock of high-
amplitude points corresponding to moments of arrival 
of scattered signals from different directions. This 
problem can be solved using SuperDARN data. Char-
acteristics of the BIS signal received by a SuperDARN 
radar are employed to diagnose medium- and large-
scale TID [Oinats et al., 2016].  

Thus, the advanced methods for direct diagnostics of 
radio channel from BIS data allow real-time correction 
of MUF and DFC of OIS signals over a given path from 
current BIS data in a sounding sector, without recon-
structing ionospheric parameters. 

 

 
Figure 6. Time variations of real and reconstructed MUF 

over the Magadan–Tory path: reconstructed MUF (line 1), 
actual MOF (line 2) 
 

 The results of real-time diagnostics of radio channel 
from BIS data – BIS DFC at the leading edge Pm(f), 
reconstructed OIS DFC and MUF for a given radio path 
– can also be utilized as input parameters for solving the 
inverse problem of determining ionospheric parameters 
from sounding data. The inverse problem of determin-
ing ionospheric parameters from OIS DFC has been 
addressed by many authors. Smith [1970] suggested 
solving this problem by reducing a system of integral 
equations to a system of nonlinear equations through a 
piecewise hyperbolic approximation of the monotonic 
vertical electron density profile. Krasheninnikov and 
Liannoy [1990] used a quasiparabolic piecewise approx-
imation of squared plasma frequency to improve the 
accuracy of reconstruction of the electron density pro-
file. For real-time calculation of ionospheric parameters, 
Kotovich et al. [2006] proposed a technique of inversion 
of OIS DFC to height-frequency characteristic (HFC) of 
vertical ionospheric sounding near the path midpoint 
with the modified Smith method (transmission curve 
method). This technique was adopted to realize the al-
gorithm of HFC calculation at path midpoints located in 
the BIS sector, with subsequent reconstruction of the 
electron density profile [Mikhailov, 2000].  

In the modified transmission curve method, the 
linear relationship between VIS f o and OIS fH fre-
quencies is given by fH= kfosecφ, where φ is the an-
gle of incidence of a ray on a layer, k is the Smith 
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coefficient reflecting spherical Earth. In this method, 
the angle of incidence φ of a ray on a layer, according 
to the equivalence theorem, is related to the current 
height h' by the following formula: 

( )
( )

sin / 2
arctg ,

cos / 2
D R

x D R
 

ϕ =   − 
  

where ,R hx
R

′+
=  R is the Earth radius. The group dec-

ameter signal path P at oblique propagation is deter-
mined as follows: 

( )sin
2 ,

sin
P R

Ω−ϕ
=

ϕ
  

where Ω is arcsin(xsinφ). The OIS ionogram represents 
the group propagation time as a function of sounding 
frequency. In each frequency fH, the group propagation 
time depends on the height of reflection. To find the 
desired h' corresponding to the signal delay at fH on the 
OIS ionogram during one-hop propagation (1F2 mode), 
the operating heights, used to calculate the group propa-
gation time, are selected with a step of 200 m, starting 
from 200 km. This yields a value of the group path 
equal to the experimental value at a selected frequency. 
According to the secant law, the OIS frequency fH is 
employed to calculate the VIS frequency fo. Thus, VIS 
HFC is calculated at the path midpoint. To reconstruct 
the vertical plasma frequency profile fe(h), a method 
has been developed for numerical solution of integral 
equations by the modified Jackson method with increas-
ing accuracy in regions of layer maxima (near-critical 
frequencies) and valleys [Mikhailov, 2000]. 

The obtained fe(h) profile is used to determine the F2-
layer parameters, namely the critical frequency foF2 and 
the height of maximum electron density hmF2. Accuracy 
characteristics of the method of calculating ionospheric 
parameters near the path midpoint from current OIS data 
are discussed in [Ponomarchuk et al., 2015]. 

Figure 7 exemplifies the plasma frequency profiles 
fe(h) obtained at a distance of 1500 km from the trans-
mission point in a sounding direction of 55°. The solid 
line shows the fe(h) profile derived from VIS data from 
Yakutsk (62° N, 129.7° E) for November 19, 2005 
02:15 UT; dashed line is the fe(h) profile calculated by 
IRI [Bilitza, Reinisch, 2008]; dots are the results of the 

 
Figure 7. Plasma frequency profiles fe(h): 1 — actual, 2 — 

reconstructed, 3 – from IRI 

calculation of fe(h) from VIS HFC, reconstructed from 
OIS DFC for 3000 km. OIS DFC was calculated from 
current BIS data during the given period. The difference 
in latitude of the VIS station and the average path mid-
point (58.2° N, 124.2° E) is ~4°, and the distance be-
tween the points is approximately equal to 500 km; the 
Yakutsk data can therefore only partially represent con-
trol data in verification of methods for diagnostics of 
ionospheric parameters. 

To illustrate the method for diagnostics of iono-
spheric parameters from BIS data, Figure 8 presents the 
results of the determination of the F2-layer critical fre-
quency at the Magadan–Tory path midpoint from OIS 
DFC, recovered from the current BIS data obtained on 
November 18 and 19, 2005 (see Figure 6). The solid 
line in Figure 8 shows critical frequency variations as 
derived from data acquired by the VIS station located in 
Yakutsk. The ~1 hr variations in ~1 MHz foF2 are 
caused by the presence of traveling ionospheric disturb-
ances over Yakutsk during this period [Kurkin et al., 
2014]. Values of the F2-layer critical frequency, calcu-
lated from OIS DFC recovered from BIS data, are con-
sistent with experimental data. 

Note that the analytical expressions for Pm and Dm, 
obtained in the spherically symmetric waveguide with 
the model quasiparabolic electron density profile, allow 
us to determine the critical frequency and F2-layer max-
imum height from current BIS data at the leading edge 
of the signal [Li et al., 2013]. 

 

 
Figure 8. Time variations in the F2-layer critical frequen-

cy at the Magadan–Tory path midpoint: experimental foF2 at 
the station Yakutsk (solid line); recovered foF2 at the path 
midpoint (dots) 
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CONCLUSION 
We have presented a method for real-time diagnos-

tics of HF radio channel from results of automatic pro-
cessing and interpretation of BIS ionograms obtained 
with a chirped ionosonde. We use slightly varying ratios 
of frequency dependences of group characteristics of 
OIS and BIS signals. Signals on an ionogram are inter-
preted from the calculation of the BIS distance-
frequency characteristic at the leading edge of the sig-
nal. Radio wave propagation characteristics are simulat-
ed using the waveguide approach with the IRI model. 
The results of identification of recorded BIS signals and 
construction of paths are the initial data for determining 
MUF and DFC of the 1F2 one-hop mode of oblique 
propagation along radio paths and in the sounding sec-
tor, without correcting ionospheric parameters. For real-
time reconstruction of ionospheric parameters, we em-
ploy an algorithm based on inversion of OIS DFC to 
VIS HFC nearby the path midpoint, with subsequent 
reconstruction of the electron density profile, thus solv-
ing the inverse VIS problem. In the future, we plan to 
carry out further studies of the quantitative evaluation of 
effectiveness of the method for diagnostics of decameter 
radio channel from current BIS data, using an automat-
ed software package of ionogram processing and inter-
pretation. 

The work was carried out with budgetary funding of 
Basic Research program II.12. The results were ob-
tained using the equipment of Center for Common Use 
“Angara”  http://ckp-rf.ru/ckp/3056.  
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