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COMPUTER FILTERING OF IMAGES OF IONOGRAMS
OF HF IONOSPHERIC RADIO COMMUNICATION PATHS
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Vladimir lvanov* Dmitriy lvanov Natalya Ryabova Mariia Ryabova" Andrei Chernov Alexey Elsukov
Volga State University of Technology, Yoshkar-Ola, Russia

The algorithm of obtaining ionograms of oblique sounding of wideband radio channels was implemented in soft-
ware. The paper presents an algorithm of computer filtering of ionograms with the use of median equalization. The
algorithm of determining signal-to-noise ratio in HF ionospheric radio channel was developed and implemented in

software.
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INTRODUCTION

Computer image processing methods have been widely
used in various fields. Currently, one of the topical scien-
tific objectives is an image processing aimed at extracting
data on the object under study. In particular, it is crucial
to extract data on the parameters of multi-dimension-
al HF ionospheric radio communication channels from
the ionogram images obtained by ionospheric sounding
[01-03]. However, these images are contaminated with
noise and radio frequency interferences (RFI) stem from
other users. Furthermore, the useful signal and interfer-
ence signal are stochastic processes. Thus, it is crucial
to filter ionogram image. In this case, the filtered image
represents the useful signal. We have assumed that it
will allow to apply the algorithms of automatically deter-
mining the parameters of HF communication channels.

We shall note that theoretical studies were enhanced
with the results obtained in studies of ionogram filter-
ing by various authors [04-06]. In this study we applied
computer filtering methods including whitening, median
equalization as well as threshold method. The originality
of the research is to develop an algorithm that can be
automatically applied to an ionogram. The algorithm is
aimed at determining signal-to-noise ratio in radio chan-
nels of HF range and adequate for choosing an optimum
channel.

ALGORITHM OF OBTAINING IONOGRAM

Let us suppose that sounding is carried out with the
use of a continuous signal with linear frequency modu-
lation (LFM) i.e. frequency modulated continuous wave
(FMCW):
5
ur (1) = cos(awgt +y 1) 1a)
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where 2y = w=2;r(f=2;rj - angular frequency

sweep rate. d dt
Signal complex envelope is as follows:

Up(t)=exp jyt* 2)

Let us suppose that the propagation of signal in a ra-
dio channel excites M discrete modes. Each propaga-
tion mode gets an attenuation Sy, , phase delay 7 pp, and
group delay %gm, as well as additive noise which is as
follows:

Uy (1) =Up, (1)exp ju, (1) exp jor =, (1)-exp jot  3)

where Uy, (7). v,(1) - real-valued functions, and Uy, (1)
- complex-valued random slowly varying function of time.

The received signal is divided into adjacent segments.
Each segment is multiplied by the Gaussian type window
function. We used Gaussian function.

Amid-band (“carrier”)frequency is @ = @y +2y - ((y —1,)
for each k-th segment. Thus, signal phase can be repre-
sented as @1 +y1°.

The window length (analysis time) 27, is significantly
greater than the delay in a channel (7, >>17,,), so a
complex envelope of a received signal at the carrier @ck
is as follows:

UrO)+ugy() =% sp Cxp|:_ 2 :| s J[}V(" “Tpm )2 ]+
T,

m=1 a

2 4)
{
+Upn(0) -cxp{— 5 } -exp ju, (1)
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a
We shall note that the parameters of this function

Sm>Tpm>Uon depend on the segment carrier frequency
DOpf
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Let us consider a module of spectrum of
function :-xpll-;_} Lew 7] which, according to [06], is equal to
Lm[— where @5 ~2/1, - is half a bandwidth in terms
of angular frequency. Let us estimate bandwidth B; of a

compressed signal in terms of angular frequency:

5 .
B, ~ =2 =2£Ta=2ﬂa 5)

2

In order to compress segment defined by a Gaussian
window in the frequency domain (4), it is multiplied by
the function:

$(t)=exp j{—}/ . er 6)

Then a compressed signal which is also called difference
frequency signal is obtained as a product of functions (4)
and (6), and is as follows:

Uy, () =[U (1) +1,,(0)]-3(1) =

M ."'j ,
= Zsm cKp|:_ F:| -CXp J'[_ 2}( ) Tpm L+ yz—pmh]-’-

m=1 a

+Uo,,(r)-exp[— ,’f}-exp.fv,,m-expj[—y-r2]= 7)

3

m=1

15
M f‘l
= zsm exp{— Tl ] *EXp J‘.[er] +
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where 7pm (@) - phase delay of a wave in a channel.
The equation for difference frequency is as follows:

d 2 &} 2
Q,, = E[_ 2y- rpm(ro)r + 7T pm ]: E[_ 2y- rpm(a})f + VT pm [+
dw 0 2
E%[‘ 2}"rpmr+ﬂpm]% 8)
or or
2 pm pm
& =29y — (29)7| =Ty —— A |=-2y-T
y pm y pm r.,?m aﬂ) y gm
arJ,r)m
where 74, =7,y + @ A - group delay.
c

Let us calculate the spectrum of the signal (7) over the
analysis time :

rE
U Q)= [U ()exp(-jQu)dt ~
_j{:

M 2
= Zsm ICKP|:— ;‘::|'3ij[§2”|.|’]'€}£}) ."[_ Q{}”+ 9)
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The integral is indefinite due to the Gaussian function
(window function). Thus, the spectrum is as follows (9):

M _ o2
U, (€)= Zsmw-gfa exp{— € gi’”) & }+

m=1

10)
:|cxp[— Jr vrl)]cxpj[— Qr]dr =

* .[()r(]n('f) ! CijU"(f) ! CXIJ|:_ ;r-.’

= Upg () +U, ()

Let us consider a random propagation mode of a com-
pressed chirp signal. Its power spectrum is as follows:

o 272
S pm () = Uh,dm(sz)|2=m§,?;,2cxp[(Q Q_A:") Ta} 11)

In this case €2 is a difference frequency. We represent
it according to €2, =-2y7g,, as Q=-2yr , whereis a
random delay. Thus, the power spectrum is as follows:

Son(?) =7 53T expl- 27 (e -7, 12 |=
— .1:{"1 R’z EBl B
=TS, OXP| ) (r_rgm) P 12)

= }z—‘qfi}?‘exp _2l(r_rgp")?

4 (T, /n)

=y T2="RBT,

where 7=7"{a =5 Psla - bandwidth-duration product
of a chirp signal segment.
Power of a random propagation mode at the output of a
matched filter (after compression in the time domain) is
as follows [07]:

2

(T—Tgn)"
Pp (1) = s,zn.r; -eX —2-7"’””7 7. Spm(T)=

Ta/m* | 7 13)
o 2
=f *SRm (r)=n- |hm (T)|
M

where /(t)= > h,(7) - channel impulse response.

m=1
Sum of functions |hm(r)|2 is a power delay profile
(PDP) of a channel and expressed in terms of power
spectrum using the following equation:

M 2
PDP(wy.7)= Y| h, (0.0 =
m=1
1 M ¥ M
=— 2 Ppy(o.7)= 2 S rm (@5 7)
1 a1

m=1

14)

It can be seen that all the functions are directly propor-
tional to a channel PDP.
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Figure 1a, b shovx)skan ionoaram and a PDP of a channel
(at a frequency === fu=11 MHz), taken on the Cyprus
- Yoshkar-Ola pagﬁr on 25 March 2015 at 13:20 LT. The
observed delays A = (7 - 16.5 ms) was selected to en-
sure analyzed delays range at least twice greater than
the range of the delays of the received signal. The peaks
on the PDP plot correspond to the delays of the received
modes 7 = 7g,, , which are tracks on a noise background.
It can be seen that the useful signal concentrates around
these peaks. Noise is received for the delays where no
signal. Figure 1b shows that noise was received at 13.5
ms and above.

Each PDP can be considered as a sequence of pixels
in a column. A pixel has a size , where and is deter-
mined by the exponent in the equation (13) and is equal
to . Signal (channel) bandwidth is limited due to the dis-
persion in the ionosphere and does not exceed 40 kHz.
Thus, §f <40kHz, 0t225 mes, [ =k-0f , (where
k=12.)and 7= p-0t (where p=12... ).

lonogram is a bitmap image which consist of channel
PDPs ordered by mid-band frequencies Jek. It shows
the variation of a PDP with the change in a mid-band fre-
quency. Color indicates signal power level correspond-
ing to a pixel, so one can judge the modes structure and
the channel budget. Besides, an ionogram allows to
evaluate the maximum usable frequency and the lowest
usable frequency.

The problem is that a received signal is mixed with wide-
band background noise and narrowband interferences
which pose a significant challenge for automatic comput-
er processing of ionograms aimed at determining chan-
nel parameters.

Figure 2 presents the original (“contaminated”) ionogram
taken on Cyprus-Yoshkar-Ola radio path on 27 July 2015
at 17:00 LT.

Narrow band interferences cause vertical lines on the
ionogram image as well as stochastic noise causes “rip-
pled” background. The aim of computer filtering is to re-
move background noise and narrowband interferences.

COMPUTER FILTERING OF IONOGRAM IMAGE
WITH THE USE OF MEDIAN EQUALIZATION

It is known [08] that there are a number of methods for
computer image filtering. An ionogram is variable in time.
Thus, it is crucial to study the effectiveness of various
computer filtering methods.

First, we studied the efficiency of the median equal-
ization method. We shall note that this method is well
known [09] and is mainly used to remove stochastic
noise. The experiments have shown that median filter-
ing of columns provides the best filtration of “horizontally
stretched” tracks. In this case, variational series is built
for each PDP and the median is determined. Then the
PDP samples are divided by the median value. We shall
note that when the columns are ordered by frequency
(as in this case), the median filtering is equivalent to me-
dian equalization.
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Figure 3 shows the result of computer filtering of an ion-
ogram shown in Figure 2 with the use of median equal-
ization.

It can be seen that this method can effectively mitigate
background noise and narrowband interferences.

It is known that narrow band interferences are removed
by whitening equalizer which is used at the receiver in-
put (before matched filter processing). Figure 4 presents
the result of whitening equalizer applied for the ionogram
shown in Figure 2.

It can be seen that the algorithm removes narrow band
interferences, but does not filter stochastic noise. In or-
der to filter stochastic noise and narrow band interferenc-
es we applied both whitening and median equalization
methods.

Figure 5 presents the result of successive applying both
methods. It can be seen that the background noise be-
came more homogeneous. It allows to apply threshold
filtering method. An ionogram presented at Figure 6
proves the effectiveness of successive applying of whit-
ening equalization, median equalization and threshold
methods. In this case, the threshold is 5 dB. It can be
seen that successive applying of several method allows
to solve the problem of computer filtering of ionogram
image and “split” signal and noise.

ALGORITHM OF DETERMINING SIGNAL-TO-NOISE
RATIO IN HF COMMUNICATION CHANNELS

A sounding signal is a physical model of a communica-
tions signal, so experimental data obtained after sound-
ing can be used in a communication system. Splitting of
signal and noise by means of computer filtering allows
to estimate signal-to-noise ratio (SNR), which is a key
parameter of any communication system. In order to ver-
ify the algorithm, let us consider the Equation (10) and
noise conversion. Let us calculate the Fourier transform
of two product terms in function :

U, (Q)= _I'.r.',,(r)-cxpju,,(r)-cxpj[— Quldr - noise spectrum.  15a)

o0 2
t . .
He()= J exp[— ;} - exp[—j}' -IE]Eij[— Qr]dr =
- a 15b)
o0
= J'h (1) -expj [— Q.f]a’f - filter frequency response

-0

The equation (15b) takes into account that the noise
goes through the filter, which has an impulse response
is as follows:

ARy
hyp(1)=exp _T_z exp jl-y -t

o
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Figure 1: lonogram - (a) and a PDP of a channel with a bandwidth of 40 kHz
at a mid-band frequency of 11 MHz - (b)
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Figure 2: The original ionogram image taken on Cyprus - Yoshkar-Ola path on 27 July 2015 at 17:00 LT
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Figure 3: The result of median equalization
of an ionogram image
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Figure 5: The result of applying two successive
methods (whitening and median equalization)

For such filter and :/?"5;2 >>1 the frequency response is
as follows [09]:

T2 2 2
Hf((g):—m @ 2__Z| 1g)
Qs

exp| — - exp Jj yTz _
02 62 4
Qf Qf

where Q =277, - half a filter bandwidth for ¢! level.

The square of a modulus of a filter frequency response
is as follows:

T2 2002

|H (@)= T expl - =2 17)
/ Q2 Q2
[ f
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Figure 4: The result of applying whitening equalizer
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Figure 6: The result of successive applying
of whitening equalization, median equalization and
threshold methods

Noise power spectral density at the filter output can be
obtained by multiplying the square of the frequency re-
sponse to the power spectral density at the filter input
[10]:

NUM(Q) =| H_,F(Q) |2 N (Q) =

_arl, 20° _
=— = exp[— Q—}]N""(Q) = 18)

o
Let us consider a random propagation mode of a com-
pressed chirp signal. Its power spectral density is as fol-

lows:

xy T} ﬁcxp{— 2513}

U, . Q) —0. 272
V(@) = R DT = sl {—7@ Qz’"’ 2‘}19)

27,
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The maximum value of the spectral density is as follows:

max { p,,, ()} = W, (0) = i:ra 20)
Mode energy is as follows:
ot 2 .t 2,
LRm - _“ URdm(;)l dr = j| URdm(mH do =
rﬂ'
= bm Iexp( u®)du sm\ =T, 21)

— o0

= VII% max {W g, (0)} ~ 0.8- max{Wp,,(0)}

We have assumed that in this case SNR for a random
propagation mode could be estimated as follows:

o) 25,7,
Num (-Q) oy

We have assumed that the is the ratio of the average
signal power to average noise power. In this case, the
average power of a Gaussian pulse with duration 27,

equals to:
? >
2m

So the energy of a received random mode of a difference
frequency signal in a Gaussian window equals to:

22)

SNR,, =

1
“ URdm('() |_ dt =

a —on

Pepm = 23)

Ep = Py 2T, 24)

Thus, the equation for the signal-to-noise ratio is as fol-
lows:

2 2E, 0.82Em 25)
g

SNR,,

Since the total energy of the recelved signal is the sum of
the energies of different modes « = ZL,,,, the signal

to-noise ratio could be estimated as foIIows.
M [ 2% E ;
SNR = S SNR,, = 1222 Em _ 0,8E 26)
m=1 V 2 1y ny
We shall note that if the mode power is 10 dB less than
the global maximum, its contribution can be neglected
[07].
Let us consider the algorithm of determining SNR in the
case when the signal processing includes equalization
methods which divide signal + noise (SN) samples at a
certain level of noise N .

In the case of the median equalization samples are di-
vided by the median value (M,). We shall note that
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each sample represents the average power which corre-
sponds to the spectrum analyzer resolution. It can be ei-
ther the noise power P, - 6F , or SN power (P + F,) - oF
. Let us prove that P, = k- M ,(N). Coefficient k allows to
recalculate the noise median value in its average power.
As a result, the following relation is obtained:

_(Py+P)oF P

W = P, +1 27)
So:
SNR = 101,{(‘9" +£) —1} -
" 28)
. Olg{(k" +P)SF —k- i'l/‘f‘i(N)&“]
k-M_ (N)SF

Let us estimate the coefficient k. We shall note that
P, =U¢, =y. Noise amplitude is x =U,, . We have as-
sumed that the noise is a quasi-white, i.e. its spectral
density is constant in a chirp signal bandwidth [- 7B, zB].
In this case, the noise amplitude is distributed according
to the Rayleigh law with parameter & :

29)

20~ o

The distribution for the value could be obtained by func-
tional transformation x = \,*1,

As a result, the density distribution of is as follows:

gv)= %SXP{— - ]

20 20°

30)

The median value could be calculated using the follow-
ing equation:

M, |
_[ 5 cxp( ]dv =05 31)
a 207 - 207
So:
M,=2In2-0° 32)
It is clear that the average noise power is equal to:
B, =Mi[y]=2c? 33)

Thus, coefficient k could be obtained using the following
equation:
P, 1
= = —0>a ]_14 34
M, In2 )

Figure 7 presents is an algorithm of determining frequen-
cy dependence of the signal-to-noise ratio in different
frequency radio channels.
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Figure 7: The algorithm of determining signal-to-noise ratio with the use of computer filtering of ionogram image

The algorithm consists of the following steps:
1. Split frequency band into intervals of length df with

m-df
=— — PDPs in each interval.
f;( _f

H

S

2. For each PDP:

 calculate median value of the received signal power
P

Me 5
- calculate the noise power level as N =1,4-P, ;
+ calculate the maximum signal power Prax :
 calculate the sum SN of selected samples.

3. Calculate for all PDPs in the interval :

5
2N;
i=1
S

« average noise power level N =
&
> SN;

+ average level of signal-noise mixture Sy = =1 ;
s

SV
- calculate signal-to-noise ratio SNR = lﬂlg[?— 1] )

4. Plot a histogram with column width and height SNR.
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Figure 8 shows the estimates of frequency dependence
of SNR for the following intervals df =40; 200; 400 kHz
as well as unequalized and equalized ionograms ob-
tained by sounding Cyprus - Yoshkar-Ola path on 13
March 2015 at 16:23 UT.

It is clear that the SNR estimation stability increases with
the increase in the averaging interval.

CONCLUSIONS

The algorithm of obtaining ionograms of oblique sound-
ing of wideband radio channels was implemented in soft-
ware. The methods of computer filtering of ionograms
images were experimentally verified. The successive ap-
plying of whitening equalization, median equalization and
threshold methods can effectively remove background
noise and narrowband interferences. The algorithm of
determining signal-to-noise ratio in HF ionospheric radio
channel was developed and implemented in software.
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Figure 8: SNR estimated for different intervals df=40; 200; 400 kHz and ionograms taken on
Cyprus - Yoshkar-Ola path on 13 March 2015 at 16:23 UT
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