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Abstract—The paper analyzes high energy concealment factor techniques for satellite communications
systems by lowering the carrier frequency (to  is carried out. According to
research experiments, fading in communication channels with diversity reception is also determined
by the influence of small-scale variations of the ionospheric total electron content. A procedure is
developed for calculating the dependence of the energy concealment factor on carrier frequency selec-
tion for satellite communications system using space-diversity signal reception by two antennas. The
calculation procedure is based on the standard deviation of small-scale variations of the ionospheric
total electron content.

Keywords: satellite communications system, energy concealment, carrier frequency

DOI: 10.3103/S014641161606002X

1. INTRODUCTION

The technique that ensures a very high energy concealment factor ( ) of a satellite communications
system (SCS) for a closely spaced (less than 10 km) intercept receiver near the SCS’s ground-based
receiver by lowering the carrier frequency (to ) and using space-diversity signal recep-
tion with several ( ) antennas is well known [1, 2]. The value of an SCS’s energy concealment factor
( ), which is given in [2], is obtained graphically for the case of quad-signal reception ( )
by assuming a Rayleigh distribution of fading of the received signal (f luctuation amplitude) on a fre-
quency . However, according to experimental data [3], the fading of an SCS’s received
signal has a Rician distribution and depends on selection of the carrier frequency (f0), as well as on varia-
tions of the ionospheric total electron content (TEC) caused by small-scale inhomogeneities of the elec-
tron density ( ). Therefore, an analytic dependence, , of the energy concealment
factor for low-frequency SCSs on both small-scale TEC variations and carrier frequency selection is
needed. In addition, the dependence is efficient for diversity signal reception with two antennas ( ),
which is the most usable in practice.

The paper gives a new procedure for calculating the dependence of the energy concealment factor on
both small-scale TEC variations and carrier frequency selection  using dual ( )
space-diversity signal reception for low-frequency SCS with a closely spaced intercept receiver.

The goal of the work is to develop a procedure for obtaining the dependence of the energy concealment
factor on small-scale variations of the total ionospheric electronic content and the selection of the lower
carrier frequency  for a low-frequency SCS for placement of the radio interceptor
receiver closely and the use of doubled (n = 2) spatial-diversity signal reception.

1 The article was translated by the authors.
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2. PROCEDURE FOR ANALYZING RADIO WAVE PROPAGATION IN THE CASE OF FADING 
AND DIVERSITY RECEPTION AT LOW CARRIER FREQUENCIES

Figure 1 shows the features of transionosferic radio wave propagation at a low carrier frequency (to
 from a radio transmitter (RT) to radio receiver (RR) of SCS that uses two space-

diversity antennas (n = 2) at closely spaced ( ) intercept receiver (IR). Small-scale inhomoge-
neities (100–1000 m) of ionospheric electron density  lead to radio scattering at frequencies

 multipath propagation to SCS receivers, and intercept receivers with relative offsets
. The relative offsets increase in proportion both to small-scale variations of ionospheric

TEC  which have an equivalent thickness , and to a decrease in carrier frequency . If
 increases, the fade depth of received SCS signals increases and the Rician distribution parameter

decreases.

In the case of Rician distribution of fading and the use of two space-diversity antennas (n = 2) and out-
of-phase quadratic signal adding circuit, the probability of erroneous signal reception is

(1)

where  is the ratio of the signal energy at the input of the SCS receiver to the noise power spec-

tral density;  is the Rician distribution parameter, which is the ratio of the regular composition

of the fading power to the f luctuation composition of the fading power (it ranges from  if there is
no fading to γ2 = 0 if there is a Rayleigh fading); R is the fading spatial correlation coefficient (
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Fig. 1. Transionosferic radio wave propagation at low SCS carrier frequency ( ).
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of antennas. It is important to note that Eq. (1) is correct under two conditions: 

According to [5], in the case of uncorrelated ( ) Rayleigh fading and arbitrary multiplicity of
diversity of the receiving antennas (n), the error probability for a quadratic adding circuit is approximated by

(2)

where .
Therefore, if a single out-of-phase orthogonal signal processing circuit is used in IR, the probability of

erroneous signal reception can be approximated by (2), where :

(3)

where  is the ratio of the signal energy at the input of the IR to the noise power spectral density.

According to (1) and if the admissible value of the SCS’s error probability is , the
admissible value of the signal-to-noise ratio at the input of the SCS receiver using two (n = 2) space-diver-
sity antennas is

. (4)

According to (3) and if the admissible value of IR’s error probability is the same as SCS’s error proba-
bility ( ), the admissible value of signal-to-noise ratio at the input of IR is:

. (5)

Obviously (see Fig. 1), the actual value of signal-to-noise ratio at the input of IR closely spaced
 near the SCS receiver is almost the same as the actual signal-to-noise ratio at the input of

the SCS receiver: . Therefore, if the latter is equal to the admissible value ( ), the actual
signal-to-noise ratio at the input of IR is equal to the admissible signal-to-noise ratio at the input of the
IR using two ( ) space-diversity antennas: .

Then, according to (4) and (5), the energy concealment factor of the SCS, which is determined by the
ratio of the admissible signal-to-noise ratio ( ) to the actual signal-to-noise ratio ( ) at the input of
the IR is

(6)

Figure 2 shows a diagram of the Rician dependence of the SCS energy concealment factor
 which is constructed according to (6) and based on various fading spatial correlation coeffi-

cients (R = 0.5–0.995) of the antennas.
Figure 2 shows that SCS’s energy concealment factor for a closely spaced IR increases if both the fade

depth of received signals (  factor reduction) and fade decorrelation for space-diversity antennas (R fac-
tor reduction) increase. Using values of  and makes it possible to achieve high
energy concealment factor values .

3. IMPACT ANALYSIS OF ELECTRON DENSITY FLUCTUATIONS OF SMALL-SCALE 
IONOSPHERIC IRREGULARITIES ON THE ENERGY CONCEALMENT FACTOR

The relationship between the fade depth ( ) and carrier frequency selection ( ) is determined by the

value of the standard deviation (SD) of phase shifts ( ) at receiving point  of
transionosferic radio wave propagation [1]:
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. (7)

The value of  is equal to the standard deviation value of phase wavefront f luctuations with
frequency f0 at the output of the inhomogeneous ionosphere [4]:

(8)

where 80.8 is a coefficient with dimension [ ];  m/s is the velocity of light;  has the

dimension [Hz];  is the SD of small-scale variations of the ionospheric TEC with
dimension [el/m2].

The value of  is determined by the parameters of small-scale ionospheric irregularities [4]:

,

where  is the SD of electron density f luctuations ( ) of small-scale ionospheric irreg-

ularities [ ] at the maximum ionization height;  is the average size of ionospheric irregularities [m];
 is the equivalent thickness of the ionosphere [m]; is the radio wave angle.

Experimentally [6], the parameters of small-scale ionospheric irregularities ( , , ) can vary over
a wide range (by one order of magnitude or more) and their measurement by traditional vertical iono-
spheric sounding is difficult. Recently, new methods [3] have appeared for real-time monitoring of small-
scale SD variations of the ionospheric TEC ( ) using a dual-frequency GPS receiver (e.g., NovAtel

GPS-6). Methods are based on Rician parameter ( ) prediction of transionospheric radio channels at a
known carrier frequency . The monitoring results of small-scale SD variations of the ionospheric TEC
(the TEC measurement unit is ) at the latitude of Rostov-on-Don were obtained
on December 18, 2015, at North Caucasus Federal University using a dual-frequency GPS-6 receiver
(Fig. 3). Figure 3 shows that the TECU value varies over a wide range:  = .

Note that according to (7) and (8), if the value is , we have  ; i.e., the
Rician parameter depends on both the selection of the SCS’s low carrier frequency and the SD value of
small-scale variations of the ionospheric TEC.
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Fig. 2. Dependence of SCS energy concealment factor on both fade depth and fading spatial correlation coefficient of
antennas.
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According to (6), the spatial correlation coefficient of fading ( ) of transionospheric radio channels
depends on the SD of arriving waves phase shifts  as well as :

(9)

where  is the interval of fading spatial correlation;  depends on both and selection of
carrier frequency  using (8).

The table shows the values of  and  calculated by (7) and (8) with the average

SD value (see Fig. 3) of small-scale variations of the ionospheric TEC  =  =

 for different carrier frequencies in the range . Calculation by (9)
yields intervals ( ) and fading spatial correlation coefficients ( ) (the average size of irregularities is

 and the spatial diversity of antennas is ).

According to (7)–(9), Rician fading parameter , and fading spatial correlation coefficient R (in the
case of space-diversity antennas at a distance of ), the dependences on selection of carrier
frequency , and the data in the table, Fig. 4 shows the diagram of the desired dependence of the SCS
energy concealment factor  on the selection of the carrier frequency for a value of =

 =  for different carrier frequencies in the range 

Figure 4 and the table show that SCS space-diversity signals reception with two antennas  with stan-
dard parameters of small-scale variations of the mid-latitude ionospheric TEC (  )
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Fig. 3. Monitoring results of small-scale SD variations of mid-latitude ionospheric TEC.

0.009
0.008

0.005
0.006

0.003

0.007

0.004

0.002
0.001

0
41:35 41:50 42:05 42:20 42:35 t

σΔN  , TECU
T

SD TEC



AUTOMATIC CONTROL AND COMPUTER SCIENCES  Vol. 50  No. 6  2016

PROCEDURE FOR CALCULATING THE DEPENDENCE 413

does not yield energy concealment (  = 0 dB) for traditional values of the SCS carrier frequency
.

If the carrier frequency is reduced to  the SCS energy concealment factor increases to
. For the recommended low-frequency range , the SCS energy conceal-

ment factor is  because according to the table, this frequency range has a small Rician

parameter ( ) and low fading correlation coefficient ( …0.84) in the case of space-
diversity antennas at a distance of .

For comparison, Fig. 4 shows the dependence of the SCS energy concealment factor  on
the carrier frequency selection according to (6)–(9) in case of high value (see Fig. 3) of small-scale SD
variations of the mid-latitude ionospheric  =  Here, the energy concealment fac-
tor of a low-frequency SCS is higher than , because according to (7)–(9), if ionospheric
TEC fluctuations  are large in the same frequency range , the phase shifts of arriv-

ing waves  increase and both the Rician parameter  ~ and the fading

correlation coefficient of space-diversity antennas  derease.

4. CONCLUSIONS

Analysis of Fig. 4 shows that selection of a low-carrier frequency for low-frequency SCSs strongly
depends on ionospheric conditions. To ensure SCS energy concealment (e.g., ), the carrier
frequency should be selected as with standard parameters of small-scale variations of the
mid-latitude ionospheric TEC  . In the case of intensified small-scale variations

of the TEC  , the carrier frequency should be increased to  Thus,
we have developed a procedure for calculating the dependence of the energy concealment factor on selec-
tion of the carrier frequency for an SCS  with space-diversity signal reception by two
antennas (n = 2) based on the sounding of small-scale variations of ionospheric TEC.

An advantage of this procedure compared to similar one is that well-known publications [1, 2] were
limited to rationalizing the possibility of increasing the energy concealment factor of a low-frequency SCS
by lowering the carrier frequency (down to  with typical ionospheric inhomogeneity
parameters) and spatial-diversity signal reception. However, this procedure makes it possible to calculate
the increment of the energy concealment factor of a low-frequency SCS when using doubled signal recep-
tion as the carrier frequency decreases by utilizing the results of the ionospheric TEC from GPS sounding.
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Fig. 4. Dependence of SCS energy concealment factor on selection of carrier frequency using dual signal reception.
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