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Abstract—The method of technical means parameters synthesis by the requirements for energetic con-
cealment and noise immunity has been developed for satellite communication systems that use
reduced (down to 30—100 MHz) carrier frequencies and dual antennae diversity. It allows to calculate
the dependence of board transmitter’s emitting power, transmission speeds and transmitted signals’
carrier frequency on the signal reception error probability allowed values, radio link’s energetic reserve
and the energetic concealment coefficient.
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1. INTRODUCTION

It is known [1, 2] that radio waves with carrier frequency f, > 30 MHz will pass through Earth’s lon-
osphere into outer space. However, in satellite communication systems (SCS) much higher frequencies

Jfo =1-10 GHz are usually used. This is explained by the fact that lowering f, (especially down to
Jfo <100 MHz) is followed by the increase of lonosphere’s influence on radio wave propagation (RWP)

and by the requirement to increase the minimum allowed signal/noise ratio (hfeq) to provide the required
error probability values (P, .,) of signals in SCS. The analysis of transionospheric RWP’s factors has

T req
shown that the most significant impact on lowering the SCS noise immunity (increase of hfeq when
P = const) is caused by received signals amplitude fluctuations (fading, flickering) which, in turn, are

err req

caused by dispersion of radio waves on Ionospheric inhomogeneity [3—9]. In order to battle fading to

increase noise immunity (lowering hrzeq) multiple antennae (n > 2) signal diversity may be used [10].

Where in SCS the application of lowered carrier frequency values (down to f, = 30—100 MHz) with
simultaneous implementation of space-diversity radio signal reception in Artificial Earth Satellite (AES)—
Earth region allows to achieve very high energetic concealment (more than 20—30 dB) with closely-placed
(less than 10 km) radio interception receiver [ 11—14]. This is explained by the fact that the radioprospect-
ing receiver (placed closely to the SCS receiver) cannot use several diverse antennae, and with a single

antenna reception (n = 1) of fading signals, the allowed signal/noise ratio (hfeq ;) may be 20 dB more than
with, for example, dual antennae (n = 2) signal reception (hrzeq 1)- Therefore, the actual signal/noise ratio

at the radioprospecting receiver may be 20 dB lower than the allowed value, which indicates the possibility
of providing energetic concealment of SCS.

Still, to implement the conditions of providing the required noise immunity for low-frequency SCS
when using dual antennae (n = 2) signal reception, there may be a necessity of choosing the technical

! The article is published in the original.
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means with improved characteristics (AES transmitter input power, transmitting and receiving antennae
amplification factor, transmission speed, AES—Earth radio link energetic reserve).

The purpose of this research is to develop a method for technical means parameters synthesis by the
requirements for energetic concealment and noise immunity when using lowered frequencies and dual
antennae signal reception.

2. TECHNICAL MEANS’ PARAMETERS SYNTHESIS

The condition of achieving SCS noise immunity (h2 > hrzeq) is exceeding the actual signal/noise ratio

on the transmitter input (hz) compared to the allowed value (hrzeq) [12—14]. The latter is determined using

the functional (y) dependence P, = (k") of signal reception error probability on signal/noise ratio on

the transmitter’s input with the required (allowed) error probability value P, = P, ., (usually

err

P =107 for SCS). The SCS noise immunity condition (h2 > hfeq) may be presented as the equation

err req
W = h,zeq I', where I" > 1 is the SCS energetic reserve for non-considered factors (usually I' = 1-10 dB).

The actual signal/noise ratio on the SCS transmitter input in the lowered frequencies range
Jfo = 30-100 MHz is determined as [11—14]

h* = PGf9)G (/)] Lo(fy) Lo (f )k T.(fy)Ry . (1
where P —signal transmission power, W; G,(f;) and G, (f;)—transmitting and receiving antennae ampli-
fication coefficients; L,(f;)—main transmission losses in free space; L, (f;)—additional transmission
losses caused by adsorption in propagation medium (ionosphere); k; = 1.38 X 107 (J /K =W / (Hz K))—
Boltzmann constant; 7,( f,)—equivalent noise temperature of the reception system (i.e. of the receiver and

of the receiving antenna), measured in Kelvin (K); R, = 1/ Ty —transmission speed in bit/s (where 75 —sig-
nal duration in seconds, s).

In the frequency range of f; = 30—100 MHz the most commonly used antennas both for reception and
transmission are the directional (beam) type ones (wave channel), the amplification coefficient of which
is directly proportional to the choice of the carrier frequency f, (Hz) and the transmitting L,, (m) and
receiving L, (m) antenna length [15]:

Gt,r = 7LAt,r _fE)/C = kALAt,r.fO ’ (2)
where 3x10° m/s—speed of light; ky=7/c=233%x 107 s/m.

The main distance transmission losses z; in free space are also proportionally dependent on the carrier
frequency choice f;, (Hz):
2 2
L, = (475 Zofo/c) = (kozo /)", 3)
where k, = 4nt/c =~ 4.19%x10™° s/m.
Then, considering (1)—(3), when lowering the carrier frequency down to f, = 30-100 MHz and uti-
lizing dual antennae (n = 2) signal reception (when hrzeq = hrzeq( fy), the condition of achieving SCS noise

immunity (h2 = hrzeql") may be expressed as:

PLyLyk /R PLyLy /R
/’lz(f) — At 4r™ 4 T — t=At~Ar T :hrzeq (f)F, (4)
U Bk LTS ks L (f)T(fy) 2

where
ks = (kg /kj)kB =~ [(4n/¢)/(7/¢)] 1.38x10™> W/(HzK) = 4.44x10™ W/(HzK),

constant coefficient with the same dimension as the Boltzmann constant: W/ (Hz K)
Analysis of the SCS noise immunity condition (4) when using lowered frequency and dual antennae

signal reception shows that with typical values hrzeq2 =27dB; I' =1-10dB; R, = 10°-10° bit/s and typi-
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cal parameters of the left part of (4) on the frequency f, = 60 MHz [15, 16]: G, .(f;) = k4L4, . fo =5 dB;
L, (fy) ~1-20 dB; dB; T,(f;)~1 0° K it s necessary to provide the board transmitter’s transmission power
of P ~ 0.5-50 kW, which is practically unachievable.

Hence, the conclusion about presence of the following practical problem can be made: when using
lowered carrier frequency (f, = 30—100 MHz) and space-diverse signal reception on two antennae
(n =2) in SCS, the condition of achieving SCS noise immunity (hz( fo) = hfeq ()T ) may not be accom-
plished with the energetic (system) reserve I' = 1-10 dB and the implemented technical characteristics of
radio communication means: transmitter power P, < 10*-10° W, size of the transmitting and receiving
director-type antennae L,,, <10 m, transmission speed R; = 10°-10° bit/s.

This condition is easier to achieve on higher frequencies (f, > 100 MHz), where, due to inverse pro-
portionality to f;, the losses on wave absorption in ionosphere [9, 12] L, ( f;) ~ 1/ fo2 , noise temperature

of external noises [16] 7,( f;) ~ 1/ f7* and the allowed signal/noise ratio [14, 17] hrzeq (o) ~ 1/ Jfo onthe

SCS receiver’s input may be significantly lower. However, increasing the SCS carrier frequency lowers its
energetic concealment. This is caused by the following considerations.

Communication system’s energetic concealment from radio interception is characterized by the rela-
tiony, = h,zeq o / hs of the allowed signal/noise ratio on the radio interception receiver’s input (hrzeq p) to the
actual signal/noise ratio (hs ) [11, 12]. Wherein, energetic concealment in the communication system is
provided if the actual signal/noise ratio on the radio interception receiver’s input is lower than the allowed

ratio (hg < hfeq L OrY, = hrzeq > / hg > 1). Energetic concealment coefficient for SCS using lowered frequen-
. . . . 2 2 2 2

cies and dual antennae signal reception diversity (n = 2) may be presented as vy, = ., / hy = Mg / M2 s
where hfeq p = hfeq , — allowed signal/noise ratio on the single antenna (n = 1) radio interception receiver’s
input; h; =~h = h,zeq , I' — actual signal/noise ratio on the radio interception receiver’s input, which is
closely placed (less than 10 km) to the dual antennae (n = 2) SCS receiver with the actual signal/noise
ratio of h” = hrzeq ,T.

Considering the dependence on the carrier frequency choice, energetic concealment coefficient of the

SCS, which uses dual antennae signal reception diversity, is determined as v,(f;) = hrzeq () / hrzeq ()T
Analysis of this expression shows [12] that with the lowest carrier frequency f, = 30 MHz, which causes
almost Rayleigh fading of the received signals, the allowed signal/noise ratio on the incoherent receiver
with single antenna is hfeq (fp) = 50 dB, and with two antennae hrzeq ,(fy) = 27-30 dB. On traditional SCS
for the carrier frequencies £, > 100 M Hz fading of received signals is absent and utilization of dual anten-
nae signal reception diversity provides 3 dB more than allowed signal/noise ratio on the receiver’s input

compared to single antennae incoherent signal reception (hfeq ,(fy) =10dB; hrzeq (o) =13 dB). Thereby,
as the carrier frequency increases, the allowed signal/noise ratio on the interception receiver’s input

hrzeq 1(fo) decreases faster than on the SCS receiver’s input hrzeq ,(f5). Therefore, as the carrier frequency

increases, SCS energetic concealment coefficient v,(f)) = hfeq () / hfeq ,(fo) T decreases (while SCS
noise immunity increases). This exact contradiction has led to formulation of the aforementioned purpose
of the research.

When utilizing lowered frequencies and dual antennae signal reception diversity, the core of SCS tech-
nical means’ parameters synthesis method consists of the developed technique of choosing lowered fre-
quency and parameters of technical means by the requirements for SCS energetic concealment and noise
immunity. The point of this technique is presented in the following:

(1) The condition of providing low-frequency SCS energetic concealment, consisting in exceeding the

energetic concealment coefficient (7y, = hrzeqp / h]f = hrzeq | / hrzeq2 I') over the allowed value (Y, 2 7, ), is
presented in decibels as:

Ye(f0)as = hrzeq 1(J0)aB — hrzeq 2(f0)as — Tap 2 Ye req a- (5)
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Fig. 1. Choosing lowered carrier frequency ( fj ;oq) and technical means parameters (7") by the requirements for satellite
communication system energetic concealment (a) and noise immunity (b).

(2) In conformity with the frequency dependencies hrzeq 1(fo)gp and hfeq »(f9)ap @ graph can be composed
that shows the dependence v, 5 = W(f;) of SCS energetic concealment coefficient on choosing the carrier
frequency with respect to energetic reserve I” (its qualitative aspect is shown on the Fig. 1a, which depicts
the formally justified dependency between lowering 7y, and raising f; ).

(3) By the requirements for SCS energetic concealment (v, .., ) it is possible to determine (see the Fig. 1a)
the maximum allowed carrier frequency value (f; .,) and the range of lowered frequencies (f; < fjeq)>
in which the requirements for energetic concealment are fulfilled (Y, 2 v,,.,)-

(4) The condition of achieving SCS noise immunity (4) may be presented in decibels through differ-
ence of actual and allowed signal/noise ratio on the SCS receiver’s input, or through difference of gener-
alized technical (7)) parameter, which does not depend on the carrier frequency, and frequency-dependent
(IT) parameter:

hz(f())dB - héq 2(Jo)ag = Tyg — TI(f)gp = [gp, (6)
where generalized technical and frequency-dependent parameters are determined as
2
T = PLyL, % Rks. ()
N(/y) = L)ooV heq 2(f0)- )

Wherein, the allowed signal/noise ratio on the SCS receiver’s input with dual antennae (n = 2) signal
reception diversity depends on the requirements to noise immunity (£, .,), Rician fading distribution

72( fo) of the received signals and their correlation coefficient R(f,, Ap) in receiving antennae, which is
determined by the frequency choice ( f;) and the antennae diversity (Ap = Ap,) [17]:

e (fy) = O] Porres Y(0)s 71 = 2, R(fo, Apy) |- 9)

(5) According to the expression (8), a graph can be composed that shows the dependence of the param-
eter I1,; on the carrier frequency choice f (its qualitative aspect is shown on the Fig. 1b).
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(6) For the found allowed carrier frequency value ( £ .,) and the required energetic reserve (I'), the fol-
lowing values are determined (see the Fig. 1b): allowed frequency-dependent parameter value I1(f; . )

and generalized technical parameter value: T' = PL,, Ly, / zg R ks .

(7) By the generalized technical parameter value the technical means parameters are chosen (£, L,
LAr H RT) .

Based on the developed technique a method for technical means parameters synthesis by the require-
ments for energetic concealment and noise immunity when using lowered frequencies and dual antennae
signal reception diversity has been explained.

The required scientific result is to obtain the functional dependence of technical means parameters (P,
Ly, L., Ry), antennae diversity (Ap,) with dual antennae (n = 2) signal reception and lowered carrier
frequency (f;) on the requirements to SCS energetic concealment (Y, ) and noise immunity (£, .o,

{Pt:LAt:LAr’RTan = 2’ ApA’fO} = W(Ye req> Rerr reqar)' (10)

Method for technical means parameters synthesis by the requirements for energetic concealment and
noise immunity when using lowered frequencies and dual antennae signal reception diversity with the pur-
pose of obtaining the scientific result (10) consists of 5 stages:

On the first stage the dependence of low-frequency, dual antennae signal reception diversity SCS ener-

getic concealment coefficient on the carrier frequency choice v,(f;) = hrzeq () / hfeq ,(fo) T is concretized
in the following form:

0.5
_1=-R(f) YIRS |1
n(f@{—y, } exp[ TRy r, (11)

err req

where yz (fy) and R(f;,) —dependencies the on Rician fading distribution of the received signals carrier fre-
quency choice and on the fading correlation coefficient in diverse antennae.

On the second stage by the requirement of achieving SCS energetic concealment no worse than
allowed (77, 2 v, ), the lowered frequencies range is determined (fy < f; o). With this purpose, the con-
dition v,(fy) 2 Y, rq> according to (11), while maintaining the allowed fading correlations in diverse anten-
nae R(f,) = R., is expressed as:

- R\ ()R |
Ye(ﬁ)) = (TMJ exp{—%}r 1 2 Ye req> (12)

err req
where the Rician fading distribution in low-frequency SCS is determined only by the dispersions phase

eq

fluctuations in wave front on the output of inhomogeneous ionosphere Gi(fo) as|[2, 5, 11-14, 17]

v = {exp[o2(] -1} (13)

Standard deviation (SD) of phase fluctuations in the output wave front is described by the expression
[18, 19]

G, = 80.8m0,y, /cfy (rad), (14)

where 80.8—coefficient with the dimensionality [m3/s2]; c=3x%x10° m/s—speed of light; 6,y —SD of
ionosphere total electron content (TEC) [el/ m2] small-scale variations; carrier frequency f;, is expressed
in [Hz].

According to (12), the condition of achieving SCS energetic concealment no worse than allowed may
be expressed as:

Y(fy) < x In| | 5

eq err req

0.5
1+ R 1- R _
{ ] (Mereq)” | = Cregs (15)

. . 2 .
i.e. as non-exceedance of the Rice parameter y°( ;) over some maximum allowed value
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0.5
1+R, 1- R, ,
C.. = U [3P Q} (Mo req) |- (16)

req
Rreq err req

Since frequency-dependent Rice parameter yz (fy), according to the expression (13), is completely
determined by wave front phase fluctuations dispersion with the carrier frequency f;, on ionosphere exit

G(f2), the condition (15) Y*(f;) < C,, takes the following form:

exp| oy(fo) = 1] > Crg - (17)

This inequation may be expressed in form of exceeding SD for phasic wave front fluctuations at inho-
mogeneous ionosphere exit 6, over some allowed value G which is determined by the coefficient C

® req> req:

Go(fo) 2 In(Crly +1) = Gy 1eqs (18)

which depends, according to the functional dependency (16) C., =y (ye reqs Perr reqo F) , on the noise
immunity (i.e. the allowed signal reception error probability and the radio link energetic reserve I")
and the SCS energetic concealment (Y, ,.,) requirements.

Perr req

Considering the dependence (14) o, = 80.8mG,y, / ¢f, of SD for phasic wave front fluctuations at

inhomogeneous ionosphere exit 6, on the carrier frequency choice f,, the requirement for SCS energetic
concealment (18) may be expressed as the requirement to choose the carrier frequency lower than the
allowed value (f < ff eq):

j6 S 80.87IGAN,’./CG¢ req = ﬁ) req* (19)

Here the allowed carrier frequency value f; ., ~ Oay, /G(P req 18 determined by SD of ionosphere TEC

small-scale variations G, y, (the amount of which may be measured using GPS-monitoring data for small-
scale ionosphere inhomogeneity [19]) and by the allowed value for SD of phasic wave front fluctuations
on inhomogeneous ionosphere exit (G, ,), Which depends, according to (16), (18), on the requirements
for noise immunity (P, I') and on SCS energetic concealment (7, 4 ):

e = VIN(Crot + 1) = W(Por roas T Ve eq)-

The expressions (16), (18), (19) allow to determine the maximum allowed carrier frequency value f; .
not with a graphical way (as shown on Fig. 1a), but with an analytical approach based on the given require-
ments for noise immunity (£, .o, I') and energetic concealment of the SCS, and on the ionosphere’s
inhomogeneity monitoring results (G,y, ). Attention should be paid to the fact, that according to the
derived expressions (16), (18), (19), as the allowed signal reception error probability (P,,, req)> the radio link
energetic reserve (I') and the allowed SCS energetic concealment (Y, ., ) grow, the allowed SD for phasic
wave front fluctuations at inhomogeneous ionosphere exit (o, .,) also grows, but the minimum allowed
carrier frequency value f ., = Oy, / O, req declines.

T req ®

@ req

On the third stage of the method a frequency-dependent parameter is determined by known depen-
dencies of its three factors [9, 13, 14, 16], according to the expression (8) TI(f;) = LL(ﬁ))Te,(fO)hfeq 2 (fo)-

On the fourth stage, according to the SCS allowed noise immunity provision condition (6), which may
be expressed as Tz = [y + [1(f;)4p Using the frequency-dependent parameter I1(f;), its value on the
allowed lowered frequency I1( f; ., ), is found, and with required energetic reserve I( f; ., ), a generalized
technical parameter Ty = Ty + IT( ff oq) 4p 18 determined, as shown on Fig. 1b.

On the fifth stage, by the generalized technical parameter value (7) T = PL,L,, / 2 Rk, with deter-

mined communication distance z, = 10°-4 %10’ m, antennae diversity (Ap,), and lowered carrier fre-
quency (f .q)> the SCS technical means parameters: (a) transmitter power (£); (b) transmitting and
receiving antennae characteristics (L4, L4, ); (c) transmission speed (R;) are chosen.
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3. CONCLUSION

The method, which allows to achieve the sought dependency for low-frequency (f, = 30-100 MHz),
dual antennae signal reception diversity (Ap 4; # = 2) SCS technical means parameters (transmitter power
P, transmitting L ,, and receiving L ,,. directional antennae size, transmission speed R;) synthesis has been
developed by the specified requirements for energetic concealment (Y, .,) and noise immunity (2., .o, I').

The advantage of the suggested synthesis method compared to similar procedures is in the fact that the core
of this method consists of the developed technique of choosing SCS lowered carrier frequency and technical
means parameters by the contradicting requirements for energetic concealment and noise immunity. The core

of the technique is in the fact that, firstly, the lowered frequency range is determined (f; < fj ), in Which the
requirements for SCS energetic concealment (Y, 2 v, ) are fulfilled. Secondly, for the found allowed carrier
frequency value (f; ), the generalized technical parameter value (I' = AL, L,, / R;) is determined, which
provides the means to fulfill the SCS noise immunity requirements (P, I).

T req?
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