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Abstract: This article describes analysis of interference immunity of low frequency
satellite  communication systems under conditions of ionosphere disturbances
accompanied by formation of small-scale irregularities of electron concentration. The
model of electron concentration distribution in disturbed ionosphere and the model of
transionospheric communication channel have been developed alowing to determine
probability of erroneous signal reception as a function of root-mean-square deviation
of small-scale fluctuations of total electron content. In order to determine them by
GPS sounding, dua frequency receiver GPStation-6 of satellite navigation systems has
been modified expanding significantly its capabilities. It is exemplified by
modification of interference immunity of Gonets-D1M satellite communication system
upon increasing fluctuations of total electron content during formation of regions with
small-scale irregularities of electron concentration in ionosphere. The obtained results
alow to develop practicd recommendations for improvement of interference
immunity of satellite communication systems under ionosphere disturbances on the
basis of GPS sounding.

Keywords: dual frequency receiver, GPS sounding, interference immunity, ionosphere
disturbance, satellite communication systems, satellite navigation systems, small-scale
irregularities, total electron content.

1 Introduction

It is known [1, 2] that in the regions of equatorial and polar
latitudes, natural disturbances of ionosphere are observed which
cause interference fading (scintillations) of received signals upon
transionospheric radio wave propagation (RWP) in satellite
communication systems (SCS). In addition, impacts on
ionosphere by powerful heating facilities, injection of easily
ionized chemical substances, and other artificial factors can
cause frequency selective fading and intersymbol interference of
received SCS signals [3, 4]. Under such conditions, interference
immunity of satellite radio systems drops significantly (by
several orders of magnitude).

Analysis of reasons of ionospheric scintillations in SCS
demonstrates as follows [5, 6]. Natural and artificial phenomena
in the regions of equatorial and polar latitudes can result in
occurrence of specific ionospheric formations. They are
comprised of small-scale irregularities of electron concentration

(ANi) with regard to average (background) value (N). These
small-scale irregularities are expanded along the Earth magnetic

field, their transversal dimensions are 1;=10..1000 o\ The
small-scale irregularities of electron concentration stipulate
small-scale fluctuations of total electron content (TEC) in
ionosphere ANy ~ANZ, \ith equivalent thickness Ze with regard
to average TEC (N ~NZ) along RWP route from transmitter
(XMTR) of spacecraft (SC) to on land receiver (RCVR) of SCS.
Under conditions of ionosphere disturbances and occurrence of
ionospheric  formations, the small-scale TEC fluctuations

(AN% =ANiZoy can increase by 1-3 orders of magnitude and
higher in comparison with normal (nondisturbed) ionosphere.

INTERFERENCE

IMMUNITY OF LOW FREQUENCY

Therefore, RWP under such conditions is accompanied by
dissipation of radio waves on small-scale irregularities,
occurrence of multipath propagation and fading of received
signals [1-6]. Moreover, with increase in small-scale TEC

fluctuations and decrease in carrier frequency (fO) of SCS,

relative phase (A% ~ ANy /% ) and time (2% ~ AN/ 17y agging
of incoming beams will increase. As a consequence of
interference of incoming beams, the average signal power at
SCS receiver input will be comprised of regular and fluctuation
+P,

congtituents 7 = P their ratio depends on AG and

determines the parameters of Rician fading and scintillation
index of received signals:

72:Preg/PflNJ/A¢i;Sf~Preg/Er~A(t)i. D, (2

The mentioned parameters 7 ’ and sz characterize the depth of
general (that is, nonselective, smooth) fading of received signals.

~ANTi/f

However, with the increase in phase (Aq’i 0) and time

- 2
(A’I ANT'/ fO) shifts of incoming beams, there occurs
narrowing of the coherence bandwidth of incoming beams (that
is, the interval of frequency correlation) of transionospheric

— ~ f2 .
communication channe =YAz ~ /AN, , Which can lead to

occurrence of frequency selective fading (FSF) Fo/F21
intersymbol interference (1Sl) Az = YR 2T, upon transmitting
signals with wide spectrum band Fo and low duration ™ [5, 6].
Existence of general fading, FSF and ISl in transionospheric
communication channel leads to significant decrease in SCS
interference immunity.

and

It is obvious that the most significant influence of the mentioned
RWP factors via disturbed ionosphere is exerted on SCS
interference immunity with low orbit SC upon operation at

relatively low carrier frequencies (f<1:137"'138MHZ and

f, =387..3%0MHZ y 171 Further on, such SCS will be referred
to aslow frequency.

Therefore, under conditions of ionosphere disturbances and
occurrence of ionospheric formations with small-scale
irregularities, the SCS interference immunity (characterized by

probability of erroneous signa receiving Pe":'/’(h) as a
function of signa/noise ratio hz) will depend on TEC
fluctuations (ANTi) and selection of the frequency and time

parameters of signals (foFoTs):
P =w(h?, 7% F) =y (h? ANy, f5, 7, T)

SCS interference immunity under conditions of occurrence of
ionospheric formations with small-scale irregularities can be
improved on the basis of monitoring of TEC fluctuations of

ionosphere (AN“) and adaptation of the frequency and time
parameters of transmitted signals (fo.Fo.Ts) |

Thus, an urgent scientific problem exists comprised of
development of anaysis of interference immunity of low
frequency SCS and recommendations on its improvement under
conditions of ionospheric disturbances resulting in occurrence of
ionospheric formations with small-scale irregularities on the
basis of monitoring of TEC fluctuations of ionosphere.

This problem can be solved on the basis of implementation of
the following projects:

1) model of TEC variation (NT) in ionospheric formations with
small-scaleirregularities;
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2) models of transionospheric communication channel with
fading of various types allowing to determine fading parameters
as a function of root-mean-square deviation (RMSD) of small-

- (ANTZ' )015 ) of ionosphere:

scale TEC quctuaﬁions(oANT

{7ZYSZYFK}:(//(O-ANT): @3

3) analysis of SCS interference immunity allowing to determine
error probability as a function of RMSD of TEC fluctuations of
ionosphere, parameters of transmitted signals and factor of their

diverted reception (Mav):

P

4

4) RMSD monitoring of TEC fluctuations (°»v) of ionosphere
on the basis of GPStation-6 dual frequency receiver (GISTM
class);

5) recommendations on improvement of operation quality of low
frequency SCS on the basis of monitoring of ionospheric
formations with small-scale irregularities.

2 Methods

2.1 Modd of variation of total electron content in ionized
formation with small-scaleirregularities

a)

“n

b)

It is known [6, 8] that variation of electron concentration in
ionospheric formations with small-scale irregularities aong the

height (Z ) and space (P = %Y ) is described asfollows:

N(z,p)=N(2)+AN(z,p) ©)

where AN(z,p) is the small-scale fluctuations of electron
concentration with regard to variation along height of average

(background) electron concentration N@) i ionosphere
(Figure 1a). According to Eqg. (5), spatial variations of TEC upon

vertical transionospheric RWP from SC (at the height of ZES) to
on land SCSreceiver are determined as follows:

Ze

Ny (p)= |

0

N(z,p)d = fﬁ(z)+AN(z,p)d =Ny +AN; (p) =Nr + ANy
° , (6)
Nr= j.gﬁ(z)dz:ﬁmze

where °
Nm=

e is the average TEC of ionosphere;
N() is the maximum average electron concentration in
ionosphere at the height of 2=Zn (Figure 1a); % is the
equivalent thickness of homogeneous atmosphere with electron
concentration N (a normal ionosphere  Nn=~107el/m*).
AN, ()= | AN(z,p)dz = AN, (p) =N, _

0 is the spatial small-scale TEC
fluctuations in ionosphere with small-scale irregularities of

electron concentration AN(Z.#)

12
JLVJ— :(\/;]:Zg) JM‘ (ZW )

(AN, (p))=0

AN, (p)

Nw=N(z,)

0

Nzp)

Figure 1. a) variation of electron concentration in ionosphere formation by small-scale irregularities along the height ( z ) and space
(P=%Y); b) model of ionosphere in the form of thick homogeneous layer and thin layer of TEC irregularities.

Statistical properties of small-scale TEC fluctuations are

described by zero average AN (P)=0 gng RMSD, which at
Gauss spectrum of irregularities with characteristic (average)

scale b is determined as [6, 8]:

0w, = MN(oF | (A7 o, (2)

, (M
Tan (Zn) is the RMSD fluctuations of electron

concentration at the height In

ionosphere.

where
of maximum ionization of

According to Figure 1a and Egs. (5, 6), the mathematical model
of ionosphere containing ionospheric formation with small-scale
irregularities can be presented in the form of combination

(Figure 1b) of: 1) thick homogeneous layer with the thickness Ze

N; =Nnz

characterized by average TEC >; 2) thin layer of

irregularities positioned at the height of ionization maximum Zn
and characterized by average AN:(P)=0 and RMSD (7)

O, ~Omn (z,)

2.2 Models of transionospheric communication channel with
fading of varioustypes

On the basis of ionosphere model (Figure 1b), two models of
transionospheric RWP were developed (Figure 2) [6, 8, 9]. The
first model (Figure 2a) is based on the concept of multiple beams
formed on the surface of thin layer of TEC irregularities (phase
screen) AN+ (P)=AN: (A1) and coming to the receiver point with

relative phase shifts A% ~ AN+ (2)/ o
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Figure 2. Models of transionospheric RWP based on concepts of multipath propagation (a) and diffraction (b) of wave on ionosphere
irregularities.

On this basis equations were derived for complex signa at

receiver input s (t,2) and average power of received signa [6,
8,9

Pr =®K B[ =Py, + PR PRRo?

reg t att

att , (8)

K

where "at was the coefficient of power attenuation of

transmitted signal R in transionospheric communication
channel without irregularities and multipath propagation (that is,
with accounting for attenuation in free space and absorption in
ionosphere). Dispersion of module of normalized transmittance
factor of transionospheric multipath communication channel is
described as follows:

2 2

@=‘pr(aiA¢.) f‘Z@(p(aiso,8ﬂANT(p.)/0fu) =ag, +20° ©
Andlysis of Eq. (9) demonstrates that the regular g and

2
fluctuation 2°¢ congtituents of the transmittance factor of
transionospheric multipath communication channel depend on

small-scale TEC fluctuations of ionosphere AN (@) However, in

the frames of development of multipath models of

transionospheric communication channel it is impossible to

obtain  anaytical  expressions of the constituents
2 _ 2 _

Qg 7V/(O_AN' / fo) and 20, *l//(o_/w,/fo) of normalized

transmittance factor as a function of RMSD small-scale TEC
2 5
fluctuations of ionosphere (7) :[ANT(") ]D and selection of

carrier frequency in SCS ( fU) from Eq. (9) for &l This problem
can be solved by the methods of statistical radio physics
describing wave diffraction on irregularities of ionosphere in
addition to transionospheric RWP (Figure 2b).

The method of phase screen is the simplest, it determines

Ir:I'SQH") of wave field at input of

)

average intensity (
receiving antenna Uy (t2) as well as its regular (g and

fluctuation () constituents according to Egs. [6, 8, 9]:

1@ = 1@+, @) = A@e p6l) + A@[1-e p6)|= A() =RKa(D) (10)

where A®=vRKa() g the amplitude in the front of received
wave without scintillations determined by the coefficient of

power attenuation of transmitted signal of emitted wave %« (2 in
free space and due to absorption in ionosphere; °- isthe RMSD

fluctuations of phase Ap(20:£) =291 i the wave front at outlet of
heterogeneous ionospheric layer (phase screen) determined by

RMSD %% TEC fluctuations AN+ (P) of ionosphere as [6]:

o, = (ATJ?)O'S - so,fsz{ANT (p)ZTB /cfo - 80,870, /cf,
’ ' ST (1)

According to Eq. (10), the average signal power at the outlet of
receiving antenna (that is, at inlet of SCS receiver) is determined
as.

Pr= Py, P =l K+ 20°PK = B-0])PK, +[1-epl-0D)[PKa =PKs (1)

Comparative anaysis of Egs. (8) and (12) for average signal
power (Pr) at outlet of SCS receiver obtained by multipath and
radio physica methods confirms their identity. Hence, it is

2 2
possible to write equations for regular “= and fluctuation 2
constituents of transmittance coefficient of transionospheric
communication channel in the form of [6, 8, 9]:

2 _

areg

ep(-07)., 200 =[1-epCaD)] gy g

as a function of RMSD small-scde TEC fluctuations of
ionosphere °» in terms of RMSD fluctuations of phase at

outlet of ionospheric phase screen (11) % = 8087, fefo.

2 _
According to Egs. (2, 12-14), the reguired Eq. (6) 7 =¥ (%)
of parameter of Rician distribution of fading as a function of
RMSD small-scale TEC fluctuations is as follows:

7= PfP=a /205 =Y[exp(o?)-1]=[ exp(80.870,, /cf,) - 1}1 )

Index of ionospheric scintillations S is related with “» as
follows[10]:

542 =1- [arzeg /(a; * 20_"2 )]2 N l—(aig )2 =1 [@(p(—o‘j ):|2 -

~1-exp(-207)=1- exp[—Z(SO.S;raANY /cfo)z]. )
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According to Egs. (15) and (16), increase in RMSD TEC

fluctuations (°*) upon transionospheric RWP |eads to increase

in RMSD fluctuations of phase in wave front at outlet of phase

screen (11) % %/ To and increase in the fading depth of
2 _

received signals 7 = /P 20 Si>1

Moreover, the increase in % ~ % /o stipulates narrowing of

coherence band of transionospheric communication channel as
follows[9]:

2
F.~ f,/\20, = f,/\20, = cf 2 /80.87/20,, o
According to Eq. (17), increase in RMSD TEC fluctuations upon

transionospheric RWP (@) and fluctuations of phase in wave

front at outlet of phase screen (18) v ~om /To Jeads to

~ f2 .
decrease in coherence band & T fom, of fading
transionospheric communication channel.

in

It should be mentioned that Egs. (15-17) were obtained for the
case of vertical (9o = 0) transionospheric RWP (Figure 2). In the
case of inclined RWP via ionosphere at the angle
equivalent thickness of ionosphere % and the distance to
reception point (% Zn+%) increase to Z = 2506, 7' =250,
z, =12, secé’o; Z, = 2, 5eCH,

90>0’ the

, and RMSD fluctuations of phasein
the screen increase to % = 80870, C0, /cfy

Therefore, the required Eq. (3) 17"+3F} =¥(@w.) of parameters of
signal fading in transionospheric communication channel as a
function of RMSD small-scale TEC fluctuations of ionosphereis
obtained in the form of analytical expressions (15-17).

2.3 Analysis of SCS interference immunity under conditions
of ionospheric formations with small-scaleirregularities

The generalized expression is known [6] for estimation of
interference immunity of noncoherent reception of orthogonal
signals in transionospheric communication channels with various
depth of overall fading and degree of FSF and ISI:

P

err

=0.25(P,, +P,

111 110

+ PDll + P010) s

(18)

where P s the partial value of probability of erroneous

reception of symbol 1 upon transmittance of the sequence of data

107 ¢

|
107 et

10

10" 10

symbols ¢ (where ¢=0 or 1, that is, 111, 110, 011, 010) via
symmetric communication channel with fading determined as
follows:

_ 72+l
e Walc +2(72 +1)

_ /4 Malc
exp .
Walc + 2( }/ + 1)

: (19

where 7 is the Rician parameter, W s the average signal/noise
ratio at output of noncoherent reception system upon recording
of central symbol 1 determined for each sequence of the
transmitted symbols 21¢. For transionospheric communication

2 _
channel, the dependence v =yiow /) is determined by Eq.

(15), and Wes =y (0 depends on inlet signal/noise ratio
(hz) and coefficient of energy loss upon processing of signals
from FSF (") and 1SI (7s):

_ h?ngtp, —W*ngs

Wiy =W,
e L+ 71t

011

Wy, = h2’7d77f :

— h2’7u77f _th’lrﬂus
1+ 2077

Woso

(20), (21), (22)

These losses depend on the degree of FSF (7 =v(F/F) and 191
(=Y WT.F) of received signals as follows:

oo ) e )

; (23)
1(1Y 1
2 [TSFCJ erf(”TsF°)7m/;[Tch

hs

]exp[—(;rTS RS )= 0, 2

where the coherence band of transionospheric communication

channel depends on RMSD TEC of ionosphere according to Eq.
@ry: o~ 15/ om

According to Egs. (18-24), Figure 3 illustrates estimations of
interference immunity of signal reception (Perr =y () in Gonets-
DIM low frequency SCS (for fo=387MHz = F,=1024kHz
Ry =1024 Kbit/s, 6 =60 ) during increase in RMSD TEC from

— 3 2 . . _ 6 2
O, =10°a/m in norma ionosphere to =10%el/m

ANy in
ionospheric formation with small-scale irregularities.

/. =387 MHz

10

R, =1024 Kbit's i
F,=1024 kHz '
1) &y, =0,001 TECU = 10" el/m” |
2) 7, =001 TECU = 10" el/m’ .
3)e,, =0.1TECU = 10" elm’
4o, =1 TECU = 10" el/m’

3

10* 10° b
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Figure 3. Estimation of interference immunity of Gonets-D1M SCS upon growth of TEC fluctuations in ionospheric formation with small-
scaleirregularities.

While preventing fading in SCS using conventional methods of
diverted reception by several (n) branches, the probability of
error Par (M) = Py can be determined irrespectively of diversion
type using the known [11] approximated expression (at h*>>1
and without fading correlation in diversion branches) as follows:

F:err(n) ~ C;n—lpe?r(l) = [(2n _1) l/nl(n _1) I] Per:r(l) , (25)

where Forw =Fer s the probability of erroneous signal reception
in one diversion branch determined in this case by Egs. (18-24).
It should be mentioned that the signal/noise ratio at receiver inlet

h? in each of N diversion branches depends on their total
number and diversion type as follows [11]: h?(n)=h?/n® .Inthis
case the coefficient & characterizes receiver power distribution
between parallel channels and is @ =0 upon spatial diverted
reception, @ =1 upon time diversion, and 1<a@ <2 upon
frequency diversion. Then the equations for estimation of partial
signal/noise ratio, Egs. (20-22), Wee ot outlet of noncoherent

circuit of signal processing in each of N diversion branches are
asfollows:

(hz'h My~ hz’ﬁs’h)
(nu + hz’ﬁs']d)

W =Woyy =
Wy, = h277f77d/na : ©
_ (hzﬂc N~ 2h2’7.s77u)
o (na + 2h2’7|s’7d) (26)
Therefore, the required Eq. (4) of SCS quality as a function of
RMSD TEC fluctuations of ionosphere and parameters of

_ 2
transmitted signals e =¥ (", - foo Fo.To. M) gre obtained in

the form of analytical Egs. (18-24) upon conventiona single
reception of signals ("="«=Y and in form of Egs. (18-26) at
arbitrary order (" =" =2 and type (@ =0--2) of diversion.

2.4 Monitoring of TEC fluctuations of ionosphere based on
improved GPStation-6 receiver (GISTM class)

At present the most perfect receiver of satellite navigation
systems (SNS) of GISTM class is the receiver of GPStation-6
which facilitates monitoring of current TEC of ionosphere Nt
[22]. The monitoring method of TEC of ionosphere implemented
in the GPStation-6 receiver isillustrated in Figure 4. Its essence
is as follows. Navigation spacecraft (NSC) transmits navigation

signals simultaneously at two carrier frequencies: f~16GHz

and 2~12GHZ ypon RWP via ionosphere with small-scale
irregularities and fluctuations of TEC determined by Eg. (6)

N =N; +AN;  the delay in time (pseudo-delay) and phase

(pseudo-phase) of signals at receiver inlet will be random and
depend on frequency [13]:

Tl~(WT+ANT)/f12_ 7, ~(WT+ANT)/f22_

¢1~(WT+ANT)/f1; P> ~(’\TT+ANT )/fz.

@0
(28)

In GPStation-6 dual frequency receiver, GISTM class, on the

basis of code measurements (that is, pseudo-delays " and 72)
and solution of Eq. (27), the TEC is determined in radio line
from NSC to dual-frequency receiver [11]:

N =y (r,7,) = N7T+ANT + 0 . (29)

where % isthe instrumental noise error of TEC measurements.

The main disadvantages of the GPStation-6 dual-frequency
receiver upon standard operation mode are as follows:

1) TEC of ionosphere is determined on the basis of dual-
frequency code measurements (27), hence, it contains noise

instrumental error equaling to % > AN
pollution of small-scale TEC fluctuations);

2) discretization frequency of detection of TEC of ionosphere by
GPStation-6 receiver is 1Hz which facilitates detection of
RMSD TEC fluctuations stipulated by irregularities of electron

concentration with minimum average sizes I, ~1500 m (whereas
signal fading in satellite radio systems is caused by small-scale
irregularities with the sizes of not higher than 200...400 m).

(stipulating noise

In order to eliminate the instrumental error % | it is required to
modify the monitoring method of TEC of ionosphere
implemented in GPStation-6 receiver by adding the following
units (indicated by dashed lines in Figure 4): detection of TEC
by code measurements; detection of TEC by phase
measurements; their combinations, determination of statistic
properties of TEC fluctuations.

Combinations of code Nr=¥(7.72) and phase Nr =¥(01.02)
measurements of TEC makes it possible to eliminate both

instrumental error (5'"51) and peculiar for phase measurements
uncertainty (5 N ) TEC

(N =¥(@u9) =Ny +0N; + ANy 193] Therefore, the results of
combination of TEC in radio line from NSC to dual-frequency
RCVR will be asfollows:

of average

Nr = (0,75 41,6) = Ny +AN; (30)

-371-



AD ALTA

JOURNAL OF INTERDISCIPLINARY RESEARCH

f, 11,6 GHz
f, 11,2 GHz

ne (OF
N O N O O
IR R
Co

QDQ

=

VAU

BRI

T, (NT +AN; )/ f5
;& P2~ ( NT +AN; )/ f].z

Signal parameter meter

l 11'1-2’(01’(02

TEC calculation unit —
where 6,
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P

N; =y (1,7,) = N1 +AN; +6
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|
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I"calculation of statistic |
L properties of TEC

Ny, Oany

Figure 4. GPS monitoring of ionospheric TEC implemented in GPStation-6 receiver and its modification (dashed line).

In order to highlight small-scale TEC fluctuations (ANT) with

|, ~10..400mMy g to separate them from
I, > 400 m

the required sizes (
medium range fluctuations ( it is
necessary [14, 15]:

1) to increase discretization frequency of TEC detection from 1
Hz to 50 Hz which would allow to determine RMSD small-scale

TEC fluctuations (stipulated by irregularities of electron
concentration with the average sizes of I, ~30..300 m );

2) to develop procedure of separation of small-scale TEC
fluctuations from medium scale fluctuations (included in N+ ) and
Noises.

) and noises,

In order to solve the aforementioned problems, the algorithm
was developed for determination of RMSD small-scale TEC
fluctuations upon occurrence of ionospheric formations with
small-scale irregularities [13-15]. At the first stage TEC is
determined by dual frequency code (Nr =v(7) and phase
(Nr =v(2.9.) measurements with the discretization frequency of
50 Hz. Thisis aided by the fact that the GPStation-6 receiver is
capable to measure parameters of navigation radio signals

(pseudo-distances “*> and pseudo-phases #:2) with the

discretization frequency of f«=%0HZ  However, the software of
this receiver provides messages in ISMRAWTEC format with

minimum discretization frequency of only fy=1HZ At the same
time, the GPStation-6 receiver is capable to use messages in
RANGE format, which facilitates measurements of pseudo-
distance and pseudo-phase by signals of all visible NSC with

minimum discretization frequency of deSOHZ. Then these
data can be applied to detection of TEC of ionosphere by code
Nr=v(mr2) and phase Nr=¥(0u92) measurements. At the
second stage, using combination of Nr =¥(7.72) and Nr =v(9102) |
TEC is detected with the discretEation frequency of 50 Hz by
Eq. (30) Nt =¥(71,72,01,0,) = Ny +ANT At the third stage, in
order to separate small-scale TEC fluctuations (M) from its

average (background) value TEC (’TT), the Butterworth filter of
the 6th order is applied [15, 16]. At the fourth stage the obtained
results of AN: detection are used for prediction of RMSD small-

scale TEC fluctuations v .
3 Results

The Figure 5 illustrates the principle of SCS, which improves
operation quality under ionospheric disturbances based on
monitoring of RMSD small-scale TEC fluctuations in
ionospheric  formations with small-scale irregularities and
adaptation of transmitted signals.
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channel

[P =w(n%7%,8,,F,)
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7'y

fo’ Fo Ry :]/Ts » Ny

Figure 5. SCS development on the basis of GPS monitoring of TEC fluctuations in ionospheric formation with small-scale irregularities and
adaptation of transmitted signals.

The main recommendations on improvement of SCS operation
quality under conditions of ionospheric formations with small-
scaleirregularities are as follows:

1. Prior to satellite communication session, it is necessary to
monitor ionosphere using modified dual-frequency SSN receiver

5. In the unit of adaptation of SCS parameters on the basis of
P =w(h* o s fo, Fo TsuNgy) , the signal parameters ( vaFoyT)
and diversity factor ("diV) are selected providing the required

communication quality (Perr <P a1) ypon increase in % under

with evaluator of RMSD small-scale TEC fluctuations (=) in conditions of ionospheric formations with small-scale
SCSradio line according to the developed algorithm. irregularities.
2. On the basis of monitoring results %=, the evaluator of 6. Transmit/receive facility of on land SCS station transmits data

statistical properties of fading calculates parameters of fading

depth (72'53) and coherence band (F:) of transionospheric
communication channel at preset frequency and time parameters

(forFoRr =¥Ts) of transmitted signal's according to Egs. (15-17).

3. The unit of predictions of SCS quality estimates probability of
_ 2

erroneous reception (Perr =y (o, fo":0‘-I-S‘n“'v)) at preset

signal/noise ratio (hz), fading parameters (72'55’5), and

diversity factor (Mv) according to Eqgs. (18-26).
4. If the error probability is a least the alowable vaue

(Perr <R all), then it is possible to start satellite communication.

Otherwise, (Perr > P al), it is required to start adaptation of
satellite communication.

on adaptation of parameters of transmitted signals fo.Fo.T 1o
SCS SC and necessity to apply diverted reception with the

required order (M),

Figure 6 exemplifies possibility to increase interference
immunity of Gonets-D1M low frequency SCS under conditions
of ionospheric formations with small-scale irregularities on the
basis of adaptation of transmittance rate, spectrum bandwidth of
transmitted signals and their diverted reception with the factor

Na =468 according to Egs. (18-26) [16].
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Figure 6. Improvement of SCS interference immunity under conditions of ionospheric formations with small-scale irregularities based on

adaptation of transmittance rate, signal spectrum width, and their diversity reception with the factor of "

Comparative analysis of the plots in Figures 3 and 6
demonstrates possibility to provide alowable interference
immunity in  GonetsDIM  low frequency  SCSA

— -5 . . . . .
(P <PRra =107 4 achieved maximum signa/noise ratio

err — Terr all
h?=200=23dB) under conditions of strong disturbances
(increase in RMSD TEC fluctuations in ionospheric formation

_ 6 2
with small-scale irregularities to =10°e/m ) in two
stages. 1) eimination of IS and FSF by decrease in
transmittance rate (from Rr =YTs =1024 KBits to 9.6Kbit's

and band width to Fo=96KHZ). o angjication of diverted

reception of signal with the factor of " =% (space diversion),

or Nav =6 (time diversion), or M = 8 (frequency diversion).

4 Conclusion

The method of analysis of interference immunity of low
frequency SCS has been developed under the conditions of
ionospheric disturbances causing occurrence of ionospheric
formations with small-scale irregularities. On the basis of
determination of RMSD small-scde TEC fluctuations of
ionosphere (°» ), and using modified dual-frequency receiver of
GPStation-6 satellite navigation system, it alows to estimate

_ 2
error  probability Far =y (0, o, Fo, T upon
noncoherent reception of signals with preset frequency and time

parameters (fO’FO'TS) and diversity order (ndiV) as well as to
present recommendations on improvement of SCS interference
Perr all

div

immunity to allowable levels ( =10° at signal/noise ratio

equaling to h?=23 dE”).
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