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1. Problem formulation

Multi-position radio-technical space-based navigation sys-
tems are of great interest lately. However, at present not all the stages of the
flight can be provided with the help of these systems, including the landing of
the aircraft where too great an accuracy is required.

This determines the extraordinary topical of the problem of developing al-
gorithms for optimum navigation information processing, in which higher accu-
racy is achieved in comparison with the standard ones owing to the more com-
plete extracting of information which is contained in the signals received from
the emission sources. Such is the algorithm that makes use of the time delays.
separation method, which is also known as the method of additional variable [1].

The frame of reference O XYZ that is used here has origin O, . The origin is
fixed with respect to the Earth and it is attached to some point. The axis G,¥ is
oriented upward in local vertical line, the axis 0y X is oriented toward the mo-
tion direction of the mobile object, and 0y Z is perpendicular to the plane X0, .
It is oriented toward the right side of the motion direction of the mobile object.

The signals emitted from four emission sources are observed on board the
mobile object. The coordinates of the emission sources are known

X, ()=, (f)’yk {0}z, ) k=14.

The state vector A7 = (x,Vx IV, 2z, A,Va) includes: the coordinates of the
mobile object —x,7.2: A — the scale disagreement of the mobile object with

respect to the system time; V.V, WV, V4 — the respective velocities of x,¥,z and A.
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£(r) is observed at the receiver’s input on board the maobile object
M 6= slerl)+nle)

4 : :
where s{tA(t))= 2-‘"& (t-7, (1)) is an useful signal, which represents the
sum of .the gi:gnals 5 {t-T, {(A}) from each emission source;
s lt-T, )= fi (t—T, (A }Jcos [0)0 (- Ty (?u))], folt— 7y (k)) is a radio-signal en-
velope from the k-th emission source; o, = 2%f, is a circular frequency of the
high-frequency filling; 7, (?L)z Ty (X)Jr A is the arrival time of the signal from the

Sl 1 2 T2
k-th emission source; T, (X) =¢7Hx - xk)z +{y— yk) +{z -2z )2] is the real
time of the signal delay from the k-th emission source; ¢ is the light velocity; n(t')
is a white Gaussian noise with zero mean and the correlation function given by
N
M {n({)n(t + 1)}= ?5(‘6); N is a one-sided spectral density of n(t); 5(1:) is the delta

function.

The amplitudes of received signals from the different emission sources in
the zone of radio-visibility are assumed to be equal.

The state vector A can be described through Gaussian diffusion Markov
process which satisfies the system of stochastic differential equations

@ A=Fh+ml)
or
%=V,
?x =-o, ¥V, +n, (I)
j’: V}'
(3) I’I}, = —G‘,yVy +f1y (I)
g=V.
Vv, =—o,V, +n,t)

Vi = =0,V +1a (1)

where 7, (1), ?Iy(f), n,(1) and n,(t) are independent white Gaussian noises with
one-sided speciral densities N,.N,,N,,N, and with zero means

il ()= M ()= M, )= by (=0,

The matrices of the drift coefficients and the diffusion coefficients are
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The noise vector is n{(t): [O,rrx(z),O,ny(t),O,nz(th,na (z)] with correlation
matrix M{.-‘z;L (r)r; {(t = 't)} = Nlﬁ(’t).

The essence of the multiplex synchronization method (MSM) is dis-
played in {1—4].

2. Optimal filtration algorithm based upon
a multiplex synchronization '

- An additional variables vector T ={(T,,,T,, AT RS
ntroduced for the signals from the four emission sources. T Ty Tyy and Ty,
are the time delays of the high frequency filling of the received signals from the
separate emission sources respectively. 7' is a transposition symbol. Then the
state veclor A is expanded to the new state vector 2.3; = {?LT,TdT} [1].-

The filtration with grouping of observations at the step-function approxi-
mation is a very suitable algorithm. In this case the dependence of the signal
s (=T, (1)) on the comparatively slowly varying processes x(¢) y{t} z{t} and
Ay} must be considered. These processes are approximately invariable for the
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sampling interval { 7). Therefore, we can approximate the observation in the

frame of each sampling interval (t\,,t\, +1) by the equation

E()= s(t. Ay )+ ne); te (o typr)s v = 123,

where A, = ?\,(zv) is a value of the parameter in the supporting points ¢, = vt.
The sequence A, satisfies the recursion equation

(4) )"\'H = {I)?b\, + ﬂ)\v

where ¢ = exp{FT} is the state transition matrix for sampling interval (T); m
is a sequence of independent Gaussian random vectors with zero mean
M{n, }=0 and correlation matrix ¥ = M{ﬂx\, u{v }.

When the method of additional variable is used, the observation equation
is given by eguations [1—4]

) E(t)=s (t;?»dv Jrrle), re bt
(6) s{t Ay, Ty )= gif Wt -7, (&, Yeos [‘00 (‘ Ty )]

where AL, = {k{,T‘};}‘, T, =T, )ity = VT.

The equation that expresses the dynamic behaviour of the system has the form
(7) Ay =Py gy +m
where ®, = exp F,T’} is the state transition matrix for sampling interval (7'},
when the state vector is expanded with T} = (T Ty Ty3.T g ); Fy is a matrix
of the drift coefficients; m,  is a sequence of independent Gaussian random
vectors with zero mean M{"Mv } =0 and correlation matrix

- T
Y, =M {"xd 2 ,n{‘d h }: Jexp{Fd {r- 1)}NM exp{FdT (p= 1)}&'1‘
0

The r'natric':es of the drift coefficients and the diffusion coefficients for ex-
panding the state vector are given by [l]:

F 0(8)(4)
Fr, Osa)

N, 0{3x4)
quxs) O{4x4)

=

;g

>

where O(mx,,) is a zero matrix with dimension mx#;

¢} eos Y

1

0 c¢'cosP; O
¢'coso, 0 c'cosBy, O ¢ cosy,
0 ¢
0 0

-1
0 ¢ cosoy

Fr

_ |0
0 ccosay ¢t cosB, ¢ cosys
el

7 COSOly: !

£ CcoSY,

el RS TR =

¢ cosBy |

cos 0, cosf,,cosy, are direction cosines of the k-th emission source.
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The expressions of the matrices and may be represented as follows

IR0 TS R, R S T S s T T )
0 &, ¢ 0 6 &6 0 6 006 00
¢ 0 1 &, 0 0 6 0 00 0 O
O 0 =0y, <00 S8 O 0 0 0 0 {
) 0 0 0 I &, 0 0 0 0 0 0
0 0 0 G 0 Dy O 8 00 0 0
B D, =
Buet 0 390 w10l 0 -0, B @y 020 @¥g
0t 0120 §0 <8 A0 oW oY 050 osto
0 @y 0 By 0 Dy 0 Dyy 1 0 0 0
0 @p 0 @y 0 Pypg 0 @ 61 ¢ 0
0 @y, 0 @4 0 Py 0 @5 0 6 1 0
0 @5, 0 Oy 0 B 0 D5 0 0 0 1,
where
[—e%T e @ 1-e~%T 1- g %T
®), = ; @y = s, = s Py = ;
X a’y z C‘a
Dy =™ & CDM:?_uyTs g =™ ‘I’SB:‘&'—%T’
coscl cos COSYj
Dy, =— z 1(1312;(1)94 F CBI Dy Dy = CYI Ds; Doy = Dyg;
cosaL cosf3 COS Y :
Py = D@2;Prgq = Dis; Proe = 5 Psg; Prog = Prgs
cos cos cos
Pz = SL PR IPES 3 Dy Py == :3 D@5 P18 = Drs;
_ COSOly cosf, COS Y,

' Dy Py = D Pyog =Dog;

D5y = - D13:Di54 =
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= 40 '
¥
= : N 5
S e ( T 2T +1J; Wy = ‘—(1— A );
A ¥
N, N, {_
¥, = = (49 ol _ g—20.T +2azT—3); M 24_22(6 20,7 s T +1),
(408 o
N N =
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COS Oy cos 0l
‘P;;,

cosB
Tz(ms} = 5 \P33,

Kyi(ms) £, s

cos cosﬂ(

l}’56’
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Foers) = Fr3 Fy(eas) = Yogs

COS Oty COS LY cosBk cos 3, ¥, + COS Yy 08V yy g
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\P{HB)GJ’B) e tg e ¢ ¢ c ¢

¥y =% (k’f =E‘E); (f,f = iﬁ)
When the fact, that A, is a vector of non-power parameters, is taken into

account, the expanded Kalman filter state equation and the equation of covariance
matrix of the filtered errors R, can be represented by following equation [1, 4]

fent as(r A )
S -y 2 v d{vtl)
(10) Agvrty = Mgy E’_R"*l : ‘i(f)Tdf;
T Z
) 2 ! 35(f ;“d(v+l}) ds (ala(v;l))
R =R+ dt
(11} +1 \-'-t-l N i { a%]; aif'; -
where
A dvr) =By id\, is a vector of the state prediction;

%

R, =®,R,®L +¥,, is a prediction-error covariance matrix;
£ T $ T 5 1
l‘dv _{?" Tdv} ?“ { Xy w*yv V Vzw V’V.ﬁ\f}’

- - Rl R)LT
. R ) dv
{ a’lv’?:z'Zer:i‘E»v’I:Mv}’ AR

v T
s Ror,, = Ryp, -
R?;{?‘v RTd\.r 2 e

The maximum likelihood estimate of the vector of the corrected time de-
lays of the signals from the separate emission sources is [1]

=fdv +k\t};}»

(12) T) =min’ [P + 6,7 ~T(t.%,.5,.2,.4,)
where (k: )7 = [kfv;kgv,k;v ,k;‘\,] is a vector of values of (kv)r - [klvskzx.nk?’wk o ]

at which an extremum is reached; k,, =123,... i =14: (T:)T = [le Ty ,T3\,,,T4\,]
is a corrected time delays vector of the signals from the separate emission sources.

43



So, the problem is reduced to new one supposing resolving the following
equation system

(13) : Y

h - & =i et 2 * 2 * 2 JH2 *
Ty =Ty +Ek,, T =c¢ (xv_x4) +(yv_y4) +(Z\,--Z4) +A,,

at which the maximum likelihood estimates x..y,.zy and A, are determined.

3. Algorithm a.ccuracy

Fig. 1 represents results of the research of the accuracy
characteristics when positioning a mobile object both with and without making
use of the multiplex synchronization. The research has been carried out for the
NAVSTAR satcllite navigation system for Geometric Dilution of Precision
GDOP=4 for C{A- and P-code. The computations have been carried out for
typical values of the parameters: signal noise ratio g=1-+100; sampling interval
T = 0,1 s; standard deviation of velocity 6, = lm/s; frequency band of the noise
in the motion model of the mobile object oo = 0,1Hz; parameters of the signal (1)
carrier frequency f, = o, /2n =1575,42MHz; continuance of one element of the
range-finder code: for C/A-code 1, =980ns; for P-code 1, = 98ns; initial values
of the standard deviation of the estimate parameters: G, = 300m ; o, =300m/s.
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Fig. 1. Standard deviation when determining the coordinates of the mobile object

a — for x; b — for yi ¢ — for z; 1 — without using MSM for CfA-code; 2 — without using MSM for P-code;
3 — using MSM for CfA-code; 4 — using MSM for P-code

The displayed diagrams represent the standard deviation when determining
the coordinates 1 hour after the beginning of the work of the algorithm. When
applying the multiplex synchrognization method for this time the fluctuation
error, using the C/A-code turns out to be 40+45 times smaller compared with the
standard algorithm one, whereas using the P-code it is 25+30 times smaller.
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Table 1 represents the horizontal and vertical mean square error of a mobile
object positioning for the signal noise ratio g=100 wheu applying the multiplex
synchronization method and using C/A-code. The displayed data show the su-
periority of the multiplex synchronization method in the accuracy characteris-
tics in comparison with the standard method for filiration.

Table 1

Time, h O i o o [ 3 7 Stationary mode
Herizontal error, mm 29 14 11 10 g 9 8
Vertical error, mm 48 22 17 16 15 14 i2
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MeTox Ha 00ennHgenaTa CHUHXPOHN3AIHS
NPy NPOCTPEHCTBEHO NO3UINOHNPaHE
Ha [IOOBIDKEH O0EKT

Benyecaas Pawxos, Arzen X pucmos,
Yasoap Handes 5

(Peswome)

IMprnoxer e meTonsT Ha ofequuenata CUHXPOHH3AUHS B
S47a4aTa 32 TPHKOODAMHATHO NO3MUKOHEHPAaHEe Ha MOABIKEH 0BeKT (ITIQ) upea
H3IIOJI3BAHE Ha MHOIOHOZMUVOHHA DPaAMCHABHIALKOHHA CHCTEMA, Ilpu Toszu
MCTOA C€ CICAAT BpEME3AKBCHERAATA Ha NRIEKOMEDHYSA KO H BUCOKOFECTOTHOTO
sanpnueHue. Cnel TOBa MO Te3W JaHHU Ce HU3IBBPIIBA OUEHKA Ei Bpeme-
3aKbCHEHUETO HA NIPHETHA CUIHAL 110 METOH4 HA MAKCHMAJTHOTO npasaoenogobue.
Ha 6asata ma nonyuenure pesynratu ce maumcignar KoopauHaTuTe Ha [10.
Pexypenrrusar anropursm 3a 06paboTKa Ha NPUETHTE DA HOHABUIANHOLHMU
CHIHAM € paspaboren HA OCHOBATA HA ONTEMAJHATA puntpauws. Onpenensuero
Ha MecTononoxenuero Ha ITO ce wapnpmipa o KBA3MGaNeKOMEPEH METO/, IPK
KO#TO ¢e oTYnTa PasChIIaCyBAHCTO Ha CTRIOHHMA I'eHepaTop Ha Hopaa na IO
CHPAMO CHCTEMHOTO BpeMe.
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