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SIMULATION OF A NAVIGATOR ALGORITHM FOR. A LOW-COST GPS RECEIVER

by

Ward F. Hodge

SUMMARY

The analytical structure of an existing nav1gator algorithm for a low-
A cost GPS receiver is described in detail to faC111tate 1ts 1mplementat10n on
in-house digital computers and real-time 31mu1ators. The material presented
'includes-a-simulation of GPS pseudorange measurements, based on a two-body-
representation of the NAVSTAR spacecraft orbits and a four component ‘model
of the receiver bias errors. A simpler test‘for loss of pseudorange meas-

‘urements due to spacecraft shielding is also noted.

INTRODUCTION

~: The global positioning system (GfS),is a worldwide navigation.net- ..
work, being developed by the Department of pefense,,which eventually will
comprise»a-constellation of 24 NAVSTARrearth satellite spacecraft for |
transmitting naV1gat10n information to. system users. Its obvious potential
for additional utilization by a 1arge number of non—military users has -
attracted attention in fields as diverse as general aviation (GA) and
shipping. The cost of_the GPS receiver for such users, which measures
pseudorange from the user craft to four of the NAVSTAR spacecraft-simul-'
taneously; has been.recognized as one of its major design factorsl
(reference-l), The fact that simultaneous measurement of'the pseudorange'
data‘reouires_a minimum_of four receiving channels representsna~signiticant

cost consideration.
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Interest in developing a éractical low—-cost GPS receiver forvcivilian
users has led to the formulation of position fixing and navigation schemes
based;on_the;use of a-single channel instrument._. As psendarange data must:
then bé'receivéd sequentially rather than simultaneously, there is a need
for investigafing the_resulting navigational accuracy and the effect of‘.'
user craft ﬁotion.between meésurements. Iﬁ‘thisfconneqtion, thg effecté of S
intentional degradation of the.GPS signals, loss of pseudorange da;a»dueito
spacecraft shielding, and the time between updating all require addifional |
study. The purpose in this paper is to describe one sﬁch low-cost navigatgr
algorithm, as devised by the Mitre Corporation (reference 2), in sufficient
detail to faqilitate its implementation on digital computers and real-time
- simulators at LRC. The block diagram in figure l.depicts.the ovérall simu-
lation strﬁcture, which comprises two main elements that respectively de-
fine>the pseudorange measurements model and the navigator algorithm. Addi-
tiénally,_the FORTRAN names of principal.progrgm yariables and-célls to
subroutines are indicated at apprépriate places on figure I for convenience
of téfefenﬁé'to the cufrentfin—hquse version of Mitre's programing (see -

reference 2), which is included in the APPENDIX, .




SYMBOLS
spacecraft azimuth, deg
semimajor axis of spacecraft orbit, n. mi.
equatorial radius of the geoid, n. mi. -
GPS pseudorange bias error, equivalent n. mi.

ionospheric delay component.of b, n. mi.-
mul;ipath and receiver noise Qompbneﬁ;.bf‘b,‘n; mi. .
user clock bias éomponent of b, n. mi.
intentional degradation componeﬁt of b,.n. mi.
polar radius of the geoid, n. mi.

eccentric anomaly of spacecraft orbit, deg

‘eccentricity of spacecraft orbit
eccentricity of the geoid

spacecraft true anomaly, deg
pseudorange partial derivative matrix
local topocentric altitude, ft

kth row of H matrix

“inclination of spacecraft orbit, deg

mean anomaly of spacecraft orbit, deg

- number of At updating periods (see eqn.'(4))

spacecraft mean motion, deg/sec (eqn. (4))

. local topocentric position, n. mi.

pseudorange measurements vector, n. mi.

th '
KR pseudorange measurement, n. mi. -

time‘éince pericenter passage in Spacecraftrorbit, hrs

geographic or geodetic East longitude, deg.




t true,tiﬁe; hrs-
t,. GMT aﬁ start of simulation, hrs
U local topocentric p051t10n of user craft and pseudorange bias error, .
n. mi. (see equation 9 (a)) .
v user craft-velacity vector; ni. mi/hr_
X, Y, Z rectangular components of R, n. mi.
X, ¥, Z rectangular coﬁponents of p, n. mi.
o,B smoothing coefficients tsee eqn. (11))
€. epperent spacecraft elevation, deg
0 geocentric right ascension, deg
B univeisal gravitationel constant, (n. mi)3/sec2
geocentric distance, n. mi.
geodetic latitude, deg.
v geocentric latitude, deg
~user craft roll or bank angle, deé
user craft true velocity heading, deg
,right ascension of ascending mode of spaeecraft orbit, deg
w argument of pericenter of spacecraft Qrbit, deg.
We axial rotation rate of the eartﬁ, lSO/hr
-Sub9cfipte;
CT- croes traek
G. Greenwich meridian
k :ktb epacecraft
P GPS consteliation index fdr spacecraft phase angle
- GPS consteilatlon index for spacecraft orb1t plane phase angle

or local reference site




Notation:

A ( ) - incremental value-or dwell time interval
L .
( ) estimated value

T o e
() matrix transpose

( ) - matrix inverse

{"}: vector

PSEUDORANGE MEASUREMENTS MODEL _

The flow dfagramvin Figure 1 shows the simulation employed'for;the:
pseudorange.measurements to 1ncorporate models for the respect ive motions
and positlons of the NAVSTAR spacecraft and the user craft re‘atlve to a'
blocal tooocentrlc reference 31te, and for the measurement errors associated

with the GPS'recelver. 'The'first of these is 1onospher1c delav, whlch is
modeled as a determlnlstac error in terms of an ion den51ty scale factor and
pseudorangernathrfength. Mult1path error. and receiver noise is modeled next,
and is represented simply as random white noise; Ihe th1ro type of measure—.
ment error simulated is the-user'clock bias, which includes random white
noise'and_a starting offset in addition to drift andzaging terns'that fncrease
with time and are associated with the assumption that _the clock;dsidriven by:a
crystal oscillator. 'The remafning error source is .the intentional degradation
bias, which is generated separately for‘each spacecraft by independently_pass—
ingvuniforu random numbers'through an exponential filter._ Scaling of‘the
fllter s Gau551an output is then: adJusted to give a standard dev1at10n on the

pseudorange for each spacecraft such that the 20 user p051t10n error result—_

ing from all four spacecraft is 500 meters.
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C:PS—PSEUDORANSE MEASURBYENTS-MODEE- [GPSF—

l- INPUT DATA l l
GPS/NAVSTAR SPACECRAFT GEOGRAPHIC LOCATION| |USER CRAFT ERROR .
IDENTIFICATION PARAMETERS OF LOCAL POSITION INITIAL POSITION,| | OPTION
AND ORBITAL ELBMENTS REFERENCE SITE VELOCITY, AND FLAGS

a1 , - " |ROLL_ATTITUDE |
e &, e, t X ho-t R, V, @- ,
1',_ k, %{, &€y S, ¢ S, ) ¢ [
N *[IJKUEN] vy [6ar] -
ORBITAL MOTION GEOID MODEL USER CRAFT {GPS RECEIVER
MODEL MOTION MODEL BIAS ERROR MODEL
* e o, 9 % . + . : .
s ) R, [ e
TRUE GEOCENTRIC '
POSITION TRUE GEOCENTRIC - POSITION,- o MULTIPATH &
. LOCATION OF LOCAL VELOCITY, AND: RCVR NOISE’
Py = ka yk'zk']' TOPOCENTRIC" HEADING- o USER CLOCK
, " |REFERENCE SITE e 'BIAS
k=1¢to4. 0 o' o Velvvoll o INTENTIONAL
(VECIJK)¢ [IJKUEN_] 8, S8, 8’ Xy DEGRADATION
Y = tan "i(vx/v )
SPACECRAFT TRUE LOCAL (STACOR) Y1 b= bI+bMPR+b +boo
TOPOCENTRIC POSITION ‘ (CRAFT) CERROR)
R =G Eb; 6.1 6, )t PSEUDORANGE o
’ S ’ MEASUREMENTS
(SATPOS) L i T, = (R-R) + b (4——
(RANGE)
NAVIGATOR ALGORITRM [EsTmM] _
¥ [6ps]
USER ESTIMATE OF PSEUDORANGE- $/C ELEVATION
PSEUDORANGES (RBAR) ERRORS & AZIMUTH
= (R -B) +1% e =r. - —
™ (R-R) +b PR Lete A
o b
finv] g (PELR) v
USER POSITION ‘[DELETE Arg
(DELD) CORRECTION IF 1th s/¢
(USER) - ‘ A% = wl ar IS SHIELDED
~ UPDATE USER | T ' —
POSITION & VELOCITY : [HHATRIX - '
o =B’ SMOOTHER/pppnicToR B (r, U)
V=V+ B AU/At
E=U+aAU+VAt (USER)
T o\
R3]
Figure 1. SIMULATION BLOCK DIAGRAM
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" GPS/NAVSTAR Spacecraft Position. - As indicated in Figure 1, there are

sevefal steps in determining.thé required true topocentric positions of

: tﬁe four NAVSTAR spacecraft. This prdéess begins with the inertial posi-
tion of the'spacecraft.ofbit reiative to geocént;ic equatorial axes I, J, K
having I tpward tﬁe vernal equiﬂox and_K aiqng the earth's.spin axis as -
illustrated in Figurev27_bThe orbi;_orientatiop ;K
ﬁelative tb‘these.axes is'definéd by the S ~1Earth.Spin Aﬁis-

- W
three angles {2, i, and w as indicated. : - 1, - _ Q

. Let PQW be a set of perifocal axes :
: : ' o Spacecraft

aligned with the orbit plane such that

W coincides with the normal Fo the //'/ ;;’linipggdes
orbit plane, and P is along the line =/ LPerigeZ :
of apsides toward perigee. The
position of ‘the spacecraft in

: s
its orbital plane is given T _ ; _ é J
by its.geocentric- . Zii?ﬁix T zzgznding line of nodes

distance p, and true Figﬁre 2. Spacecraft Orbit Orientation

anomaly f. The transformation

to perifocal coordinates P, Q, W is givén by

P = p cos f _
Q = p sin £ A - : S (1)
W= 0

which are then transformed to I, J, K inertial coordinates

.X‘ _ P
vh=w@ ol {e) @

z) v

where,



w-1

8_

cos ® cos ¥ —cos 1 sin w sin Q! -sin w cos 2 —cos i cos w sin Q! sin i sin Q)
_ o : ;

) - i

]

i
-sin W sin @ +cos i cos W cos Qi-sin i cos
R !

cos W sin  + cos i sin W cos Q

- - oam am

sin Q.sin i -cos w sin i : g' cos i
The;task,offobtaining p and,f for evaluating equation5~(1)'and (2) for

each of the four spacecraft, is con51derab1y simplified by the’ assumptlon of
two-body circular orbits (e = 0). In this case the 9051t10n of the ap31dal .
line in the orblt plane and. the time of perigee passage are arbltrary, and

w and T may be set to zero so that the aps1daI and nodal lines coincide and

equation (2) reduces to

Xy - cos § - cos i sin Q\(p cos f

Y = sin 8  cos i cos @ o sin f - (2a)

Z 0 sin i

and usual two-body orbital equations

2,.
o a(l-e”) L _ '
P T 1+ e cos f = a (l-e cos E) )
tan f = \’%és» tan E ' - )
2 € 7 _
M = n(t-T) = E - e sin E
become
p = a T=20

o . m ) ‘f ) . V (33)
f ='M=E_=.nt, n=v—3— : s .
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" The next step is té-calculate_the.unique values of fk for éach,of'

thé four spacecréft, which specify theif locations in the GPS constellation.
As the planned‘configuratioh is for eight spacecraft equally spaced:iﬁ,each
of.three orbit planes, inclined 63° to the equator with fheir nodal lines’
equaliy spaced 120°>apart, each spaéeéraft will have a unique.combination
of Qp and an ip-plane angle fs' The arrangement assumed for the present
éimulation is illustrafed ih figure 3 for one such orbitingrring of éight
spacecraft. Iﬁ addition to §,, each of the three spéﬁe&raft rings héé an
iniFialrroFatiop<fp from the.line of apsidesAas indicated; rTaking fpand

_fS into account, the true anomaly for any of the spacecraft is given by

ACEE NS T
in whigh,
£ =2 (s-1), 1< s< 8
S [ -7 =

-'n/l2 p=1
£ = "y P=2

0 p=3

t = t + mAt

o ]

—-- '_ Figure 3. Spacecraft Orbital
. Spacing Geometry. '
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To illustrate these éalculatioﬁs, suppose the third spacecraft (k=3) happens

to.be the fourth one in the first ring so that p =1 and s = 4. The- true:

+ 3ﬂ/4 + nt, and Q >='O, Thus, the.

,anr—qpfc—nF;x*’ yE_,zE_may—he_readxly"obtalneﬁzfram:eqpatlons;(23}’ and= (4)=_

- anomaly is then given by £ (t) = /12

at the required times.

Geocentric Location of Local Reference Site.. - The required spacecraft posi- "

~ tion vectors Rk :elative to éhe user's local-reférencegframé are obtained
first in iﬁgrtial coordinates as (pk— ps), then transformed to topocentric
coordinateé with origin at the local reference site. The true geoéentric
location of the local reference site origin is given by the vector ps; which
is calculated from its geog;aphic coordinates 23’ ¢s, hS using the geoid
model and rotational transformation respectively illustrated in Figures 4
and 5. ' The sketch ih Figure 4 represents an x-z meridian plane view of tﬁe

earth in cross-section that shows the relationships between geodetic' and

geocentric latitude and radial distance, which are defined by

%

_ 2 - _ by2
= (l—eQ)C, e 1 " g
: ag
Z N
%
Vl- 51n¢
| (5) .
v R
cos ¢s (hs +C) cos ¢s -
Ps
. Y : .
sin ¢s,— (hS + S).51n ¢s
Ps

77 o aZ. 2
= 1/(hsfc)i cos ¢s + (bs + S)“sin ¢S

Figure 4. Geoid Geometry.
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With reférence to Figure 5, the
geoéentric right ascension of
the user's 1oc§1 reference site ' N (North)

at time t is

es(t) GG(t)'+ 25.

or

w.t + 25. (6)

es(t) @

so that its geocentric

) J

coordinates are T1

(Vernal’

equinox)
x = (hHC) cosd_ cosh | |
: _ . : Figure 5. Transformation between local
Vg © (thC) cos¢, sinb (7) Topocentric and geocentric coordinates.
z = (hs+S) sin ¢S

As (pS .es ,¢;) also define the drigin'of the local topographic axes
» 99 - - . - - -
(U, E, N), with respect to which the user craft motion is referred, the.

transformation of (pkfps) to these coordinates is

2y - - X, "X

Re={x,t =0 @L8) {yevit - ®



1z

where
13 1]
cos ¢' cos.-6 ¢ cos sin 6.1 sin.g
¢s s ¢s s, ¢s
' I
. R : ) t )
- - . . - . -
GG EY = —sin 66— cos & + 0
s™ s s s »
v ]
I

-sin ¢' sin 6 ¢ cos ¢'
‘¢s s ¢s

PseudérangeiMéaéuréments. - The remaining stepiin simulating the- pseudo-
fange measurements ié to éxpress thé Rk in terms of range to the user.
craft, tﬁeﬂ:cbr;upting pherresulting range vectors (Rk—R) by adding #he
simulated GPS receiver bias errors as indicated in Figure'i. This procedure

is illustrated by the sketch in Figure 6, and the resulting pseudoranges are

given by
r, = {Rk-R) +b RN ()

where R is the user's assumed true position in (U, E, N) coordinates

as furnished by a user craft motionrsimuiator such as a general aviation

trainer (GAT). - - o
,~ NAVSTAR

- SPACECRAFT

Site

User -
Craft

Figure 6. - USER/NAVSTAR Range Geometry.

[#)
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GPS LOW-COST NAVIGATOR ALGORITHM

The lower portion of Figure 1 depiéts the geﬁeral structure of Mitres

GPS low-cost navigator algorithm. There are three main computational tasks -

associated with the algorithm operation. _These are determining if any of

the four. pseudorange measurements are lost due to shielding of the GPS re-

ceiver, estimation of position and receiver bias corrections, and computing

the position and velocity updates by means of an 0-8 smoother.

GPS/NAVSTAR Shielding. In order for the GPS receiver to acquire a pseudo-
range measurement, the apparent elevation of the NAVSTAR spaceCrafﬁ rela-

tive to the receiver -antenna on top of the user craft must be greater than

- - . )
100._ The spacecraft is considered " U, U
to be shielded, so that the pseudo- User Craft
Bank Angle
range measurement to it is lost, if '
either. its orbital motion or M
user craft Spacecraft
maneuvering -
cause this o E'
condition n
) E
‘not to be:
N
met. The
o
testing procedure N, N"
employed by Mitre for -~ Figure 7. - Spacecraft Shielding Geometry,

"determining whether any

of the four spacecraft are shielded is a rather complex scheme, based on
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_their azimuthal positions and apparent elevations relative to the user
craft. A much simpler test is-illustrated in Figure 7. The only require-

ment is to determine whether the spacecraft in question is above the E'"-N"

piane;/whicﬁﬂcoincidés;witﬁ’tﬁét»of'the“pserrcraft's wings, Thus, the—kphf

spacecraft will not be shielded as long-as the Z"k component of rk—b

xr cos¢ 0 -sine cosf —-siny 0 \ X

k k

Yi'c = 0 1 0 siny cosy O Yk ~ (10)
" . . ’

Zk sineg O cose 0 Q 1 Zk

remains positive.

The apparent spacecraft elevation

1

a1 AR o | an

still must be tested if the receiver antenna coverage is assumed to be

- limited to a minimum value of € Howéver,-the-fact that £, is defined

k™ k
relative to the E"-N" piéne, rather than the local horizon (E-N plane),

still permits avoiding the need to evaluate complicated conditions on the.

spacecraft azimuthal position and the -user craft bank angle... .iyio.:.
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User Craft Position and Bias Error Corrections. - The procedure used for - .

obtaining these quantities is based on a linearized Taylor's series expan-
sion of equation (9) about the current estimate of user craft position and . -

GPS receiver bias (see reference 1). This expansion is

. . _ . , B .
A © dr AU ‘ ' ' ’ . (9a)
r, =¢r. + k- + = == ST _ o
k k 3 l'ﬁ T
N T : T . A | |
where‘U-::‘[REb] = [XYZb] and AU = U - U. By expressing equation (9)

in rectangular-form and differentiating,

3 AG =3r, | AX+9d AY 4+ or | AZ+3 Ab
) I i) I 'S 'S I
ou U oX U oY U °Z U- b U
A~ -Aﬁ ' A AA A A ~
) Xka + Y—Yk Y f Z-Zk AZ +  Ab
-b B r, -b
Tk " K
=h, AD
Tk
Rearranging equation (9a) and solving for AU gives
~ -1 . ’ :
AU = H T Ar : o ' (12)

. | T ‘ :

~ . o .
where Ar»—- {rk-rk} and H = [hl h2 h3 h4] > in which the estimated
pseudorange measurements %k may be calculated by evaluating equation (9) in

the form

N
A

A ~ N2 342 A2 :
T, = %{kx) + DT+ (27 +b

using the spacecraft ephemeris data Rk‘and the current estimate of U.
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User Craft Positbn and Velocity Update. - The Mitre GPS navigator

algorithm is formulated to provide smoothed estimates of updated position

and velocity, by approximate smoothing backwards in time over the four T

measurements. The procedure is to calculate AU after each new pseudorange -

measurement is received, by processing it with the most recent values for -

the other three elements of T
: ’ A _ :

measurement is At, new values of AU are generated every 1.2 sec. The-—

" corresponding position and velocity updating is.éccomplished by an o-B

smoother/predictor of the form

A . A A
V(t+At) = V(t) + BAU/At
: . (13)
A A ~ ~
U(t+At) = U(t) + oAU + V (t+At) At
These quantities are also used to estimate cross-track error
~ A ~ : . .
ARCT = (®-X) cos Yy - (Y-Y) sin Y : - (14)
where
' -1
Y = tan ~ (Vx/Vy)

in which X, Y, Vg, and V& are outputs from the user craft motion simulator.

As the dwell time to receive a pseudorange

8]



" 17
' CONCLUDING REMARKS

The simulator structure described herein pfovides a uséful énalytical
tool for conducting furthér research ‘and evaluationsjof naQigator algorithms
based on the use of a iow—coét GPS'repéiyer. A.simplef ces£ for loss of
'pseudorange.méagurements due to spacecra?t shiéldingtis néted. This test
eliminates fhe'ﬁéed_fof fhe relatively_éomplex oﬁe con;aiﬁéd in Mitré's".

programing (see reference 2).
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;RC‘Implementation,of MITRE's Low-Cost GPS- Navigator Simulation

nonnn

Do 0o 0 0o 0

O o0 MO0

on 0O 060 o

802

33

PROGRAM GPSNAV(INPUT,QUTPUT,TAPEGaTAPES=INPUTT

¥e Fo HOOGE = FEO

GPS PARAMETER DEFINITIONS FOR BAOER FIELOD SCENARIO [STINULATED)
(ORIGIN AT ACY VIR) CATLANTIC CITY)

WITHOUT INTENTIO(AL OEGRADATION (JRIAS#O)

SET JBIA3el FUk INTENTIONAL GPS DOEGRADATION

QIMENSION FR(3), TMEGAL3)}»VT(5),2X(800),PY(800)

DIMENSION PHASE(I)oCRAFTLIISIX(4)oNISHIA)H)OJSHIAY. | -
DIMENSIUN RANGE(Q))ELIA),AZ(4)»SATPOS(4,3)

DIMENSION VECPOHI3).VECXJnlssgVECUEN(BJ.STACOR(S)

QIMENSION [R(21}_ _ .
CUMHOK/NAVER ZERROR 41, AIAS(41sETON() LEMPELSGY
COMMUNRLTMPARZTSTRTHDEL TR FTEFR PYIM. . . .
COMMON/NVFLG/IMPZ, JIONES» JSSE2JCLKE,JBIAS ) . -
COMMON/NVPAR /ALPHA)RETASBETALS ADAPTA,ADAPTS . . .
COMMON/SATS/JIORB(4)»ISAT(4),IROLOC4)»ISHDLG)

COMMON/NVEST/USER{4) 2 VELLG) o+ JSERS(&L)HVELS(4)

CALL SEFDMP

a

"JMPEsl $ JIONE=1 8 JSSEe 1 ¢ JCLKE=1 $ JBIASel

ALPHA®,2 $ 3ETA®,01 $ BETAle.01l $ ADAPTA=,2 $ ADAPTAw,.01
TSTRTal3,90 $ DELT#1,2 ¢ ALTe0, SRLATe,688629 $ PLU"G'*I.BOIbOB
JORB(1)=2 ¢ JURB(2)el $ JORA(3)e]l §$. JORB(4)e2

JSAT(I)ed 8 JSAT(2)e2 $ JSAT(3Ve4 - JSATTG Ve

INPUT DATA FOR SIMULATEO LANDING APPROACH COURSE
PI®3.14159255358979 $ RPDe?1/180, $ DPR‘ISO./Px

CALL PSEUDC

00 7 JTHel,4 $ OJSH(JTH)=QO,

JSHOC(JTH) =0,

SET UP GPS CONSTELLATION PARAMETERS ( A IS IN NAUTICAL MI,)
A®144368206 E+4 8 OMEGA({1)e0s $ OMEGA(2)2120. $ OMEGA(3)e240,
FP(l)e=15, $ FP(2)m®15, S FP(3)=0,

IXC€1)o7329 ¢ IX(2)=1641 $ IX(3)%6753 $ IX{4)udl59

INITIALIZE INTENTIONAL DEGRADATION ERROR BIAS
IGAINSEXP (=4 *DELT/18004)

TAU = 30 MIN L. .
CONG=528,/76080,

SAT 1 SIGMA = 500"20&?5/2‘“00?1.537

CONU=2,*SQART(3,)*CONG

CONZeCONU®SQRT(2.%4.*DELT/1800,)

TAU = 30 MIN .

IR(1)=3117 3 IR(2) = 1379 §$ INs}

00 802 J=1l,4

CALL GETRAN(IR,IN»29RNyY1,Y2)

IN = 2

BIAS(J) = ’N * CONG

CLOCK ERROR MODEL PARAMETERS

$021000./56080,

1 USEC INITIAL CLOCK OFFSET

FO=DELT/60.5

“FRACT FREQ ERR*DELT*#10¢+9/6050

FO=DELT*#2/1.216 E+7

FRACT FREQ ORIFTISEC‘DELT“Z‘IO"QIéOSO
§$%50.760804

FRACT SHORT TERM STABILITY*13%¢9/6080

SET . INTIIAL CRAFT POSITION AND VELOCITY
DELT#DELT/3600e. $ CRAFT(1)22/6080, $ CRAFT(2)sX. 8 CRAFT(3)mY
00 5 Is=},3 § VEL(I)=O,

USER(I)=CRAFT(I)+0.

USER(4)aVEL(4)=0,

VEL(1)sZ07 § VEL(2)sXDT-$ VEL(3)=YDT

ITER IS THE ITERATION FOR WHICH PSEUDDRANGE AND
ELEVATION OF BEST & SPACECRAFT ARE COMPUTED

-1TERs TIHfO

MAIN LOOP STARTS HERE

ITEK®ITEP+]

KTH IS THE SPACECRAFT NUMBER .
00 17 KTH=1,4 $ NJSH(KFH)-O $ ERRJR(KTH) =0, =
TINTIMe] Co ) )
ELAPSED TIME PERIODS (UPDATE INYERVALS)

TIPEoTSTRT+TIH*DELT

TRUE TIME (IN HOURS) :
SIMULATE TRUE USER CRAFT POSITION AND V‘LOCITY
TIME@(TIME-TSTRT) #3600, $ DELT=DELT*#3600,

€

"CALCULATE TRUE ANOMALY F F3R KTH SPACECRAFT

Fe(FP(JORB(KTH) )+ (JSAT(KTH)~ 1)‘65.030.‘TINE)‘R90
CALCULATE SPACECRAFT PQw COORDINATES

CALCULATE 1IJK COORDINATES OF XTH SPACECRAFT
COSNDESCUS(OMEGA(JIRB(KTH) )*RPD)

SINNDE=SINCOMEGA{ JORI(KTH) ) #2PD)
VECIJX(1)eA®(COSUDESCNSC(F)I=CIS(63,*RPOI*SINNDESSINIFY)Y
VECXJK(2)-A°(SINiOF'COS(F)’CJS(63.'RFD)‘COSNDE‘SIN(F))
VECIJKE3)eA®SIN(E3.%RPD)*SIN(F)

CGNVERT SPACECRAFT COCRDINATES FROM 14K TO UEN SYSTEM
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CALL IJKUELTIMESALT,RLONGIRLAT) VECIJIK» VECUEN)
CRAFT(1)e2/0080, CR‘FT(Z)'X $ CRAFT(3)ey
VVlsVECUENR(L)=-CRAFT(])
© VYV2eVECUEN(2}=CFAFT(2)
VV3sVECUEN(3)=-CRAFT(3])
DENsVVI $ IF(ABS(VV3II.LT..000001) DEN'S‘GN(.OOOOO!DVV‘, .
AZ(KTH)'ATANZlVVZrOEN) $ IFCAZIKTH) LT 00} Al(KTH)'lt('TH”Z.‘P‘
DENeYDT .
COMPUTE GAT VtLUC!TY HEADING RELATYIVE TO TRUE NU'TN (DY'O)
IF(ABS(YDT).LT-030001) DEN‘SIGN(.OOOOOIIYDT, ’
GCRS®ATAN2{XDToDEN)
TFIGCRSLT40e) GCiS-GCRSOZ.‘?I
VVNlevVl
VVN2eVV2+C0S(GCRSI=VV3*SIN(GCRS)
VVN3'VV3‘COS(GCRS)’VVZ‘S(N(GCRS)
"VYNN1aVYN1#CIS(PHI) ¢ VUN2#SIN(PHI)
VVNN2eVYVN2#Z0S(PH1)-VVNLI¢SINIPHI)
 VUNN3 VN3 :
RADS = VV2#42 ¢ VV3és2 . ' !
RADNSSQRTIVVNN2#42+VVNN3*42) '
ELIKTH)sATAN2(VVNN1,RADN)
IF SPACECRAFT ELSVATION IS LESS TH‘N 10 DEG, CHECK FGQ SHI‘LDXNG
JFUEL(KTH) eLE(PI/184)) NJISH(KTH)®1
GO FROM SHIELDED TO NOT, OR NOT TO SHIELDED ONLY IF THO SAME
DECISIONS IN SUCCESSION
LIFINJSHIKTH) ¢ EQeJJISHIKTH)) JSHO(KTH) «NJSHIKTH)
OJSH(KTH) sNJISHIKTH)
IF JCLKE NOT O INCLUDE CLOCK B8IAS ERROR
§S® SHJIRT TERM STASILITY, EQUIV. NAUT. MIe
SO® STARTING OFFSET» EQUIV. NAUTICAL MI.
FOs FREQUENCY OFFSET, EQUIVe NAUTICAL MI.
_FO® FREQUENCY ODRIFT, EQUIVe. NAUTICAL "Io
IF(JCLKELEQ.O) GOTO 470
CALL GETRAN(IRsINs2,RNsY1,Y2)
ECB = RN * SS
CBIASSO+FO*TIM+FO*TIN®$2+ECB
ERKOR(KTH)SERROR(KTH)+CBIAS
: IF JMPE NOT O » INCLUDE MULTIPATH ERROR
470 IF(JMPELEQ.Y) GOTO 410
ERROR1=G.
CALL GETRANUIRsINs2,RN»Y1,Y2)
EMPE(XTH) = RN #% 35,/6080.
ERROR(KTH)SERROR(KTH)}+ERRORL+EMPEIKTH)
IF JBIAS NOT O, INCLUDE CURRELATED (30 HIN) NOISE BIAS
410 IF(JBIASLEQeD) GITO 460
CALL GETRANCIR, IN»2sRNSRY, Y2}
BIAS(KTH)=CINZ#(Y=45)+ZGAIN*BIAS{KTH)
ERRORIKTH)=ERRORIXKTH)I+3IAS(KTH)
IF JIONE NOT O, INCLUDE IONOSPHERIC DELAY ERRUR
460 IF(JIONEL.EQsv) G3ITC 203
EPRIM®,94793%COS(ELIKTA))
EION{KTH)®=,0052433/SIRT(1.-EPRIM*42)
ERROR(XTH) sERROR(KT-H)+EION(KTH)
203 RANGE(KTH)'SJRT((VECU:N(I)-CRAFT(I))‘*Z‘R‘OS’OE’RU?‘K?H’
D0 204 1#1,3
204 SATPOS(KTH,I)sVECUEN(I).
IF(ITEQ.EQ.1.AND.KTH.LT.4) GNTO 17
DO ESTIMATE OF USER PREDICTED POSITION (USER) -AND VELQCITY ‘VEL’
AND OF . SMOOTHED USER POSITION (USERS) AND VELOCITY (VELS)

CALL ESTIM(RANGE,SATPOS,USERsVELSUSERSVELSIKTH)
COMPUTE CROSSTRACK NAVIGATION ERRQOR
XXsUSER{2)-CRAFT(2) $ YYsUSER(3)-CRAFT(I)}
CTEsXX#COS(GCRS)I=YY*SIN(GCRS) -
ATE @ XX # SIN(GCRS) + YV ¢ CDS(ECRS)
ENV & SQRT(XX®%%2 + rY$s2)
ELEVeEL{KTHI*DPR $ AZIMeAZ(XKTH)#DPR
HDGePSI*IPR '$ ‘BANK=PHIODPR
17 CONTINUE ) C- -
THIS 1S THE END OF ONE ITERATXUN : -
.- 6070 33 : : i
sSToP
END




11
10

211

210

215

216

217

213
24

25

34
26
33
64

65
61

20

SUBROUTINE ESTIH(RANGE,SATPDSsUSER, VELIUSERS» VEL S, XTH)
DIMENSION RANGF(w)oUSERS(4G)sVELS(4)sVELLA),SATPNSL4,3),USERIS),
LHMAT (494} sRAAR(G) 9 DELR(4)SDELU(4),BBL4,1), IPXVOT(Q) INDEX(8),
2HRMAT(3,3)

COMMON/TMPAR/TSTRTSDELTHITER, PSIN
COMMON/NVFLG/IMPESJIONESJSSE»JCLKESJRIAS
COMMON/NVPAR/ALP4A,3ETASBETAL)ADAPTASADAPTB-:--
COMMON/SATS/JORBCALIJISATEA) sDROLO(4Y 5 ISHDLLY

IFCITER G LI GUII- 10—

00 11 J=l,4 $ JELR(J)} e. 04
88(Js1) =0,

CONTINUE

USER ESTIMATE OF USER POSITXUN
HHMAT H  HMATRIX

RBARIKTH) = (SATPOS(KTHy 1)~ USER(X))“ZOKSAYPOS(KTHer‘USFQ(Z)l"z

RBAR(KTH)'SQRT(REAR(KYH10(SAYPOS(KTH.!)-USER(B))"2)
OELR(KTN)-RLNGE(&TH)-R%AQ(KTH)-US‘R(Q)

SIMULATE SHIELDING IF JSSE NaT 0
[FUISSELEQLOY GU TO 213

1F SHIELDING SIMULATED, FIND FIRST S’ACECRAFT SHIELDED IF ANY
00 211 J=1,4 -

IF(JSHO(J)eNELO) GOTO 210

CONTINUE

G0TO 213

NO SPACECRAFT SHIELDED

NS=J

NUMBER GOF FIRST SPACECRAFT SHIELDED

FORM 3X3 HRMATY FROM VISIBLE SPACECRAFT

Ks=0

D0 215 Je1,3

KsKel

IF(KeEQaNS) KuK4]

SKIP SHIELDED SPACECRAFT

DD 215 J4COL=1,3

HRMAT(J, JCOL ) s (USER(JCOLI=SATPOS(K,»JCOL) )}/ (RANGE(K)=USER(4))
CALL MATINV(3,3,4RMAT»1,58+0+0DET,ISCALE, IPIVDT.INDEX)
COAST CLOGCK BIAS DURING SHIELDING

00 216 Is=]1,4

DELU(I)=0,

00 217 1=1,3

KaQ

DO 217 J=1,3

KaKel

IF(K EQ.NS) KaKel :

SKIP SHIELOED SPACECRAFT
DELUCI)sDELUI)+HRMAT(ILJ)I*DELR(K)

GOTO 33

CALCULATE H MATRIX FJR ALL FDUR SPACECRAFT

DD 24 J=ls4

HMAT(Js4)=],

D0 25 J=1,4

DO 25 JCOLs=1,3
HHAT(J'JCJL)'(US‘Q(JCUL)-SATPOS(J’JCUL))I(RANGE(J)-US‘R(‘))
CONTINUE .

CALL MATINV(4),4,AHAT :1;83:0,DETrISCALEpIPIVDT)INDEX)
CALCULATE DELTA-U 3Y MATRIX MULTIPLY

DO 34 I=1,4 :

DELU(]I) =0,

00 26 I=1,4

00 26 Kelys

DELULI) wHMATIILK)*DELR(K)+DELUITI)

UPOATE USEK ESTIMATE 8Y ALPHA=-BETA TRACKER
SHOOTHING AND PREDICTION BY ALPHA-BETA .

D0 61 Jelyrs .
USERS(J)'USER(J)’ALPHA‘DELU(J)

IFCJoNEe1) GITO 64
VELS(J)sVEL(J) ¢ 24BETA*DELU(JID/DELT

GOTO 65

VELS(J)=VEL{JI+BETACDELU(J) /OELT '
VEL(JIVELS(S) . .
USEP(J)-USERS(J)ODELT‘VELS(J) :
RETURN

~ END

]

(@}



OOOOOOONO0ONOHO

(2% 2]

oOn

22

23

21

SUBROUTINE TJKUEITIME,ALT,RLONGSRLAT,VECTIJK,VECUTN)
DIMENSION VECIJK(3)» VECUEN(3),VEC(3),STACOR(3),TRIJIK(3,3)
ALT © STATION ALTITUOE OF U=E=N SYSTEM» IN NAUTTCAL MI.
RLONG = STATION LONGITUDE OF U=-E~=N SYSTEM , IN RADIANS
RLAT = STATION LATITUDE OF U=E=N SYSTEM » IN RADIANS

1JKUE IS A SUBROUTINE FOR COORDINATE TRANSFORMATIAN RETVEEN
I=J=K (GEOCENTRIC EQUATORIAL) AND U-E-N (TOPOCENTRIC LCCAL)
COORDINATE FRAMES -

0.2618 IS EARTH TURN RATE (15 DEG/HR) IN RAD/HR UNITS
THR® 426164 TIME+RLONG 8 SINTHsSIN(THR) $ CUSTH-CDS(TH?)
SINPHIsSIN(RLAT) $ COSPHI=COS (RLAT)

COMPUTE THE STATION COORDINATES OF THE U- =E=N SYSTEH ORIGIN IN
I=-J=K COORDINATE FRAME )
ECCSQole-e93066454%2 § DENO®SORT{1.-ECCSA*SINPHI®#2)
Xe{3443,936/0ENO+ALT)*COSPHI
Z'(3663.936'(1.-—CCSQ)ID:NO‘ALT)‘SXNPHI

RHO®SQRT(x*4242%%2)

SINPHI=»Z/RHO $ CUOSPHI=X/RHO

STACOR(1)=x$COSTH $ STACOR(2)=X*SINTH $ STACOR(3)=Z

COMPUTE THE TRANSFGRMATION MATRIX FOR I-J=K TO U=-E-N SYSTEMS

TRIJK(151)sCOSPHI*COSTH

TRIJK(152)eCOSPHI*SINTH

TRIJK(1,3)«SINPHI

TRIJK(2,1)=SINTH $ TRIJK(2,2)=COSTH $ TRIJK(253)=0,
TRIJK{3,1)==SINPHI*COSTH

TRIJK(352)e=-SINPHI*SINTH

TRIJKL3,3)sCOSPHI

COMPUTE TRANSFORMATION FROM I=-J-K TO U-E~N FRAMES
00 22 I=1,3 :
VECII)=VECIJK(II=-STACOR(I)

VEC STORES THE PASITION COORDINATES OF THE SPACECRAFT V.R.T, TC

THE U-E=-N ORIGIN» 8UT IN X J=K COORDINATES
00 23 I=1,3

VECUEN(1)=0.

D0 23 Jsl1,3
VECUEN(I)»VECUEN(I)+TRIJK(I,JI*VEC(J)
RETURN :

END
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