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SPACETRACK REPORT NO. 3

MODELS FOR PROPAGATION OF
NORAD ELEMENT SETS

FELIX R, HOOTS
RONALD L. ROEHRICH

AO-H09355 Y

General perturbations element sets generated by NORAD can

be used to predict position and velocity of Earth-orbiting
objects. To do this one must be careful to use a prediction
method which is compatible with the way in which the elements
were generated. Equations for five compatible models are
given here along with corresponding FORTRAN IV computer

code. With this information a user will be able to make
satellite predictions which are completely compatible with

NORAD predictions.
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1. INTRODUCTION

NORAD maintains general perturbations element sets on all
resident space objects. These element sets are periodically
refined so as to maintain a reasonable prediction capability
on all space objects. In turn, these element sets are provided
to users. The purpose of this report is to provide the user
with a means of propagating these element sets in time to
obtain a position and velocity of the space object.

The most important point to be noted is that not just any

prediction model will suffice. The NORAD element sets are
'"mean" values obtained by removing periodic variations in a
particular way. In order to obtain good predictions, these
periodic variations must be reconstructed (by the prediction
model) in exactly the same way they were removed by NORAD.
Hence, inputting NORAD element sets into a different model
(even though the model may be more accurate or even a numerical
integrator) will result in degraded predictions. The NORAD
element sets must be used with one of the models described in
this report in order to retain maximum prediction accuracy.
All space objects are classified by NORAD as near-Earth
(period less than 225 minutes) or deep-space (period greater
than or equal 225 minutes). Depending on the period, the
NORAD element sets are automatically generated with the near-
Earth or deep-space model. The user can then calculate the

satellite period and know which prediction model to use.



y THE PROPAGATION MODELS

Five mathematical models for prediction of satellite
position and velocity are available. The first of these, SGP,
was developed by Hilton & Kuhlman (1966) and is used for
near-Earth satellites. This model uses a simplification of
the work of Kozai (1959) for its gravitational model and it
takes the drag effect on mean motion as linear in time.

This assumption dictates a quadratic variation of mean anom-
aly with time. The drag effect on eccentricity is modeled
in such a way that perigee height remains constant.

The second model, SGP4, was developed by Ken Cranford
in 1970 (see Lane and Hoots 1979) and is used for near-Earth
satellites. This model was obtained by simplification of the
more extensive analytical theory of Lane and Cranford (1969)
which uses the solution of Brouwer (1959) for its gravitational
model and a power density function for its atmospheric model
(see Lane, et al 1962).

The next model, SDP4, is an extension of SGP4 to be used
for deep-space satellites. The deep-space equations were
developed by Hujsak (1979) and model the gravitational effects
of the moon and sun as well as certain sectoral and tesseral
Earth harmonics which are of particular importance for half-
day and one-day period orbits.

The SGP8 model (see Hoots 1980) is used for near-Earth



satellites and is obtained by simplification of an exfensive
analytical theory of Hoots (to appear) which uses the same
gravitational and atmospheric models as Lane and Cranford did
but integrates the differential equations in a much different
manner.

Finally, the SDP8 model is an extension of SGP8 to be
used for deep-space satellites. The deep-space effects are
modeled in SDP8 with the same equations used in SDP4.

s COMPATIBILITY WITH NORAD ELEMENT SETS

The NORAD element sets are currently generated with either
SGP4 or SDP4 depending on whether the satellite is near-Earth
or deep-space. For element sets sent to external users, the
value of mean motion is altered slightly and a pseudo-drag
term (n/2) is generated. These changes allow an SGP user to
make compatible predictions in the following manner. If the
satellite is near-Earth, then the pseudo-drag term used in
SGP simulates the drag effect of the SGP4 model. If the
satellite is deep-space, then the pseudo-drag term used in SGP
simulates the deep-space secular effects of SDP4.

For SGP4 and SDP4 users, the mean motion is first recovered
from its altered form and the drag effect is obtained from the
SGP4 drag term (B*) with the pseudo-drag term being ignored.
The value of the mean motion can be used to determine whether
the satellite is near-Earth or deep-space (and hence whether

SGP4 or SDP4 was used to generate the element set). From



this information the user can decide whether to use SGP4 or
SDP4 for propagation and hence be assured of agreement with
NORAD predictions.

The SGP8 and SDP8 models have the same gravitational and
atmospheric models as SGP4 and SDP4, although the form of the
solution equations is quite different, Additionally, SGP8
and SDP8 use a ballistic coefficient (B term) in the drag
equations rather than the B* drag term. However, compatible
predictions can be made with NORAD element sets by first cal-
culating a B term from the SGP4 B* drag term.

At the present time consideration is being given to re-
placing SGP4 and SDP4 by SGP8 and SDP8 as the NORAD satellite
models. In such a case the new NORAD element sets would still
give compatible predictions for SGP, SGP4, and SDP4 users and,
for SGP8 and SDP8 users, would give agreement with NORAD predic-
tions.

4. GENERAL PROGRAM DESCRIPTION

The five ephemeris packages cited in section two have each
been programmed in FORTRAN IV as stand-alone subroutines. They
each access the two function subroutines ACTAN and FMOD2P and
the deep-space equations access the function subroutine THETAG.
The function subroutine ACTAN is a two argument (quadrant pre-
serving) arctangent subfout}ne which has been specifically
designed to return the angle within the range of 0 to 2m. The

function subroutine FMOD2P takes an angle and returns the modulo



by 2m of that angle. The function subroutine THETAG calculates
the epoch time in days since 1950Janh0.0;UTCl“s;pi¢§ this in

One additional subroutine DEEP is accessed by SDP4 and
SDP8 to obtain the deep-space perturbations to be added to the
main equations of motion.

The main program DRIVER reads the input NORAD 2-line element
set in either G-card internal format or T-card transmission for-
mat and calls the appropriate ephemeris package as specified by
the user. The DRIVER converts the elements to the units of radians
and minutes before calling the appropriate subroutine. The ephem-
eris package return§ position and velocity in units of Earth radii
and minutes. These are converted by the DRIVER to kilometers and
seconds for printout.

All physical constants are contained in the constants com-
mon Cl and can be changed through the data statements in the
DRIVER. The one exception is the physical constants used only
in DEEP which are set in the data statements in DEEP.

In the following sections the equations and program listing
are given for each ephemeris model. Every effort has been made
to maintain a strict parallel structure between the equations and
the computer code.

5. THE SGP MODEL

The NORAD mean element sets can be used for prediction with

SGP. All symbols not defined below are defined in the list of



symbols in section twelve, Predictions are made by first cal-

culating the constants

k
e 2/3
a; = )
(o]
3 aE2 (3 coszio =1)
§, = > J
1 2 2
42al (1.3073/2
_ 1 5.2 154 - 3
g, = ag 17 g8y véy gy 8y ]
B ® By Lk = eoz)
qo = ao 1 - eo)

2
e _ _ 3 2g :
M- CP T3 Ne E Ay
Po
o 2
dow _ 3 E 2 5
TEr I, ;—7 n, (5 cos™ i 1} .
)

The secular effects of atmospheric drag and gravitation are

included through the equations

n
(0]

a = a Q

n +2(x19.)(t—t)+3(;l°)(t-'c)2
2 o 6 0



QSO=QO+3-,C—(t-t0)

wso=wo+g_‘g(t-to)

L=L,+ (g + £+ 5D t)+§%(t_ "
vl G = £

where (t - to) is time since epach.

Long-period periodics are included through the equations

a = e sin w -1 ié iE sin 1i
yNSL s 2 d P o
0 2
U 1 3 % § cos i
P 0. . - - o
L=lsg =3 5 P SengL, PR 3y | TF cos 1,
where

aNsL ~ © cos w

(0]

Solve Kepler's equation for E + w(by iteration to the

desired accuracy), where

(E * w)i = (E + w)i + A(E + w)i

il |



with :
I = ayNSL cos (E + w)i + aynsp Sin (E + w)i - (E +w)

A(E + w)_]-: = X
- ayNSL sin (E # w)i © a ngL €OS (E + w)i * 1

U=L-8
SO

and
(E-— w)l = U,
Then calculate the intermediate (partially osculating) quantities

e cos E = a NsSL €OS (E + w) + ayNSL sin (E + w)

e sin E = 3, NSL sin (E + w) - ayNSL cos (E + w)

2 2 2
e, = (3ans)” * (3ynsy)

2
PL a (1 - e )

r =a (1 - e cos E)
r =k Yo sin
e T

.. VR

rv = k —

e T
e sin E
: - a 2 E _ _ ]
sin u - [sin (E + w) ayNSL 3 NSL e 5
e sin E
« B E . — ]
cos u = [cos (E + w) ansL * ayNSL e -



-1 sin u
——— ]

u = tan ( T

Short-period perturbations are now included by

2
T, = T 1 J iE_ si 2 i cos 2u
K 2 B
2
t o=u-Lly 2B (7 cos®i - 1) sin 2u
k 8 Y2 = 2
Py
5 2
= 3 E 2 2
Qk = Qs + 7 J2 — cos i sin 2u
o 13
3 aEZ
1k = 1o + T J2 ;—7 sin 1O cos 1 cos 2u.
L

Then unit orientation vectors are calculated by

where

U=Msin u, + N cos up

V =Mcos u. - N sin u

[ Mx = - sin Qk cos 13 )
M=J My = cos {, cos iy >
\ Mz = sin 1y 4

( _ N
Nx = Ccos Qk
N=¢ N_ = sin ©
N » in & r
N =0
\ Z P




Then position and velocity are given by

z=nl
and
r=1U+ (rv)V.

A FORTRAN IV computer code listing of the subroutine SGP

is given below.
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SGP 31 ocT 3)

SUBROUTINE SGP (IFLAG,TSINCE)
COMMON/:1/XMO:XNODEO'OMEGAOIEO;XINCLIXNO:XNDTZOpXN0060'SSTAR:

1

XeYs2+XDOT,YDOT,2ZDOT,EPOCH.DSSO
COMMON/C1/CK2,CKL,E6A,QOMS2T»S,TOTHRD,

1—

T XJ3,XKE,XKMPER,XMNPDALAE
DOUBLE PRECISION EPOCH,DSSO

IFC(IFLAG.EQ.0) GO TO 19

-
OOV EUNONWV S~ WD —

-
—>

INITIALIZATION

C1= CK2*1,5

CZ2= (K2/74.0
€3= Ck2/2.0

Cé= XJ3*AE**3/(4.0*CK2)
COSIO=COS(XINCL)

SINIO=SINC(XINCL)
A1=(XKE/XNQ)**TOTHRD

~n
Y

DT1= CT/AT/AT*(3.*COSIO*COSI0-1.0/(T.-EO*EQ)**T,5
AO=AT*(1¢=14/3.%2D1=-D1%D1=-134./81.*D1*D14D1)

PO=A0*(T.-EO*EO)
Q0=A0*(1,-EQ0)

N
N

XLO=XMO+OMEGAO+XNODED
D10= C3 *SINIO*SINIO

n
~

DZ20= CZ *(7.*¥COSTO*COSTO=T.)J
D30=C1+COSIO

D40=D30*SINIO
PO2NO=XNO/(PO*PO)

OMGDT=SCT*POZINO*(5.*COSIO*COSIO=T.) %

|
WNUHWUNANNANNANROANNORN 2 o o
W= Q00N OV W o-om-qmnnbmnw

33 XNODOT==2.*D30*P02NO
COS= S*CAFSINIO* (3. F5.*COSTI0J 7T, #COSIU)
C6=C4=*SINIO

3¢ TFUAG=0"

35
— 36 * UPDATE FOR SECULAR GRAVITY AND ATMOSPHERIUT DRAG

37

38 T A=XNUFC(Z . *XNDT2UF 3. *XNDDOU*TSINCEJ*TSINCE

39 A=AQ* (XNO/A) **TOTHRD

40 E=EGA

41 IF(A.GT.Q0) E=1.-Q0/A

42 P=A®(1T,=E¥E)

43 XNODES= XNODEO+XNODOT*TSINCE

X3 OMGAS= OMEGAOFOMGDT*TSINCE

45 XLS=FMOD2P (XLO+(XNO+OMGDT+XNODOT+{(XNDT20+XNDDOS6QO*TSINCE) *
— 46 1T TSINCEY*TSINCE)

47

48 * CONG PERIOD PERIODITCS

49

SO AXNSC=E*COSCOMGAS)

51 AYNSL=E*SIN(OMGAS)=-Cé6/P
—=5 X T MO D P (XL S~ CST PYAXNSL)

53 :
==54— * SOULVE KEPLERS EQUATION

S5

S6 USFMODZP(XL=XNODESY




57

ITEM3=0
53 EOT=0
59 TEMS=1.
&0 20 STNEOT=SINCEOT)
61 COSEQ1=COSCEOT)
2 TF(ASS(TEMS).LT.EG6AY GO TO 30
63 IFCITEM3.GE.10) GO TO 30
5% TTEMS=ITEM3S+1
65 TEMS=1.-COSEQOT *AXNSL-SINEOT*AYNSL
65 TEASS(U=AYNSL*COSEOT+AXNSL*SINEOT-EOQTI/TEMS
67 TEM2=ABS (TEMS)
63 TF(TEMZ.GT.T.) TENS=TEMZ/TENS
69 EO1=EQ1+TEMS
70 G0 10 20
71
72 SHORT PERIOD PRELIMINARY QUANTITIES
73
7% 30 ECOSE=AXNSL*COSEOT+AYNSL*SINEOQT
75 ESINE=AXNSL*SINEO1-AYNSL*COSEO1
76 ELZ=AXNSL*AXNSL+AYNSL*AYNSL
77 PL=A*(1.-EL2)
= PLZSPL*PL
79 R=A*(1.-ECOSE)
30 RDOTSXKE*SAQRTCAY/R*ESTNE -
81 RVDOT=XKE*SQRT (PL) /R
B TEMPSESINE/CT. #SART (T, =ELZ))
83 SINUSA/R*(SINEO1=AYNSL=AXNSL*TEMP)
84 COSUSA/R*(COSEOT=AXNSLFAYNSL*TENMP)
85 SU=ACTANCSINU,COSU)
L - )
87 UPDATE FOR SHORT PERIODICS
88
“89 SIN2U=(COSU+COSU) *SINU
YU COSZ2U=T.=Z2.*SINU*SINU T
91 RK=R+D10/PL*COS2U
T UK=SU=DZ0/PLZ*SINZU -
93 XNODEK=XNODES+D30*SIN2U/PL2
94 XINCK =XINCLC¥D&O/PLZ*C0SZU
95
9% ORTENTATION VECTORS -
97
- 98 SINUK=SINTUK)
99 COSUK=COS (UK)
10U SINNOK=SINCXNODEK)
101 COSNOK=COS(XNODEK)
102 STNIKSSIN(XTNCK)
103 COSIK=COS(XINCK)
10% XMX==SINNOK*COSIK
105 XMY=COSNOK*COS IK
106 UX=EXMX*SINUK+COSNOK*COSUK B
107 UY=XMY*SINUK+SINNOK*COSUK
108 UZ=5INIK*S5INUK
109 VX=XMX*COSUK=COSNOK*SINUK
110 VYSXAY*COSUR=SINNOK* STNUK .
191 VZ=SINIK#*COSUK
B 74

12



113 POSITION AND VELOCITY

1% )

115 X=RK*UX .
116 YERK*UY

117 Z=RK*UZ

18 XDOT=RDOT*UX

119 YDOT=RDOT*UY

T20 ZDOT=RDOT#UL

121 XDOT=RVDOT*VX#+XDOT

122 YDOT=RVDOT*VY+YDOT

123 ZDOT=RVDOT*VZ+200T

T2%

125 RETURN

126 END

15



6. THE SGP4 MODEL

The NORAD mean element sets can be used for prediction with
SGP4. All symbols not defined below are defined in the list of
symbols in section twelve. The original mean motion (no") and
semimajor axis (ao") are first recovered from the input elements

by the equations

ke 2/3
a; = ( g; )
k (3 cos2 i = 1y
5, = 5 4 73772
a, (1 € )
3,78, (1-36 - 67 - e
k, (3 cos®i_ - 1)
S = 3 2z 7377
a, (1 - e, )
W B
S 55
" aO
% " T -3,

For perigee between 98 kilometers and 156 kilometers, the value

of the constant S used in SGP4 is changed to

* = " - - +
s ag (1 eo) s ag

For perigee below 98 kilometers, the value of s is changed to

s* = 20/XKMPER + ag .

14



4

If the value of s is changed, then the value of (qo -s) must

be replaced by
4
(A = st - [ [{g, = )41 L% % 5 = s*] .

Then calculate the constants (using the appropriate values of

s and (q0 - 3)4)

O = cos 1

(o]
£ # =pe=
ao S
_ o 2,1/2
Bo (1 e, )
T = aoeog
_ ey BT e 3 .2
C,=(a, - s) &'ng (1-n9) [a¥ (1 * 30" % de.m
3. 3 %3% A Y 2 4
+en’) +3—"—s ( -5+ 5067 (8+24n" + 3n)]
0 2 2 z 2
(1 =m")
= R*%
C1 B C2
4.5 - e
. i = s) € AS,On odp sin i
3 kzeo
= " _44"2 _2‘7/2
Gy = 2n; 14, s)'&" agg " (1 n") ([Zn (1 + egn)
2k E
T : (3 13 =~ 38%) {1
2 “o 2 - 2
ao(l-n)
2 2
i % n2 - 2en - % eons) + % (1 =87} (2m~ - e

5
- en ) cos Zwo])

15



Cg=2 (ay - )*6tage,? (1 - )2 (1ol ve)
+ eons]

D, = 4alEC,2

D, = § ate? (17a% + s) C;°

D, = % ang> (221a] + 31s) Gl

The secular effects of atmospheric drag and gravitation are

included through the equations

| 3k, (-1+30%)  3k,% (13 - 786 +137¢") —
Mpp =M+ (10—~ ¥ 7 1 "o 0
Zao Bo 16aO Bo
3k, (1 - s62) 3k, (7 - 11462 + 39584
Wnpe =W+ L- +
DF = ¥ 73 78
ZaB Bo 16ag Bo
, 5k, (3 - 368% + 498"
ity ® Ing (& = o)
(o} (o]
2 : 2
3k, 3k,? (46 - 190%) 5k,0 (3 -78 )] ( )
Qee=Q_ + [- + + nl (L=t
DE" 23 7.8 7.8 o 0
ag Bo 2ao BO 236 Bo
Sw = B*C3 (coswo)(t - to)
2 e il & 3 3
SM = v (qo -s) B*E E;% £ (1 % 5 ©os MDF) - (1 + n cos Mo) ]

16



P DF
w=wDF-6w-6M
"kg
) _ gt Bavp 2
@ = Qpp Ta.,zezcl (£ = ¢t.)
O O
= - R*%® o = R 3 - <1
e e BC4 (t : ) BC5 (sin Mp sin Mo)
g om g [~ 6 (£ =€) =D, e~ 8 0 (& =53°
i o) 2 o 3 o
i =8
'D4(t'to)]
sl SneEEaE F od, B =537 M, % % = &
0 A | o) 2 1 0
% L P35, % YRGB, #® 106.0) (e = e 3 % 2 (80, » 126D
7 3 ) 1 0 5 4 103

2 2 4 5
+ 6D2 + 30C1 D2 S 15C1 )Y [t = to) ]
g = Va - b
n=x=k /33/2
e
where (t - to) is time since epoch. It should be noted that

when epoch perigee height is less than 220 kilometers, the equations
for a and L are truncated after the C1 term, and the terms involving
CS’ dw, and M are dropped.

Add the long-period periodic terms

axN = e Ccos W
A gim 1
L = 310 0 (e coOS (D) (é_*’_ég)
L 2 1+ 8B
8k,aB

17
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A sin i

5 . 3,0 o
L 4k2a82
L. =1L+ L,

ayN = e sin w + ayNL‘
Solve Kepler's equation for (E + w) by defining

U = LT -

and using the iteration equation

(E + w).

f e g = (E * w)i + A(E * w)y

with
U - ayN cos (E + w)i * Ben gin LE * m)i = (E # w)j

ACE + w); = = - -
i ayN sin (£ # m)i ayy cos (e * w)i + 1
and

(E + w)l = U.

The following equations are used to calculate preliminary

quantities needed for short-period periodics.
e cos E = a,N cos (E + w) + ayN sin (E f w)
e sin E = arN sin (E * u} » ayN cos (E + w)

) 2 2.1/2
ep = (ayy” * 2yy )

2
P, = 2 (1 - e, )

1R



r =a (1 - e cos E)

r = k U% e sin E

e

o)

e

r% = k V_L
T

cos u = % [cos (E * w) - anN *
sin u = % [sin (E + w) - ayN
=1 sin u
u = %tan ( c;s u )
Ar = ;2— (1 - 62) cos 2u
Py
k
Au = - ——17 (762 - 1) sin 2u
4pL
3k26
AQ = 5 sin 2u
2pL
3k26
Al = > sin iO cos 2u
2pL
. k,n
Ar = - —%— (61: -62) sin 2u
L

1

9

ayN (e sin E)

1

]
+Vi- e -

L

ayN (e sin E)

1

]
+ Vl- e 2

L



. k,n
arf = 2 [ - 0%) cos 2u - 3 (1 - 30%)]
PL

The short-period periodics are added to give the osculating

quantities
\/ _ 2
g o T B8y 2
T, =T (1 - 5 k2 S e (386" - 1)] + Ar
P
U = u + Au
Q, = 0 + AQ

1k = 10 + A

T & AT

rfk = rf + Axf .

Then unit orientation vectors are calculated by

U=Msin u + N cos up

V=Mcos uy -Nsin e

where
'Mx = - sin Qk cos ik1
§1=4 My = cos Q@ cos ik 4
\ MZ = sin ik /

20



’Nx = CoS Qk'

= « = 1

N Ny sin Q. o .
\N_ =0 /

Then position and velocity are given by

U

X

and

T }kg + (rf) V.

A FORTRAN IV computer code listing of the subroutine SGP4
is given below. These equations contain all currently antici-
pated changes to the SCC operational program. These changes

are scheduled for implementation in March, 1981.



L SIS PUP DN SN PSS LPIPUISSUD P RSNV SP Y —a n— e et o S b .

s o PP PRt Pt ks ALT ST ey

1 * SGP& 3_NQV 80
2 SUBROUTINE SGP4(IFLAG,TSINCE) :
e COMMON/E1/XMO,XNIODEQ,OMEGAQ,EN.XINCL.XNQ.XNDT20, e e
4 3] XNDDSQO,BSTARAX2Y #Z s XDOT»YDOTH»ZDOT,EPIOCHL,DSS50
S COMMONLCL1/CX2,CKALL,ESA,QONS2T LS, TOTHRO, == e
o) 1 XJ3,XKELPXKIPERLXMNPDALAE
3 DOU3LE-PRECISIQN _EPQCH,DSSO . e
3
= O 1£ (IFLAG JEQ. Q) GO TQ 170 - . =i
10
=11 * RECOVER QRIGINAL MEAN MOTION (XNQDR2) AND SEMIMAJOR AXIS (AQDPI_.._.
12 * FROM INPUT ELEMENTS
-3 T
14 A1=(XKE/XNO)**TOTHRD
158 COSIO=COSCXINCL) = Srme pemm—— e
16 THETA2=CO0SIO*COSID
174 X3ITHM1=3 *#THETA2=-1 —
13 EOSQ=EO0*EQ
19 3FETAQ2=1_=E0SA s =
20 BETAO=SQART(BETAOQ2)
21 DEL1=1.S*CK2*X3THM11/(A1*AT*3ETAQ*BETAQ2) e
22 AO=A1T*(1 ., -DELT1*(.S*TOTHRD+DEL1*(1,+134,/31,+DEL1)))
=22 DELO=1,S*CK2*X3THM1/ (AQ*AQ*3FTAQ*BFTAQ2) L yov e s
24 XNODP=XNO/(1.+DELO)
295 AQDP=A0/(1.=DELQ) et 3
26 ‘
2.7 * INITIALIZATION s, o o
23
29 * FOR PERIGEE L ESS THAN 220 <XILQMETERS, THE ISIM2 FLAG IS _SET_£NO_ .
30 * THE EQUATIONS ARE TRUNCATED TO LINEAR VARIATION IN SQRT A AND
31 * QUADRATIC VARIATION IN MEAN ANOQMALY. A1LSQ, THF C3 TER(t . TilE__
L4 * DELTA OMEGA TERMs AND THE DELTA M TERM ARE DROPPED.
= S,
34 ISImMP=0
x5 IF(CAQDP*(1 . -EQ)/AE) LT, (220, /XKAPER+AZ)) TISLiiP=1 S —
36
3.7 * FOR PERIGEE B8SELNY 156 KMe. THE VALUJFES QF e e T
33 * S AND QOMS2T ARE ALTERED
39 _
40 S4=S
61 QQMS24=Q0MS2T == —
42 PERIGE=(AQDP*(1,-E0)=-AE) *XKVMPER
43 JFC(PERIGE .GQE. 156.) GQ TQ 10 . S——
L4 S4=PERIGE-78.
45 _ TFCPERJIGE .GT. 984.) 50 70 9 _
46 S4=20.
47 9 QOMS24=((120.=S4) *AE/XKAPER) **x4 e
48 S4=S4/XKMPER+AE
49 10 PINVSQ=1,/C(AQDP*ADQDP*3ETAQ2*3ETAQ2) - p
50 TSI=1./(A0DP=S4)
A ETA=AQOP*EO*VS] = =
52* ETASQ=ETA*ETA
95 - e e B WASEORETA - e e e e e e e s
S4. PSISQA=ABS(1.-ETASQ)
59 COEF=Q0MS24 *TSI*x*4 e

56

COEF1=COEF/PSISQ**3,5




57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
¢
73
T4
75
76
T
78
79
g0
81
82
83
84
85
86
87
88
89
9C
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

C2=COEF 1 #XNODPX (AQDP# (1,41 ¢ S*ETASQeEETA® (4, +ETASQ) ) +,75%

1 Ck2%TSI/PSTSQ*X3THML* (Be+3e*ETASQ* (84+FTASQ)))

Cl=BSTAR*C2 ’ )

SINIO=SIN(XINCL)

A3CVK2==XJ3/CK2*AE*%3

C3=COEF*TSI*A30VKk2#xNOCPp*AE#SINIO/EO

X1MTH2=1,-THETA2

C4=2 *XNODP#COEF 1 *ANDP*BETAQ2* (ETAX*
(2o4e5#ETASQ) +EOR (542, %ETASQ) =2e*CK2%TSI/
(AODP*PSISQ) * (=3 e#X3THMIN (la=2.%EETA+ETASQ*
(1.5=e5#EETA) ) +o75#XIMTH2# (2 . *ETASC-EETA®
(1.+ETASQ) ) #COS (2.*0OMEGAD) ) )

C5=2.*COEF1*AODP*BETA02*(l.¢2.75*(ETASO*EETA)+EFTA*ETASO)

THETA4=THETA2*#THETA?

TEMP1=3,%#CK2xPINVSQxXNQCDP

TEMP2=TEMP1%CK2*PINVSQ

TEMP3=1,25%CcK4*PINVSQ*PINVSQ#XNODP

XMDOT=XNODP+« S*TEMP1 #BETAO#*X3THM1 +0625*TEMP2#BF TAOX

1 (13e=T78«*THETA2+137.®*THETA4)

XIM5TH=1,.,-5.#THETA2

OMGLOT = S*TEMP 1% X1IMSTH4+ (0625 2TEMP2 % (T =114, #THFTA2+

1 395 . #THETASG) *+TEMP3% (3,36 *THETA2+49 . *THETA%)

XHDOT1=-TEMP1#COSIO

XNODOT=XHDOT1+( ,S*TFMP2# (4 ,=19 , #THETA2) 42 #TEMP3*(3,~

1 7T.xTHETA2)y*C0OSIO

OMGCOF=BSTAR*C3*C0S (OMEGAQ)

XMCOF==TOTHRD*COEF*RSTAR*AE/EETA

XNODCF=3.5%BETAO2#XHDOT1*C1

T2COF=1,5%C1

XLCOF=e125%A30YK2#STNIO* (34+5e#c0SI0)/(1le+COSIO)

AYCOF=,25%A30VK2%SINIO

DELMO=(1+ETA*COS (XMQ) ) **3

SINMO=SIN(XMO)

X7TTHM1=7  #THETA2=1,

IF(ISIMP «EQ. 1) GO TO 90

clSQ=ClxCl

D2=4.*A0DP*TSI*C150Q

TEMP=D2#TSI*Cl1/3.

D3=(17%#A0DP+S4) *xTEMP

D4=,5*TEMP*ACDP#TSI» (221 4 #*AODP+31,%54) #C1l

T3COF=D2+2.%#C15Q

T4COF=425%#(3.%#D34C1x(12.#D2410,%C15Q))

TSCOF=e 2% (3%D4+12e#C1%D3+6%D2%#D2+15%#C1SQ*(

1 2.2D2+C15Qy)

S W N -

90 IFLAG=0

UPDATE FOR SECULAR GRAVITY AND ATMOSPHERIC CRAG

100 xMDF=xMO+XxMDOT*#TSINCE

OMGADF=0OMEGAO+OMGDOT*#TSINCE
XNODDF=XNQDEQ+XNODQT*TSINCE
OMEGA=0MGADF

XMP=XMDF

TSQ=TSINCE*TSINCE
xNODE=XNODDF +XNOpDCF»TSQ
TEMPA=1,-C1»TSINCE
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R FORS R P X T e I I B P S R e T e e E T e A e B Dt W ks’ Bk Sl s Bt cadf. s e e e— =

113 TEMPE=BSTAR*C4*TSINCE

114 TEMPL=T2COF*TSQ

119" IFCISIMP ,EQ. 1) 50 1O 110 S —
116 DELOMG=OMGCOF*TSINCE

117 DELM=XMCOF~((1.+ETA*COS(XMDE)) *#+3=-pELMO)
118 TEMP=DELOMG+DELM

119 XMP=XMDF+TEMP _ .
120 OMEGA=0MGADF=-TEMP

121 __TCUBE=TSQ*TSINCE. o
122 TFOURSTSINCE*TCUS3E

123 __  ___ TEMPA=TEMPA-D2*TSQ=-D3#TCUBE=D4*TFOUR

124 TEMPE=TEMPE+3STAR*CS* (SIN(XMP)=51I110)

125 TEMPL=TEMPL+T3COF+*TCUBE+ S
126 1 “TFOURX(T4LCOF+TSINCE*TSCOF)

127 110 _A=AQDP*TEMPA**2 —
128 E=EQ-TEMPE

129 e XL=XMP+OMEGA+XNODE+XNODP*TEAPL o
130 BETA=SQRT (1 ,-E*E)

131 XN=XKE/A**1,.5

132

133 e W LONG PERIQD PERIODICS e
134

k- T AXN=E*COS(OMEGA) T
136 TEMP=1,/(A*BETA*BETA)

137 XLL=TEMP*XL COF*AXN ) _
138 AYNL=TEMP*AYCOF

339 XLYsxte+xiLL R
140 AYN=E*SIN(OMEGA) +AYNL

141 _—

142 - SOLVE KEPLERS EQUATION

143

144 CAPU=FMOD2P (XLT=XNODE)

165 . TEMP2=CAPY o -
146 00 130 I1=1,10

147 - SINEPW=SIN(TEMP2) e
148 COSEPW=COS(TEMP2)

149 TEMP3=AXN*S INEPW ——
150 TEMP4=AYN*COSEPW

1517 _TEMPS=AXN*COSEPW o

152 TEMP6=AYN*SINEPW

1 - . EPUS(CAPU~TEMPL+TEMPI-TENP2) /(1 ~TENPS=-TEMPOH)I+T £HP2

154 IF(ABS(EPW=TEMP2) .LE. ESA) GO TO 140

255 130 TEMP2=EPW

156

157 * SHORT PERIOD PRELIMIMNARY QUANTITIES e
158

1S9 140 _ECOSE=TEMPS+TEMPS o _

160 ESINE=TEMP3-TEMP4

161 ELSQA=AXN*AXN+AYN*AYH o
162 TEMP=1,-ELSQ

163  PL=A*TEMP i S
164 R=A*(1,-ECOSE)

165 .. . . TEMPIStIIR . . . L | s o S . e
166 RDOT=XKE*SQRT(A)*ESINE*TEMP

167 RFDOT=XKE*SQRT(PL)*TZMP1 o
168 TEMP2=A*TEMP1

24




69 SETAL=SART(IEMP)

70 TEMP3=1./(1.,+3ETAL) . )
71 __COSU=TEMP2+*(COSEPJ=AXN+AYN*ESINE*TENPI) . . __ .
72 SINUSTEMP2* (SINEPN=AYN=AXN*ESINE*TEMP3)

73 UEACTANCSINUsCOSU) e e e e
74 SIN2U=2,.,«SINU*COSU

75 C0S2U=2 . «CQSU*CQSU=1 o .3
76 TEMP=1./PL

77 TEMP1=CK2*TEMP

73 TEMP2=TEMP1*TEMP

79 — e —— S ——

80 * UPDATE FOR SHORT PERIODICS

81

32 T RKSR*(1,=1,5*TEMP2*BETAL*X3THA1 )+ 5*TEMAPT«XTMTH2+COS2Y
83 UK=U= 25 *TEMP2#X7THM1*SIN2U A —
' 84 XNODEK=XNODE+1,5*TEMP2*COSIQO*SIN2U

185 AINCK=XINCL+1.S*TEMP2*COSIQ*SINIOU*CQS2U .. _ B
36 RDOTK=ROOT=XN*TEMPI*XTMTH2*SIN2U

187_. . _REDOTIK=RFDOT4+XN*TE4P1»(X1MTH2*COS2U+] SaxX3THM1) .
1 &3

1873 _* QRIENTATIQN _VECIORS . e S——-——— - r—

190

91 SINUK=SINCUK) e . e e —

192 COSUK=COS (UK)

93 SINIK=SINC(XINCK)

94 COSIK=COS(XINCK)

95 __ _SINNOK=SINCXNQDEK) ] e -

96 COSNOK=COS(XNGCDEK)

97 XMX=-SINNOK*CQSIK _ e, T TI—_—
193 XMY=COSNOK*COSIK

199 UX=XMX*SINUK+COSNOK*CQSUK _
00 UYSXMY*SINUK+SINNOK*COSUK

01 UJZ=SINIK*SINUK _

202 VX=XMX*COSUK=COSNOK*SINUK

03 .. NYSXAYXCOASUK=SINNIK2SINUK_ .

04 VZ=SINIK*COSUK

205 _
206 * POSITION AND VELOCITY

{0 ——— N o — o

203 X=RK*UX

0. e Y ERKEUY e e

>10 I=RK*UZ

211, XDOT=RDOTK*UX+RFDQTIXK*VX

212 YDOT=RDOTK*UY+RFDOTK=*VY

2B e, ZDOT=RDOTK*UZ+RFDOTK*VZ

14

'S RETURN __

16 END




T THE SDP4 MODEL

The NORAD mean element sets can be used for prediction with
SDP4. All symbols not defined below are defined in the list of
symbols in section twelve. The original mean motion (no") and
semimajor axis (ao") are first recovered from the input elements

by the equations

_ e ~2/53
al'(ﬁ-)
o
2
61 ) % k2 (3 cos & = 1)
al2 1 eOZ) 3[ 2
1 2 134 3
8, =@y [1 =3x8 = 8" =58 )
2
5 o= k, (3 cos™ i - 1)
o ) Z 2y o2
8 (1 €5 )
1,
n".—
o 1 #* 60
0

093:
"
fuy
'
O
.

For perigee between 98 kilometers and 156 kilometers,

the value of the constant s used in SDP4 is changed to
X = " . = =
s ay (1 eo) s + ag.

For perigee below 98 kilometers, the value of s is changed

to
s* = 20/XKMPER + ag -

26



If the value of s is changed, then the value of (q0 = s)4 must

be replaced by
(a, - sM* = [[(qo -t M. s s*] o

Then calculate the constants (using the appropriate values of

s and (qo # 5]}

@ = cos 1
& e

E W gl
a" = 5
(o]
) e B BT
Bq (1 € )
noT a4t

C, = (a - ¥ty @ - nP)T2 ey (v 30?4 depn

K2
# B ¥ et  m @ 595 [E ¥ 28" # 50
o 2 ) i
Ll = 117
€y = BrG,
" 4 4 " 2 2 '7 2
€ = 20, (g, ~8)"§ alp.™ (1 = &) / ([Zn (1 + eyn)
2k £
$2e +20° - 1[5 (1 -38% (1+3n°
g, kL = 37)
- Zeon --%eons) + % (1 - 62) (2n2 = B = eons) cos Zwo]
Sy L # 302 3k22 (13 = 780~ * 13787)
M= [1+ * ]
”2 3 ”4 7 o
Zao Bo 16a0 Bo
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2

. 3k, (1 - 502) 3k22 (7 - 1146% + 39584
w = [r e B " Teais B
(o] (o I (o] 0
sk, (3 - 3602 + 498
= 1.3 1 ng
433 Bo
Q = . n"
1 a"ZB 4 o)
0 0
‘ [3k22 (46 - 198%) sk,0 (3 - 76%)
N = Q. + + ] n"
1 e 8 s & (o)
2a1%8 2a1%8

At this point SDP4 calls the initialization section of DEEP which
calculates all initialized quantities needed for the deep-space
perturbations (see section ten).

The secular effects of gravity are included by

MDF = Mo + M [t = to)
WpE = Yo * 4y [E = to)
g = 8 * 0 (- t)

where (t - to) is time since epoch. The secular effect of drag
on longitude of ascending rode is included by

n"k,8
21 o 2 C

Rl Rl S

2
a"ZB (t - to) .
o O

)|

Next, SDP4 calls the secular section of DEEP which adds the

deep-space secular effects and long-period resonance effects to

28



the six classical orbital elements (see section ten).
The secular effects of drag are included in the remaining

elements by

2

o]
1]

e L = @ B8 =20
- . R% -
e = epg- B*C, (t to)

e i 2
L =M + Qps + nY [3C) (¢ - t )]

ps * “ps

where apgs €pgs MDS’ Wpg» and QDS' are the values of N, e, MDF,.

WpE» and Q@ after deep-space secular and resonance perturbations
have been applied.

Here SDP4 calls the periodics section of DEEP which adds
the deer-space lunar and solar periodics to the orbital elements
(see section ten). From this point on, it will be assumed that
n, e, I, w, 2, and M are the mean motion, eccentricity, inclin-
ation, argument of perigee, longitude of ascending node, and

mean anomaly after lunar-solar periodics have been added.

Add the long-period periodic terms

a =6 COS W

xN

B = V(1 - ez)

A sin 4 3 + 59

ILL= SLOZ o(eCOSLU)(-l—Te—)
. 8k,aB

. i AS,O sin 1
yNL

2
4k2a8



L,.=L +L

;g L

ayN = e sin o * a)’NL .

Solve Kepler's equation for (E + w) by defining
U=L,. - @

T

and using the iteration equation

(E+wh-*1=CE+w)i* A@-bmi
with- U - a cos (E + w). + a sin (E + w). - (E + w)
AE + w). = YN i e i 3
i - ayN sin (B * m)i T ayy Cos LE * w)i + 1
and

(B * w)l = U.
The following equations are used to calculate preliminary
quantities needed for the short-period periodics.

e cos E = ayy cos (E + w) # ayN sin (E + w)

e sin E = sin (E + w) = ayN cos (E + w)

axN

i 2 2. 1/2
ep = (agy * ayy )

N .
pp=a (1 -e;")

a (1 - e cos E)

e
(]

T = ke 2 e sin E

rf = k, VPL
T

]

30



a ) ;
cos u = & [cos (E + w) - a_, *+ “YN (e sin _E) ]
T xN >
1 N1 - e
a (e sin E)
sin u = & [sin (E + w) - a_y - xN
T yN >
1 A/i - eL
W -1 ( sin u )
cos u
k
AT = - (1 - 62) cos 2u
PL
k, 2
Au = - —— (76" -1) sin 2u
4pL
3k26
AQ = > sin 2u
2pL
. 3kp,8
Ai = —=» sin 1 cos 2u
ZpL
. k,n
i e i (1 - 62) sin 2u
P1
. k,n
ATE = 2 [(1 - 82) cos 2u - % a - 332)]
Py

The short-period periodics are added to give the osculating

quantities WJ—__—_'TT
1 - e

rk=r[1-%kz—p—2——l‘—(sez-1)]+m
L
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rfk = PE ¢ ATt .,

Then unit orientation vectors are calculated by

U=Msin uy, + N cos uy

V=Mcos u -Nsin uy,
where
(Mx = - sin Qk cos ik’
EJ My = cos Qk cos ik >
;Mz = sin ik )
rNx = coSs Qk*
N =¢ N, = sin @ o |
\N_ =0 /

7



Position and velocity are given by

™ Tl

and

& mpll ® [Ei)e Y,

A FORTRAN IV computer code listing of the subroutine SDP4
is given below. These equations contain all currently antici-
pated changes to the SCC operational program, These changes

are scheduled for implementation in March, 1981.
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1 * SDPé& 3 NOV 80
4 SUSROUTINE SODPAUIFLAG,TSINCE)D
*3 COMMON/E1/XMO;XNODEO:OMEGAO:FO'XINCL:XNO:XNDTZO:
4 1 XNODBO,BSTAR,XsY2»2,XDOToYDOTL,ZDOT,EPOCH,DSSO
- COMMON/C1/CK2+,CKL,EG6A,QOMS2T»S,TOTHRD,
i) 1 XJ3,XKE, XKMPER, XMNPD A/ AE
7 DOUBLE PRECISION EPOCH,DSS50
3
9 If (IFLAG .EQ, 0) GO TO 100
10
11 * RECOVER ORIGINAL MEAN MOTION (XNODP) AND SEMIMAJOR AXIS (AODP)
12 * FROM INPUT ELEMENTS
13
T4 AT=(XKE/XNO) **TOTHRD
15 COSIO=COS(XINCL)
16 THETAZ=COSIO*COSIO
17 X3THM1=3 ., *THETAZ2-1.
18 EOSQ=EO*EQ
19 BETA02=1.-EO0SQ
20 BETAO=SQRT(BETADZ)
21 DEL1=1.5S*CK2*X3THM1/(A1*AT1+*BETAQ*BETAQ2)
22 AO=AT*(T ,-DELT*( ,S*TOTHRO+DELT* (T #1734, 78T, *DELTI))
23 DELO=1.5*CK2*X3THM1/ (AO*AQO*BETAO*BETAO02)
24 XNODP=XNO/(T.+DELO)
25 AODP=A0/(1.=-DELO)
26
27 * INITIALIZATION
28
29 * FOR PERIGEE BELOW 156 KM, THE VALUES OF
30 * S AND @OMSZ2T ARE ALTERED
21
327 S4=S
33 QOMS24=Q@OMS2T
3% PERIGE=(CAODP*(T.-E0)-AEJ*XKMPER
35 IF(PERIGE .GE. 156.) GO TO 10
36 S4L=PERIGE-78.
37 IF(PERIGE .GT, 98.) GO TO 9
38 S4=20.
39 9 QOMS24=((120.=S4)*AE/XKMPER) *%4
40 S4=S4/XKMPER+AE
41 10 PINVSQ=1,/(AODP*AODP*BETAQ2*BETAQ2)
(Y4 SING=SINCOMEGAOY
43 C0SG=COS (OMEGAO)
(4 TSI=T.7CAODP=-S54)
45 ETA=AQDP*EQO*TSI
() ETASJ=SETA*ETA
47 EETA=EO*ETA
48 PSISJ4=ABS(T.-ETASQ)
49 COEF=QOMS24*TSI**x4
50 COEFT=COEF/PSISQ**3.5
51 C2=COEF1*XNODP*(AODP*(1,.+1 S*ETASQ+EETA* (4L . +ETASQ)) +.75%*
52 T CKZ*TSI/PSISQ*X3THMT* (8. +3.*ETASQ* (B, +ETASQ))) )
53 C1=8BSTAR*(C2

54 SINIO=SINIXINCL)
A30VK2==XJ3/CK2*AE**3

W
wi

XTMTHZ=T.-THETAZ

(%
Oy

|
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57 C4=2.+*XNODP*COEF1~AQODP*BETAOQ2*(ETA*

53 T (Z2.+.0%ETASQ) YEO* (. O+2 . *ETASQ)=2.*CK2*TS1/
59 2 (AQDP*PSISQI* (=3, #X3THMI*(1,-2.*EETA+ETASQ~
60 3 (1.5=.S*EETA) )+.75*XTMTH2*(2.*ETASQ-EETA*
61 4 (1.+ETASQ) ) *COS(2,*0MEGAD)))
YA THETAL=THETAZ*XTHETA?
63 TEMP1=3 ,*CK2*PINVSQ*XNQDP
6% TEMP2=TEMPI1*CK2*PINVSQ -
65 TEMP3=1,25*CK4*PINVSQ*PINVSQ*XNOQODP
66 XMDOT=XNODP+ ,S*TEMPI1*BETAO*X3THMT+,0625*TEMP2 *BETAQ *
67 1 (13 .,-78 . 4THETA2+137 ,*THETAG)
68 XTMSTH=T ,=S.*THETAZ
69 OMGDOT== ,S*TEMPI#XTMSTH+ ,0625*TEMP2#(7.=114.*THETA2+
70 1 39S A THETAL)I+TEMP3I* (3, =36, *THETAZ+409 ,*THETAL)
71 XHDOT1==-TEMP1xCOSIO
72 XNODOT=XHDOT1+ (. S*TEMP2*(4 .19, . *THETA2)+2 *TEMP3*# (3.~
73 1 7.*THETA2))*C0SIO
74 XNODCF=3.5*BETAO2*XHDOT1*C1° T
75 T2CO0F=1,5+*C1
76 XLCOF=.125%A30VK2*SINIO*(3.+5.%C0S10)/(1,+C0S10)
77 AYCOF=,25*A30VK2*SINIO
78 X7THM1=7 .*THETAZ2-1. o
79 90 IFLAG=0
80 CALL OPINIT(EOS@,SINIO,COSIO,BETAO,AODP,THETAZ,
81 1 SING,COSG,BETAQ2,XMDOT,OMGDOT,XNODOT ,XNODP)
82
83 * UPDATE FOR SECULAR GRAVITY AND ATMOSPHERIC DRAG
3%
85 100 XMDF=XMQO+XMDOT*TSINCE
86 OMGADF=0OMEGAO+OMGDOT*TSINCE
87 XNODDF=XNODEO+XNODOT*TSINCE
88 TSA=TSINCE*TSINCE
89 XNODE=XNODDF+XNODCF*TSQ
90 TEMPAST,-CT*TSINCE
91 TEMPE=BSTAR*C4L *TSINCE
92 TEMPL=TZCOF*TSQ
93 XN=XNODP
9% CALL DPSEC(XMDF,OMGADF sXNODESJEMsXINC,XN,TSINCE)
95 A=(XKE/XN)**TOTHRD*TEMPA* %2
96 ESEM-TEMPE
97 XMAM=XMDF+XNODP*TEMPL
98 CALL DPPER(E,XINC,OMGADF,XNODE, XMAM)
99 XL=XMAM+QOMGADF+XNODE
TOU BETA=SSART(T,.-E*E)
101 XN=XKE/A**1,5
102
103 * LONG PERIOD PERIODICS
104
105 AXN=E*COS(OMGADF)
106 TEMP=T,.7(A*BETA*BETA)
107 XLL=TEMP*XLCOF*AXN .
—108 AYNL=TEMP*AYCOF h
109 XLT=XL+XLL
110  AYNSE*SINCOMGADF)I+AYNL
11

1T * SOLVE KEPLERS EQUATION




113

“114 CAPU=FMODZ2P(XLT=-XNODE)
115 TEMP2=CAPU
116 Do 130 1=1,10
17 SINEPW=SINC(TEMP2)
118 COSEPW=COS(TEMP2)
119 TEMP3=AXN*SINEPW
1720 TEMP4=AYN*COSEPW
121 TEMPS=AXN*COSEPW
22 TEMP&=AYN*SINEPW
123 EPW=(CAPU-TEMP4+TEMP3-TEMP2) /(1 .~-TEMPS-TEMP6) +TEMP2
ek IF(ASBS(EPW-TEMP2) .LE. E6A) GO TO 140
125 130 TEMP2=EPW
1286
127 * SHORT PERIOD PRELIMINARY QUANTITIES
128
129 140 ECOSESTEMPS+TEMP6
B ESINES=TEMP3-TEMP4
131 ELSG=AXN*AXN+AYN*AYN
1372 TEMP=1,-ELSQ
133 PL=A*TEMP
134 R=A*(1.-ECOSE)
135S TEMP1=1./R
136 T RDOT=XKE*SQRT(AY*ESINE*TEMP1T
137 RFDOT=XKE*SQRT (PL)*TEMP1
“T38 TEMPZ=A*TEMP 1
139 BETAL=SQRT(TEMP)
140 TEMP3=T./(T.+BETAL)
141 COSUSTEMP2*(COSEPW=AXN+AYN*ESINE*TEMP3)
142 S INUSTEMPZ*(SINEPW=AYN=-AXN*ESINE*TEMP3)
143 U=ACTANCSINU,COSU)
—T:W SINZU=Z. *SINU*TOSU
145 CO0S2U=2.*COSU*COSU=-1.
146 TEMPET,./PL
147 TEMP1=CK2*TEMP
o ) TEMPZSTEMPT*TEMP
149
TS0 * UPDATE FOR SHORT PERIODICS
151
152 RKER*(T.=T.S*TEMPZ2#*BETAL*XSTHAT )+ .5 *TEMPT*X TMTHZ*C0S2U
153 UKSU=.25*TEMP2*X7THM1*SIN2U ’
154 XNODEK=XNODEFT.S*TEMFZ*COSIO*SIN2ZU
155 XINCK=XINC+1.S*TEMP24COSIO*SINIO*COS2U
& 150 RDOTK=RDOT-XN*TEMPT*XTMTHZ*SINZU
157 RFDOTK=RFDOT+XN*TEMP1* (XTMTH2*COS2U+1.5*X3THM1)
190
159 . ORIENTATION VECTORS
160
161 SINUK=SINCUK)
Y4 COSUK=C0S (UK)
163 SINIK=SSINC(XINCK)
—T64 COSIK=COS(XINCK)
165 SINNOK=SIN(XNODEK)
166 COSNOK=COS(XNODEK)
167 XMX=-SINNOK*COSIK
109 XMY=COSNOK*TUOSIK
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169 UX=XMX*SINUK+COSNOK*COSUK

170 UY=SXMY*SINUKFS INNOK*COSUK
177 UZ=SINIK*SINUK
L 4 VX=XMX*COSUK-COSNOK*STNUK
173 VY=XMY*COSUK=SINNOK#*SINUK
17% VZ=SINIK*COSUK
175
17086 * POSITIUN AND VECLOCITY
177
173 X=RK*UX
179 Y=RK*UY
T80 IT=RK*UZ
181 XDOT=RDOTK*UX+RFDOTK*VX
—187¢ YDUT=RDUTK*UY¥RFDOTK*VY
183 ZDOT=ROOTK*UZ+RFDOTK=*VZ
—18% -
185 RETURN
—18% END -

37




8. THE SGP8 MODEL

The NORAD mean'element sets can be used for prediction with
SGP8. All symbols not defined below are defined in the list of
symbols in section twelve. The original mean motion (ng) and
semimajor axis (ag) are first recovered from the input elements
by the equations

k

_.e\2/3
al ‘(H—)
o)
2
g o 3 k2 (3 cos iz = 1)
1 2 2 2
a;” (1 -e,)3/2
- 1 L2 134 3
a, =a; (1 -3 § -8° -3 &)
k (3 cos2 i = 1)
=3 = 7377
(] Z Z
a, (1 - e, )
n
n" = [9)
0 I 30
a
a" = o
I - Eo

The ballistic coefficient (E term) is then calculated from the
B* drag term by
= *
B 2B /po

where
an
o, = (2.461 x 10") XKMPER kg/m>/Earth radii
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is a reference value of atmospheric density.

Then calculate the constants

n"k
st [, 392)
a" B

n”k2

nlgh

{1 = 592)

n"k,

Ql = - 3 —:7—1 0
a’ B

" 2
; 3 By (13 - 788
2 = 16 8,7

2 4 13704

=
]

il 8
. 3 n'k2
wz B TE ;:zgg (7 - 1146

2 . 3950%)

g By
a" B

NG @
3 Nk, 2
7 ——I—g 9 (4 o 199 )
a" 8

n"k

___JL_ 8 (3 - 792)
w8

a"""B

2, 490h

D
(¥
]

+
|

zQ



e

b ||

(9 = $)* nv ave ol g7

2
2
-k2 (1 -67)

A
—%-!ESini
2

D,D;B,
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3
3.1 2

+ 20en + 5Sen

n, = Cy (2 + 3n°
+ 34e’n? + D.D.B, + C, cos 2u
ey ¥ g
# C3 sin w)
Oy = DuD,Bs
Cc = DDgB,
Dy = 30n + 2 n°
D7 = 5n + %; n3
Dy = 1+ 2L n% 4+ 0t
§,=-C, (4n+n’ 4 5e s 15en?
* %% ezn +.7e 2n3 + D1D6B1
% C4 cos 2w + C5 sin w)
a/a = ee & e
Co = % v

é/E = 2a"E (C6B2 + ee)

n= (e + e EJE) SE

41



. -2
v/ = - nn ¥
CO/Co = C6 + 4 E/E - a/a -7 Y/Y
Cl/C1 = n/n" + 4 a/a + CO/C0
- 2
D9 = 6n + 20e + 1l5en” + 68e™n
3 2
D = 20n + S5n” + 17e + 68en
10
D.. = 72n + 18n°
11
D = 30n + 10n3
12
45 2
Vg = & F g

14 E/E - w/w

o
[}

2

Dyg = 2 (Cq * ee B %)
I.’1 = Dy (Dy4 * Dys)
b w

Dy nD; ,

D, = Dy 5
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.

1}
(e}
o

g = Dby
é2 ol Cﬁle . DIBS)
5 = By (gD, + DgD,)
b= - 3 E:;;I(1 + B8
a""g
Dy = Dg a + Dy, e + B (DD, * Dlﬁz)

+ C2 cos 2w -+ C3 sin w
+ 0 (03 cos w +« 2 C2 sin 2w)

n_=n C;/C; *+ CyD

g 1 * C1D16
LN 3 _ . . 2
5 ™ B CO/C0 - C0 (4 % 3n + 3en
5 %} e? + 21620237 + (5 + 15n°

+ 3len + 14en3) e + B1 [D1D6

. 135 2 .
¥ Dl n (30 + 5 n“)] * BZ [D1D7
+ D0 (5 + 2 n%)] cos 2w

+

. s 227
By [DSD8 + DSTV](TT
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+ 4n2)] sin w + (C5 cos W
- 2 C4 sin 2 w)}

D17 = HYn" - (r.l/n”)2

§/€ = 2 (E/§ - Cg) E/E *2a"g (3 Dy,8

- 2 C6 ee + éz + e;)

n o= (e + 2e E/E) SE + n E/E
LR ] . 2

Dyg = E/E - (E/E)

2

Dyg = * W/n? @ +n7%) -an y7

D; =Dy (Dyy * Dyg) * Dy (Dyg

+ 2 azé28'4 + 2 be

n, =n [xD,+3 &= i~ @ B te

.
E=N

6 (a/a)® + 4 Dyg - 7 Dyl

n C;/Cy + Cy (Dyq C4/Cy

+

# Dg;f + D10 g + 62 (6 + 30en

+

44

68e2] + ne (40 + 30n° + 272en)
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% &% (17 * 68 n%) + B: 05D,

«2
+ ZDlD

11 + n° (72

2 * Dy (nD

+ 54 n%))] + B, [DDy *+ 2D,D4

22

+ Dy (n D12 ® n- (30

. sonz))] cos 2w + B [(D5D14

+ Dy (Dyg - 2Dy9)) Dy * 2D4Dg
+ D (W Dyg + 2 n0%)] sin w
+w [(7 Cp * 4 ee 6'2) (C; cos w

-ZCZSinZw) + 2C3cosw

2
L L) 2 . (XYY
= Ry Ay
L) 2 . see
o - To ¥
no 1
»  (p-2)
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e
"> T py
'é'o
q = 1 - —_—
eoy
e
-

°p T qv

where all quantities are epoch values.
The secular effects of atmospheric drag and gravitation

are included by
i Y # iy 18 = [ = gl = 5000

&= g # By TL = 0L~ g6 = 1000
# 0 06 =55 8 eere B | %5 (8 =%
g o 3 2 0

w =
o
GEn el Tt =g 8d=2x00 20, € =5
o) 1 o) 3 ng 1 2 0
TIRII LTI 1 N 1T 1 " n
o o] o) 1 1 0o S no" 1
+ MZ (t - tO)
where .
n
- O _ 1 - . P+l
Zl 57 {(t tO) * VTEITT [(1 Y(t tO)) 1]} .

n

If drag is very small (n
)

+ less than 1.5 x 10'6/min) then the
secular equations for n,e, and Z1 should be replaced by

1

- "o 2 -
n n n (t to)
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H+. -
g = B e (t to)

1 A
q=3 8, (£ = to)

where (t - to) is time since epoch and where

. 2 By
e - g nov (1 eO) .

Solve Kepler's equation for E by using the iteration

equation
E1+1 - Ei * AEl
with
M+ e sin E. - E.
AE. = = &
1 1 - e cos E.
i
and
= . 1 .2
E1 = M+ e sin M + 5 e” sin 2M .,

The following equations are used to calculate preliminary
quantities needed for the short-period periodics.

k
a= (2?3

g = (1 - e2y1/2

B sin E
1 - e cos E

san. '

cos E - e
1 - e cos E

)
]
7]
H
1]



' " T +ecos £
4 =« B 8¢€ gin §
B8
. 2
w e R a8
(k) =
K _
5r=%——27-[(1 - 62) cos 2u
aB
&3 (L = 389 = & féxg sin i_ sin u
4 2 o}
k A
§r = - n (-Ia:)z[—% (1 - ez) sin 2u + %——%—'ﬂsin io cos u]
ag 2
k A
§I = © [-:2(’——-%—4sin i0 cos 2u -%—3-'0—2e sin w]
a“pg kZaB
. 5.9 ” sinio
G(Tf) = (?) §r + na (?) ——7r~— 61
1 ¥, 1 2
su = > [ (1 - 767) sin 2u - 3 (1
2 a284 2

-56%) (£ - M + e sin £)]

1L %50
3-—'—2-[:;in i,y cos u (2 + & cos £)
ag

1 92

) e :
2 sin 1o,f2 cos 1072

e cos w]

k
_ LS i el o
S\ = 5 ZTEI [7 (1 + 66 76 ) sin 2u

-3 (1 +20 - 58%) (f-M+e sin )]

L]
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1 73,0 o s eb
¥ ;_LET sin 1 [1 5 Cos v
2a

- (2 + e cos f) cos u]
The short-period periodics are added to give the
osculating quantities
r = " + 4§71
r=r1"+ 6T
rf = (r£)" + §(rf)
7y * sin io/Z sin u + cos u sin io/z Su

+

N =

gin u cos iO/Z 81

<
w
1}

= sin 10/2 cos u - sin u sin io/Z Su
¥ = cos u cos i /2 6I
2 o)
A =u+ Q + 6\ .

Unit orientation vectors are calculated by

Ux = 2y4 (y5 sin A - Y cos A) + cos A

Uy el (y5 cos A + y, sin A) + sin A
'Uz = 2y, cos 1/2

Vx = Zy5 (y5 sin A - Y, cos A) = sin A

Vy =-2y5 (ys cos A +y, sin A} * €08 A

Vz = Zys cos I/2
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where

cos T/2 =-\/i-y42 - ysz .

Position and velocity are given by

¥ =iy

1=

n
e
(=]
+
e
H
<

3

A FORTRAN IV computer code listing of the subroutine

SGP8 is given below.
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R o SO = WO TP v et- - < - v . - - - -

1 * SGPA s 8Tt Ly

2 SUBROUTINE SGP3(IFLAG,TSINCE) . - ' .
3 -  COMAONLELLXMO s XNODEQ »OMEGAOSED o X INCL aXND X DTQ0 oo e
4 1 ANDDAO,BSTARSIX#Y#2sXDOTHAYOOT»2ZDQTL,EPCCH,DSSD
S COMMON/CILCK2aCKASEIAL,AQAS2T S o T-CTHRD S — i e 5 s - s
6 1 XJ3,XKEZXKMPER,XMNPDA,AS
e DQUBLE-RPRECISLON-—ZROLA,DSSE T — e,
3 DATA RHO/.15596615/
e) - e sou
10 IF (IFLAG LEQ, J) GO T 100
11 oy ——_—_—
1.2 * RECOVER ORIGINAL MEAN MOTION (XHNOODP) AVJ SEﬁIIAJOR AKLS (AOuP)
=13 * ERON INPUT ELEMENTS ========= CALCULATE JALLISTILC- COCEETCLENTx ==
14 * (B TERM) FROM INPUT B8* ORAG TERM
15 S
16 A1=(XKE/XNO) *#*TOTHRD
17 COSI=COSEXINCLY pesmsemn e e e
18 THETA2=C0SI*COSI
19 ITITHAUNSI _xTHETAZ2=1, E— e
20 EOSQ=EO0*EO
21 3ETAQ2=1_-EQSQ o i
22 3ETAQ0=SQRT(BETAO02)
2.3 DEL1=1_S*CK2*TTHMUN/ (AT *A1*SETAQASETAQR) I -
24 AO=AT1*(1,-DELT1*(,S*TOTHRD+DELTI*(1.+134,/31.4DEL1)))
25 DELO=1 .S *CK2*TTHAJUNZ/(AQ*AQ*xSFTAQ*3STAQ2) p—— e
26 AODP=A0/(1,=-DELO)
g XNODP=XNQ/C1.+DELQ) s em m— ==
} 8=2.*BSTAR/RHO
9. B - %
30 * INITIALIZATION
31
32 ISIMP=0
33 PO=A0DP*BETAQ2 R
34 POM2=1./(PO*PQ)
3S SINISSINC(XINCL) I
36 SING=SIN(OMEGAOQ)
37 CO0SG=COS(OMEGAQ) S -
38 TEMP=_S*XINCL
=39 SINIO2=SINCTEMP) . R _
40 COSI02=COS(TEMP)
41 o THETA4L=THETA2**?2 S
42 UNMSTH=1,=-5.*THETAZ2
43 UNMTH2=1.=-THETA2 .
44 A3COF==XJ3/CK2*AE*x*3
4S5 PARDT1=3.*CK2*PO/2*XNQDP . _ .
46 PARDT2=PARDT1*(CK2*P012
L7 __ _PARDT4=1.25*%CK4*POM2*POM2*XN]ODP _ ~ .
48 XMDT1=,5*PARDT1*3ETAQ*TTHMUN
49 XGDT1==-,5*PARDTI*UNMSTH -
50 XHDT1==PARDT1*COSI
B — XLLDOT=XNODP+XMDT1+ R B I . 2
52 2 cD625*PARDT2*BETAO* (13, =73, «THETA2+137 *THETAG) :
S3 _  ___ __ _____OMGDT=XGOT'+ L o
54 1 L0625 +PARDT2#(7.-114.*THETA2+395. kTHETAS) +PARDTL¥ LS . =Tpa® 7
55 2 THETA2+469 *THETAL) - 0
56 XNODOT=XHDT1+

cA



~ - O e W e e

RV

PR = . NtV

S7 1 ( S*PARDI2* (4 _-19 *THETA2)+2 +PARDTLA(E =2 xTHETA2))+«CQSL
58 TSI=1.,/(P0-S) 5 - ‘
59° ETA=EQ#S*TSI _ R B £2 B =
60 ETA2=ETA**?2
61 . _PSIM2=A3S(1 . /(1 =ETA2)) e
62 ALPHAZ2=1.+E0SAQ
63 EETA=EO*ETA o
64 C0S2G=2.*C0SG**2-1,
65 DS=TSI*xPSIM2 = =
66 D1=05/PO
.y &S 02=12.+ETA2A (364, 5*ETALZ) = =z
68 D3SETA2*(15,+42.54ETA2)
(%) D4=ETAA(CS +3.25%ETA2) o
70 831=CK2*TTHMUN
21 82==CK2&xUNMTH2 N
7e 33=A3COF*SINI
L e | CO0=,S*3*RHOXQ0MS2T AXNOLP AAQDPATS [ #x4xPS A2 *x* 3,5 /ASART(ALFHAZ)
74 C1=1.5*XNODP*ALPHA2**2+(C0
y A C4=D1*D3xB2 = & st o s s i
76 CS5=DS*D4*B3
=y 4 [ XNDT=C1*x( p— =
78 1 (2.+ETA2* (3 ,+34 ,*E)SG) +S.*EETAX (4 +ETA2)+3.5%cISAR) +
.29 1. . DlxD2x8%%  CLxCOS2G+CIXSING) e =
30 XNDTN=XNDT/XNODP
.81 g o
82 * IF DRAG IS VERY SMALL, THE ISIMP FLAG IS SET Audv THE
83 _ . * __ _EQUATIONS_ARE_TRUNCATED TO LINEAR VARLATIOQN_IN MEAIN .- .
84 * MOTION AND QUADRATIC VARIATION IN MEAN ANOMALY
s L = — e e
86 IFCABSC(XNDTN*XMNPDA) .LT. 2.16E-3) GO T9 50
87 D6=ETA*(30.+422.S*ETA2) T ———
88 D7?7=ETA*(S5,+12.,5*%ETA2)
-89 08=1.+ETA2* (4 75+ETA2) o
90 C8=D1*D7*B2
-9 _£9=DpS*D3*33 o E— e
92 EDOT==CO=(
9z 1 ETA*(4  +ETA2+EQ0SQA* (1S . 0+Z2 *ETA2II+EQX(S . +15.¥ETAL)S
94 1 D1*D6*31 +
95 1 ___ C8*C0S2G+C9*SING) eras g
96 D20=.S*TOTHRD*XNDTN
9z __ ALDTAL=EQ*EDQT/ALPHAZ et .
98 TSDTTS=2.*A0DP*TSI*(D20*3ETAC2+EQ*EDOT)
99 ETDT=C(EDQI+EQ*TSDITS)*].SI*S N .
100 PSDTPS==ETA*ETDT*PSIM2
101 SIN2G=2 . *SING*CQS3 e w2
102 CODTCO=D20+4 . *TSOTTS—-ALDTAL=7.*PSDTPS
103 CIDTC1=XNDTN+4 . *ALDTAL +CQODTCA ——
104 DI9=ETA* (5 .+68.*E0SQ)+EO*(20.+15.*ETA2)
105 DI10=S *ETA* (4  +ETA2I+EQ* (17 +483 . *FTA2) Y
106 DI1=ETA*(72.,+18.,*xETA2)
107 D12=ETA*(30.+10.*ETA2) = - .
108 D13=5,+11.25%ETAZ
109 . D14=TSDTTS=2.*PSDTPS . B I po—
110 D15=2.*(D20+EQ*EDOT/SETAD2)
1113 . 0D10T=01*(D14+D1%) - — 5 =
142 D2DT=ETDT*D11
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113 D3DT=ETDT*D12

*ETAZ)))
*ETAZ2)))

114 D4LODT=ETDT#D13

1M1 DSDT=DS*D1& R
116 C4DT= 82*(D1DT*03+D1*DSDT)

1177 CS5DT=B3*(DSDT*D4+DS*D4LDT) B

1138 D16=

119 1 DO*ETDT+D1O*EDCT + - }
120 1 B1*(D1DT*D2+D1#D2DT) +

Qi . 1 _C4DT*CO0S253+CSDOTASINGEXGDTI*(CS5*COSG=2.*CoA3IMN2G)
122 XNDDT=CI1DTCT*XNDT+C1%D16

123 _EDDOT=CODTCO*EDOT-CO~(C_ e e

124 1 (4.+3.%ETA2+30., NECTA+EOQSA*(15.5+21 (*ETA2)) *ETOT+(5.+15,
125 . +EETA*(31 ., 414 *CSTA2)) *EDOT +

126 1 B1*#(DI1DT*#DOG+D1*ETDT*(30,.+67.5*ETA2)) +

127 1 B2*(DI1DT*D7+D1*ETDT*(S  +37.5*ETA2)I*COS2G+ .

128 1 B3*x(DSDT*D8+DS*ETDT*#ETAX(13.5+4., *ETA2))#SIMG+AGDTI#(CO*
129 e Y COSG=2.,%CE®SINZG)) peme e e
130 D2S=EDOT*#2

131 D17=XNDDT/XNQDP=XiDTN*x*2 S m——
132 TSODTS=2.*TSDTTS*(TSODTTS~ DZO)+AODP*TJI*(TOTH?D-:tTAOZ*D17 -4,
133 R g __EO*EDOT+2 . *(D2S5+EQ*EDDOT)) o

134 ETDDT =(EDDOT+2.%EDOT#TSDTTS)*TSI#S+TSDOTS*ETA

135 N D18=TSDDTS=TSOTTS**2 RV

136 D19=-PSDTPS**2/ETA2-ETA*ETDOT*PSIM2=-PSDTP3*«?

137 D23=ETDT*ETDT ——_—

133 D1DDT=D10T#C(D14+4D15)+D1#(D13-2.4D19+TOTHRD*D17+2.%(ALPHAZ*D25
139 — ! /BETAQ2+EOQ*EDDOTI/BETAO2) _
140 XNTRDT=XNDT*(2.*TOTHRD*D17+3.*

141 1 _(D2S+EO*EDDOT)/ALPHA2=-6 . *ALDTAL**2 + B

142 1 4,%D18=7,%D19 ) +

143 1 _CIDTCI*XNDDT#+C1*(CIDTCI*D156+ s — o
A 1 DI*ETDOT+D10*EDDOT+D23* (6., +30.*EETA+63.*EDS5Q) +

145 1 ETDT*EDOT*(40.+30,.* R _ _

146 " ETA2+272.*EETA)+D25% (17 . +63.#ETA2) +

147 1 B1*x(D1DDT*D2+2 . *NDI1DT*#D2DT+D1 4 (ETQDT *D11+023+(72.+54.

143 1 B2*(D1DDT*#D3+2.*D1DT*D3DT+D1*(ETODT*D12+023+x(30.+30.

149 1 C0S2G+ I

150 1 B3%((DS0OT*#D14+D5% (D18~ 2.*D19)) *

1597 1 D&t+2.,*D4LDT*DSDT+DS*CETDOT*D13+422 S*ETAXND23)) *3INGHXIDT 1+
%52 1 ((7.*%D20+4 ,*EO*EDOT/BETAQ2) »

1535 ~ y (CS*CQOSG=2 *C&*SIN2G) I

154 ’ +$(C2.#C5DT*#COSG-4o*C4DT*SIN2G) =XGDTI*(CS*SING+b.
155 y C4*C0S2G))) T TR
156 TMNDOT=XNODDT*1,.E9

i 1 — TEMP=TMNDDT**2-XNDT*1, E13*XNTROT _ ___ _____ _ _ _

153 PP=(TEMP+TMNDDT**2) /TEMP

A59 GAMMA==-XNTRDT/(XNDDT*(PP=24)) . __ _

160 XND=XNDT/(PP*GAMMA)

161 QQ=1,.-EDDOT/CEDOT*GAMMAY o . .
162 ED=EDOT/(QA*GAMMA)

163% OVGPP=1./(GAAMA*(PP+1,)) o S

164 GO TO 70

165 S0 ISIaP=1 o e o )

166 EDOT==TOTHRD *XNDTN#*(1.-50)

167 70 1FLAG=0

*ETA2

i[))"

+

*



B e 2 FETOUPROSU U SRR TSI 2 Tt e St Bl e it bt~ db s — PRTE - - U 5. TN

169 * UPDATE FQR_SECUI AR GRAVITY AND ATMOSPHERIC DRAS

170 ‘ 8

ty 74 (e  100_XMAM=FMOD2R(XMO+XLLDOT#TSINCE)  — e e
172 OMGASM=0OMEGAQ+0MGDT*TSINCE

i I 4. PR CR— _XNODES=XNOQDEQ+XNODOI*TSINCE . .. ; = oo e
174 IFCISIMP .EQ., 1) 50 TO 105

175 TEMP=1.=-GAMMA*TSLICE ———
176 TEAP1=TEMP**PP

1272 XN=XNQODP+XND* (1 ~TEMPT)

178 EM=CQ+ED* (1, -TEMP**QQ)

179  71=XND*(TSINCE+QVGPP*(TEMP*TEMPI=1.2) . -

180 G0 TO 108

181 105 XN=XNODP+XNDTI*TSINCE B
182 EMSEQ+EDOT*TSINCE

1383 21=s.5*XNDT*TSINCF*TSINCE T
184 108 27=3.5*TOTHRD*Z1/XNODP

185 XMAMSFMQOD2P ( XMAM+2Z1+27*XMpT1)

185 OMGASM=0OMGASM+Z7*XGDT1

2 8,7._.__.____._.~_)LNQD.ES_=_LNQD_ES_*ZZ*XHDU eyl ez
188

189 * SOLVE _KEPLERS_EQUATICN = R _
190

191 S 2C2=XMAM+EM*SINC(XMAM)* (1 AHFEMHCOSCXMAMY) L. o
192 p0 130 I=1,10

193 SINE=SINCZC2) e
194 COSE=C0S(2C2)

195 20531 ,./¢C1.~EM*COSE) o

196 CAPE=(XMAM+EA*SINE=-2CZ) *

167 1 2CS+2¢C2 o ! e
198 IFCABSC(CAPE-2C2) .LE. E6A) GO TO 140

199 130 2C2=CAPE e
2.00

201 * SHORT PERIQD PRELIMINARY QUANTITISS .

202

203 140 AM=(XKE/XN)**TOTHRD ___ e - =

204 BETA2M=1,-EM*EM

205 SINOS=SINCQMGASM) - B}
206 C0S0S=COS(OMGASM)

207 _ _ _AXNM=EM*COSOS _ et —_ ey 3 S

208 AYNM=EM*SINOS

209 ... .. PMSAM*BETA2M . - e e e

210 G1=1./PM

211 G2=,5*CK2*G1 p—
212 G3=G2=*G1

218 __ _BETA=SQRT(BETARW) o

214 G4=,25*A3COF*SINI

218 . GS5= . 254R3COFRGL. .. . . Ne—

216 SNF=3ETAXSINE*ZCS

217 CSF=(COSE=EM)*ZC(CS pe ——
2138 FM=ACTANCSNF,CSF)

219 SNEG=SNE*#COSOS+HCSE*SINOS . . . . o bo o o o

220 CSFG=CSF*COSOS-SNF*SINOS

AT e SNZEICED SSNEGECSFD e . Siine

222 CS2F2G=2.*CSFG**x2-1,

223 ECOSF=EM*xCSF B
224 G10=FM=XMAM+EM*SNF
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e e @ - : PO S : : % e = 5 A e R AP

2295 RM=PM/ (1 .+ECQSED

226 AOVR=AM/RM ; 3

22T o —G13=XN*AQUR ST U
223 G14==-G13*A0VR

229 . DR=G2A(UNMTH2*(CS2F25=3+ AT THAUN)=GLXSLES et ety [
230 DINC=3,*#G3*SINI*CS2F2G=GS*AYNAM

231 DI=0TWCxCOS] 0 T pv—— r————
232

233 * UPDATE FQOR _SHORT SPERIQD PERIIDICS B e

2 3:4

239 SNIZ2DU=SINIQ2%*( N, A o,
2356 1 GI%L o S*{1.~7T<*THETAZ2) #SN2F2G =3, 2UNASTH#G10Y=55«SINI*#CSFG*{2.%
232 2 ECOSE))= _S*3S*TAFTA2 * AXAMLZCOSLO2 ey e s e —
258 XLAMB=FM+OMGASM+XVODES+G3*#( 5+« (1 . +46.*#COSI=7 ,*#THCTAZ2) *3SN2F2G=5.%*
239 1 (UNMSTH+2 *#COSII*G10)+55*#SINI* (COSTI*AXNM/ (T, +COSI)=(2.. - —.
240 2 +ECOSF)*CSFQG)

241 YosSINIO2*SNEGERLSEGASNI2DUE -SASNEGRCDOS LI RD L s o =0 5m @0 =
242 YS=SINIO2*CSFG-SNFG*SNI2DU+.S5#CSFG54COSI02+D1I

243 R=RM+0OR E e

244 RDOT=XN*AM*EM*SNF/BETA+G14* (2, *G2*xUNMTH2+*SN2F2G +54*CSFG)

245 RUDOT=XN*AM**2 * 3ETA/RM+ .

248 1 G14*DR+AM*GI3*SINI*DIWC

24l 5 = o _—

248 * ORIENTATION VECTORS

249 T

250 SNLAMB=SIN(XLAMZ)

251 CSLAMB=C0S(XLAM3) . oo . Svv——— . ——
252 TEMP=2 ,* (YS*SNLAM3-Y4*CSLAMG)

253 UX=Y4*TEMP+CSLAMS o e s —
254 VX=YS*TEMP-SNLAM3

2595 TEMP=2 . * (YS*(CS| AM3+Y4*SNIL AMB) o
256 UY==Y4*TEMP+SNLAM3

297 VY==-YS*TEMP+(CSLAMAB S
258 TEMP=2 ., *#SQRT(1.-Y4*Y4=YS*xYS)

259 UZ=Y4L*TEMP ERSEE——

260 VZ=YS*TEMP

i R — - Y Y Y _

262 * POSITION AND VELOCITY

263 e

264 X=R*UX

2BS. o YSREQY. oo e =
266 Z=R*UZ

267 XPDOT=RDOT*UX+RVDOT *YX o
263 YDOT=RDOT*UY+RVDOT*VY

269 . IDOT=RDOT*UZ+RVDOT*VZ_ . —

270

201 _  RETURN___ g, e o

272 END




9. THE SDP8 MODEL

The NORAD mean element sets can be used for prediction
with SDP8. All symbols nof defined below are defined in the
list of symbols in section twelve. The original mean motion
(no") and semimajor axis (ao") are first recovered from the

input elements by the equations

k
= (-&)2/3
a1 (no)
k (3 cosz §. = 1)
5y = 5 = 7372
1 2 Z
a; (1 € )
il 7 134 3
a, =y = g8y =8 = a9y
5 % k2 (3 cos io -1)
o 2 ex 0] L
a €1 €5 )
n
n" = o
o] 1 + 30
5 1 i D
0 T_T—F; .

The ballistic coefficient (B term) is then calculated from

the B* drag term by

B = 2B*/po

where

o, = (2.461 x 1075) XKMPER kg/m’/Earth radii
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is a reference value of atmospheric density.

Then calculate the constants

. 3 nnkz

3 ® =g =gty = 395
‘ aHB

=
]

)

n"k -

A8 -1k 56%)
al'

n"kz
Q. = = 3 —=7 ©
1 a" B

2
"k
8 e ) 2 4
M, = 7.7 (13 - 786% + 1378™)
B = E:;Z; (7 - 11482 + 3950%)
2 16 a|' B
n"k
« 3 4 (3. 3602 + 490%)
1 5.8
a'"g
3 3 n"kzz 2 5 Nk, 2
0. B (4 = 196% ) * 2 6 (3 - 76°)
277 4,8 Z g8
L = no” # M1 + M2

R = Ql o Qz
d
E =
anBz_s
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n = esg
y = Vl-nz
az = 1+e2
C.=5Bp (q, - 5)4
0 2 0> '0
-
Cl 7.1'1 a CO
D, = &b %/a"s?
D, = 12 + 36n% + % n?
_ 2.5 .4
D3 = 157\ + -2'
D, = 5n + 2 n’
-
Ds = EIP
5. w2k 71 = 5%
1 2
B ol 00 = 82
2 2
A
B, = —%;9 sin i
C, = DyD3B,
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Cs = D, D.B

3 45" 3
ﬁo e C1 {2 * 3n2 + 20en + Sen3 4 %;ez
+ 34e%n? + D,D,B;+ C, cos 2u + C; sin w)
éo=-§f‘—1n(1-e)

where all quantities are epoch values,
At this point SDP8 calls the initialization section of DEEP

which calculates allinitialized .quantities needed for the

deep-space perturbations (see section ten).
The secular effect of gravity is included in mean anomaly
by
MDF=M0+z(t-tO)

and the secular effects of gravity and atmospheric drag are

included in argument of perigee and longitude of ascending

node by
w = w, ot @ (t - to) + él Z7
= 9 +0Q(t-t)+0 2,
where
Zy = 5 Zy/n,"
with

™3
1]
3 o

. : 2
n, (t - to) .



\

Next, SDP8 calls the secular section of DEEP which
adds the deep-space secular effects and long-period
resonance effects to the six classical orbital elements
(see section ten).

The secular effects of drag are included in the

remaining elements by

n = Npg * B (Lt = to)
e = epg 8, (t - to)

M=M * Z1 » MIZ7

DS

where Npgs €pgs MDS are the values of N,s €40 MDF after
deep-space secular and resonance perturbations have been
applied.

Here, SDP8 calls the periodics section of DEEP which
adds the deep-space lunar and solar periodics to the orbital
elements (see section ten). From this point on, it will be
assumed that n, e, I, w, & and M are the mean motion, ec-
centricity, inclination, argument of perigee, longitude
of ascending node, and mean anomaly after lunar-solar
periodics have been added.

Solve Kepler's equation for E by using the iteration

equation
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with

M + e sin E. - E.
i i

AEi - 1 - e cos Ei

and

E1=M+esinM+1/2ezsin2M,

The following equations are used to calculate preliminary

quantities needed for the short-period periodics.
k

2
20
=l = e2 1/2
. _ Bsin E
sin £ = 1 - e cos E
_ cos E -e
cos f = 1 - e cos E
u=f£f+ow
oo a8
1 +ecos f
%"=% sin f
X 2
.~ _ nhaB
e 3 R
k
§r = %——57 [(1 - 62) cos 2u
aB

A
2 173,00 s .
# 3 (1= 30")] = 3'—E;— sin i sin u
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. .
6t = - n & [-%7 @ - 8%) sin 2u
ag

Al
+ % —%?g sin io cos u]

§I = 8 [é kz sin i_ cos 2u - 3 A3 0 e si ]
7 77,4 0 0=
aB kZaB

s sin i 4
§(rf) = ~ n (%)2 ér + na (&) ——2 oI

k
i | <
Su = 5 —%—T L% 1 - 702) sin 2u - 3 (1

a“"g

- 56%) (f - M+ e sin )]

Wi
- g —t—lsin i  cos u (2 + e cos f)
ag

T 62 0s w]
2 sin 1./2 cos 1.72 ¢ ¢
(o] 0
s = 1 . (L 1+ 66 - 76%) sin 2u
2 5284 2

-3 (1 + 26 - 58%) (£ - M+ e sin f)]

A
: : : 0
+ % ;§:§7-51n : [T_%_§ cos w
2

- (2 + e cos f) cos u]

The short-period periodics are added to give the

osculating quantities

T m xW & 5T
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. .
=" + §r

e

£ = (zf)" + S{¢L)

= gin I/2 sin u + cos 10/2 Su

<
&~
1}

A .
*+ 7 sin u cos 10/2 §I
i sin I/2 cos u - sin u sin io/Z Su

1 7
+ 5 €Os u cos 10/2 §I

)\=u+Q+6>\,

Unit orientation vectors are calculated by

Ux = Zy4 (y5 sin A - Y4 €Os A) *# cos A
Uy = - Zy4 (yS cos A + y, sin A) + sin A
U, = 2y, cos 1/2

Vx = Zy5 (y5 sin A - Y4 €Os A) - sin A
Vy = - Zy5 (ys cos A * Y4 sin A) + cos A
VZ = Zys cos 1/2

where

cos I/2 =1V[1 - y42 - ys2 .

Position and velocity are given by

r =%0

——

r =10+ rfy ,



A FORTRAN IV computer code listing of the subroﬁtine

SDP8 is given below.
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1 * SOP3 14 NOvV 80
Z SUBROUTINE SDPS(IFLAG:TSINCE) :
3 COMMON/E1/XMO’XNODEO'OWEGAOIEOIXINCL'XNOIXNDTZO) a
[A 1 XNDDGO,BSTAR,X,Y»2,X00T,YDOT,2D0T, EPOCH,DSS50
5 COMMON/C1/CK2,CKL,EOA,QOMS2T+»S»TOTHRD, "
) T XJ3,XKE,XKMPER, XMNPD A, AE N
7 DOUBLE PRECISION EPOCH,DSSO
8 DATA RHO/.T156966157 o
9 ;
10 IF (IFLAG .Ea@, 0) GO TO 100 o
11
12 * RECOVER ORIGINAL MEAN MOTION (XNODP) AND SEMIMAJOR AXIS (AQDP)
13 * FROM INPUT ELEMENTS ======- -- CALCULATE BALLISTIC COEFFICIENT
14 * (B8 TERM) FROM INPUT B* DRAG TERM
15
16 AT=(XKE/XNO)**TOTHRD
17 COSI=COS(XINCL)
18 THETAZ=COSI*COSI ’
19 TTHMUN=3 ,*THETA2-1.
20 EOSQ=EQO*EQ
21 BETAQZ2=1.-EOSAQ
A BETAQO=SQRT(BETAOZ) -
23 DEL1=1.5*CK2*TTHMUN/ (AT1*A1*3ETAQO*BETAQ2)
24 AOSAT*#(T.=-DELT*(.S*TOTHRD+DELT*{T #1344, /8T, *DELT)))
25 DELO=1,5*CK2*TTHMUN/ (AO*AQ*3ETAQ*BETAQ2)
0 AODP=A0/(T.-DELDOJ o
27 XNODP=XNOQ/(1.+DELO)

— 28 B=Z.*8STAR/RHO )
29 2
SU * INTITIACTIZATION
31
e PO=A0DP*BETAUZL 3
33 POM2=1./(PO*PO)

34 SINI=SSINUXINCL)
35 SING=SIN(OMEGAOQ)

COSG=COS(OMEGAO)
TEMP=,5*XINCL
SINIOZ=SINCTEMP)
COSIVU2=COS(TEMP)
THETAL=THETAZ * *¢
UNMSTH=1.,=-5.*THETAZ
UNMTHZ=T.-THETAZ
A3COF==XJ3/CK2*AE**3
PARDTT=3,*CKZ*POMZI*XNODP
PARDT2=PARDT1*CK2*PQOM2
PARDTL4=T . 25*CK4*POMZ*POMZ*XNODP
XMDT1=,5+*PARDTI1*BETAO*TTHMUN
XGDTT==,5*PARDTT*UNMSTH
XHDT1==PARDT1*COSI
XLLDOT=XNODP+XMDTT+

W
~

H
—

wvi Ui U‘I-“Abbbhbh H W W N

51 2 0625 *PARDT2*BETAQO*(13,-78.*THETA2+137 ,xTHETA4)
OMGDT=XGDTT+ T
1 «0625*PARDT2*(7.=-114 . *THETA2+395, *THETA4)+PARDTL*(3 =36
54 p. THETAZ2+4L9 _*THETAG)
55 XNODQT=XHADT 1+
56 T (.S5*PARDT2*(&4.-39.*THETA2)+2 .*PARDTL* (3, -7 . *THETAZ2) ) *COSI

1




TSI=1./(P0O=S)

S3 ETASEO*S*TS1 . . L
S9 = ETAZ=ETA**2 :
60 PSIM2=ABS(1./(T,=ETAZ)) )
61 ALPHA2=1,.+E0SQ
- T EETASEOXETA
63 C0S2G32.*COSG**2~1,
YA D5=TSI*PSIM2
65 D1=DS5S/PO
Y D2=12.+ETA2*(36.+4,5*ETA2)
67 D3=ETA2*(15.+42.5*ETA2)
T 68 D4L=ETA*X(5.,+3.75%ETAZ) ) N
69 B1=CK2*TTHMUN
70 B2=-CK2*UNMTHZ
71 B3=A3COF*SINI
72 CO=.5*B*RHO*QOMS2TAXNODP*AQDP*TSI**4*PSIM2**3,5/SQRT (ALPHAZ2)
73 C1=1.5*XNODP*ALPHA2**2*C0 B
0k C4=D1*D3*B2 - -
75 C5=D5*D4*B3 )
76 XNDT=C1*( SR o
77 1 (2.+ETA2*(3,+34.*E0SQ)+S. *EETA*(4  #ETA2)+8,5*%E0SQ) +
78 1 DI*D2*B1+ C4*COS2G+CS*SING) o -
79 XNDTN=XNDT/XNODP
80 EDOT=-TOTHRD*XNDTN*(T,-EQ) i T
81 IFLAG=0
872 CALL DPINIT(EOSQsSINI»COSI,BETAO,AODP,THETAZ,SING,COSG, -
83 1 BETAQ2,XLLDOT,OMGDT,XNODOT,»XNODP)
B4
85 * UPDATE FOR SECULAR GRAVITY AND ATMOSPHERIC DRAG
i LT )
87 100 Z1=.S5*XNDT*TSINCE*TSINCE
88 I7=3.5*TOTHRD*ZT/XNODP -
89 XMAMDF=XMO+XLLODOT*TSINCE
T 90 OMGASM=0OMEGAOFOMGDT*TSINCE+Z7*XGDT1 —
91 XNODES=XNODEO+XNODOT*TSINCE+Z7*XHDT1
92 XN=XNODP P
93 CALL DPSECC(XMAMDF,OMGASMsXNODES,EMs XINCHXN,TS INCE)
9% XN=XN+XNDT*TSINCE
95 EM=EM+EDOT*TSINCE
96 XMAM=SXMAMOF+ZT+Z 7 *XMDTT
97 CALL DPPER(EM,XINC,OMGASM,XNODES,XMAM)
98 XMAM=FMODZP (XMAM)
99
TOU * SULVE KEPLERS EQUATION
101
10 IC2=XMAMFEM*STIN(XMAMI* (T, +EM*COS{XMAM))
103 DO 130 I1=1,10
TU4 SINE=SIN(ZCZ)
105 COSE=C0S(2C2)
— 1J0 ZCOET /7 CT.~EM*COSE)
107 CAPE=(XMAM+EM*SINE=-2C2)*
—1038 1 TCo#IC2
109 IF(ABS(CAPE-2C2) .LE. E6A) GO TO 140
Sl i 0 T30 ZCZ=CAPE
114
e * SHORT PERIOD PRECIMINARY QUANTITIES =

66




113

1% TLZ0 AM=(XKE/XN)**TQOTHRD :
115 - BETA2M=1.,=EM*EM
116 SINOS=SINCOMGASM)
147 COS0S=COS(OMGASM) o
118 AXNM=EM*C0S0S
119 AYNM=EM*SINOS
120 PM=AM*SETAZM
121 G1=1./PM B
1272 GE2=.D*(CK2*G 1
123 G3=62*G1
124 BETA=SGURT(BETAZM)
1259 G4=,25*A3COF*SINI
126 G5=.25*A3COF*G1
127 SNF=BETA*SINE*ZCS
—1238 CSF=(COSE=-EM)I*ZCS
129 FM=ACTAN(SNF,CSF)
T30 SNFG=SNF*COSOS*+CSF*SINOS o
131 CSFG=CSF*COSOS-SNF*SINOS
132 SN2F26=2.*SNFG*CSFG
133 CS2F2G=2.*CSFG**x2=-1,
T 13% ECOSF=EM*CSF -
135 G10=FM=-XMAM+EM*SNF
136 RM=PM/(T.+ECOSF)
137 AOVR=AM/RM
T38 sr3=xn+*AOVE
139 G14=-G13*A0VR
140 DR=GZ*(UNMTHZ*CS2F2G-3.*TTHMUN) -G4*SNFG
141 DIWC=3.*G3*SINI*CS2F2G=GS*AYNM
o i DI=DIWC*COST -
143 SINI2=SIN(.S*XINC)
T4 4
145 * UPDATE FOR SHORT PERIOD PERIODICS
146 R
147 SNI2DU=SINIO2*(
" T48 T G3*(.5*(To=7-.*THETAZ) *SNZF2G-3.*UNMSTH*GTO)=GS*SINI*CSFG~(2.+
149 2 ECOSF))=.5*GS*#THETA2*AXNM/ COSIO2
150 XLAMS=SFM+OMGASMF*XNODES+G3* (. 5*(T1.+6.*COSI -7 .*THETAZ) *SN2F2G-3.*
151 1 (UNMSTH+#2.*COSI)*G10)+GS*SINI*(COSI*AXNM/(1.+CO0SI)=-(2.
=452 2 +ECOSF)I*CSFG) T
153 Y4=SINI2*SNFG+CSFG*SNI2DU+,S*SNFG*COSI02*DI
—15% YS5=SINIZ*CSFG-ONFG*SNI2DU+.5*CSFG*COSI0Z2*DI
155 R=RM+DR
T5% RDOT=XN*AM*EM*SNF/BETA+GTL*(2.*G2*UNMTHZ*SNZF2G+G4*CSFG)
157 RVDOT=XN*AM**2«BETA/RM+
“58 1 GTLADR+AMAGTISI*SINI*DIWC o
159
160 * ORIENTATION VECTORS -
161
T62 SNCAMB=S INUXLAMB)
163 CSLAMB=COS(XLAMB)
—T64 TEMP=2. *(YS*SNLAMB=Y4*CSCAMB) "
165 UX=Y4L*TEMP+CSLAMB
166 VX=YS*TEMP-SNLAMB ~E.
167 TEMP=2 ,*(YS*CSLAMB+Y4L*SNLAMB)
168 UY==Y4*TEMP+SNLCAMB




169 VY==-YS*TEMP+CSLAMB
i BT 0] TEMP=Z..*SART (T . ~V&4*xY4=Y5*YS)
1721 UZ=Y4*TEMP
L - VZI=SYS*TEMP
173 _
—TI7% POSITION AND VELOCITY
175
76 X=R*UX
177 Y=R*UY
BES 4} I=R*Ul
179 XDOT=RDOT*UX+RVDOT*VX
— 180 YDOT=RDOT*UYFRVDOT*VY
181 ZDOT=RDOT*UZ+RVDOT*VZ
182
183 RETURN
8% END T
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10. THE DEEP-SPACE SUBROUTINE

The two deep-space models, SDP4 and SDPS8, both access
the subroutine DEEP to obtain the deep-space perturbations of
the six classical orbital elements. The perturbation
equations are quite extensive and will not be repeated here.
Rather, this section will concentrate on a general description
of the flow between the main program and the deep-space sub-
routines. A specific listing of the equations is available
in Hujsak (1979) or Hujsak and Hoots (1977).

The first time the deep-space subroutine is accessed 1is
during the initialization portion of SDP4/SDP8 and is via
the entry DPINIT. Through this entry, certain éonstants
already calculated in SDP4/SDP8 are passed to the deep-space
subroutine which in turn calculates all initialized (time
independent) quantities needed for prediction in deep space.
Additionally, a determination is made and flags are set con-
cerning whether the orbit is synchronous and whether the
orbit experiences resonance effects.

The next access to the deep-space subroutine occurs
during the secular update portion of SDP4/SDP8 and is via
the entry DPSEC. Through this entry, the current secular
values of the "mean'" orbital elements are passed to the
deep-space subroutine which in turn adds the appropriate
deep-space secular and long-period resonance effects to these

mean elements.
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1. Following line 6, add the following line

COMMON/C2/DE2RA, PI, PI02, TWOPI, X3PI02

2. Following line 297, add the following &4 lines:
IF(XINC .GE. 0.) GO TO 90
XINC = =XINC
XNODES = XNODES + PI
OMGASM = OMGASM - PIL

3. Modify line 298 to become statement label 90.




- deeime TP @S-

P Lot 4 T Sl

PR

e o — —— #1

2 3N

1 * DEEP SPACE

2 SUBROUTINE DEEP -

. co:a:wm./euxnapxuoaao,3;4es.ao.eo,umu.x:wmmth. g e e

4 1 XNDDéOlBSTARlX:Y'ZIXDOTlYD\)TaZOOTIEPJCdIDSSQ

Seopa coMMONZLCLL CK2+CKbs ES«A-A—J-'J&S-ZJ—:—S S TOTHUR I g eee—mimemtmr an =

b, 1 xJS'XAE;XKMPER,XHNPDA,AE

B AT _.______——DO.UALE..E.RELLS_L&LL_iB-C Ci.235C o S

3 DOU3LE PRECISION

9 x DI\-!;-9RE.ERA-)LNO-DLE-»A-LL&E_*&E-L-T—AA-J—I-S-:‘»S-I&P-Z-'S—I-L’.P-.\‘p STEPP o e
| 0 DATA NS, C1SS» ZES/

\1 A - 1 -19-!6-5—9-5--‘-‘-5 &-—_———2'-9—-‘»6-5»—2—'17—5-!’ 6;——'«'21575 / . e————— -
12 DATA INL, CiLe. zeL/

13 A 1 58352135 =be 4 2263035 E=24 154334 — - —-—
14 DATA 2COSISe ZSINIS. ISINGS/

1.5 A 912443674 33235415+ =.285384584 -~
16 ‘DATA 2C0SGS~» ZCOSHS» 1S INHS/

12 A = .1945905, ~.-—_L.-ll,.——~_»._._-.--.n-_0.O/ e

18 DATA 02210310033/1.7391679E-6'2.14607‘03E‘502.21250155“7/
.J_9,..___-_____,.__—D.AI.!\._GZZ¢GS2/-5-7_63.6-3-9-54.C.515.2103&9.8[—.__..-______..___ gl Y TET _
20 DATA 644,65211.3014993,1.0508330/

i 2y ATA_GS4 16, 4108393.L sese e — -

22 DATA ROOTZZ,ROOYSZH.7891679E-6,3.7393792E—7/

2.3 D.AIA_.RDO.I_L.A.@RQOI.SZ1..2,3»65559.53&-.9—-‘@1-&.?.86.&.9 -y 2 S bR

24 DATA RO0T54/2.1765803&-9/

4 DATA _THDT/& 325 2691E=51 e B e
26

b 1 A .-_.__EbL‘LRA.NLE_F.O LDf.EP__SEACE__LMLLLAL 1.ZAT LI e S

2t
29 e ___,-:..__._ENTLY__,QE_LN 1TCEQ SQ.SINIQLCAQS] 2,RIEQSG, AD,C0SQ2,S IN0M0, C0S0M0.
30 1 BSQ,XLLDOT;OMGDT’XNODOT'XNODP)
3 IHGR=IHETAG(EPOCH) = = R
32 B EQ = EO ~
31 (O e NQ_= XNODP e R e e S
34 AQNV = 1./A0

i, (o XQANCL = XINCL | —— .
36 XMAQ=XMO
Y _.)(B_LDQ.T.=.QI!I.GDL+_XNDD.OT o e

33 SINQ = SINC(XNCDEQ)
39— S, o2 §. Q_=_C0S(XNQDEQ) e , =
40 OMEGAQ = OMEGAO

Sk

l.% * INITIALIZE LUNAR SOLAR TERMS

b S

A S DAY=DS50+18261.500
45 IF (DAY.EQJ.PREEPR) ga _10.1C . -

L6 PREEP = DAY
47 Xﬂ.Q.DI..F.;é.5.25.6.(12&:_9.._2.422&&9&-.5'_D_AY e T o
43 STEM=DSIN (XNODCE)

49 CTEM=DCQS (XMNODCE) —rr—

50 zcost=.91375164-.03563096~crem
.31 ZS_I_"‘_LLE_S_.Q.B_I_.SJ_.:_Z_C_OALL__Z* COSTL) o e

52 ZSINHL= .089683511*STE?4/ZSINIL

. N _,,___*,___LC_QSHL,=.S,QRI__(_L,.—_Z.S,.LNHL?'_ZS-LNHLL_._..__ T

54 c=6.7199672+.2299?1S’)*DAY
=9 GAM=2S5.83%15146¢% D01946463680+DAX e e e
-56 IMOL = FMOD2P (C=GAM)

e o = et s = &

s



The last access to the deep-space subroutine occurs
at the beginning of the osculation portion (periodics ap-
plication) of SDP4/SDP8 and is via the entry DPPER.
Through this entry, the current values of the orbital
elements are passed to the deep¥space subroutine which in
turn adds the appropriate deep-space lunar and solar
periodiés to the orBital elements.

During initialization the deep-space subroﬁtine calls
the function subroutine THETAG.to obtain the location of
Greenwich at epoch and to convert epoch to minutes since
1950, All physical constants which are unique to the deep-

space subroutine are set via data statements in DEEP rather

than being passed through a common,

A FORTRAN IV computer code listing of the subroutine
DEEP is given below, These equations contain all currentiy
anticipated changes to the SCC operational program. These

changes are scheduled for implementation in March, 1981.
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57 IX= .39785416#*STEM/ZSINLL

53 Y= zcosaL*crem*o 91744367*2ZSINHL*STEM ’ :
59 IX=ACTANCZX,2Y) . e e S
60 IX=GAM+2ZX=-XNODCE
S o 2COSGLECOS.CIX) e
62" ISINGL=SIN (ZX)
6.3 21105=26.256583700+.017201972702*DAY S )
64 ZMOS=FMOD2P(ZM0S)
S T SN
66 * DO SOLAR TERAS
1 - If S e o e . NE———
68 10LS =0
_69 SAVISN=1.020 T
70 2C0SG=2C0SGS
e | _ ZSING=ZSINGS I
72 2C0SI=2ZCOSIS
73 ISINI=ZSINIS .
74 2COSH=C0SQ .
75 ZSINH=SINQ e —_—
76 CC=C1SS i
YAr: o IN=ZNS e—
78 ZE=2ES
79 . IMQO=ZMOS. I
&o XNOI=1./XNQ
81 ASSIGN 30 TQ LS _ - oy s
82 20 A1=2COSG*2COSH+ZSING*ZCOSI*ZSINH
85 A3=-ZSING*ZCQSH+ZCOSG*ZCQSI*ZSINH —
84 A7=-2COSG*ZSINH+ZSING*ZCOSI*ZCOSH
89 A8=ZSING*ZSINI o s
86 A9=ZSING*ZSINH+ZCOSG*ZCOSI*ZCOSH
87 A10=2COSG*ZSINI R
83 A2= COSIQ*A7+ SINIQ*AS
N - | S ___A4= COSIQ*A9+ SINIQ*A10 o s
90 AS5=- SINIQ*A7+ COSIQ*A3
91 s Ab==_ SINIQ*A9+ COSIQ*xA1D o
92 C
93 X1=A1*COSOMQ+A2*SINJIM) R
94 X2=A3*COSOMO+A4L*SINOMO
9s . __X3==A1*SINOMO+A2*C0SOMQ s :
96 X4=-A3*SINOMO+A4L*COSOMO
.y - . XS=AS5*SINOMO o — _ e
93 X6=A46*SINOMO
_99 X7=AS*COSOMO I
100 X8=A6*COSOMO
101 . . . R
102 231=12.%X1*X1=-3,#X3*X3
103 232224 *X1*X2=5 *X3*X4 - S :
104 233=12,.%X2*X2=3.*Xb*X4
P i ) e Z21=3.*%CA1*AT+A2*A2) +7 31 *EQSQ_ T T
106 22=6.*(AT*A3+A2*A4) +232*EQSQ
107 . 23=3,.*(A3*xA3+AL*AL)+233*xEQSA L
108 Z11==6.*AT*AS+EQSQ * (=24 . *X1*X7=6,%X3%X5)
109 212==6* (AT XALF+AIXAS)IHEQSG * (=24 *F(X2*¥XT7#+XTAX3) =5 ¥ (X3*XO+X4L*X5))
110 213==6.*A3*AL+EQSA * (=24 ,*X2*4XB=6 % Xb*X5)
an 22136 *A2*AS+EQSQ _* (24 , #X1%X5=6 *X3%*X7) e ;
142 22226 % (AL*AS+A2*AK) FEQSA * (24 . * (X2*XS+X12X6) =6, P (X4AXT+X3%X3))
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.13 123=4 > AL*AG+EQSQ_* (2L *xX2*X&~(  *#XE*X3)

114 21=21+21+8SQa*231

F1RS e e PRER2FT2FBSANT I e e
116 13=23+23+8SQ*x233

r1z2 o S3=CC*XNOL e e

113 $S2=-.,5*S3/RTEQSQ

1 1.9 _S4=S3*RIEGSQ

120 S1=-15.,*EQ*S4

121 SS=X1*X3+X2*X4

|22 S6=X2*xX3+X1 *X4

123 e ST=X2*X4-=X1%xX3 : ) S I
124 SE=S1*ZN*S5S

1125 S1=S2+7ZN*(7211+7213)

126 SL==IZN*S3*(Z21+23-14.-6.*%EQSQ)

127 SGH=S4*ZN*(231+233=-6.)

1238 SH==IN*S2*x(221+223)

iR TECXRANCL L T 2552359877222 SH=0.0 S ~
130 EE2=2.,*S1%x86

1.3:3 _E3=2.*S1*57

132 XI2=2.:*%S2*212

() _XI13=2  #S2%x(213=211) , _— == g
1364 XL2==2.%S3x22

13 .. X(3==2_ . kS3x(73=-71). - e
136 XL4==2 *S3%(=21,-9.*EQSQ)*ZE

132 XGH2=2 . *S54%7232

138 XGH3=2.%4S4x(233-231)

139 XGH4=-18.*S4*1E g
140 XH2==2.%52*%222

141 XH3==2 . *S2*(223=721)

142 GO TO LS

143

144 * DO LUNAR TERS

145 - - _ I —————— Y'Y ¥ YN —_— —
146 30 SSE = SE

142 ... SSE=SST - . - o
146438 SSL=SL

142 SSH=SH/SINIQ

150 SSG=SGH-COSIQ*SSH

151 — _ SE2=EEZ2 -
152 SI2=x12

158 e e S P2 SR e e .
T54 SGH2=XGH?2

155 SH2=XHZ2

156 SE3=E3

RIS 1 (L0 4 o e s e TEE—— ——

158 SL3=XL3

B89 e T BH SRR e . S > -
160 SH3=XH3

161 SL4=XL4

162 SGH4=XGH4

P68 e ESEY e e e e e pe s s e =
T64 2C0SG=2COSGL

169 . ISING=ZSINGL —
166 2Co0SI=2CO0SIL

167 ZSINI=ZSINIL

168 ZCOSH=ZCOSHL*COSQ+ZSINHL*3SING
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2SINH=SINQ*2CQOSHL=COSQ*2SINHI

70 IN=ZNL

7Y - CC=mC1l

72 ZE=ZEL

b S ZMA=ZMOL- SR —————
78 ° ASSIGN 40 TO LS

196 Q0. T0..20 pren =y - e
76 40 SSE = SSE+SE

6 2.2 SSI=SSI+ST .

73 SSLaSSL+SL

29 SSG=SSG+SGH=COSIG/ZSINIA*SH e e
80 SSH=SSH+SH/SINIQ

81 —

82 GEOPOTENTIAL RESONANCE INITIALIZATIOWN FOR 12 HOUR ORBITS

33 o —— o ey Yo
84 IRESFL=0

85 ISYNEL=(] oo ommamn, Smm =
86 IF(XNQ. LT,(.,0052359877) AND.XNQ.GT.(.2034906585)) GO T0 70
8.2 LE _(XNQel T (3 .26E=3) QR XA G L (9 246 =3)) RETURN..

88 IF (EQ.LT.0,5) RETURN

.89 IRESEL =1 o .

90 EOC=EQ*EQSQ

91 G201==_306=-(EQ=_84) * 440 o e
| 92 IF(EQ.GT,(.65)) GO To 45

93 G211=3.616=-13. 247 *EQ+16.290%EQSS _

94 G310=-19,302+117.390%EQ=-228419*EQSQA+156.591*E0C

799, G322==-18.9068+109 . 79272*xFQ=214 6334*E0SQ+146 . 5815*EQC . _.
96 G410==41,122+4242.694*EQ=-471.094*EQSu+313.953*E0C

Ly ¢ G422=-146,407+841 . 380*FEQ-1629.014+*£Q2SQ+1033 ,435%xEQ(C o
198 6520==-532,116+3017.977*EQ=-5740*EQSQA+3703,276*E0C

29 GO_TQ_ S8

00 45 G211==72,099+331.8319+EQ3-508.733+£QSQA+256.724*EQC

01 G310==346.86446+1532 . 851*%EQ=-24615.925*FQS0+1244,112%F0C

202 G322==342.585+1554.908*EQ-23466.8399*EQSQA+1215.972*EDC

203 G410=-1052,.7297+4758.686+«FQ=-7193.992*FQSQ+3651,9572*FQC —
04 G422=-3581.69+16178 . 11*EQ=24462 . 77*EQRS2A+12422,52*E0C

80 S JECEQ.GT..C.715)) GO TO 50 T,
206 6520=1464 ,74-66064.75*%E@+3763.64%EQSA

40lrg GO TO 55 —sp—
208 50 6520==5149.,66+29936.92*EQ=-54087,.36*«EQSQ+31324,55*E0C

09 55 IF(EQ.GE.(Ca?7)) GO TO 60 — o —
210 G533==-919,2277+4988,61*EQ-9064.77*EQSQA+5542.21%¢c0C

211 GS21 = =-822.71072+456R.46173*EQ-8691 .461464*52SQ+5332.924*FEQC . _
& G532 = =-853.666+4690,25*%EQ-3624.77*EQSQA+53541,.4%Z0C

4 L T . GO_TO 65 _ S
214 60 GS33=-37995.78+161616.52+«EQ=-229333.2*EQSA+109377.,94*EDC

215 6521 = =51752.1064+213913.95*EQ-309448.146%EQ3A+1456342.42*E0C_
216 G532 = -40023.83+170470.39*%E3=-242699.483*caSu+115605.82*E2¢C

2 1.7 65 SINIZ2=SINIQ*SINIQ e
2138 F220=,75*%(1,+2.*CO0SIQ+C0SQ2)

219 __ F221=1,5*SINIZ2 : S

229 F321=1,875*SINTQA*(1.,-2.%C0SIQ=-3,*C05Q2)

e o F322=-1.,875*SINIQ*(1.+2.+%C0SI13-3.*%CQSQ2) ____ ___ ___ -
222 F4L1=35 ,*SINI2%F22C

g23 FL42=39,3750*SINI2#*SINI2 e
224 F522=9.,84375«SINIQA*x(SINIZ2*(1,-2.+#CO031Q=-5.*C0SQ2)
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229 1 +.333333334( =2 +4 *COSIQ+E *COS2)) s sa
226 FS23 = SINIQ#(4,9218B75125I812%(~2,=4,%COS510+10.2C0522)

2 2.7 X —+6.,56250012+(1 42 *xC0SI1Q=3.,%0335Q2))}—— — = i
2238 FS542 = 29.53125#SINIG*(2,-8,+COSIQ+COSQ2+(=12.,+3.,4COS[Q

225 - _* S g eS N otplode b (B e —— e Se—— R - .
230 F563229.53125+SINIQ#(-2.-8,#C0STA+C0522+(12.+3.,*%CO0SIA-10,.*C0SG2)) °©
231 SXNQ2= ANQA* XN — - premepsere: o pe——, pos
232 AINV2=AQNV*XAQNY

233 = TEMR] =3 A XNO2*ALNV2 e

2 34 TEMP = TEMP1*RQ0OT22

23S 02201 = TEMPAE22046281 B - , R

2356 D2211 = TEMP*F221%G211

232 TEMP]1 _=_TEMP1AxAQNV .

238 TEMP = TEMP1#R00T32

)39 D3210 = TEMPA2F3214xG310 I

240 D3222 = TEMP*F322«G322

261 TEMPL. .= TEMPIXAQNV = — e e e %

242 TEMP = 2,*TEMP1*R00T44

243 . D4LI1C = _TEMPrELALIAGALID — e

2 44 D44L22 = TEMP*FLL2*x(G4L22

245 _TEMP1 = TEMPI1xAQNV _ R p—

246 TEMP = TEMP1*RO0TSZ2

247 DS220 = TEMP*FS22%G520 N
2438 DS5232 = TEMP*FS23%G532

249 TEMP_ = 2 *TEMP1*RQAQTS4. — : Zoss e v

250 D5421 TEMP*F542*G521

/51 . __ ______ _DS433 = TEMP*FS543*GS533 T
2'5.2 XLAMO = XMAO+XNODEO+XNODEQ-THGR-THGR
253 BFACT = XLLDOT+XNODQT+XNIDOT=THDT=-THDT ...

254 BFACT=BFACT+SSL+SSH+SSH

255 GO_T0 80 : e o e
256

257 ___* SYNCHRQNQUS RESONANCE TERMS INITIALIZATION .

¢ 53

259 70 IRESEL=1 ) pren oy s eer—— o,

260 ISYNFL=1

261 G200=1.0+FRSQA*(=2.9+.8125%EQS2)_ T T———

262 G310=1.0+2.0*EQSQ

763 G300=1.C+EQSQ*(-4.0+46.60937*FQSQ)__ .

¢ 64 F220=,75%(1,+C0OSIQ)*(1,+CO0SIQ)

265 F311=2.937S5*SINIQ*SINIQ*(1.+#3.*COSI)=.75*(1  +CASIW) _

266 F330=1.+4C0SIQ

247 F330=1,875*F330*F330Q+£330 oo L. 3 e S
268 DELT1=3.*XNQ*XNQ*AQNV*AQNV

269 DEL2=2.*DELT1*F220*G2J0*Q22 . T ——

270 DEL3=3.*DEL1*F330+xG3J0*Q33*AQNV

¢ 71 ) DEL1I=DEL1*F311*G310*231*AQNV e e o ——
212 FASX2=.131309C38

273 FASX4=2 . 3843195 p e ———
274 FASX6=,37445087

275 XLAMO=XMAO+XNODEO+OMEGAO-THGR o N
276 BFACT = XLLDOT+XPIDOT=-THOT 5
A — BFACT=BFACT+SSL+SSG+SSH_ - Sr———

278 80 XFACT=8FACT-XNQ
279 (& _ . N S s
230 C INITIALIZE INTEGRATOR
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81 C

' 82 XLI=XLAMO. . ;

83 . __XNI=xNQ , - I
84 ATIME=0.00 ' '

85 . _STEPP=720.00 : : _ -
36 ° STEPN==720.00

37 STERP2 =_2592700.00 e
' 83 RETURN

89 S — o
90 * ENTRANCE FOR DEEP SPACEZ SECULAR EFFECTS

91

92 ENTRY DPSEC (XLLs»OMGASM,XNODESSEMsXINCIXNST)

93 XLL=XLL+SSL*T

94 OMGASM=OMGASM+SSGAT

95 I XNODES=XNQODES+SSH*T .
94 EM=EQ+SSE*T

97 . XINCEXINCL¥SSIAT

938 IF(IRESFL .EQ, 0) RETURN )
99 100 _IF (ATIME.EQ.0.D0) Go T0 17C e et n
00 IFCT ¢ GE.(0.DO) AND ATIME.LT.C0.00)) GG TO 173 :
01 . [ECT 1L.T«€0.00) AND ATIME.GE-CQ00)) GO 7O 970 . ..
502 105 IF(DABS(T).GE.DABSC(ATIME)) GO0 TO 120

03 DELT=STEPP I

04 IF (T.GE.0.D0) DELT = STEPN

05 110 ASSIGN 100 TO IRET -
06 GO TO 16C

07 120_DELT=STEPN T ——
508 IF (T.6T.0.00) DELT = STEPP

09 125 1F (DABS(T-ATJIME).LT.STEPP) GQ _TQ 130 o

510 ASSIGN 125 TO IRET

511 GO _TQ 160 e
512 130 FT = T=ATIME

513 ... ASSIGN 1640 70O IRERIN . .. _

514 60 10 150 -

Jo - 140 XN = XNI+XNDOT*FT+XNDDT*FT*FT+«0 .5 ——

516 XL = XLI+XLDOT*FT+XNDOT*FT*xFT*0.5

17 TEMP_= =XNOQODES*+THGR+TATHDT P
213 XLL = XL-OMGASM+TEMP

1 e IF _CISYNFLSED O] XLL = XL*¢TEMP+TEMP _ o

320 RETURN

4 I - —— R— . I

322 ¢ DOT TERMS CALCULATED

323 ¢ W
524 150 IF (ISYNFL.EQ.D) G0 T0 152

525 __XNDOT=DEL1*SIN (XLI-FASX2)+DEL2*#SIN (2, *CXLI=FASXL)) .

326 1 +DEL3*SIN (3.*(XLI-FASX5))

327 XNDDT = DEL1*COS(XLI=-FASX2) —

328 * +2 %DEL2+%C0OS(2.*(XLI-FASX4))

329 * +3 *DEL3*COS(3.*(XLI=FASX6)) ) L
530 GO TO 154

531 152 XOMI = OMEGAQ+0MGDT*ATIME o -
$.5] X20MI = XOMI+XOMI

533 x2LI_= XLI+xLI o S

334 XNDOT = D220714SINC(X20MI+XLI=-G22)

335 * +D2211*SIN(XLI=G22) B o

336 » +D32104SINCXOMI+XLI=-G32)

76




27 * +D3222#SINC(=XOMI+XL I-G32)

38 * +D44TO*SIN(X20MI+X2L1I-G44) .

39 o w_ . +D4G422xSINCXRLLI=G44). e — e

40 * +05220*SIN(XOIMI+#XLI=-G52)

el e #DS232xSIN(-XOMTEXL1=652) . e L

62 * +DS5421*SIN(XOMNI+X2LI=-554)

43 * +DS433*SINC-XOMI +X2L [=GS4) — x
YA ANDDT = D2201+%COSCX20MI+XLI=622)

45 * +D02211*CAS (XL I=-G22) [
Lo * +03210*COS(X0MI+XLI-G332)

47 ——  +D3222*CQS(=XN1I+XLI=G32) = . . s

43 * +D5S220*COS(X01I+XLI=-GS2)

49 * +DS232*CNS(=X0AI+X1 I1=552)

508 * +2.,%(D4L4LT10*COS(X20MI+X2LI-G44)

51 * +D064422«CQAS(X2L1=G44)

52 * +05421*COS(XOMI+X2LI-G54)

53 * . +DS433%CQS(=XO0MI+x2LI=-GS&D)) .

5S4 194 XLDOT=XNI+XFACT

S5 _XNDDT .= _XNDDI*XLDOT e

56 GO TO IRETN

57 C o o e ——— e ——

58 C INTEGRATOQR

59 C e e e e EEE————————

60 160 ASSIGN 165 TO IRETN

61 GO__T0_ 150

62 165 XLI = XLI+XLDOT*DELT#XNDOT*STEP?2

63 XNI = XNI+#XNDOT*DELT+XNDDT*SJEP2 o o

64 ATIME=ATIME+DELT

6.5 GO_TO_IRET — g S
66 C

57 (& EPQCH RESTART A
53 C

69 170 JF €1.6E.0.D00> . GO TO 175 . .

70 DELT=STEPN

A7y (R e D IO LB e e .

2 175 DELT = STEPP

23 180 _ATIME = Q.00 __
74 XNI=XNQ

s . XLISXLAMO B e o peccommmens -

76 GO TO 125

S - B g, ———

73 C ENTRANCES FOR LUNAR=SOLAR PERIODICS

7.9 C -
, 30 C

8y ENTRY DPPERC(EM,XINC,OMGASM,XNODES,XLL)

' 82 SINIS = SINCXINC)

83 COSIS = COSKXING) o oo o

5 84 IF (DABS(SAVTSN=T) ,LT,.(30.02)) GO TO 210

85 SAVTSN=T o
586 IM=ZMOS+ZINS~*T

587 . 205 2F=IM+2  *ZES*SIn_C2M) s

88 SINZF=SIN (ZF)

589 F2=.5*SINZF*RSINZFE=.25 oo i -

590 F3==,5*SINZF*COS (ZF)

591 SES=SE2*F2+SE3*F3 .
392 SIS=SI2+*F2+SI3*F3




e e e e e e

93 _  S1LS=SL2*F2+SL3*F3+SIL*SINIF

PRRESSS e, SR P SR SR O

94 SGHS=SGH2*F2+SGH3*F3+SGH4*SINZF

95+  SHS=SH2%F2+SH3*F3 o
96 ZM=ZMOL+ZNL*T

L ¥ SE— N = L YR ZELRSIN (ZM) S N B o
93 SINZF=SIN (ZF)

99 £2= SASINZF2SINZF=_25 s g— o cn
00 F3==,S5*SINZF*COS (ZF)

{1y S SEL=EE2*xE2+E3*E3 = S S
02 SIL=X[2*F2+X13*F3

4O ELE SLL=XL2*F2+XL3*F3+X| LxSINZF - - —
04 SGHL=XGH2*F2+XGH3*F3+XGH4*SINZF

QS SHL=XH2*F2+XH3I*E3 = T L L
06 PE=SES+SEL

02 PINC=SIS+SLL T

08 PL=SLS+SLL

0.9 210 PGH=SGHS +SGHIL e

;10 PH=SHS+SHL

e O XINC = XINC+PINC o =

12 EM = EM+PE

=13 IECXQNCL LT C.23) GO TO 220 . 5 .

14 GO TO 218

£ (0 = -
16 C APPLY PERIODICS DIRECTLY

1.2 C = o =
18 218 PH=PH/SINIQ

1.9 PGH=PGH=COSIQ*PH o =
20 OMGASM=0MGASM+PGH

2.1 XNODES=XNODES+PH — =
22 XLL = XLL+PL

v 2.3 G0 TQ 230

v 26 c

$:2'5 C APPlY PERIODICS WITH I YDDANF MQDIFICATIOWN

v 26 c

27 220 SINOK=SINC(XNODES) s ——
28 COSOX=COS(XNODES)

4 2.9 ALFDP=SINIS*SINOK .

+ 30 BETOP=SINIS*COSOK

+ 31 DALF=PH*COSOK+PINC*CQOSIS*SINOK =7 e o

y 32 DBET==PH*SINOK+PINC*COSIS*COSOK

X I ALFDP=ALFDP+DALF s P

» 34 SETDP=BETDP+DBET

4 35 XLS = XL IL+OMGASM+COSIS*XNODES

436 DLS=PL+PGH=-PINC*XNODES*SINIS

437 XLS=XLS+DLS_ — .

433 XNODES=ACTANCALFDP,3ETDP)

L S o 1 S ) (A s— ——
440 OMGASM = XLS-XLL=-COS(XINC)I*XNODES

4 41 230 CONTINUE e
4 4 2 RETURN

443 END . o o




11. DRIVER AND FUNETION SUBROUTINES

The DRIVER controls the input and output function and
the selection of the model. The input consists of a program
card which specifies the model to be used and the output
times and either a G-card or T-card element set.

The DRIVER reads and converts the input elements to
units of radians and minutes, These are communicated to
the prediction model through the common El. Values of the
physical and mathematical constants are set and communicated
through the commons C1 and C2, respectively.

The program card indicates the mathematical model to
be used and the start and stop time of prediction as well
as the increment of time for output. These times are in
minutes since epoch.

In the interest of efficiency the DRIVER sets a flag
(IFLAG) the first time the model is called. This flag tells
the model to calculate all initialized (time independent),
quantities. After initialization, the model subroutine
turns off the flag so that all subsequent calls only access
the time dependent part of the model. This mode continues
until another input case is encountered,

The DRIVER takes the output from the mathematical
model (communicated through the common E1) and converts it

to units of kilometers and seconds for printout.
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The function subroutine ACTAN is passed the values
of sine and cosine in that order and it returns the angle
in radiaas within the range of 0 to 2n. The function sub-
routine FMOD2P is passed an angle in radians and returns
the angle in radians within the range of 0 to 2n. The
function subroutine THETAG is passed the epoéh time exactly
as it appears on the input element cards.* The routine
converts this time to days since 1950 . Jan 0.0 UTC, stores this
in the common EL, and returns the right ascension of Greenwich at
epoch (in radians).

FORTRAN IV computer code listings of the routines

DRIVER, ACTAN, FMOD2P, and THETAG are given below.

*If only one year digit is given (as on standard G-cards)
the program assumes the 80 decade. This may be overridden
by putting a 2 digit year in columns 30-31 of the first

G-card.
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1 DRIVER 3 NOV 80
2
3 WGS=72 PAYSICAL AND GEOPOTENTIAL CONSTANTS'
Z CK2= JS®JO*AE*#2 CK4=- 375 *xJL*AE**& : v
5
6 DOUBLE PRECISION EPOCH,DSS50 T @ .
7 COMMON/E1/XMO,XNODEO,OMEGAQO,EQ, XINCL,XNO,XNDT20,XNDD60,3STAR,
8 1 XsYs2,XDOT»YDOT,2ZDOTLEPOCH,DSSO
9 COMMON/C1/CK2,CK4L,E6A,QOMS2T S, TOTHRD,»
10 1 XJ3,XKE+»XKMPER,XMNPDA, AE -
1 COMMON/C2/DE2RA,PI,PI102,TWOPI,X3P102
12 DATA IHG/THG/ )
13 DATA DE2RAFEGA,PI,PI02+Q0,S0,TOTHRD »TWOPI»X3P102,XJ2/,XJ3,
A 4 XJ4rXKE+sXKMPER,XMNPDALAE/.17L532925E-1+1.E~6»
5 2 3.14159265,1.57079633,120.0,78.0,.66666667,
146 4 6.2831853,4.71238893,1.082616E-3,-.253881E=5, -
17 5 -1.65597E=6,.743669161E-1,6378.135,1440,.,1./
18 DIMENSION ISET(5)
19 CHARACTER ABUF*80(2)
20 DATA (ISET(IV,1I=1,5)/3HSGPsbHSGP4,LHSDP4L,4HSGPB8,4HSDPB/
21
o2 SELECT EPHEMERIS TYPE AND OUTPUT TIMES -
23
2% CKZ=.5*XJ2*AE~#? -
25 CK4Lz=,375%XJb*xAE**4
26 QOMS2T=((Q0-SO)*AE/XKMPER) »* 4
2l S=AE*(1,+S0/XKMPER)
i 2 READ (5,700) 1EPT, TS,TF,DELT I
29 IFCIEPT.LE.O) STOP
30 IDEEP=0 .
31
32 READ IN MEAN ELEMENTS FROM Z CARD TCTRANS) OR GCINTERN) FORMAT
33 '
34 READ (5,706) ABUF T
35 DECODECABUF(1),707) ITYPE
36 IFCITYPE.EQ.IAG) GO TO S - i
37 DECODE (ABUF,702) EPOCH,XNDT20,XNDD6O,I1EXP,BSTAR,IBEXP,XINCL,
33 T XNODEO,EO,OMEGAO, XM0U,XNO -
39 GO TO 7
40 S DECODE(ABUF,707T) EPOCH,XMOs,XNODEO,OMEGAO,EO,XINCL,XNO,XNDT20,
41 1 XNDD6O,IEXP,BSTAR,I3EXP
42 TF{XNO.LE.U.) STOP I
43 WRITE(6,704) ABUF,ISET(IEPT)
44 TF(IEPT.GT.5) GO TO 900
45 XNDDO6O=XNDDO6O* (10 **IEXP)
46 XNODEO=XNODEO*DE2RA T
47 OMEGAO=0MEGAO*DE2RA
%38 XMO=XMO*DEZRA S
49 XINCL=XINCL*DEZ2RA
50 TEMP=TWOPI/XMNPDA/XMNPDA
51 XNO=XNO*TEMP*XMNPDA
52 XNDT2ZO0=XNDT2O* TEMP :
53 XNDD&6O=XNDD6O*TEMP/XMNPDA .-
5% -
55 INPUT CHECK FOR PERIOD VS EPHEMERIS SELECTED .
5% PERIOD GE 225 MINUTES IS5 DEEP SPACE : o
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538 AT=S(XKE/XNO)J**TOTHRD
59 TEMP=1,5%CK2*(3,#COSCXINCLI**#2=1,)/(1,-EO*EQ) **1,5 -
—6b DELCTSTEMP/ (AT#AT) :
61 AO=A1*#(1.-DEL1*(.S*TOTHRD+DELT*(1,+134,/81,.+DELT)))
K-X4 DECO=TEMP/CAO*AQ)
63 XNODP=XNO/(1.+DELO)
64 TFX(TAOPI/7XNO/ XMNPDA) .GE. .156Z25) IDEEP=T
65
66 BSTAR=EBSTAR*(TO. **[BEXP)/AE
67 TSINCE=TS
68 IFLCAG=1
69 IFCIDEEP .EQ. 1 JAND. (IEPT LEQ. 1 .OR., IEPT .EQ, 2
70 i OR. TEPT .EQ, &JJ) GO 10 8O0
71 9 IF(IDEEP .EQ., O .AND., (IEPT .EQ., 3 .OR. IEPT .EQ. 5))
(74 T GO TO 850 Il
73 10 GO TO (21,22,23,24,25), 1EPT
7% 2T TALL SGP(IFLCAG,TSINCE)D
75 GO TO 60
76 22 TALCL SGPLUCIFLAG,TSINTCE)D
7 GO TO 60
R - T 23 CALCL SDOPA(IFLAG,TSINCE)
79 GO TO 60
B4 24 CALL SGP3CIFLAG,TSINCED =
81 GO TO 60
S e 2S5 TCACL SUPBCIFLCAG,TSINCE)
83 60 X=X*XKMPER/AE
84 Y=Y*XKMPER/AE
85 Z=2*XKMPER/AE
. 86 XDOT=XDOT*XKMPER/AE*XMNPDA/ 386400,
87 YDOT=YDOT*XKMPER/AE*XMNPDA/36400.
—88 ZD0T=ZDOT*XKMPER/AEXXMNPUA/ 864002
.89 WRITE(C6,705) TSINCELXsY»2+XDOT,YDOT,2ZDOT
90 TSINCE=TSINCEFDELT T
91 IF(ABS(TSINCE) .GT. ABS(TF)) GO TO 2
92 co oY o —¢ 00— | 0 00 U/
93 700 FORMAT(I1,3F10.0)
9% 70T FORMAT (29X 0T .87 1 X7 3F 8477 70XsF87sF8b21Xs2F1 1.9, TX,F557127
95 1 GXsF8.7,12)
— 9702 FORMATCIBX7 01487 1X7F10.872C X7 F6.5712) 2727 X2 2CTXoF8.4),1X,
97 1 F7e722C1XsF8a4)»1X0»,F11.8)
— 98— 703 FORMATC(79X7,A 1)
99 704 FORMAT(1H1,A80+/,1X,A80,//7+1XsAbs7H TSINCE,
100 IR VALLYAILYALATAIYYALITAL Y
101 1 4HXDOT,13X,4HYDOT,13X,4HZDOT L/ /)
—102— TO0S FORMATC(7F17.87
103 706 FORMAT(A30)
—104 707 FORMAT(79X,AT) -
105 . 930 FORMAT("SHOULD USE DEEP SPACE EPHEMERIS")
10" 940" FORMATC"SHOULD USE NEAR EARTH EPHEMERIS™)
107 950 FORMAT("EPHEMERIS NUMBER",12.,*" NOT LEGAL, WILL SKIP THIS CASE")
~408—— 800 WRITEL(G2930)
409 GO T0 9
1T10 850 WRITE(6,940)
11 GO T0 10
12 900 WRITE(E,950) TEPT 5
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GO TO 2

14

END
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1 FUNCTION ACTANCSINX,COSX)
2 TOMMON/C2/DEZRA,PI,PI02,TWOPI,X3P102
.3 ACTAN=0.’
Z TF (COSX.EQ.0. ) GO T0 5
5 IF (COSX.6T.0. ) GO TO 1
6 ACTAN=PI
7 GO TO 7
3 IF (SINX.EQ.0. ) GO 70 3
9 IF (SINX.6T.0. ) GO TO 7
T0 ACTANSTWOPI :
11 GO TO 7
T2 IF (SINX.EQ.0. ) GO T0 38
13 IF (SINX.GT.0. ) GO TO 6
T ACTAN=X3PI02
15 GO TO 8
6 ACTAN=PI02
17 GO TO 8
T8 TEMP=SINX/COSX
19 ACTAN=ACTAN+ATANCTEMP)
20 RETURN
21 END
-~
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FUNCTION FMODZ2P(X)

COMMON/C2/DEZ2RA,PI,PI0Z,TWOPI,X3IPIOZ
FMOD2P=X.

I=FMODZ2P/TWOPI
FMOD2P=FMOD2P-I*TWOPI

TF(FA0D2P.LT.0.) FMOD2P=FMODZP+TWOPI
RETURN

d~wNwmNwnd =

END
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1 FUNCTION THETAG(CEP)
2 coM?U“TETTYWo,xuooso,OMEGAo,to,xINCL,xNo,xnoTzo,xuooéo,asrAR,
3 1 XsYs2,XDOT,YDOT,ZDOT,EPOCH,DSS0
Cr'A DOUBLE PRECISION EPOCH:D:THETA’TJOPIoYR'TEMPoEPoDSSO
S TWOPI=6.2831853071795900
& YR=E(EP+2.,0=-7)*1,D0-3
w7 JY=SYR
3 YR=JY
9 D=EP=-YR*1,03
10 IPCIT.LT10) JYajY+80
1 N=(JY=69) /4
12 IF(JY.LT.70) N=QUY=72) 74
13 DS50=7305.00 + 365.D0*x(JY=70) +N + D
% THETA=1.7294449400 + 6.300388093700+0S50
15 TEMP=THETA/TWOPI
T8 I=TEMP
17 TEMP=I
Sl THETAG=THETA-TEMP*TWOP I
19 IFC(THETAG.LT.0.00) THETAG=THETAG+TWOPI
20 RETURN
21 END
.
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12. USERS GUIDE, CONSTANTS AND SYMBOLS

The first input card is the program card. The format

is as follows:

Column z Format Description
1 11 Ephemeris program desired
1 = SGP
2 = SGP4
3 = SDP4
4 = SGP8
5 = SDP8
Z=11 F 10.0 Prediction start time
12-21 F 10.0 Prediction stop time
2231 F 10.0 Time increment

All times are in minutes since epoch and can be positive or
negative. The second and third input cards consist of either
a 2-card transmission or 2-card G type element set. Either
type can be used with the only condition being that the two
cards must be in the correct order. For reference a format
sheet for the T-card and G-card element sets follows this
section.

The values of the physical and mathematical constants

used in the program are given below.

Variable name Pefinition Value
1 2 z 2 e
CK2 5 J2 ag 5.413080E-4
CK4 - 62098875E-6
8“4 “E ’

E6A i 1.0 E-6
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QOMS2T (q, - ) (en)* 1.88027916E-9
s s (er) 1.01222928
TOTHRD 2/3 .66666667
XJ3 X : -.253881E-5
XKE k, (=532 .743669161E-1
XKMPER kilometers/Earth radii 6378.135
XMNPDA time units/day 1440.0

AE distance units/ 1.0

Earth radii

DEZRA radians/degree + 174532925E-1
PI m 3.14159265
PIO02 w/2 1.57079633
TWOPI 2m 6.2831853
X3PIO02 In/2 4.71238898

where er = Earth radii. Except for the deep-space models,
all ephemeris models are independent of units. Thus,
units input or output as well as physical constants can
be changed by making the appropriate changes in only the

DRIVER program.

Following is a list of symbols commonly used in this

report.
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the SGP type 'mean' mean motion at epoch,

the '"mean'" eccentricity at epoch

the '"mean' inclination at epoch

the '"mean'' mean anomaly at epoch

the '"mean" argument of perigee at epoch

the "mean" longitude of ascending node at epoch
the time rate of change of ''mean' mean

motion at epoch

the second time rate of change of '"'mean"

mean motion at epoch

the SGP4 type drag coefficient

\[Eﬁ where G is Newton's universal
gravitational constant and M is the mass
of the Earth

the equational radius of the Earth

the second gravitational zonal harmonic
of the Earth

the third gravitational zonal harmonic
of the Earth

the fourth gravitational zonal harmonic
of the Earth

to) = time since epoch
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Y
s =

B =

]
o]
9

parameter for the SGP4/SGP8 density function
parameter for the SGP4/SGP8 density function

A

D m’ the ballistic coefficient for SGP8

1
> C
where CD is a dimensionless drag coefficient

and A is the average cross-sectional area of

the satellite of mass m
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13. SAMPLE TEST CASES

For reference a sample test case is given for each of
the five models.* The input used was standard T-cards and
the output is given at 360 minute intervals in units of
kilometers and seconds.

When implemented on a given computer, the accuracies
with which the test cases are duplicated will be dominated
by the accuracy of the epoch mean motion. If, after reading
and converting, the epoch mean motion has an error An=jx10°k

radians/time, then the predicted positions at time t may

differ from the test cases by numbers on the order of

Ar = An(t - to) (6,378.135) kilometers

*The test cases were generated on a machine with 8 digits
of accuracy. After a one day prediction, the test cases

have only 5 to 6 digits of accuracy.
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1 88e88U

2 88888

SGP

TSINCFE

0.
360,00000000
220,00000000

1080,00000000
1440,00000000

‘ 80275,98708465
72.8435 115,9689 00ge731

X

2328.96594238
2456,00610352
2567.,39477539
2663,03179932
2742,85470581

XDoT

2.91110113
2,67852119
2,43952477
2.19531813
1,94707947

93

.00073094 13844=3 66816-4 0 8
52,6988 110,5714 16,05g24518 10%
Y pd e
~-5995,21600342 1719,97894287,
-6071,94232177 1222,95977784
-6112,49725342 713,97710419
-6115,37414551 195,73919105
-6079,13580322 -328,8609l614
YDOT 2007
-0,98164053 -7,0904992%2
-0,44705850 -7.,22800565
0,09884824 =T76316889641
0,65333930 -7.,36169147
1,21346101 -7.35499924
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1 ssassl 80275,98708465 ,L,00073094 13844=3 668164 0 8
2 88888 72,8435 115,9689 0086731 52,6988 110,5714 16,0582451¢g 105

SGP4 TSINCE X Y Z
- 0, 2328,97048951 -5995,22076416 1719,97067261
360,00000000 2456,10705566 -6071,93853740 1222 ,89727733
720,00000000 2567,56195068 -6112,50384522 713,96397400
1080,00000000 2663,09078980  _.6115_,48229940 196,39640427

1440,00000000 2742,55133057 -6079,67144775 -326,38095856

XDoT YCOT ZD0T

2.91207230 -0,983415454 -7,09081703-
2,67938992 =0,44829041 -7,22879231
2,44024599 0,09810869 -7.31995916
2.19611958 0,65241995 -7.36282432
1,94850229 1,21106251 =7635619372

94
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1 11801V 80230429629788
2 11801 464,791l6 230,4354 7315039
sDF4 TSINCE X
Dk 7473,37066650
360,00000000 -3305,22537232
720,00000¢00 14271,28759766
1080.00000000 -9990.058R3789
1440,00000000 9787.86975097
XCoT
5,10715413
-1,30113538
-0,32050445
-1.01l667246
-1,09425066

«01431103 ‘
47,6722 10,6117 2,28537g%48

95

Y

428,95261765
32410,86328125
24110,46411133
22717435522441
33753 ,34667949

YOOT

~l.15131518
2.67984074
'2029026759
0,92358845

00000=0

Lhgll=]

Z

SR28,74786317

«24697,176757x1

-4725,76837158
=23p616089042501
-15030,811767538

2007

-0,18613096
-0,28333528
-2,08405289

072892344
=).52230928



1 888ssl 80275,98708465 ,L,00073094 13844=3 668l16-4 0 8
2 B88B8 7248435 115.9689 0086731 5246988 1105714 16405824518 105

sGP8 TSINCE X Y Z
T 0. 2328.87265015 -5995.21289043  1720,04684338
360,00000000 2456,04577637 -6071,90490722 1222 ,84086609
720,00000000 2567,68383789 -6112,40881348 713,29282379
1080,00000000 2663,49508667 -6115,18182373 194,62816810
144000000000 274342923889, -6078.9078369] =329473434067
XDoT YDOT : 00T
2.91210661 -0,98353850 -7,09081l554
2,67936245 -0,44820847 -7.22888553
2,43992555 0,093939l9 -7,32018769
2,19525236 0,65453661 -7,36308974
194680957 121500109 =T7635625595
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1 11801U
2 11801 4667916
sDP8 TSIMNCE

0.
360,00000000
720,00000000

1080,00000000
1440,00000000

£g0230,29629788

230,4354 731g036

X

T7469,47631836
-3337,389¢2310
14226 ,54333496

-1C0151,59838¢67
9420,0820312¢%

XCoT

5.11402285
-1,30200730
-0,33951668
-1,00112480
-1,11986055

97

«01431103

00000=0

14311-1

4746722 1044117 2428537g%8

Y

415,993907q2
32351,39086914
24234,0874023¢
22223 ,698486133
33847,21875000

YdoT

6,444G3201
-1,15603013
2,6531541¢
=2.,33532837
0,8541014y

l

5829,64310848 -,
-24653,63037109
-4856,19744873
=23392,39770504
=1539l 069727

7007

-0,18296110
«0,26164955
-2,0gll4153

0,76G87664
-1.,49506933

ve
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14. SAMPLE IMPLEMENTATION

These FORTRAN IV routines have been implemented on a
Honeywell-6000 series computer. This machine has a pro-
cessing speed in the 1MIPS range and a 36 bit floating
point word providing 8 significant figures of accuracy in
single precision. The information in the following table
is provided to allow a comparison of the relative size

and speed of the different models*.

core used CPU time per call (milliseconds)

Model (words) Initialize Continue
SGP 541 <8 247
SGP4 1,041 1.9 2+5
SDP4 3,095 5.1 3.6
SGP8 1,601 1.8 25
SDP8 3,149 5.4 3.2

* The timing results are for the test cases in section
thirteen with a one day prediction. Times may vary slightly
with orbital characteristics and, for deep-space satellites,
with prediction interval.
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