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— 1.1 Calculation of Lunar Phase and Illumination

Initiator: I.M. Hussey

Project No.: 0001 Problem No.: 4510

Using spherical trigonometry, the elongation angle and the phase of
the moon can be calcula ted from ~he given values of the declination angles

and hour angles of the sun and the moon.

• N

I

7~ ’// / ;
t l\

I / ‘S I ’
M

‘0

S

• 
Hm - -

hH5OS = Solar Decl ination (b)

~ H 0 M  = Lunar Declination (c~
iH O H m 

= Difference of Hour Angles of the Sun and the Moon (A)

LSOM = Elongation (e)

In the spheri cal triangle SNM wi th the centre of the sphere at 0,
the elongation angle is given by

c o s e = s in b sinc +cos b cos c cos A —

The phase of the moon is related to the elongation angle by

phase = ½ (1-cos e)

For a given phase of the moon , or, equivalently, a gi ven elongat ion
angle, the illumi nation of the moon can be calculated by means of a

: curve-fitting method using a set of known elongation-illumination

data as published in “Ex plana tory Suppl ement to the Ephemer is~~1)

The method used for curve-fitti ng is based on a cubic equation fit

~~
. ~i algorithm which provides the coefficients A , B , C , D for each

range (x1 , x1 ~~ of elongation . The illuminati on F(x) is then

given by F(x) = A1x3 
+ B1 x

2 
+ C.~ x + D~ where x 1~ x <x 1,1 . These

12
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calculated coefficients for the cubic equation fit are given in the
following table:

Range of Elongation A B C 0

— 

0 to 20 -.9748 x103 .9674x102 0.0 0.0
20 to 40 -.3425 xlO .1739x1O .281Ox1O -.2238x10 ’1

40 to 60 -.1340 - .3453 .2992x10 .l674xlO~
60 to 80 .3842.x104 -.1907 .3015x10 -.6900x104

80 to 100 -.1321 x1O~ 
- 

.1652 .2225x10 .4851
100 to 120 -.1227 x10 2 .1926x104 .2761x10 -.38OOx1O~ 

-

120 to 140 - .1193 x10~~ 
- .3982 .7101x10 -.1487x102

• 140 to 160 .2652 xlO 3 .2OO3x1Q~ .2344x10 .1717x10
160 to 180 -.7256 x10 2 .5625 -.1058x102 .1036x103

Existing solar-lunar ephemeris programs (Project 0001; Problems i~~1,
1461) were adapted, and output topocentric viewi ng angles as well as the
phase and illum ination at specified time intervals.

1.2 STELAZ Qi~d Polaris

In itia tor: I.M. Hussey

Project No.: 0001 Problem No.: 4517

Given the mean place of a star at any epoch, e.g. 1975.0, January 0d 978
in Right Ascension and Declination (cc~o,~~~ ); find the Apparen t Ri ght
Ascension and Declination for any specified date and time by correcting
for aberra tion ( pr imaril y stellar  annual ) , precess ion , and nutation .
For any geographic location (geodetic latitude , long itude , and altitude)

13
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find the stellar azimuth and zenith angle corrected for refraction.
Obtain culm ination and elongation angles and times for a selected star.

1.2.1 Functional Description

Following the “Exp l anatory Supplement to the Ephemeris” P. 150(1) , the
above three corrections are applied in the order specified. Annual
parallax , proper motion , and orbital motion (of star) are neglected.

From apparent right ascension of station at U.T. hours and the geodetic
latitude obtain the azimuth and unrefracted elevation. Correct for
refract ion , assuming station is near sea level . Upper and lower culmin-
ation angles and times occur for azimuth 0* and 180°, bu t not necessar i ly
respectively. Linear interpolation is used. W and E elongations are
determined from a parabolic fit to 3 points near the extrema.

- NOTE: The spherical geometry calculations show
negl igible loss in accuracy even for nearly cir-
cumpolar stars. If declination >89.8 °a warn ing
message is printed.

Figure 1 shows a sample computer print-out for observation of four stars
at 4 hour intervals. Daily culmination and elongation angles and times
have been requested for Polaris and are also printed. Output is suppressed
if the star is unobservable.

-t
The program has been verified using epochs and mean places of stars from
different annual editions of the American Ephemeris and Nautical Almanac ,
and against an earlier program which required transcription of the Pole
Star Table from these Almanacs . Results are reproducible to a few

tenths of a minu te of arc .

1.2.2 Components -

Reference Time an d Coor di na tes:
- Julian day at 0h UT = 2442731.5 (example)

Tu = (D6~ 2415020.)136525.
TTu = Tu - .01 x AINT (Tu x 100.)
Mean R.A. of Greenwich at UT

- 

- °~G 
= 6.645065 + 2400. x TTu + .05126 x Tu (hrs.)

4.<.~ 
= 24.065710 x (UT)/24

DJ = Doh + UT/24.

14
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Doh + UT/24 . - 2415020.0 Jan ~5

& I = dc/36525.
= Julian day number for 1975.0 0d~978 (say)

(DJ - Dipoch) / 365.2500
= T-1’/2.

The fundamental argumentsl’L, Vand tare available with sufficient accuracy
from Reference 3, using the reference times determined above.

Aberration Correction

At any time, find E the obl iquity of the ecliptic and V the longitude
of the sun form the mean equinox of date. Constant of aberration 

(2)
K = 20.47”. Then, [from ‘Spherical Astronomy’ by W.M. Smart, p. 184]

C = -K cos f cos Y’
D = - K sin

~~ 
-

C~~~~ 1/15 cosocsec~~; d~~= 1/15 sin. sec J
c~~= tan f.cos4’ - sino sinJ ; dj  = cos. sin4’

and apparent right ascension and declination is obtained from true
right ascension and declination by:

= o( + C c,,~ + D d ~
J~~

=6 +  C c
1

+ D d
1

Annual Precess ion Correction

m = 3S .07234 + 0S .00186 1
(I I,

n = 20 .0468 - 0 .0085 1
= ]~S 33646 - Os .00057 1

where T Is in tropical centuries from 1900.0.
Reduction from mean to apparent pl aces:

= T(m + n sinm.tan4’)
= T(n cos.)

[evaluate at mean ‘1” over the period 1 years plus frac
j

Nu tation Correc tion

L -
~~~ 

In Long i tude
4I~~~ —17 .2327 * sin ( IL)

In Obliqul ty

~~~~ 9 .21 * cos(A)
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where
J~. = Longitude of moon ’s ascending node

= .71995354167 — .000147094228332 d
~
(1_ .294i759 x 1045d

~
)

revolutions.
where d = Jullan day number - 2,415020.0

= 
C 11900 .5E1

= (cost + sinE.sin.~
’tan~~~)4qi_ coso tanJ~~ E

~~~o sintcoso A~~ + sin..A~

1.2.3 Procedure
(so

Apparent tcorrected) R1A. and Declination:

= ~~ + Cc(+ D d~
4 d~ = 

4

~ 
=o~ +1 (m + n sln.~ tanj 

~- 

4 4~ 
+ 1’ (n cos~~1)

o~ =oc~ + (cos*.+ sinEslnoc~ tan4~)4qi
- coso&~, tand~~~E

1=1’ + sin (, cos.~~A~.+ sinol.

Apparent R.A. of station at UT(hrs.)
0.9I74*~~41*(!!! _) 

~~~~~~~~~~~~~~~~~~~~~~~~ 

- LON W

Unrefracted Azimuth and Zenith Angle:

Observer 3~ation orientation on the celestial sphere: ~~~~~~~~~~ ~~(geodetic lati tude).

N C=~ .-sc• 
bz 90_i Find Zenith Angle from -

•

a= 9O-~~
U B cosc cos a cos b + sin a sin b cos C

• 0 
c .-: 

Then , s i n A =  s1n C~~~~~~.ZA 
& ~~ A cos a - cos b cos c -

sin b sln c

AZ :ATAN2 ( cosI’cos~~~sin C, sin(- sin~~cos ZA)
where

ZA = cos~
1 ( s1n~~sin~~ + cos

~~cos#cos C) 

- 
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1.3 Program ECLPLOT

Initiator: J. Aarons

Project No.: 4643 Problem No.: 4844

Program ECIPLOT was designed to depict the local eclipse circum-
stances for any solar eclipse and any observational station, at
selected time Intervals.

1.3.1 Functional description

Program ECLPLOT uses punched output of program ECLPT which Includes
exposure fraction EXP for every time step as wel l as semi-diameter
of the sun. SDS, semi-diameter of the moon SDM, angular distance
ANGDIS and position angle POSANG of the moon relative to the sun, and
position of the sun ’s axis PSAXS. (Project 0001, Problem 3501)
Based on this information program ECLPLOT produces plots which depict
the progression of the ecl ipse and also indicates north and sun-axis
directions. The sun-moon center line is always horizontal to allow
a large uniform plot scale of 1 Inch for 5 secs of arc.

1.3.2 Procedure

Figure 2 shows a typical eclipse configuration and Identifies the variables
described above. MOON

NORTH

PSA SOIl

AXI

- 

-

. 1  ( 
-

NGDIS

SUN .”
~ 

‘N
POSAN G

- SD

Figure 2. Solar EcliDse Viewing Geometry
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Punched card output and format is as follows :

IYR I, IMO , IDA , IHR , IMN , EXP , SDS , SOIl, ANGDIS , POSANG , PSAXS

Format (5(12 ,IX),6F10.7)
Exposure EXP is a fraction (1-obscuration). Others, SDS to PSAXS , are
in radians. Figure 3 shows a typical plotted output.

1.4 Program SOLPLT

Initi~t”: G. Best

Project No.: 7635 Problem No.: 4824

In planning rocket launches or other experiments depending on sunrise ,
sunset or twilight , it is useful to have plots on which these times
are given for a ~h .‘ ~~~~~~~ for a specified l ocation. These plots
can be made even more informative by also including times of moonrise
and moonset.

The Solar and Lunar Ephemeris programs previously developed and
modified under project 0001, Problem Nos . 1131 and 1461 were adapted
for this problem. Certain refinements also make this SOLPLT program
more up-to-date than the original programs.

1.4.1 Functional Description

- 

- 
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H /> 1 I~~

5’ of arc = 1 inch

1. I
- EXP=O .5607 UT=2 0 10

HAMI LT ON

I Figure 3. ECLPLOT Output for Solar Eclipse of July 10, 1972
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Program SOLPLT determines times of specific elevation and/or depression
angles of sun and/or moon for any location. A tabulation and a
file of daily values is created, and a plot of graphs to depict
these conditions is produced.

Program SOLPLT uses program SOLLUPi~
’as a principal subroutine

which generates, as a function of the universal time, the hour angles,

azimuth, decl ination and elevation of the sun and the moon for any
station location . Program SOLPLT uses the above subroutine to det-
ermine local standard times for specified elevation and/or depression
angles for the sun and the moon. Some refinements to the original
programs were incorporated. Double precision is not required on the
CDC-6600 and has been eliminated. The correction for ET-UT is
calculated by default as (KYR-1929) secs. All parts of the separate
solar and l unar programs have been recombined into the original order
(parts A-M). Refraction correction and librations of the moon (part Il)
are not used. As input, program SOLPLT requires only the coordinates
of the sta tion , the desired values of the elevation and/or depression
angles and the year of observations. In order to obtain local standard
time values , the applicable standard time longitude must also be input.
Note that for angles equal to zero the times of sun/moon rise and set
will be produced.

Subroutine LORAN uses values obtained by SOLPLT to produce plots of
elevation angle times which are represented by solid lines and depres-
sion angle times which are represented by broken lines . The plot
covers a full year. Figure 4 shows typical plots where the solar
elevation angle contours are 20° apart.

1.4.2 Mathematica, ~ r ~nu -~c~1 Procedures

To calculate the time for the specific elevation angle the following
procedure was developed. For every day of the specified year the
standard time monoton ical ly Increases starting from zero. Using
spherical trigonometry formulae one calcula tes the min imum earth
rotation and corresponding increment in standard time to step from
one specified angle to the next. Standard time should increase
rnonotonicall y but allowance Is made for small negative increments
to avoid possible skipping of angles .

21 
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For elevation angles of the moon the program uses the same procedure
as for the sun , with subrouti ne SOLLUN providing elevation and hour

- 
angles of the moon .

- Whereas rising solar elevations always occur between 0 and 12 hours
I 

local time , and dropping elevations after 12 hours, this property
- cannot be used for the moon . Instead , a test for increas ing or

decreasing moon elevation is made . If the first time corresponds
to a decreasing elevation , the moon set and rise times for the day
are swapped .

- 
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2.1 Program ISO~EN

Initiator : J. Buchau

Project No.: 7663 - Problem No.: 4714

-: - ISO~EN plots contours of constant solar zenith angle for any 900 polar
- - - segment of the Northern Hemisphere. The contours are mapped in either

geodetic or geomagnetic coordinates, and are designed to be used with
an AFGL world—map overlay. Figure 1 and 2 are examples of such plots
for efl fferent quadrants .

2.1.1 Functional description

For a gi ven date , time, quadrant and coordinate system, (geodetic or
geomagnetic), ISO~EN produces a 10” one-quadrant plot of constant
zenith angle, each contour being separated by 50

, and drawn as a -

solid or dashed line , solid for less than 90~, dashed otherwise. The
present version allows one to step the time by a given increment,
thereby generating severa l plots in one run.

2.1.2 Mathematical & Logical Procedures

The solar zenith angle, Z, (the angle between the local vertical and

the position of the sun), is a func tion of la titude , longitude, and time.

Z=Z(G ,~~, T)
A contour of - constant zenith angle for a particular time is given by the

U 
equation

Zo= Z(e,~~, To)
where Zo and To are given constants.
The following procedure was used to generate such contours~, making use of
some subroutines devei nnad pre~ioi~ii~~ 1):
A search. is initiated along one of the quandrant boundaries for desired
contour val ues, When one is found , either 0~or ~ is stepped away from-the
boundary, and a Mueller ’s iteration technique , using the subroutine SOLUN
to eva’uate 2, is used to find the other coordinate (0 or Q).

This procedure, analogous to a blind man ’s use of h is cane to nev i9ate
crosstown, is repeated unti l another boundary is encountered, thereby
completeing this particular contour. The intersection is catalogued to
avoid redundant plotting , and entire sequence repeated until all contours -

have been mapped. The transformation from geodetic to geomagnetic coord-
m a tes, if required, is effected by the subroutine cGTNV.

25
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2.2 Photometric Data Presentation

Initiator: J. Buchau
Project No.: 5631 Problem No.: 4605

— 

Program PDTRK is essentially a plotting program to display vol tage readings from
— an aircraft mounted 360 degrees scanning photometer along the projection on the

spheroid of the aircraft flight path, all in a corrected geomagnetic polar coordin-
ate system.
The voltage readings are plotted around an approximate circle with the aircraft
position at center , the circle being the projection on the spheroid of the
Intersection of the scanning ray and a shell at a given altitude, re~~eiént1rig 

-

the height of the aurora . - - -

Early versions of PDTRK plotted the voltages along either side of the velocity
vector in non overlapping semi circles, and produced similar plots looking in
the opposite direction. These were found Insufficient , however, and in the
final vers ion , the entire circle of vol tages was displayed at five minute
intervals, along wi th a velocity vector from the aircraft position and time/
date/frequency channel information. In this final version, the background
coordinate system was restricted to the portion inm~ediately surrounding the

I 
- circle of values , the plots were centered on the aircraft position , and they

were all put on 35m film strips so that examining the plots sequentially could
a : - be done quickly. Figures 3 and 4 show two successive plots.

2.2.1 Functional Description

Input into PDTRX consisted of time and position inform ation taken from the
aircraft log and entered punched card data, along with a magnetic tape containing
the photometer voltages for the flight , which were read at approximately every
thirty-four seconds. The aircraft log position data was taken at variable inter-
vals which ranged from ten to twenty minutes in length.

In order to produce the plots at five minute intervals, it was necessary to
interpolate from the log data for the aircraft position , and to position the data
tape to obtain the voltages for the required times. The data from the closest
time was used, since the error was no more than about fifteen seconds.

Positioning of the original data tape proved to be cumb rsome, so a preprocessor
program PHOTO was written to produce records that were one hundred characters

• plus 8 character fil l in length, ten per photometer sampling.

To interpolate the aircraft position between successive log points , a subro utine
POS was written. Given two sets of time-positive coordinates and an intermediate
time , POS will return the position of the corresponding intermediate point on

I~~ 
-
~~ the great circle between the given points , assuming a constant velocity over the

~~

. ; entire interval . -

To find the projection of the photometer ray and the aurora , program SAP was em-
ployed. CORRGM2 converted geographic coordinates to ~~ rected geomagnetic
coordinates. SAP and CORRGM2 are described elsewhere

‘i 2.2.2 Mathematical or Logical Procedures

Subroutine POS Is essentially the solution of two spherical triangles .

28
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In the diagram the first application Is to the triangle P10P2, where
P,,, P2 are the given points , 0 is the pole and 0P1, OP2 are co-latitudes ,
to obtain P1P2 and the spherical angle 0P1P2. P1P is obtained by a

simple ratio since velocity Is constant, and then the spherical triangle
OP1P Is solved to obtain OP, the new co- latitude and P1OP, the longitude

increment.

-: To produce the restricted background plot, we obtained the limi ts of
the polar coordinates of the projected number field, and chose conven-
ient latitudes and longitudes to enclose the figure . The direction
arrow was added, and the rectangualr coordinates for plotting were
corrected by the coordinates of the aircraft position to center the

plot on the aircraft.

~ a
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Section 2.3 DAASM Fl ight Program

— In~~iator: J. Videberg
Project No.: 414L Problem No.: 4693, 4748

Introduction 
-

In the Blue Deck Polar Model version of the ITS 78 IonospherIc Predictions
Program , the mode 7 output tabulates ionospheric perameters for MUF and selected

-: frequencies for a given receiver and transmitter configuration repeating at
designated steps over some time interval . The program was modified so that in
this output mode aircraft flight log information could be entered, effectively
causing transmitter coordinates to vary as well as the time coordi nate . Then
using interpolation methods the ionospheric perameters are output for selected
equal time intervals over the aircraft fl ight.

In addition a table is presented between each two time points which summari zes
the Doppler frequency shift for each mode and each frequency.

Functional Description

The calls to subroutine CGMTIME were all set up for times which were integral
hours. Since we wished to handl e random times, these calls had to be reworked
to permit hours, minutes and seconds. The change to the program essentially H
involved a) eliminating the automatic hourly integral time incremer ts b) per-
mitting variable transmitter coordinates c) interpolating d) summarizing Doppler.

The reorganization of the program was accomplished by writing a new main program,
called NUMAN which reads input information and reorganizes it into files called
TAPE2 and TAPE3. Wi th the original time steps inhibited , it then calls the

.4 original BDPM ma i n program , as a subroutine.

NUMAN also does the Interpolation along the flight path , utilizing subroutine POS,
which is discussed in sec. 2.2 of this report.

Upon completion of outputing the ionosphere parameters, BDPM calls subroutine
OUTS, which outputs the Dopp ler summary information . The pr inting Is done by
subrou tine SUBPR , wh ich is called by OUTS .

INPUT
card inputr Cd 1 Time increment Doppler Summary

cc Format Contents
1—5 15 Time

- 1 6-10 15 Doppler s ummary selec tor
0--no summary

L~ 
.~ 1--summary

Cd 2, 3 Transmitter and receiver antenna cards, as described in ESSA TECHNICAL
REPORT ERL 110-ITS 78 (denoted henceforth as ETR)

~
Cd 4 99 1n cc 7-8.

Cd 5 Month and Sunspot card (see ETR)
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Cd 6 -l in cc 4-5

Cd 7 
~ . 

Program control cards (see ETR)
cd 7+k f

cd 8+k 
- 

99999 In cc 1-5

cd 9+k Frequency complement card (see ETR)

cd I0+k Circuit card (see ETR) -

cd 11+k Flight time— position cards
cc 

- 
format contents

1-5 15 Universal time-hrs(integer)
6-10 F5.0 Universal time-min(decimal )

cd 11+k+l 11-15 - 15 Latitude-deg . (integer)
16—20 15 Latitude—mm (Integer)
21—25 15 Longitude-deg. (integer)
26—30 15 Longitude-mb (integer)

cd 12+k+l 1000 In cc -2-5.

Tape input

1). Tables for geographic-geomagnetic coordinate conversion.

2). Numerical coefficients for various ionospheric layers as described in ETR.

OUTPUT

1). Mode 7 output as described in ETR wi th varying transmitter coordinates.

2). Doppler e m lulnary table (see Fig. 5). For each mode-frequency box, in
printed b”ginning time delay, ending time delay, difference , and Doppler
frequency shift.

JOB CONTROL

Organizing the modified program so that the imput could be read as called for by
the subrout ine was acc~~~ -zh~rl by job control cards.

The coordinate conversion tables were on a mass storage permanent file, as were
the coefficients. With the former designated BDAT, an d the latter BDPDA , arid
the binary program file as BPR, the followi ng job control was used.

ATTACH , BB, BPR, ID= --- .
ATTACH , TAPE 9, BDPDA , 10=
ATTACH, CC, 8DM, ID=
COPYCR , CC, EE.
COPY CR , INPUT , EE.
REWIND , EE.
COMBINE , EE , FF , 2.
BR , FF , PL=77777 .

- — -~~~~- -_- —-——---- -  
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2.4 ISIS-2 Data Base

Initiator: C. Pike
Project No.: 7663 Problem No.: 4604

Three magnetic tapes containing ISIS-2 satellite soundings of electron density
profile versus height were received from the Canadian Communications Research
Center and were reduced, sorted and merged into one data base tape for sub-
sequent research at AFGL . The tapes were converted from 9 track, 800 bpl
EBCDIC format to SCOPE 7 track 800 bpi , BCD format. The source tapes were
in the “loge (density)” format that was also used for the later Alouette I N(~~data. Program FIRSTFL had previously been developed for processing that datati)
and was modified to generate the ISIS-2 data base, including geographic, geomag-
netic , and solar environmental information. Over 25,000 samples were obtained
after rejection of between 1 and 2 percent because of various unacceptable data
conditions. The electron density is provided at alti tudes from 950 km to 350 km
in steps of 100 km. For altitudes below Hmax the electron density is entered as -

—9.99. Maximum electron density EDmax is replaced by f0F2 according to EDmax
1.24*104(f0F2)2 . The data were time sorted except where the F5.2 format for UT
-did not provide enough resolution. The data covers 1970 thru 1973. Table 1 gives
the format for the tape that was created . --
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Table 1. 1S1S 2 Data

Variable Description Format

ID (data source=11) 12

Year 12

Day Number (1-366) - 13
4 

UT (hours) F5.2

Geog. Latitude F6.2

Local Time (hours) F5.2

Mag. Latitude F6.2

Mag. Time (hours) F5.2

Geog. Longitude- E positive F5.1

Cosine of Zenith Angle F6.3

Kp F4.2

F10.7cm Solar Flux 13

Quality figure (4-very good , 9-very poor) 11

Altitude of Satellite (km) 14

Elec . Dens. at Satellitex1O~
4 F6.2

TOTALN x 10-11 F8.3

Elec . Dens. (950, 850... .350) x i0~~ 7F6.2

f0F2 F4.1

Hmax (km) F4.0

•
~~-i
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2.5 Auroral Morphology Study (Part II)

Initiator: R. Nadile
Project No.: 7670 Problem No.: 4689

Program AIMS, which provides a CR1 plot satellite view of the aurora and also
depicts boundaries, cross-sections , and solar aspect, ( i i  was mod if ied for
extended uses.
1.) A polar projection of the earth and auroral oval including a map of
continental outlines was programed. Intersection of aurora and satellite fiel d
of view is depicted, with contributions to a selected tangent height also shown.
2.) An improved sunline routine was developed to draw the terminator on
these plots.
3.) The program was adjusted to also allow southern hemisphere auroral morphology
studies.

2.5.1 Polar Projection

Figure 6 shows a typical CR1 plot for a geo-stationary satellite with emission
profile betweeen 75 and 150 km as a function of alti tude h given by:

V = HN x e (1_HN1.16)

where

HN = (h -75 )/15.

The auroral oval is taken to extend uniformily betweeen 61.5° and 730 N; geo-
magnetic latitude.

The polar pi ojection is designed to show the viewing geometry, subauroral coordin-
ates , and inteilsity of contribution to the visible aurora for a specified tangent

— height. Continental outlines may be included . Figure 7 shows such a CR1 plot
for a 30 km tangent height section for the example of Figure 6. Since 30 km
above the earth limb is the lowest tangent height of interest, the shading at
higher elevations woul d progress ivel y cover the two small regions bounded by the
aurora . The rest of tr,e aurora remains invisible, either in front of or behind
the earth limb .

The limi ts of azimuth AZ and elevation EL are converted to a dashed viewi ng line
• 

I on the paper from the satellite located on the left. Assuming the satellite is
at lat itude 0, the slope of the corresponding dashed line is given by

SLOPE = - 
tan EL sin AZ -
COS ~ + tan EL COS AZ sin ~

: 2.5.2 Solar Terminator at Shell Layer Height

— 
- The sunline generating routine developed previousiy~’~ move d the term ina tor on

the earth ’s surface back by a distance SDL from the direction of the solar
radius vector 

~~ 
-
~~
, 

~~~~~~~ ~~~
. In this satellite—oriented geocen tr ic coord ina te

system, the x-axTs is to the north , y to the east, and z passes through the satel-
lite. Equal increments were taken in the x-dlrection and the terminator was

‘3 sol ved for. - Difficul ties were occasionally encountered when the sun vector was
37
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close to the x-z plane. An improved routine has been Implemented
in which the farthest point of the terminator on and behind the earth
is first determined, and then the vector to this point is rotated

- 

- 

about the earth sun axis in 1D ’ angle steps. The sign of the rotation
depends upon the sign of 

~~
,

- Thus , starting with
+ £

solve for g, v~, as before . -

Then, for each step -

- 

~ (2.
~~~~~

-$ L, ) o
~ t = ~~i (~~~~~ 

- g~ ) cos

‘, ~~~~ -‘l’ -
~ 

-sin D

- 

This terminator Is moved back on to the shell by the shadow distance SDL.

~~~
- SDL~~I, 17~ = J

~~ 

- SDL 
~~~~

, 
~~~ 

= ~ SDL ~~~.

Finally, if
~~S<I

~~
he terminator on the shel l is obscured behind the

- earth limb.

~~ is given by - SDLIY2-1

-H

where?= earth-satellite distance in earth radii.

F I
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2.6 Ionospheric Research Program Library UPDATE Tape

A group of programs that were developed over a number of years in
support of ionospheric research, and that have some-commonality either
as regards use or subroutines were consolidated into an UPDATE program
library. Operation consists of having a binary subroutine libra ry
available , created under EDITL1B, and compil ing and executing only
the requisite main program. The following programs comprise the present
l ibrary: -

- PROGRAM 4 USE

1) TRK2 Fli ght Tracks
2) ALTRAK2 Satellite Tracks

ALTRAK3 system 3) STATS Statistics
- 4) CON Contour plots

- 5) CGARC1 Auroral are plots
6) AIMS Auroral Morphology (Earth Limb)
7) AIMSA Auroral Morphology (Global)

-- 1 8) CONFMAP DAPP - CGM grid
9) WRL DMAP Continental Outl ines
10) MJRECT Rectangular Coord. CGM plot

- 
11) ABCD Create Binary CGM file
12) ISOZEN Iso-zenith angle contours

These pro~r~ms are described in an earl ier report
(1)or in the present one.

Reference

1) “Analysis and Programing for Scientific Research”, Logicon, Inc. , Final -

Report , AFCRL-TR-74-0480, September 1974.

- 
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Section 3. Rapid Orbit Prediction Program - ROPP

I

I
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3.0 Rapid Orbit Prediction Program - ROPP
Initiator : I. M. Hussey

Project No.: 0001 Problem No.: 4506, 4801

For drag perturbed orbits analytic perturbation theory excluding short period
oscillations is used in program ROPP with large step sizes to provide reasonably
accurate and rapid prediction of the orbit eiements.(1) Th is program was
modified to include additional features :

1) Estimation of the ballistic coefficient CrjA relative to the atmospheric density

modèT based on two sets of el ements. K

2) Input and- output of the osculating position and velocity vector.
3) Al titude, perigee-apogee, eclipse in-out times, revolu tion number

informa tion , and apogee-perigee plot f i le.
The present program typically outputs parameters 1-4 times per second on the
CDC6600. For example, a low altitude satellite run with print-out every 12 hours

executes 1-2 days’ of orbit per second.

3.1 CDA Optimization

Program ROPP was designed to provide an approximate satellite ephemeris and life-
time, given elements and drag factor at any epoch. For the drag model the
geomagnetic anci solar flux activity are required as well as the ballistic coefficient
CDA/M where CD is the drag coefficient and A/M is the area to mass ratio. For

satell ites at significant-drag altitudes the mean motion and resulting in-track
error is extremely sensitive to inaccuracies in the atmospheric density model
or, what is essentially t~~~~ ..~‘.e t~uing , the ballistic coefficent. Given two
sets of elements plus revolution number1 reasonably separated in time, CDA/M
may be adjusted in ROPP to cause the true anomaly to correspond closely to that
of the second element set. The semi-major axis (A), eccentricity (E), Incl ina tion
( I), argument of perigee (W or 0), and ascending node (N) are slowly changing
el ements, so that great confidence can then be placed in the trajectory between
the element times and for a considerable period beyond.

The main problem in implementing this optimization procedure Is in computing the
cumulative angular rotation from the first element set to the second. After a
few weeks the average mean motion is unable to predict the right revolution number.
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It is thus necessary at each incremental output time to correct the cumulative
angular rotation obtained from the mean motion and rate of change of argument of
perigee, so as to match the true anomaly obtained from the, elements at that time.
This integration can then be safely continued up to the second set of elements.
The procedure Is described below:

-Let I be any intermediate time , and X the next incremental time. Let
1 and 2 denote the initial and final element sets and times .

Notation: N - rev, number
V - true anomaly
w - argument of perigee
w - rate of change of w
MM - mean motion

AT - cumulative rotation from equator crossing preceding initial elements
by (vi + Wi).

a) If ATX is the cumulative rotation at time X the corresponding revolution
number is given by NX = NA + INT[(ATX/360)J (1)

Where NA = Ni - INT [(vi + wl)/360] (2)

NA gives the base revolution number to be added to any subsequent calculation
to give the correct rev, number.

b) Compute rotation increment for interval~~t from I to X
Estimate 4A =(MMI+MMX)4t +(Ji~i4~tx) At

Calculate AIX = ATI+4A

Adjust ATX to match (vI+wI ) to the closest 360°.

c) This AIX becomes All for the next step; continue for each increment t
until time 2 where we get AT2, the predicted revolution number

NT = NA + INT (AT2/360) (3)
and the predicted total rotation~~AT = AT2 - AT1. (4)

d) Calculate actual rotation DAT from time 1 to time 2.
DAT = (N2-N1)x 360 + MOD (v2+w21360)- MOD (v1+w15360) (5)

- 

. - -  F inally , error between observed and computed rotation is
Error = DAT~~AT (6)
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If the error -Is positive CDA must be increased. Successive iterative experiments
-

~~

-

with C0A adjusted also provide the rotational change sensitivity to these ad--~r
justments , thus allowing a rapid convergence to the optimum ballistic coefficient.
The procedure was implemented with subroutine CCDAM, and modification of existing
routines including OUTSUB and READIN.

FIgure 1 shows a typical computer output where CDA was optimized . The first

element set is entered in the normal way and is now shown. The NAMELIST input is
also standarcl(2) , except that the optimization procedure Is initiated by setting
both CD and CDAM to zero. The second element set is shown entered as a position-
velocity vector after the $END card. Iteration 0 provides a crude first estimate
for CDAM based on a mean motion that has increased from time 1 to time 2. Three
subsequent traj ectory iterations are shown before a close enough match is obtained
to the nodal period. The final ROPP prediction run with output is then made with
CDAM~.04247 ft.

2/lb. 
-

3.2 Position and Velocity 1/$ -

The basis for the addition of osculating position and velocity input - output
was the gravitational perturbution model that exists in ROPP. Subroutine OSCSET
generates comprehensive functions of eccentricity and incl ination plus their
derivatives. These are used by subroutine OSCSUB to compute osculating Kepler
elements. Co~v~rsion between these elements and position-velocity is a standard
procedure~

3
~ ani was Implemented with subroutines ELMTPV and PVTELM~

4
~. Convers ion

from osculating to mean Kepler elements was added into PVTELM as an iterative
procedure where the mean elements are corrected by the difference between the
desired and resulting osculating elements . Four iterations including OSCSET
recalls are sufficient fol ~~v , I .e ’ IJ2N.e. The mean Kepler elements in Figure 1
were derived In this manner from SCF position-velocity elements.

Figure 2 shows the normal full output, -in this case twice a day. The last two
lines present osculating position and velocity which have been made consistent
with the original input due to the procedure described above.

:1
3.3 Other Modifications

a) Program ROPP was converted from double precision (RUN) to single precision
(FIN) with negligibl e loss of accuracy. Core memory requirement was reduced
by 30K octa l , compilation time by 90 percent, and execution time by about

- 
50 percent. 
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b) Element input may be ADC 2-card or 5-card sets (see Section 4.1) or SCF
position-velocity data. These capabilities parallel program LOKANGL.

c) When using CDA optimization , if the desired time span for the trajectory

is not input, the program operates between the times of the two sets of elements.

d) Mean satell ite altitude is included with latitude and longitude output.

If R is the mean radius vector and 0 the latitude of the satellite ,
the altitude of the satelli te is given by

H5 
= R - aJJl + 2 Sin

where ae is the equatorial radius of the earth, and f is the earth

-flattening. .

e) Local times at perigee and apogee are included in the output, and are
readily derived from existing quantities .

f) Universal times of entry into and exit from solar eclipse are included
along with the eclipse duration, for a period close to the requested output
t ime.

g) Revolution number at any time is calculated according to Equation (1)
of Section 3.1, and is output.

h) Optional Apogee-Perigc~e Plo t File

If a ~l ’ is punched in column 71 of the first card of the first element -

set, apogee-perigee Information is written on TAPE7 in punched card format corn-
patible with program PLOTIT (see Section 5.2). This output is described in

- 
Table 1. Figure 2 in this Section is part of the run for satellite 8468 which -

subsequently produced the apogee-perigee plots of Figure 1 in Section 5.

L In another appl ication, mean elements from ROPP were punched out period—
icall y to study disparities with mean elements provided by ADC. Results of this
study are discussed in Section 4.3.

3.4 Problems with ADC and SCF Elements

A number of problems were identified during the use of the orbit prediction pro-
48 -
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Table 1. ROPP Apogee-Perigee Output Description

VAR.# VAR . UNITS FORMAT CARD COL.

1 Day No. 13 1-3

2 HOUR 12 4-5

3 MIN 12 6-7

4 YR 12 8-9

5 LAT (per.) Deg. F5.1 10-14

6 WLONG(per.) Deg. F5.1 15-19

7 ALT (per.) Km. F7.2 20-26

8 LAT (apog.) Deg. F9.1 27-35

9 WLONG(apog.) Deg. F9.1 36-44

10 ALT (apog.) Km. F7.2 45-51

11 REV. No. 19 52-60

12 L.T. (per) Hr. F6.2 61-66

13 L.T.(apog.) Hr. F4.1 67-70

14 MODEL “18” 12 71—72

15 14 73—76

16 IDVEH 14 77-80

i t
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grams . Some of these have been resolved , and others that would require further
extensive study but were tolerable are described.

Figure 3 shows a printer-plot of the differences in eccentricity between the mean
values provided by ADC (A), and the mean values derived by conversion of the
SCF position-velocity vector (X). The element sets are for satellite 7499 and
cover a period of 60 days. The argument of perigee is drawn and the greatest
eA-eX values are seen to occur for w 2 7 0°. A zero drag run of ROPP showed that
this program inputs and outputs mean elements that include the long period
oscillation due to J3. The larger eA value (.‘~.OOO75) for perigee near the South -

pole shows that the ADC elements leave out the long period perturbations whereas
— ROPP assumes that they are included . The ADC elements are therefore adjusted for

eccentricity (see Section 4.1, Equation 1). The mean semi-major axis is obtained
from the mean motion using Equation 5 of Section 13 of Section 4.4.1.

Figure 4 shows the same mean eccentricity values on an absolute scale. A ROPP
pure prediction run was made starting with a pair of early elements and an optimized
CDA . The mean eccentricity (R) is seen to drop off too rapidly after 30 days,
M
along with the associated perigee altitude , indicating that the atmospheric density
model in ROPP has an insufficient scale height. (also see Figure 6, Section 4).
This problem was not tackled.

Figure 5 represents the results of a search for the cause of erratic altitude
predictions in ROPP when using different SCF vector sets. The reference eccentricities
(X) are the ones obtained by conversion of SCF elements in LOKANGL (Section 4.3).
These elements were also converted in ROPP and the differences eR-eX are shown .

The ADC mean eccentric ity d ifferences eA-eX are a lso shown . The absc issa is the

argument of latitude (w+M). Values for the different element sources were time
interpolated before comparison. The ROPP eccentricities do not even monotonically
decrease. The conclusion is that ROPP conversion between mean and osculating
elements is always poor when these elements are provided near the poles. Data is -

r~- ~~ absent near the Sou th pole , but a repeating pattern seems ind icated. The equally
likely large positive or negative differences--leading to the erratic altitudes
is unexplained . Inspection of ADC eccentricities with the J3 correc tion also

~~~~ shows substantial disparity with the SCF derived values ; however the fact that
ADC elements are invariably provided near an upward equator crossing limits our -

evaluation of this problem . 
50
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3.5 Parameter - Lifetime Study
The effect of varying four different factors Independently on the lifetime prediction
of the ROPP program was studied . The same position velocity vector set was used
in every case. This set was dated 25 days before the observed crash date for

— satellite 7499 (S3-l). The factors and their effects are described below. Nominal
-values for these parameters were CDAM= 055, AP=15, FLOBAR=75, and HMAX= .5.

CDAM

COAN Is the least known of the four parameters studies. Unfortunately, ft
has the largest effect on the lifetime prediction . By varying CDAII from .02 to
.08 one finds that the lifetime prediction varies over a range of 45 days. The
ROPP program has a sens it iv ity of abou t 7 days for every .01 change in CDNI.

-
- AP

The AP values are generally well known and a reasonable average value over
an appropriate time span is used. The ROPP program is sensitive by one hour for
every unit change in AP. This effect is very little.

F1OBAR

The F1OBAR values are also well known and are used just as the 1W values .
The ROPP program li fetime prediction changes by approximately one hour for every
unit change in FIOBAR. 

-

HMAX

HMAX is the maximum value of the integration step size. The variation of
HMAX from .0625 to 1.0 produces a change in the lifetime prediction of two hours
at most. The only important consideration in choosing a value for HMAX is that
the value must be small enough to prevent large errors from occurring in the

~~ I calculations . Generally these errors show up as a negative perigee altitude
in the ROPP output. 

-

~ I
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4.0 Satellite Ephemeris Generation Program - LOKANGL

Initiator: I.M. Hussey

Project No.: 0001 Problem No.: 4506,4801

Program LOKANGL is a specialized orbit determination program that primarily
serves the requirements of the AFGL research comunity. Radar and other obser-
vatlonal data may be dispensed with when good quality orbital elements are
provided by other agencies that regularly operate ful l scale orbit determin-

. ation programs. The program analytically generates satellite ephemerides along
-with related observational conditions as desired by various researchers. The
program has been substantially augmented in response to growing use. LOKANGL -

was modified to provide reliable ephemerides over long spans of time by inter- -

polating between sequences of elements. Abnormal discontinuities due to improper
elements can be recognized by inspection . The program has also been extended
to accept and output position-velocity vectors such as are provided by SCF.
Support programs for plotting key orbital characteristics over the time spans -

have been developed and are regularly used. These are described in Section 5.

4.1 Use of Element - Sets

Figures 1 and 2 describe the card format input for elements that are accepted -

by LOKANGL and ROPP. Information which may be punched but is ignored by
LOKANGL is shown double-lined out. The crossed-out columns are blank separators
between fields . Figure 1 shows the original ADC format which was received by
teletype. The sixth line was not provided. The one digit year is now used
in LOKANGL tc ~idicate a year in 1970. The Modified Julian Days on card 2 is
the Julian Date plus fraction less 2400000.5 Thus the fraction is the UT in
days. The integer part is optional and -is shown dashed. In early 1974 ADC
switched over to a 2-card teletype message and eliminated the semi-major axis
and all derivatives ot ~~~~~~ ~~~~ its. Only the first and second derivatives
of the mean motion ( I~/2 and N/6) remain. This format is shown as Form No. 2
in Figure 2. A technical document (6) outlined1how the sisissing quaptities
could be recovered. This brought out a problem in the determination of the
semi-major axis which was subsequently resolved (see Section 4.4).

j  
Form No. 3 in Figure 2 is adapted for entering SCF position-velocity vector
sets that are also available by teletype. Period Decay in seconds/rev, provides
the drag estimate. Conversion of this data to mean Kepler elements for use in
LOKANGL is described in Section 4.3.
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When any of the three element sets are used in ROPP, derivative information
is not required since the program includes a complete force model and analyti-
cally generates the trajectory . Program LOKANGL on the other hand operates
primarily by polynomial extrapolation and interpolation of mean elements. In
the case of SCF data , estimates of the rates of chan ge of the elements mus t
be made initially by semi-analytic means. This is also described in Section 4.3.

When successive sets of elements are available , rates of change can be tested
against the new elements and adjustments made. This is discussed in Section 4.2.

The derivatives provided above for use by LOKANGL cannot include the long period
perturbation In eccentricIty (3) due to the progression of the argument of
perigee over the northern and southern hemispheres . The mean mean eccentricity
is therefore converted to mean eccentricity by

- 001066e = e + 
_ _ _ _ _ _ _ _ _  

sin w sini (1)
a

- 

before computation of osculating elements in LOKANGL . In the case of SCF
data the mean eccentricity is initially further reduced to mean mean eccentri-
city by inverse appl ication of the above equation 6. This finally makes the mean

elements from the three sources consistent as far as possible. Some results
of a study that was made to resolve these discrepancies are discussed in

Section 4.4.

4.2 Use of Successive Sets of Elements

Satellites 7499 (S3-1) and 8468(S3-2) have been of particular interest because
— of a number of AFGL experiments on board. ADC and SCF element sets based

on their full scale orbit determination programs are available by teletype in
a timely fashion, allowing generation of ephemerides using a relatively high
density of elements. In fact, since the telemetered - data is not received for
some time, the latest elements extend well beyond the available data. Program
LOKANGL was modified to accept time-successive sets of elements in any mix , to
adjust first derivatives of a set so as to match the subsequent mean Kepler

element set at its epoch, and to generate a trajectory at any time based on
the most recen t correc~ed element set. The original single element set mode
is automatically effective when no other elements follow since the last element

~~~~~~~~~

I 
set is not adjusted. Long term predictions beyond available sets are unreliabl e.
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Higher order derivatives are not adjusted because of their smaller effect

over a few days, and because of uncertainties over extended periods. For

significant-drag orbits the rate of change of mean motion is adjusted to

match the mean anomaly; in low drag cases the mean motion is adjusted instead.

The original and revised first derivatives can be inspected for abrupt

changes, which usually suggests a transcription error in a data set. Plots

of satellite apogee-perigee such as Figure 1 in Section 5 can also point

up poor element sets when the curves are abnormal.

High quality ephemerides were prepared for the above and other satellites

using daily elements covering periods of a month or more. For reasons

of consistency, earl ier ava i lab i l i ty , and fewer discrepancies (see
Section 4.4), the SCF position-velocity element sets have recently been
favored.

4.3 Input of SCF Position-Velocity Vectors

Program LOKANGL has been altered to predict satellite ephemeris and look

angles given initial values oF position and velocity. Period decay (sec/

rev) is also required. Subroutine DELEM has been added to handl e the re-
quired convers ion to SPADAT S parameters

4.3.1 Computation of Initial Mean Elements.

Inlt~~l mean Keplerian Elements are computed from the input cartesian
position aI:c velocities by subroutines taken from program CADNIF~. Initial
position and velocity are assumed to be osculating. Mean motion is calculated
In revs/day according to Escobal , (2)

= + . ~~~~~~~ji_ ~~.5si n
2 

~~ 

J X 86400. (2)

where p = Earth gravitation constant = 398603.2

= Second Harmonic = .0010827549
a = Semimajor axis
I = inclination
e = eccentricity
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4.3.2 Derivat i ves

First and required higher order derivatives are computed from secular
changes in the elements over the fi rst 3 successive revolutions due to
the second harmonic and drag. The derivatives of a function f are computed
as (M1 Is in revs/day): 

-

= —

f2 = ~~ 
- f2) M2 - f~’j . (M 1 +M 2) /2

f3 
= { [(f4 - f3) M3 - Cf 3 - f2) M

2] 
. (M~ + M3) /2

- f2}. (M1 + M2) /2

where rLis the value of f at the start of the 2th revol ution.

4.3.2.1 Changes per Revolution

a) Drag —

The secular changes per revolution in the elements due to atmospheric drag

are computed according to King-Hele3 -

- cia = -a2 qo (1 + e cos EJ 3/2 (14 )de (1 - e cos E) L’2

de a 
9 6 (1 + e cos E\ 1/2 (1-e2) cos E ( 5 )

dE \ 1 - e c o s E/

where E is eccen tr ic anomal y, 
~ 

is the atmospheric density and 6 is a
drag factor determined from the input period decay. Changes in inclination ,

ascending node, and perigee argument due to drag are currently neglected
since these are proportional to the Earth ’s rotational velocity . However,

coding has been provided to include expressions for these (lines 19-21

- - 
‘j in subroutine INTGND) if warranted .
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The above expressions are i ntegrated over one rev (E=0 to E 2Tfl5~j i Simpson ’s
rule~

4
~ using 1 degree integration steps . The elements are assumed constant

during the integration of one revolution at the values assigned to them
at the beginning of the revolution. The density is as given by the DENSEL
model using subroutine DENSEL of CADNIP~

1
~. -

b) Determination of 6
The drag constant 6 is determined by requiri ng the period decay for the first
revolution to be the input value, i.e.

a = P/(dP/do) (6 )

- 

.~ i(6400)@t aa + Le + s4 Al)
- where ~a, ~e, and a .Lare the changes in the elements in the first rev corn-

puted from~ =1 and the partials of M with respect to the elements are
computed directly from E-

% 
(1).

- c) Second Harmonic

I 
The per rev changes due to the second harmonic J2 are as in Escobal~~

Ascending node

- 

C cos,&. (7 )

- Arg&m~ent of Per igee .

—C (2—2.5 ssn 2
4, ) (8)

where
- 

C~ _ 3~J f a 2 (1_ e2 ) 2

I ~
1:

-

~~~~~~~  
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4.4 Problems with ADC elements.

4.4.1 Mean Semi-Major Axi s

A technical document(6
~rovided at time of conversion from the 5-card to the

2-card set indicated how the mean (Kozai) semi-major axis a coul d be recovered
from the mean motion n and the other data, since it was now unava i la ble.

= a, [i~ (l/~) ~ (1/3)4’ 2]
where a0 = ~~/n ) 

—3/2 ( 10)

and J~~~~~
= (— /2) Jt a e Ia, -e [1_ (3/2) sin 1] (11)

R= 398603.2, J2 
= .0010827549, a = 6378.165.

This equation is in fact consistent with a and the mean motion n provided
on the 5-card sets. Further, Jan . 1974 2- and 5- card element sets for
satellites 1085 and 1620 are effectively identical , indicating no disparity~
due to the transition .

Investigation of first order secular perturbation theory~
2
~ however discloses

that the Kozai mean semi-major axis is improper for use as the mean semi-
major axis in programs LOKANGL and ROPP. The oblateness of the earth is
considered to perturb the mean ~~jon but not the semi-major axis a.

If unper turbed n~ =J’~ 3
Then perturbed n = n, (1-J. )
As before, defining a.= (1~~ ) 3
We have a = a, 

[
1_ (1/3)j — - (1/9)~~2} (is)

Qual i tativel y, for inclinati ons near 90 4is positive and the perturbed
mean motion n is lower than n, . Hence the fictitious a~ mus t be larger
than the mean semi-major axis a.
Figure 3 shows before and after printer-plots of the relati ve mean semi-
major axes as obtained from ADC (A) and SCF (X) elements. Use of Equation

13 instead of Equation 9 makes the values from the two sources consistent.

4.4.2 Irregularities

r I Figure 4 shows inclination obtained from ADC and SCF elements over a 60
day span. Results of ROPP prediction runs using CDA adjusted to give a

matched initial nodal period are also included . A similar plot for ec-
centricity was shown in Figure 4 of Section 3. It can be seen that the ADC

:: mean elements are much more erratic than the SCF derived values . The sys-
tematic sinosoida l difference in eccentricity seen in Figure 3 of Section 3
occurs because the ADC elements provide mean mean eccentricity, and the
adjustment for the J3 zonal is needed according to Equation 1.
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S.

Figure 5 compares the ADC and SCF eccentricities after the above correction
has been applied. A small systematic difference is still present, and the
irregularities are evident. Figure 6 compares the corresponding perigee
altitudes over a 4 month period . The SCF values are seen to be consistently
smoother. Incidentally, the lower density scale height is evident in ROPP
from the faster al titude decay.

4.5 Other Modificati ons

Program LOKANGL was compacted by elimination of unused rou tines , variabl es,
and some double precision code. A number of features were also added and
are described below . Card input format has been modified minimally and is
shown in Figure 7.

4.5.1 Output of Osculating Position-Velocity .

Rout ines taken from CADN IP (1) convert mean Keplerian elements to osculating
elements which include the short period perturbations. Position and velocity
are then directly obtained. Kepleri~n elements when requested are output as
mean values .

4.5.2 Binary Ephemeris File
— The binary output file (TAPE3) is identical in format to the file generated

by DABOS~
5’ e”cept that the maximum number of stations has been limited to

- 
-
~ 1 

20, and the observational data for all stations (up to 20) are included
with the ephemeris record.

4.5.3 Sub-ionospheric Option in LOKANGL.

Subroutine SILL2 was optiona I~y a~~ed to program LOKANGL in order to cal-
cula te azimuth , eleva tion , lon gi tude , and geodetic latitude of the location
below a given ionospheric height along the direction to the satellite.
Subroutine SILL2 was provided by the Ionospheric Physics Laboratory.

4.5.4 Program LOKANGL has undergone a number of changes in order to adjust
-

- - 
and present the input/output information in compact form. Also the subrou-
tines WRTAP and WRSTA which generate observational printout were unified
into one subroutine WRSTP which allows optional output by time or by station
onl y.

69

—-——5.—-—.-- ~~~ 4-SI~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---~~~~~
- ---~~ .

.-~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~ - - -



— —•_~~~~~ — —-.- — —4 —-—--7.-- - —  ——-4—— -4---4----- --- - —— - ——— 5---,

—- - -e. ---- -- - -

C. INPUT FORMAT FCR PROGRAM LOKAN GL
—

~~~~~~~~~~~~
------------ - - -

~~~~~~
- - - -- - - -5-- - --  -- --

C.
C. DATA DECK SETUP -

- ~~~~~~~~~
- - - 4--- - - - 4 -  - -

C. CARD COLS OE SCRX PTIO Pi
0.. -1 1 — COOL ec OROITAI. -OUCRMIN*TIGN FORtI —-- ——-______  — ---  -

C. lzP’ORM NO. 3 ~ SCF 2—CARD P05.-VEL. SET
— -- --C-.- 2.FOR$ NO. 2 ~ ADC 2—CARD E1~€$ENT 0*1* SET

C. 5 FORM NO. I % AOC 5— CARO DATA SET
- - ---6-.—-- ----- - -- - - - - - -  -

C. 2• ONE OR MORE ELtNEN T SETS
6.. 1—i N 9R ~~~

- ON F IRST OARO er AU . 5UBSE~ UEN T EL E M ENT SET G
C.

-
~~~~~~~~~~~~~~~~~~~~~ 3 1-3 NO. OF STAT IONS. IF NO -STATION-S uSE 0 

C. 6 CODE 1 OR 0 FOR PRINT CONTROL OF STA TICP4 DATA
¶ --C-. - 8-PRINT BY TIME ONL Y

C. 1 PRINT BY STATIONS
C. - 7—IS 0-STANDARD
C. IONOP4TZSUB.IONOSPHERIC ALTITUDE (KN) 13

- - --

C. 3+ STATIOP’ LOCATION CAROS ,IF NMS .GT .0
— ------6-.—-----—— --- --- - 1-—S 1.0. - OF STATION 4P4UM ()CR)-- -  - - - —

C. 8 CODE 2~GEODETIC SYSTEM
C-,--——--—-- - --9—23 --S-TATIOk 6~ OO€T-IC -L M-I IUO€-. O€CREES -

C. 2~—38 STATION LONGITUDE (POSITIVE WEST ). DEGREES
- 

- - - - — --C-.- -- —- -- - —---- - --39—53 —51*1-1011 HEIGHT. ME TERS — -

C. 61—72 NAME OF STATION
-c~~ -- - -- - - - - - - --- -

C. 1—15 TIME It~CREMENT IN SECONDS. P15.5
— C-. - 17 -69 T~I1E IUT-€~ VAL FQI~ PflINT GR TA PE 3 WRIT-E------—----

C. START COLS\ 17—1a ;2 0—2t ;23— 2 26—29 31—3~~36— ’.1
- - F-P4M.- -  COL-&\ k3— ’ :46-k7+49—-5-a- 52—55 ; 57—60 -~2—67 

- -

-
‘ C. TIME MONTH; DAY; YEAR; HCUR; M IN SEC

-
~~~ 

- -  --C-. - -—- -- —---— —-  FORMAT 1-2~ — -  1-2~ za; P4.1; F4.1 P6.3
C~ -

C.,- 5 CODE FOR P-RINT-OUfl OaNO PRINT I—PRINT FOLLO WI NC \

- t C. 2 1~POSIT ION AND VELOCITY
- - ---~~~~~~~~ -- - - -- -—- --~~~~~~~ --4 S~~~~SA~~~ t-1TE 0A~~~--—  -    - --

C. 6 1~M E A N  K E P L E R I AN  ELEMENT S
— —0-.-- —-- —----8— -—1~O6SERVA-1-I-GN- - -OATA -------- — -—-- — - ----— 

C. 9— 10 TAPE 3 CONTROL ; STA NOAR D O
C. 11—13 STAt1OARO~ t.0

~~~~. 
I C. 6 1—1’. “END OF PROBLEM”

- - - -  C. - -

C. ABOVE MAY BE REPEATED N TIMES
—C. -----LAST CARO\-- “9~ —1N- - -CO-L-.---4---- - - - - - ---— - -- --—-— - - - - - -

~~~~~~~~~~~

Figure 7. Card Input Descript ion for Program LOKANGL
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5.0 Satellite Orbit Support Programs

Initi ator : I. M. Hussey

Project No.: 0001 Problem No. :4506, 4801

5.1 Apogee-Perigee Program AP

In order to graphically present and evaluate various satellite orbits,program
LOKANGI is often executed simultaneously with program AP which calculates apogee/
perigee data using the minute— by—minute bi nary ephemeris file TAPE3 generated by
program LOKANGL. Program AP has undergone changes which allow simultaneous cal-
culations of apogee and perigee data which permits more efficient use of the system
of programs LOKANGL, AP & PLOTIT (Section 5.2). Poor quality element sets or

- 
- transcription errors are readily identifiable as irregularities in the apogee-

perigee plots.

Initiator: I. M. Hussey

Project No.: 0001 Problem No. :4506, 4801

5.2 Program P10111

Program PLOTIT performs three different types of plotting . They are, 1) m di-
vidual , 2) sualnary, 3) multiple plots.

Individual plots have one curve only per graph. Sununary plots contain several
curves of the same var iabl e, eoc~ c~ ’ve representing the use of a different data
set. Multipl e plots contain several curves of different variables from the same
data set. The program was originally developed by C. Foley (Boston College)
and has undergone a number of changes. a) Option to read variable data from any
tape (not only from punched cards) was added , which allows execution of PLOTIT
in conjunction with other programs e.g. LOKANGL , AP. b) Appropriate subroutines
of P10111 were modified in order to include satellite revolution number on the
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—~~~~ •• .... ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
3. •~~~~‘ DAT A DECK SETJ’ ~~~~~~~~
3., G1~3 O..~ rpR~I&T
::. I 1—~ •1- ‘~1PA SS I?
3, N~&5S IS fil E NU IBER 0 PRO~LCM5.
C. TIUST A~ OS A~ E ENTERED NEXT AS FOLL3WS. ..
-C.- t—3------—--HME 1*-DAYS OF T4RUST—eeceR-------— — —  -- -- - - -

3. EN CE
3. ~~[O0P1~~~~ 0’ DAY or f’- RtJ T
4J S

C. —-- - 4 — - - -

~1. .
C. N LAST T4RUST CARD.
2. P4+1 1-? —1” (IID ICA IES END OF IMR.) I?
2. 1 3 VARIA9.. F ICL O NU13E~R It
3. ~— 3 VARIAB ...E ABBR EVIATION A S

—C-. il-SC AXIS LABE L ~0R JAU AA L ~A1I3. 51-5? VAR . SYM , CDDE NLJIB !R 12_
3. ~,-56 IX OR FIg A~ 

— - -

C. 
- 

53-61 ..OWER ..IMIT OF VA RIABL E F~ .0C. (.3-CC JDPER LItIIT or i&~ r*oi: Fl,~5
C. 68-71 V AXIS MGI. IN IN IES Fi..0
3. - 73-7~. ‘4UMBER OF DiGITS TO RT. OF .12
3. - -  _~~~~~~~~~~~~~~~~ . U. J~~flI ~~~~ 4. ~L~~~~~~ 5J,QJ~~IF -C. 3OLS 5~.—56 ARE FIX , THEN
~~. . .,OLS 73—7 1, ..,ONTAI~ TilE PlUM —
C. 9ER O~ DIGITS.

2.

C.

3. T HERE MAY BE AS MANY AS 15 M) RE “tl~ 2 CARDS, ONE ~ER JARIABLE.
3. ‘IOT ...Til: ~IR~T N 2 ”  3AR0 3CSICN%TCS ru: X-AXI S .
3.

-C. IF T-I E FI ~~2T ~~li-~~’~ CARD -1*5 AS IT S VAR I A BL E *OORCVI *TItV4 DA Y ,
3. T’IE’l THE DAY NJMBER tX— A X IS ) IS CA .3ULA TED ASSUMI~IG THAT THE
3. FI~~ T TH REE F1ELD~ OF TIE VA RIABLE DATA CARD CONTA IN 1.)TIIC DAf
C. NUMBER, 2 .)TH E HOUR, AND 3.) THE Mc PILJTE.

C.
3. ~D3 1-50 3LANK -(-IN-e-ICATES C I D  OF rl#2 -

C. ARDS)
3. 10*3:3 15 TIE IU~~~~ OF DATA OCOKO.
C. MtJLTI? (I,K) CO~4T*1NS THE ~A R!ABL E F~.ELD NUMBER. IT ALLOWS UP TO

-3. 6 I’LTI2LE P L 3 I S  E A C H  HAVI’1 *5 fl*~~ AS S VA RIADL ES (RT. JUST!
C. PIE))
3. IFU~ L T U -)-.EQ.1) , TI4~ rI~Lo ONTAI~l tNC 1I-I~ “1” (C.C. PlC 10TH
3. 12 ~IELD ) W 1L INSURE TIE DLDT TING .F TIE JARIABL E W HOSE FIELD
C. NUM -3 R  I~ ,IN 11I~ C A SE, 10.
C. N+-. 1— 32 ~lCA SES,XSUMRY(I ) . 1612
3, ~ 1~~~~; I— -S O IIULTIP(I,IC) ~(5I~)

4 3. ‘145 1—32 ‘l5” ,I~IT(I) 1612
- I -3. Ni-’ 1—~ 0 3ATELLIT ! A~ O rioo:i. us:o

3. 6g-T0 W4~ XAB.. E O A r A  FI..~ NUM 3ER (1=CARO INPUT)
c. ~ *pgg~~~ __________________________________________

~EX1 3 O b i E S  lIE VARIABL E DATA
H — -.— ~-~~- 1ftT C43~ 2I2~ - -2-.0,2F5.t, -7-,2 ,2€9.3,F7.-?,-C -9.3,F-6.3,

-3-._—--T~4~-5 -DATA - S-T--8~—F LL-)W --8Y--AN--~-+O— --F-ILE,--_AP4D T4+E------
3. SATZ ._ITE A I ~~ D IDDZL USED CARD , AND VARIA BL E DATA
C. L P1A~ 3N) II—R-~- E A T E D  FOR NEX T  N CA S E  -

3. ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
—-- -— C.- --

Figure 1. Card Input Description for Program PLOTIT
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hor izontal scale , as well as to allow correct numbering of the horizontal axis
for day number over consecutive years. c) Thrust times can be indicated on the
plots (see Figures in Section 7).

Program P10111 was regularl y used in combina tion with a number of d i fferent program s
(R OPP , L.OKANG , AP) Latitude and local time plots for apogee and perigee of various
satell ites were generated.

For reference, the data deck setup is described in Figure 1. Figure 2 shows
separate perigee and apogee plots that were generated for satellite 8468 (S3-2)
using program ROPP.

Initiator: I. M. 
- Hussey

Project No.: 0001 Problem No.: 4801

5.3 Satellite Visibility Program MINVIS

Given t ime span , satell ite elemen ts and epoch , and observer coordinates, program
MINVIS calcula tes minutes of optical visibi lity per day at each station.
Output is in tabular form and also as a histogram per station. Visibility also
requires the sun angle to be wi thin specified limits .

This program was converted for use on the CDC6600 under Fortran Extended . Minor
corrections were made and the program was checked out. Card input format is as
follows :

;

I. 
—

~~Kellaher , J.G., “Satellite Observability ” , Analysis and Simula tion Branch,
Problem 1444.
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Card Input Format for Program MINVIS

CARD VARIABLE FORMAT

1 Run No. 13
Begin YR , MO , DY , HR , MN , SC 612

End YR , MO , DY , HR , MN , SC 612
At (sec ) 15

2 Satell ite Ident. - 3A6

3 Epoch of El ements
YR , MO , DY , HR , MN , SC 612

4 Elements 6El3.8
Semi—axis (km )
Eccentricity
Inclination (deg)
Mean Anomaly (deg)
Arg . of Perigee (deg)
Asc. Node (deg)

t - 

5+ Station Cards (up to 60)
Station Ident. A6
Stat ion Network 11
tation No.

Lati~uu~ ~~~~~~~ mm ., sec.) 5X,3F5.O
E.Long. (deg., m m . , sec.) 3F5.O

—I Altitude (meters) F7.O
Minimum Sun Elevation (deg) F4.O
Maximum Sun Elevation (deg) 1OX ,F6.O

Last “END” A3
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Section 6. Satellite Orbit Determination Program-DABOS
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6.0 Satellite Orbit Determination Program-DABOS

Initiator: I. M. Hussey

Project No.: 0001 Problem No.: 4801

Program DABOS (1,2) is unique compared to other programs used at AFGL
such as CELEST , TRACE and CADNIP which conventionally optimize initial
conditions to fit extensive models of the earth ’s geopotent ial an d
atmosphere to radar tracking or Doppler signals. In DABOS a Kalman
filtering procedure is used which dynami cally weights observations vs.
model predictions along the trajectory in both forward and backward
integration modes. This procedure is particularly des i ra ble when good
quality observations are available and the model is relatively poor.
On the other hand a sequence of margina l observations from one station
can cause offsets to build up in the trajectory, leading to erratic
apogee-perigee al titudes and improper rejection of data elsewhere in the
trajectory. A hybrid Kalman fil tering and smoothing approach had been
initiated but not debugged by the original investigator. Refinements
were investigated including dynamic drag adjustment on low perigee
satellites , smoothing over extended sets of observations, and integration
of the station bias estimation program BIAS~~ into DABOS. The la tter
was converted for operation on the CDC 6600. Other tasks that were
completed allow input of SCF observational data in “DECOR” format, and
i ncorpora ’lon of advanced geopotential and atmospheric models in DABOS.

-I
Another valuable aspect of DABOS is its output and ephemeris tape
compatibility with program LOKANGL which itself was originall y derived
from DABOS. This plus its relati vely modest operational requirements
(110K wi th two overlays) permit flexibility in development and research
investigations. Parallel aeve~c-~ ent of these programs has promoted

j  retenti on of these attributes .

6.1 Sn~othing

Some di fficulty ar ises i n the use of program DABOS~’~ over large time
spans in which data is lacking and/or high geomagnetic activity occurs .
For example , large adjustment in the state vector by the Kalman fi lter

- ~~
- I for the first few data points after such time spans occasionally produces

noticeable jumps in perigee heights (1-2km) . A recent versi on of DABOS
which incorporates an ad-hoc smoothing technique~~ was therefore tested
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and found useful in alleviating these discontinuities . Changes and
usage of this program are described here.

6.1.1 Smoothin g Program

The smoothing version of DABOS uses the fi ltered state vectors at 6
data points to refine the vector at the 4th as,

x4 (t 4) =~~~ 2 Ik-41 xk(t4)/~~~
2
~ 

lk-41 ( 1)

where xk(t 4) is the state vector at t4 obtained by -integrating from the
filtered state vector at tk to time t4. Consecu ti ve state vectors in
Eq (1) must be separated by at least 10 minutes in time. The Keplerian
elements rather than position-velocity are used in this procedure. The
resulting smoothed vector is used for subsequent orbit prediction (in the
filtering) but the original fi ltered vectors (not the smoothed vectors)
are saved for subsequent smoothing .

An additional feature of the smoothing version of DABOS is the calcu-
lation of the -state transition matrix by the “perturb and integrate”
method:

= 
X k (x

1 +~
x)
~ - X k (x~

~ x i
where X -j is a component of the state vector at time t.~ , and the state
vector Xk (X i ) is obta ined by numer i cal integra tion from t 1 to tk~
6.1.2 Changes

For addition of atmospheric density subroutine DENS see Section 6.3.
For expanded geopotential models see Section 6.4.
For addi tion of DECOR input and other chan ges see Sect ion 6.5.

6.1.2.1 Restricted BCD ephemeris output -

$ ~ A new input parameter NPRT has been added, specifying the ratio of BCD to bina~y
ephemeris output interval when both BCD and binary output are requested.
This permits a fine interval for the binary ephemeris when such is necessary
for further processing such as for perigee computation , while at the same
time avoiding an overly cumbersome BCD printout.
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6.1.2.2 Variable number of points in smoothing

Coding has been added to vary the number of data points used in smoothing.
In additi on , smoothing can be suppressed. -

6.1.2.3 Atmospheric Density Update

The smooth ing vers ion of DABOS was tested us ing 2,4, and 6 smoothing
points and found to be reasonably successful in removing-perigee height
jumps found previously. This however does not establish the accuracy
of the resulting orbits . It is evident that the real cause of the orbital
discontinuities encountered here are dynamic variations not properly
accounted for. The smoothing technique will average over these variations
but not reproduce their deta i ls. Fur thermore , a DABOS - type run wh ich
incl udes atmospheric density updates, a long with state vectors coul d
produce a record of time variation of density which could serve as a
useful research tool. For these reasons it was decided to introduce a
coefficient C which mul tipl ies the model density .

The procedure for updating this parameter is similar to that given on
pages 32-4 of Ref.1 for the determination of type 1 (dynamical ) con-
stants . However modification is necessary to account for the fact that the
parameter to be determined here is not constant. This is done, in the
calculation of the predictive covariance matrix , by adding to the density
covar iance a term Pa” which represents the uncertainty in density varia-
tion since the previous observation. Thus Eqs. (60) and (62) are modified
to read

= 0x~xc ~~~~~ ( ~ + 
(2)

‘I 
~- D

I- C

P~ -is currently treated as input with a value of .05 found to be most
satisfactory .

6.2 Observation System Bias Estimation

ta~~r1 nce with satellite tracking has shown that observations usually
oøtaln balses ‘~~ systematic errors in addition to the random noise.

~~~~~~~~~~~~~~ tracking systems (particularly electronic systems), two more
•~~?ari c~~~1$cate the situation . The ratio of the random no ise to the

.q—.-.w~ $
~~~ aS.4 ll~ smal l , and the functional (often time dependent)
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form of the bias errors is almost impossible to predict and formulate.

Thi s is not due to any deficiencies in theory but simply to the fact that
equipment can malfunction and often does in a manner that cannot be pre-
dicted or even recognized from the output. On the other hand , high fre-
quency random noise and sudden large changes in the output parameters
can be easily recognized and treated accordingly.

In the orb it predic tion program DABOS , this problem was alleviated by
estimating the system standard deviations inclusive of the bias errors
by successive approximations using the minimum variance method in a
mul tiple fil ter ing process. While this method has certa in advan tages and
migh t be the only practical method in many cases, i t might not give
sufficiently accurate estimates of the orbit in case the bias errors
are very large and the number of observing stations is small.

It is poss ible to go one step further an d try to estima te the bi ases
simultaneously with the orbital elements. A development based on the
min imum var iance method and outl ined i n Ref. 1, pp 34 to 37 is utilized
in the present program BIAS~~~. This program was reviewed and debugged
for operation on the CDC 6600.

The program was found to yield satellite position; deviating from those
of the original DABOS by up to 50 km , and station location biases of
the same magnitude . These results have been attributed to incorrect
calculation of the bias—orbit covariance, and this was corrected .

1-
6.3 Atmospheric Density Models

An objective of acquiring and operating program DABOS was to facilitate
atmospheric density studies through the calculation of the atmospheri c
drag on satell ites. To further this end , several density models have
been added to DABOS as optional alternatives (including the Jacchia 1964).
Th is was done by addi ng su brou tine DENS wh ich ha d been wr i tten for program
CADN IP~

5
~, another orbit determination program. Subroutine DENS contains

the option to compute the density according to any of the models listed
in the Input Format description at the end of this section. (The missing
numbers correspond to other density models handled by CADNIP , but not
in this subroutine.) These models contain explicit dependence on many
of the following effects:

(a) Solar activity
(b) Geomagnetic activi ty
(c) Diurnal effect

t - 82
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Cd) Semiannual effect
(e) Polar bul ge

(f) Seasonal—latitudinal effects. -

The density is computed by

log 
~~

3i = 109 10 f (T~, h)  + g

where h is the satellite height , log 10f is computed from a table supplied
as i nput, and g and T~ (exos pheric tempera ture) are computed anal yti call y
as functions of the above-mentioned effects.

Upon an initialization entry, the requested density model table is read
and the appropriate section of the solar and geophysical file is read.
Upon a regular entry, the input position is converted to right ascension ,
decl inat ion , and height. The appropriate formulas for computing l ocal
exospheric temperature are exercised . Two dimensional quadratic
interpolation in temperature and height yields the desired density which
may be corrected for geomagnetic index, seasonal latitudinal variations ,
or semi-annual variations .

- Program DABOS curren tly inputs the follow ing values to DENS :
Initial ization Inputs

EQTRD -equatorial radius (6378.165)
PLRRD —polar radius (6356.783)

TGRMJD -reference time in M.J.D. (40222.0)
THET7P -siderea l angle of Greenwicb at reference time in revolutions

(.27907816)
THETDT -modified rotation rate of Greenwich in revs/day (.27379093E-2)
MOOTYP -desired model number

TAPE 8=NDENTP -log ical number of file containing atmospheric table
TAPE 9=NAPFTP -logic~) ~- .~ther of file containing solar and geomagnetic data

TSTAPF —time in M.J.D. to ~~ ct reading and accumulating solar and
geophysical data DJULN+33282

Regular In puts

TIME - time in M.J.D. of desired density = DTØTSP+33282
PV - position in normalized xyz inertial cartesian coordinates

DENFAC - multipl i cative factor to apply to densities
Program DENS outputs the following vilues to subroutine MOTION :

Outputs

TE - exospheric temperature
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HEIGHT - height
DENSIT - density in cgs (g/cc)

The significant part of new density facil iti es for program DABOS is
subroutine APFTMP whi ch computes array APFTAB of 19 x 200 values for
storing 200 days of solar and geomagnetic activity data and also array
FBAR of 308 values of F1O. 7. This subroutine has undergone changes
which allow calculation of the above tables in case of early termination
of the solar flux file. In this case unless the “insufficient data”
- message is printed the insufficient data is replaced in averaging cal-
culations by the last record.

6.4 Earth ’s Gravitational Field. (GFORCE addition) . 
-

The mathematical model of the dynamical system is expressed by the equa-
tions of motion with terms representing the various forces acting on the
satellite includ ing Earth ’s gravi tational field , atmospheric drag, Sun ’s
and Moon ’s gravi tational fields and solar radiation pressure .

6.4.1 Gravitational Model

The mathematical representation of the Earth ’s gravi tational field is
— - expressed by means of gravitational potential function which can be

written as

u =~~~ [i  +

~~~~~~~~ ~ 
1~~

)

~
i 
p (sin 0) (Cnm cos m~ + Snm s in m~

C~0 
= -J~ = C,~ -, Sno = 0

whereA=GM.

~~ ~~~ and Snm are numer ical coefficients, RE the mean equatorial radius
of the Earth , r the d~stance of the satellite from the center of the Earth ,
ø the latitude , an d P,,~ the associated Legendre polynomial

P:(x) = (l_X 2)m/2 dmpn (X)

dxm

where 
~n 

is the Legendre polynominal . The longitude)~i is to be counted
positive to the east in this application .

The harmonics represented in the gravitational potential function are called
spherical harmonics If O< m < n they are called tesseral harmonics as a j
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special case of the spherical harmonics. If m = 0, they are called zonal
harmon ics, and if m = n , they are called sectorial harmonics. The gravi-
tational potential for bodies wi th spherical syninetry can be expressed
by the zonal harmonics only, i.e., the potential is a function of latitude
and independent of longitude . For bodies of arbitrary shape , the potential
must include the tesseral harmonics, which are dependent on both latitude
and longitude.

6.4.2 Addition of GFORCE to DABOS

In order to examine various geopotential models and to extend the capa—
bilities of DABOS subroutine GFORCE which includes calculation of tesseral
harmonics was adapted from program CELEST. The SEIII and GEM models
were tested against the single original model in DABOS , which included
calculati on of only the first six zonal harmonics of gravitational potential
For these large g.p. models the execution time increased by well over an
order of magnitude .

Geopotentlal models for use by DABOS shoul d be crea ted on TAPE2 5. Forma t
Is similar to tha t used for input to CELEST :

Var iab le Format

Card 1 Ai phamer ic Iden t A lO
No. of Cards fol)owing(N) 

~2Q.14
mmax ‘~~max 2E20.14

Cards 2 m, .~~ 5X,2I5
to N + 1 Cterm~ 5term 2E20.14

Note: If N is negative , print-out of the geopotential model terms is
suppressed.

6.5 Other Changes

Program DABOS was changed in order to allow input of SCF observation data cards

in “DECOR” format. Option to read cards in this format was also added to program
BIAS and the smoothing version of DABOS. - -
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Program DABOS was also modified to allow input of pre-launch elements in the
same format as the Kepler-ian or the position-velocity elements.

The following pages describe the In put Format in effect fol low ing these var ious
changes. - 

-
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C -I NP UT FORMAT FOR PROGRA M DA BOS
C —

CD 1 TIT L E
CDL 1—66 - ANY DEScRIPTIVE TITLL -_ ~~~~~ - - -

C
CD 2 - - MISC INEOR~lAT1Qfi ______ ____--—- — -  —

COL 1—5 N) SAT SATELLITE- PlO. 15
CDL 7— 8 M )DTYP TYPE OF DENSITY MOD EL 13
C 1=JACC I-41A 1964

_____—- — ~~~~Z 196~~ . 1!P LE~~ENTS _ -_ - -_- -   -

C - 3=JA CCHIA 1.971
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

_ 4_ j 9S8. £HAMPION - -

C 5=JA CCH IA—W ALKE R-R RUCE
6 JACC HIA—W ALK E R - ARU CF (KF I)

C 7 LOCKHE EO/tI IAS A 
-

_____________________ _ L

~~

HAHflR KS

~

ISHP1A1I URTHY___ 
- ____ —

C 12=JAC C I$IA
I3 JA CCHI&197 3 _ _~~~~~~~~~~~~~~~~~ _. _____  4-

COL 11 P138 i=REJECT OBS. WITH ELEVATIO N NOT WITHI N 13
C LIM ITS SET 3M CAR!) 10
C 0=00 NOT REJECT ANY OBSERVA IION CARD
COL. 14 MAT  i=~O~~~~ T_EkEV ATION ,RA lGE, RAN G E AT E F0R REFRArLTIo~L_C 0 N 0  CORRECTIO N 13
CDL i7 PIERAS E 1=INPUT C ARDS ti&12-ZO PIAL HARMONIC S _ I FARTH CONSTA~ TS
C U=NO INPUT 13
CDL 20 K 0 3 S P ~ l=P RINT FtLTFRIN~ OUTPU T 13
C G=N0 PRINT
COL 2 1—23 <~~OU P11 NO. OF _OS.~I0 BE FI L T~ REO ,IORE THAN ~~~~~~ 13
CDL 26 ISP1001 i=APPL Y SMOOTHING I
C 0=NO SW)OTHING _______  _____  —

COL 2~ —2~ ‘ ISTP RT NO. OF ST ATIONS IN EPHEMERIS PRINTOUT 13
CDL 30—3 2 PASS i.3=SINGL E CORi~ECTION OF RANGE FOR REFRAC. E15.8
C 2.G=OOt)RL E CORRECTION
COL 63—65 I~ E JC RE~~~QTI!1~1 NO. AT TIME O LNPUT_O.RB1I~k ~LE NTS~~~~~~COL 66— 7 k TIMID.. SYSTEM TIMING ERROR (SEC. )  F9.3
COL 76 ZOR ELEMENT TYPE INPUT _ 

__ ~~~~~~ -- - - - -   - -  _____

C O ELEMENTS INP(JT —

- - I C i=POSIT ION & J ELDC IT Y ~PJPUTC —j = PRE ‘S AUNCH INPUT
- C ~~~~~~~~~~~~~~~~~~~~~~ - -— — 4 —--  -—~~~~~~~~-— -—-  - - - — — -  -

CD 3+ STATION DATA CAR D S (NP-IS CAR)S)
001. - -  IA STATLQJl N1m~ER —- -  IS
COL 10 NSG 1=L. ~ AZ. IN GEOCENTRIC SYSTEM Ii
C 2 cL .  ~~~. . ‘N GEODET IC SYSIEM
001 16—3 ) P I I L A I  STATION GEOj J ETI C LATITUDE DEGREES) E15.8

_ _ _~ Qj 3j-45 LION ST&tION WEST LON~IT1JDE - (DEGREES) E 15.8
COL 46—60 A _ I  STATION ALTITUO ! C M . )  E 15.8

- - - - -

CD 3++ END OF STATION O ATA
-; CDL 73—Ta ENOSTA —-—--- -—— — _-___ _~~~-_  — -- - - 4

C
CD 4 SATELLITE IP4FORMATIQN
COLUMNS 1—L5 16—31 3 1—4 5

- Figure 1. Card Input Description for Program DABOS
l o f 4
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C.VAR 3MSAT SSAT C~ RAG 
- 

- 3E15.3
r -

- -CONTENT M~iS (K -,) AREA (SQ .-$ .-) —4-RAG COE FFIGI-E-NT
r -

. CD 5 TIME O& INPUT -€LEPI ENTS
COLUMNS 2— 3 5—6 8-9 11—14 16—19 21— 26
CONTE~~ 

- NOMTM DiY H-Olfl lfINUTf SECOND
C.FORPIAT F3.1 F3.1 F5.3
C
CD 6 ORBITAL ELEMENTS
C E13.7 CLASSICAL P3S-.—JE L . P~ E LAUNCH
C 10R 0  (COL.76,C0.2) 13R=1 IDR=—1
I f l 1  j — ~~i A~ 5EMI SEMI—MAJflR AXIS (k M) ~~~3 Q 5 (k 4 )  GEOfL IATITIJDE (RJiD)
COL 14—26 E CEN ECCENTRISITY Y’DS(K’I ) RADI US( FT)
CflL 27—~9 OIMCL INCLTl1~ TIOP-1 (OEG) Z’OS(’(i) TOT~LL VEL . (FTFSE~)—COL 40—5 ! WAS C RIGHT ASC ENSION(OEG) XVEL (K 1/SEC) LONG ITUDE (RAD )
CDL. 53—69 W3 ERI ARG. PERIGEE (DEG) VV EL (IO(FSEC) AZI MUTPI (RAO) -
COL 66—7~ X PIEAN MEAN ANOM ALY (DEG) ZVEL (K1/SEC) FL . PATH ANGL E CRA D )

CD 7 INITIAL ESTIMATE OF PO3ITIOM ~ VELOSIT Y ERRORS
CDLEJI4N S 1 — L 3  11.-’~~ 21-39 (it~ 52 53—65 66—75
C.VAR
C
CD 8 MEASUREMENT ERRORS (STANDARD DEVIATIONS )
CnL usiNc t — ~~ ~— i F  47— ~~t~ c—t; xi — i~~ 41-1&8 ~~~~~~~~~~~ 5 7—6’, 65—fl
C .VAR ~P(j) 3P (2) 0(1) ......... ...9 8.~~..... ........ ....... Q(7)
CnNTFHT flF~~ . I ~T . A g r V

~~~~EV 17TH ~‘I’GE R .RATE ELRATE A!RATE RAPIGEAC
C
CD g Nfl , flF s Tf ~P4Ag TnL.EPATE3
COLUMNS 1—3 ~— i6 17—V. 25—32 33—40 4 1—48 1.9—56 57—61. 65—? !
CflNTFNT DF~~L P T . A ~~C FI FV 17TH P A W i ~~ R~~~A T F VI~~~AT E i~7R A T F  R AII G 1,I ~
C.VAR

CD 10 ELEVATION ANGL E A LLO WE- )
USF IF CDI UHM I t  flN ~ A ? f l  2 Q1IAI 1.

COLUMNS 1 L ~5 16 30
C ONT E NT M T 1 .  F I F V A T T O N  M A Y .  F I F ~I A T T n N
C.VAR ELEPiIN ELEPIAX
C
CO 11 COEFFICIENTS OF ZONAL 4AR MO NICS

IJ ~~~F TV r. nj ,IMP 4 11 fl~~ 1 A ~~~t1 2 ~~~~~ j
COLUMNS 1.— IS 1.6—30 31—45 46—60 61-75

-~~ C .VA Q  1(21 J (3~ p4) 5~ j 5,$
C
CO 12 EARTH flAi l
C USE IF COLUIN 17 DPI CAR D 2 E3UAL I

£ 
nnLuKNc I -1  1~~-~~ 31-45
C.VA R RE A RTH F OMU 3E15. 9
CON TFNT F A I T H  ~ A f l T U ç  ( 1041 F I P T W  Fl A T T F W T N C ~
C

— ~ D_j3 . FP M F MF PTS PR T PPT T MFflPMI TIQI9 -

CDL 1— 15 O’RINT PikINT INT ERVA L (S EC ) E15.3
- I C I N I T T I L  ~~~~~ “ ~11J~L PRiN T TIM E S

COLUMNS 17-18 2 3—21 23 — 24 2 6— ?9 31—3 ’. 36—4 1
C . . V A R  I ’ PRT J O Y P R T  1YPP ~~T 4~~P ?T  Y M T P P T  ~~r PPT t j)
CONTENT M3~4IH DAY YEA R HOUR M INUTE SECOND —START
COl UMNS 1.3-41. 1J. -1 .7  !2—~ 5 ~7—4Q 62—67
C. JAR JM3 PRT JDYPRT JYRPR T HRPRT XMI PRT SECPRT (2)

- - Figure 1. Card Input Description for Program DABOS
2of 4 —
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CONTENT 104TH DAY YEAR HOUR MINUTE SECOND —FINISH
CDL ~~~~~~~~~~~ M~1SPRI  ND.. OF SPFC T AL P R I N T T T H F S~ II~~t1ht I V 0
COL ~ 73 .JIYPRT TYPE OF EPHEMERIS PRINIDUT
C ~~~Nfl FPI1FsIF~ T5
C i=PRINT POSITION, VELOCITY
C 2=PRTNT POSITTOg ,VELOC TTY ,V F 14F’PlTc
-c 3=PRINT POSITION, VEL DCI TY ,E~EMENTS, STA TI ON 085. OAT A
C 1. P R T P I T  PncTrInM ,tIpnCITv ,crAT In Pl nB5~R~IlTIflN DA T~A
C 5=PRIPIT STATION OBSERVATION DATA
CDL 7S— 7~ K VT AP TYPE OF FOHFNFRTS TAP E
C —IZBCO TARE ONL Y
C e=RTPIARY AMif Rr.fl T &PF
C L BINARY TAPE ONL Y 

-

CD 11. SPECT1~ PRTMT TT I4 F~C INDUT IF PIOSPRI (CDL , TO CD. 1.3) NON ZERO
CDL 2—3 c—~ A—Q Il— fl’. 1.4,19 21—26
C.VAR JSPIO JSPD A JSPYR SPHR 5PM! SPSE
CONTEPIIT MON T H f lA Y Y V A R  Hfl IIR M1IIIIT F gcr ~f l gf l

C
CO tS-+ ORSFRVATTDPI CARDS, SPArIATS FORMA T
COL 2— 6 M ERA SE SATELL ITE N JM 3ER IS
COL 7.g M)RS STATION N LIHRF R
CDL 10—11 M3SS YEAR LAST 2 DIGITS OF I9XX 12
CDL 12—lie DA YS DAY OF YEAR flIGITS OF IQYX
COL 15—16 Z3AT HOUR OF ZILLJ TIMES OF I9XX F2.0
CDL 17—18 Z~ AT MINUT E OF ZuLU TIP-IF c2.0
COL 19—2 3 Z3AT SECOND OF ZULU TIME F5.3
CDL 21.—2g D~~SN FLEV AT ION OR fl~~Cl TNA TT ON f f l V~~~PlDH~H fly)
COL 31—3! ERASE AZI MUTH OR RI . ASC. F2.0
CDL 33—!ze !~ ASF A7T MUTH OR RT. IcC.. Fe_ n
COL 35—37 ERASE AZI MUTH OR RT. ASC. F3.1
CDL 3~~—1.5 O~~5H RANG ! F7 .S
CDL 46 I~ X EXPONE NT (R*NGE R*N&E~j C.~~ IEX) Ii
COL 4~ —51. 035M RAP4GF RATE (O~rRPUNCH ~K F 7 S
CDL 56—63 035M ELEVATION RATE (OVERPU NCH 00 F5.4

— - j CDL 62—66 O3SM RANGE ACC!LERATION (OV?PPUJNC H OK) FS.4
COL 68—7! O3SM RANG E ACCEL ERAT ION (OVERPUPCH OK) F5.5
CDL 75 TYPES OF OBS~ RVATTON S
C 1 ELEVATION AN D AZ IMUT NTP=2
C 2= FLFVA TT DPJ, A7 TMUJ T AN~) P A N ~~ F NTP=3

C 3=ELEVAT IOPI, A ZIMUT , RA NGE, RANGE RAT E NTP=l .
C 4=Fl FVA TTON , A 7TMUT , RAN rSF, RAP~lr F  R A T F , Ft FV .

-
~~~ C RATE, AZIM UTH RA TE , RANGE ACCELER A T ION NTP T

C c =fl! Ct T NAT TON _ AP - ill_ RT GI4r__Acr -~~Nc IpN — NrP:1
COL 76 Y E~k ~ 1 r~~tt?IOX
C

CD 15+. OBSERVATION CA RDS, DECOR FOMAT
CDL f — S  PILl I/EH VEHICL F NU !HFR

t CDL 7—8 A NTEN ANTENNA (STATION TYPE)
CDL 1~~—1.3 PIJSTA STATION NUI4RFR -- I’.
COL 15 PI JYR UNITS OF YEAR Il
CDL I7— I~~ MJ Mfl P4flP1TI4 fl F Y EA R 12
CDL 23—21 NUDAY DAY 12

-: COt ~ l— 21. ‘ I I J 4 f l  H O u R U
COL 26—2’ MiN I M MINUTES 12

-
~~~~~~~ CDL 2g—33 ~~~~~~~~~ DN SECOND S F~5.3- —

CDL 35—1.3 E..EJ ELE JAT ION (DEGREES ) F6.3

FIgure 1. Card Input Description for Program DABOS
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- 7.0 Atmospheric Density Studies

Initiator: K. Champion

Project No.: 6690 Problem No.: 4547

Program CELEST is a satel lite trajectory data processing program developed by
Naval Surface Weapons Center (NSWC) for navagational and geodetic satellites.
The program accurately determines the trajectory of a s~atellite from Doppler beacon
data . CELEST has been obtained by AFGL and modified for use in atmospheric den-
sity determination (~~~~~. Modifications include adaptations to the operating system
(SCOPE 3. 4) used at AFGL , addition of the Jacchia 1964(2) and other density
models, and the determination of perigee (position where geocentric distance mini-
mizes) and related density calculations.

7.1 Results

CELEST was used to analyze data from satellites DB-7, DB-8, and DB-9 to determine
atmospheric density by least squares adjustment of a scale factor (or drag coefficient)
multipl ying the model density. For comparison a parallel study was performed with
program CADNIP~~ for the same satellites and time periods. The same density

— 

model (Jacchia 1964) was used in both studies, but CADNIP employed a smaller
geopotential model and ADC skin-track observations .

7.1.1 Perigee Latitudes and Heights

Consistent disagreement was found in perigee latitudes and heights (Figures
1-4) for satellites DB-7 and DB-8. This was ultimately traced to the CADNIP def 1-
nition of perigee as the location of zero mean mean anomaly. The definition
employed i n CELEST , given previously, is equivalent to zero osculating mean

anomal y. The difference between osculating and mean mean anomal ii

4 M = C . - , X / 8 ea (1 - e )
½

where X = 2 (3 cos2~ -1)(1+X ) (l-e~) sin E/(l-e cos E)

+ 3 sifl~’ [(l-)() sin (V + 2W) +(X ’ 
+ 1/3) sin (3V + 2W)]

_ _ _  
1 2

wi th X ’ = 

~-ec~~
-r ( 1:L0 --

~ E~ 
1)

- ~~~
.

. E = mean eccentric anoma ly

~ I V = mean true anomaly
W = mean argument of perigee
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I = mean Inclination

a = mean seal-major axis (Earth radii)
e = mean eccentricity
C2 

= second harmonic coefficient

0

For zero mean mean anomaly, values of the other elements (W = 135 , 1 = 96 ,
a = 6590 ian, e = .009) typical for these DB satellites ,and C2 -1082.645 x io:6

there results 4M = 3.15°, which is clearly consistent with the results shown.

CADNIP was therefore modified to define perigee for vanishing osculatiflg mean

anomaly. the improved agreement with CELEST (Figures 5-6) for satellite DB-9
verified the above conclusion.

• 7.1.2 Atmospheric Density

As shown in Figure 7, densities obtained from the two programs were gen-
erally in good agreement. The largest differences occur near times of thrusts, the
parameters of which can be optimized with least squares adjustment ~y CELEST
but not by CADNIP. Correlation of density model ratio increases with large geo-
magnetic activity increases (Figure 8) are seen for both sets of results, m di-

cating a deficiency in the density model.
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8.0 Geopotential Model Studies

Initiator: K. Champion

Project No.: 427M Problem No.: 4867

A crucial element in satellite orbit determination is the selection of force
models. The most significant forces effecting an artificial close-earth
satellite are the Earth ’s gravitational attraction and atmospheric drag. The
determination of the gravitational field (geopotential ) in terms of spherical
harmonics is straightforward; however a large number of terms are required for
accurate representat ion. On the other hand, lack of knowledge of the dynamics

• of time dependent atmospheric density variations , particularly in the presence
of geomagnetic disturbances, has been a major stumbling block in accurate pre-
diction of satellite position.

It is therefore apparent that, in many cases , particularly low-altitude satellites ,
the use of large geopotential expansions may not be justified in view of com-
putation time and memory requirements, save for the inclus ion of “resonance”
terms. 1t is therefore desirable to know the acci acy of various published geo-
potential expansions (rnodels), the effects of truncating a model , and the effects
of. various :resonance terms .

The work reported here is a continuation of the geopotential model evaluation
underway at AFGL as described by Garrett, et ai)1) Satellites DB-7 (6382),
DB-8 (6727), ~~ DB 9(6928) have been chosen for this study, because of the
availability of high quality doppler beacon data at AFGL. Thus a comparison
of results for different types of data is possible. Several geopotential models
are compared as to their orbit determination and prediction capabilities . Modi-
fications by truncation and exclusion of resonance terms are also considered.
Uncertainties in Earth contents ~~~~ tential constant, radius , flattening ratio)

:1 are also sources of errors in orbit determination and prediction , and are also
explored in this report.

8.1 Procedure

Doppler beacon data obtained from Naval Surface Weapons Center (NSWC), Dahlgren
•~ ~-1 Laboratory was processed by program CELEST~

2’ 3)~ Data were fit over approximately
27 hour time spans by least-squares adjustment of 6 orbital parameters and a drag
factor . A second fit was obtained in each case for a time-span beginning at
approximately the midpoint of the first time span and extending to 16 hours

I ~ after the end of the first span. Prediction errors were thus obtained from
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positional differences between the orbit obtained from the first time span and
that obtained from the second.

These procedures were carried out for the geopotentials listed in Table 1 and
described in Reference 1 , and for time spans, selected for varying levels

— of geomagnetic activity, l isted in Table 2. Constants were input as prescribed
for each model . Tests described later however showed that variations of these
parameters over the ranges of published values produced little change in the
results. The Jacchia l964~~ atmospheric density model was used.

Table 1. Geopotential Models

Model Maximum Degree

Gapos~hkin 8

STEM 68R 15

SEIII 23

WGS 72 28

14th Aerospace 12

-

~
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Table 2. Satellites and Fit Spans Studied

Satellite • Average Kp
(perigee Height) Fit Span (1973) Fit Prediction

March 14 1.0 1.0

DB7 March 16 2.5 2.0
(157—162 IOn)

March 18 4.0 6.0

March 23 5.5 5.5

July 26 4.5 4.0

DB8 August 3 1.5 2.0

(162 Kin) August 8 2.5 1 .5

August 10 1.5 1.0

November 14 2.0 2.0

DB9 November 29 1.5 1.5

(164-168Km ) December 6 2.5 2.0

•1 
~ecember 22 4.5 4.0

a.
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8.2 Results

Prediction errors obtained are typif ied by Figures 1-3. The most v is ible
features are the general increasing trend of the total and in-track errors ,
upon which are superimposed oscillations with a period of one orbital revo lution.
These are due to phase and amplitude differences in the oscillation of true
anomoly about mean anomoly for the two approximately elliptical orbits being
differenced (See Section 8.3). They are removed by plotting differences in
mean anomoly plus argument of perigee (Figure 3). Errors in components per-
pendicular to in-track were generally less than 200 m.

8.2.1 Statistical Analysis

The total error has been analyzed as described in Reference 1. The
following quantities have been computed for each model at 5, 10 and 15 hours
beyond the f i t  span

• N
ER = i

~~~ 
ER 1N~~~’l

SD= I N —

• 
~~~ (E R ~ - ER)2 

-

— N
-
~~ I ERL = J-. .Z ~ER1 fN ~~ I

where ER
~ 

is the total error for the 1th case, having the sign of the in-track

error.

-1 Tables 3-5 contain the results for 12 cases processed by program CELEST. As
expected , the mean total error ~~ is generally small. The more significant quantities)

~~~~~ ~ the standard deviation SD and the mean magnitude of error~~~~ both indicate a
marginal preference toward the higher order model s SE III and WGS72. This is in

~A: 4 general agreement with the results of Reference 1, except for the good performance
th

~ ~~: of the SE III and the poor performance of 14 Aerospace 12 x 12 model . The
errors obtained here are also much smaller than those found in Reference 1.
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This could be due to use of more accurate data , choice of longer fit spans , or
the choice of time periods in the present cases for which atmospheric drag
error was relatively small. Nevertheless in inter-comparing models , we reach
the same conclusion, that for drag perturbed orbits the small Improvement in
accuracy, gained from use of the higher order models is outweighed by the increase
in time and memory requirements.

Tab le 3. Mean Total Prediction Errors(km) - Doppler Beacon Data

Gp. Model 5 HR 10 HR 15 HR

STEM 68 R .241 .168 .257

Gaposchki n .600 1.395 1.332

SE III .335 .360 .594

WGS72 .425 .749 1.022

12 x 12 .460 1.359 1.322

5-

Tabl e 4. Standard Deviation of Prediction Errors (-km) - Doppler Beacon Data

• Gp. Model 5 HR 10 HR 15 HR

STEM68R 1.682 3.745 6.628

Gaposchk~ri 1.654 3.571 6.689

SEIII 1.435 3.030 5.308

WGS72 1.462 3.338 6.074

12 X 12 1.737 3.720 6.969
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Table 5. Mean Absolute Value of Prediction Error (km) - Doppler Beacon Data

Gp. Model 5 HR 10 HR 15 HR

STEM68R 1.214 2.499 4.193

Gaposchki n 1.181 2.595 4.436

SEIII 0.930 1.822 3.005

WGS72 1.004 2.084 3.699

— 
12X  12 1.266 2.630 4.599

8.3 Comparison of Close Orbit Characteristics

Studies of satellite orbit determination programs where the force model , or
the set of observations and the time span, or the program itself is varied
result in close but not identical orbits which must be compared to evaluate the
effects of the variations . -

Comparison consists of determining total , in-track (lIE), radial , and cross-track

- ;  - errors between the observed (or reference) orbit and the calculated (or predicted)
orbit. Since the trajectories are known in terms of geocentric ECI position
and velocity as a funct~~ ~ ~~~~~~~~~ these errors may be directly computed as
below.

• Let the observed and predicted position and velocity vector components be

4.
xp Yp zp xp Yp Zp

2 + 
2 2

Let V0 X 0 V + z0 
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The radius vectors are given by

— / 2 2  2 [2  2 2
R0 

~/ 
X0 

+ V0 
+ Z and R~ = ~fx ~ 

+ y +

Then,

/ 2 2 2
Total Error = 

~J 
(X~ 

- X~) + (V - Y~) 
+ (z - Z~) (1)

— - In-Track Error including sign (lIE)

= ( x 0 _ x
~) x 0 + (v 0 - Y ~) Y 0 + ( z 0 - z ~) z 0 (2)

Radial Error R0 - R~ (3)

Cross-Track Error (CTE) = R
~ 

X0 + R~ V0 + R
~ 

Z0 (4)
vo

Where R
~~

= Y 0 Z
~~

_ Y
~~

Z0~ 
Ry = Z o Xp~~~

ZD Xo~ 
RZ = X O YP~~~

XP YQ 
—

R0 R0

PositIve CTE is in the direction of the orbit spin axis.

El
- 

Note that the observed and calculated velocity components may be used Interchange-
abl y as available, with negligible change in results.

• It should be observed that the three error components above do not form an
orthogonal coordinate system. This however was not relevant to the studies
made here. In-track error in the velocity direction gives a direct timi ng
error which is useful .

112
J. frJ •

- ~~~- — - .



--5—’--- . 5- -•—~~~~~—- —----. 5- - --- 
_ _ _ _ _ _ _ _ _ _ _

• Aerospac& s TRAC~ orbit determination program defines in-track error as

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~• ~ITxz + T~~ +T~~

- Where n designates “nominal” orbit and o designates observed orbit, and
the vector 91” is given by

1~~
.’ ( t X~~’) x t  . • 

-

The difference between these two definitions of in-track error becomes
significant only for highly eccentric orbits where the velocity vector is not

- normal to the radius vector.

In drag dependent orbit sthdies, the total error turns out to be almost com-
pletely due to the In-track error , while the radial or altitude error and the
cr ’oss-track error remain consistently small. This in-track error will gen-

-: erally include four components:

1) An average in—track error - offset

2) OscE 4ions In the in-track error

1 
3) A linear increase In the error

4) An exponential component in the error

I 
FIgures 1 and 2 show typical total and in-track error computer plots where fit

I to observed data has been compared to predicted orbit over a 16 hour period for
five different geopotentlal models. The oscillations are clearly evident.
and the other three components are present In varyl rig degrees. 

-

b • ‘~~~

~ .j Orbit det.nninatlon programs generally also provide classical orbital •lements

1 :, at one or more epochs. It is possible from a comparison of these elements to
quariltat ively determin e the relative behavior of close orbits over a number of
r volutlons. The four components of In-track error are primarily due to

— 
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differences in the semi -major axis (a), eccentricity (e), argument of perigee
(w), mean anomaly (m) , and the drag factor (C D). The incl ination and the
‘longitude of the ascending node are factors which primarily affect cross-track
error .

In-track error at any time is given by

lIE = R ( ~ w + t iv )  (5)

where R = radius vector
v = true anomaly.

The difference in true anomaly A v may be expressed in terms of tiN and lie using
the relationships

M E - e S inE (6)

t a n v =  ~~~~~tan E

~

‘

1 
~ (7)

where E is the eccentric anomaly.

If we let tan and 
~~

=

we obtain

= ~~ 

~~ 2 

E )  ~M + { (1-e cos E) + 

(8)

~ 
( c (l +  ~ 2 )

The differences tiw, tiM, and tie coupled with the radius vector R oscillating
-

• 
at the orbit period thus produce the in-track error and Its variations .

8.3.1 EstimatIon of Typical In-track Errors for Low Altitude Satellites .

Application of equations 5 and 8 for an orbit wi th a~l.3 and e= .2 shows that
differences Aw or tiM of 0.01 , or tie of 0.0001 result in ITE magnitudes of
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about ‘I Km. This error is accompanied by oscillations that peak near 1800 ,
0 ° , or 90° true anomaly. Further , unless (~w +ti II) Is nearly zero, an average
ITE offset is also associated with these oscillations .

lIE due to Argument of Perigee -

ITE max = a (1+e)ti w at M=180
(9)

hTEmin = a (l-e)ti w at M=0

lIE due to Mean Anomaly -

ITEU.~X 
ti M at M=0

(10)

ITEmin a tiN at M=l80

H

lIE due t Eccentricity - tie -

ITE Amplitude ~ a(3+2e~ v”1_e 2 ti e (11)

0 0
Max for v ~ 90 ; mm for ‘ ~~ -90

Differences tia and AC0 result respectively in linear and exponential growth in
ITE. The latter phenomenon is essentially caused by a linear growth in tie due
-to differing drag or atmospheric density models for the two orbits.

ITE due to Semi-Major Axis - tie

t h E  per revolution - 311 tia. (12)
Thus a 0.1 Km difference causes a 1Km per revolution build up in lIE.
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lIE due to Drag Coefficient - ti C0
The monotonic decrease in ‘a ’ and the orbital period is due to the drag.
The rat io 

~~
CD/CD gives the portion of this rate of change of ‘a’ that wi ll

persist and show up as a near parabolic increase in ITE. If f is the
fraction decrease per day in the semi-major axis, and n is the orbital
period in revolutions per day,

lIE value attained in one day

= 4cb 3 l T f n  a (13)
CD~~~

2

Thus, for a =1.3, n=ll.5 revs/day and semi-major axis decay rate of
0.1% per day, a 1% difference in the drag coefficient will show up as an
lIE of 4.. 5 IOn after one day.

8.4 Resonant Terms

It is evident from the results obtained here that one may indeed often reduce
the size of the geopotential model without adversely affecting prediction
accuracy. To gauge the extent to which a geopotential can be reduced and tocsee
which terms may be omitted it is useful to have a method of estimating the infl uence
of individual geopotential terms on prediction accuracy .

8.4.1 Geopotentlal

As stated previously the geopotential is expressed as an expansion of spher-
ical harmo n ics

V (r) = - G M [i+ 
~~ ~~ 

~~~~~~~~~ ( s i n X )

~ 
~ m 

cos mY~+ S~ sin mY)]
5- 

-
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where
GM Earth’s gravitational constant

r = radius vector

= radius of earth

X = latitude

V = longitude (East)

p m
= associated Legendre function

8.4.2 Influence of Individual Terms

The effects of individual geopotential terms on satellite orbi ts fall into
2 ciasses~~

1) Secular (m=o only)
2) Periodic

A cos 2irf t

f = (~~2p)~ + (~-2p+q) n+m ( n- 9)

where
= precession in argument of perigee

= precession in ascending nod
9 = sidereal rotation rate of Earth

p = integer (o ~ 
p ~~~

q — integer ~

A~~e

e eccentricity

The most important of the secular corrections comes from the .Q~2, m-o term since
c20 Is 1000 times as big as the higher order coefficents. These include the

precession of perigee and ascending node appearing in the periodic effects.
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The amplitudes A of the periodic effects are functions of the orbital elements,
which are slowly varying; hence A may be considered constant over sufficiently
short time spans. Since a and ó are much smaller than n or ê i t  is evident that
resonance occurs for

n (revolutions/day) ~ m.

Thus the DB satellites (16.2 revs/day) are near resonant for m=l6 terms ‘In
the geopotential.

• 8.4.3 Effects on Predicted Orbit

The resulting influence of a particular geopotential term on a predicted orbit
based on least-squares adjustment of orbital parameters ‘is given by

- - - de(t) = 

~~~~~~~ 
)

~~ 

-

where e1

I e2

e =

e

• e1 = 1th orbital element
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~~=

= 1th orbital parameter
C = coefficient of geopotential term

The first term accounts for the dependence on the geopotential of the orbi tal
paraweters obtained in a least squares fit , while the second term is directly
obtainable from the perturbation theory described in 8.4.2.

8.4.4. Dependence of Orbital Parameters

It is assumed that the change in orbital parameters due to omission of a
term in the geopotential will be such as to provide a lease squares-adjustment
to the perturbations in the orbi t due to that term.

Since the dominant prediction errors are in-track (Figures 1-3) we concen-
- trate on this component. We assume a 3-parameter fit function for in-track

-~~ position.

Set ) = Z P. t” 1 ’
- - 

~(=1 
•
~

I 
wi th P1representing the initial orbital longitude , P2 proporti onal to the
mean motion (function of the sem~-~~jor axis), and P3 proportional to the rate of

I change of mean motion, as produced by atmospheric drag.

I - It is evident that secular corrections mentioned in 8.4.2 will be fit per-
fectly in so much as they are limi ted to first time derivatives of the elements.

- 
. 

Their effects on the predicted orbi t would thus cancel out. We therefore con-
centrate on the periodic correc tions .

- 

- 

Then we find that the changes dP1 due to a periodic orbital term
A cos (at + q0) are
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dP 1 - A  [l2 (2 sin~~
_3 sin~~o) + i~ ( 2  c o s q +  3 cos q~)

—60 (sin q - sin q )1

dP2 = A [12 (2 si n q - 3 s i n q0)+ i  (l68 co sq+ l92 cos q0)
aT2 - aT

-360 (sin~~
_ sin q )]~

(ai )2

dP3 = - A [30 (sin q - sin %) + 180 (cos q + cos q0)

‘ 
-360 (sin q_ sin q )]

(aT )2

where

I = length of fit span ,

q aT+q 0.

I

8.4.4 Results

Figure 4 shows the m s  change in prediction error (averaged over phase q0).

It is seen to depend on the ratio of fit span I to the period of the perturbation ,
an d the ratio of the pred iction time measured from the end of the f it span to the
fit span I. The effect on prediction error is largest for those perturbations
wi th periods nearl y equal to the fit span. This is illustrated in Tabl e 6.
Satellite DB7 has a mean motion of 16.2 revs /day and is thus near-resonant for -

m=l6 terms (principal perturbation has 5 day period.). The m=17 terms contribute
a perturbation with a 30-hour period .
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Table 6. Influence of m = 16 and 17 Terms

on DB-7 Prediction Error

Fit Span: 27.5 hours ending at 0 hours day 76 (1973)

Predict Time: 17 hours

Geopotential: SE III

Es timate ( IOn) Actual ( IOn )
m (CELEsT)

16 - .3 - .5

17 -2.3 -2.5

8.5 Uncertainties in E~arth Constants

Values of the various Earth constants specified for the various geopotential
model s generally differ. Thus it would seem des ireable to use the set of constants
appropriate to the particular model. Deviations from this are coninon and thus
it is useful to ascertain their effects. Table 7 lists various sets of values.

4 Table 8 lists 16-hour predicted orbit differences obtained from program CELEST.
It is apparent that the effects of varying the Earth constants over the un-
certainties implied in Table 7 are negligible compared to the total errors pre-
sented earlier.

1’ -~
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Table 7. Earth Constants

- 
GM

ae
d (kin) 1/fb (km 3/sec2)

— Gaposchkin 6378.145 298.25 398601.2

STEM68R 6378.145 298.25 398601.2

SE III 6378.140 298.256 398601.3

WG$72 6378.135 298.26 398600.5

14th Aerospace 12 x 12 6378.145 298.25 398601.2

aEquatorial Rad ius
- bFlattening Ratio

Table 8. Eff~~ of Constant Changes on SE 111 Fit and Predict

~ae
a (m) 5 -5 5

~f
’ - . .004 -.006

~GM tkin~/sec
2) 0 0 - .8

4x0
b (‘ )  - 1 -1 4

r n )  o 1 -3

l~zo 
( 

• 

w • )  -l -1 -l

AX 1
C 

(~ 
m .) 2 1
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Table 8. (continued)

AV 1 ( m ) 0 3 2

£Z1 (m )  1 0 4

- a Measured from SE I I I  constants (row 3 of Tabl e 7)

- b From fit initia l conditions 8/11/73 20 hr 40 m m .  for satellite DB-8

c From pred icted position 8/13/73, 16 hr. for satellite DB-8

I

I
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8.6. - - NORMALIZAT I ON OF GEOPOTENT IAL COEFFICIENTS

Geopotential coefficients for orbit determination programs are encountered

with 3 types of normalization in coninon practice:

1) Unnormallzed

2) API or partially normalized

3) Kaula or fully normalized

Expressions relating the coefficients for the various normalizations are:

c
A ( (niin)~\I (n-m): rmi 

-

K I (n-m) U
C,~ Cm,

• (2n+1) (2-6mo) (n-in )~

K 1
C~~ \~ (2n+l ) 

~~~~~ 
- -

Where the superscripts U, A, K imply unnommalized , API—normalized and Kaula-

normalized coefficients respectively, and

• 1 ,m = O

a 0, in # 0
The unnormalized coefficients only are required by CELEST and CADNIP , while any

of the 3 may be used in TRACE provided the flag NFORN is properly set. The APL

normalization was used by Guier and hence applies to the Guier deck.

j ~~st la bs (SI~0, Spacetrack , ~~~~ ~eem to prefer the Kaula normalization. Hence
it must be determined what normalization has been used for each deck transmitted
to us from the outside.

~ ~~rd of warnino: in some c~sas , the nor~a1ization of zonals (m*O) is not the
sane as non-zonals , rather the coefficients

=

~~~~

_
‘- are given while API or Kaula normalization is used for the non-zonals. Thus

the wel l-defined (2,0) coeffici ent should always be checked in addition to the
nornalizatlon. - 125
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Section 9. Rocket Trajectory System
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9.0 Rocket Trajectory System

Initiator: E. Robinson

Project No.: 0001 Problem No.: 4517

In parallel with a continuing active use of the AFGI Rocket Trajectory
System, requirements for improvements in nearly all phases of this system
were identified . A combined report an d user’s gu ide Is ‘in preparation~’~
In order to present a current document of procedures and pertinent analytical
backup. Significant additions and changes since the last report~

2
~ are

outlined here.

9.1 Editor - Preprocessor (DRIVEA )

Occasionally the raw radar data contains biases or extended deviations in
range, azimuth or elevation which are discernible by inspection of the
preprocessed plots . A capability was implemented in DRIVEA to specify one
or more time spans over wh ich it is desired to bridge any one or more of
these measurements by a smooth spanning cubic polynomial . The cubic
satisfies readings at the two times specified plus two readi ngs ~ seconds
outside the span of discarded readings .

9.2 FI lter CDRIVEB )

The main developmental effort took place in this area where statistical
filteri ng, rocket dynamics modeling, digital integration , and output
considerations are combined.

9.2.1 Operating Modes

Figure 1 shows the types of operation of DRIVEB that are available by input
3 of the variable KEYOPT . Inputting of TB , TC , TE, and TF relati ve to TLNCH

and TSTART establishes regions for the consecutively numbered integrating,
fi l tering, or rep roduc ing phases. Geocentric position and velocity initial
conditions are required , except that launch azimuth and elevation can
replace velocity information at launch . KEYOPT = 3 provides a run ldenti-
cal to the original DRIVE 3 run , and KEVOPT = 4 matches the original
DRIVES. KEYOPT u s  normally used now and is discussed below.

:1
9.2.2 Integration - Filterin g Mode -

Rel iable radar data is generally not available till some time into launch .
The or ig inal DRIVE 3(3) and DRIVE 5(2 ) proqrams fi ltered data from

- - . some preselected time on, and attempted to obtain the tr&jectory from launch
to that time by Integrating backwards.
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This procedure inevitably leads to an unresolvable mi smatch at launch .
The solution to this is to search for proper launch conditions so as
to ach ieve the closest possible match to subsequent radar position
information . Then “pseudo” radar data is generated from launch
allowing a ful l filtering run with no backward integration . The search
for optimum launch determines thrust ratio ( fraction of nominal),
launch azimuth and elevation , and time delay before onset of the thrust
phase. The square sum of the res iduals of geocentr ic coordina tes at
three time points near the start of good radar data is minimized
iteratively.

Briefly , let m be the number of variables being optimized and n the
number of observations (n>m) . Let x0be the vector of initial
settings of the m variables . The corresponding residual vector for
the n observations is (r01 r02. .. .r0~). m separate trials are carried
out w i th small increments in the m variables one at a time, Let these increments

be given by ~q1, dq2, 
~~m’ where q1 is in the units of x1. The augumented

(m+1)xn residual matrix R is

r01 r11 rml

-

r01 r1~ rmn 
—

Sol ve for q from
- q

~~~R[ ~j = O

where ~ is the transpose of R and q0 + q1 + ... q~ = 1
since the optimi zation is to be an adjustment about x

0
:1 Then , if the are changed by q~4x1, the origina l residual vector r~

will be minimized in a least squares sense. Since the rocket trajectory is a
non-l inear process the optimi zation is generally i terative . The m trials pro-
vide the necessary partials wi thout analytic methods, and are considered ap-
plicable to successive iterations. Taking each of the rectangular
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coordinates as an independent observation , the result is the minimization
of spatial separation between the observations and the computed trajectory .

High ly satisfactory resul ts have been obta ined w i th cons i stent va l ues of
thrust ratio and delay when fitting to the radar data at different times.
Additional process “unknowns ” such as wind can be added to the search as
experience identifies and warrants these variables .

9.2.3 DrivIng Noise Uncertainty ~~

The driving noise uncertainty in the velocity vector was originally taken
to be proportional to (ACCxDT)2 where ACC is the ins tan taneous accelera t ion
and DT is the integration step size. Corresponding position vector un-
certainty is

~~p G~v)(DT
2/4)I

It was found that the dynamic model was more unreliable at re-entry since the
integrati on - filteri ng mode alleviated the launch data uncertainty .

~~~ 
is

now taken as proportional to 0~~r4ACC$*DT 2 where OV Ris the vehicle range.
is calculated as before .

9.2.4 Rocket Dynamics Modeling

Drag coefficient determi nation as a function of Mach number has been refined.
The un iversal curve

C D = 1.0 mach (V ch~~
l)

C D 4.0 (V ~1)
mach -

is multiplied by a rocket and stage-dependent CD multiplier. Vmac h ~S
given by V rocket/Vsound U .S. Standard Atmosphere , 1962 provides

a piece—wise linear estimate of the speed of sound as a function of altitude
and this has been incorporated satisfactorily.

Thrus t, mass and drag characteristics of additiona l rockets were added to
the file. The repertory with rocket key numbers is given in Table 1. Test
integration runs and adjustments have been made in several cases based on
computer runs provided wi th the nominal specifications .
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Table 1.

Rocket Key

AER OBEE 150 03

AEROBEE 170 04

N I RO 07
N I KE TOMAHAWK 08

UTE TOMAHAWK 09

PAJUTE TOMAHAWK 10

BLACK BRANT IV-B 16

BLACK BRANT V -A 17

BLACK BRANT V -B,C 18

— 
JAVELIN 19
NI KE JAVELIN 20

NIKE HYDAC 11

SERGEANT-EXCEDE 25

ASTROBEE D 30

AEROBEE 350 35

CASTOR 40

CASTOR-LANCE 41 

ARBITRARY UNPOWERED NONE - -

~ 1
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9.2.5 Integration Step Size

Some raw radar data tapes were received with samples at 1 second rather than
— - the usual 0.1 second intervals. It was found that if the integration step

size was allowed to increase to this data rate, there was a significant
build up of error in the 4th order Runge-Kutta integration procedure.
Step size less than 0.1 second resul ted in negligible change. Subroutine
RK was consequently modified to loop a selectable number of times with a
specified step size. The maximum step size is set at 0.1 second.

9.2.6 Ou~put Report Data File

The format of the output tape was substantially revised in order to
a) include all possible trajectory variables that were desired b)
allow REGEN to run using WRITER wi th no further computati ons. The original
TAPE 8 an d TAPE 9 data has been concen tra ted on to TAPE 4, with a header
that minimizes card input wi th REGEN or DRIVE C (previously DRIVE 4).
Table 2 gives the format . Subrouti ne GENER 8 now calculates the trajec-
tory and residuals in geocentric, launcher , and radar coordinate systems,
instead of only the ones selected for printing . The resulting T~~E 4
may be used by WRITER either imediately in DRIVE B or DRIVE C , or
subsequently in REGEN . (See Table 2.)

9.3 Mul ti-Radar Trajectory (DRIVE C)

Pro g ram DRIVE C was deve loped as a rev ision of program DRIVE 4(3) The
card input —-~‘uirements are greatly reduced , using instead the header
information TAPE 4 generated in program DRIVE B (TABLE 2).

The primary function of the multi -radar program is to combine the results .

of two separate radar observations of a given rocket flight to give a
composite trajectory. The methods used to accomplish this data combination

are l inear ; therefore , an aroi trCA .-~- number of different sets of radar data
pertaining to the same flight may be combi ned by repeated execution of
the program. The gra~ al , printed report and file outputs of this
program are identical in all respects to the outputs of Program DRIVE B.

Specifi c functions of Program DRIVE C include the following :

~ :-1 • Process two input files to produce a single composite
trajectory written on an output file
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Table 2.

Output Report data file written on TAPE 4. The first record contains
fl igh t informa tion for use by Program Regen , which reproduces printed
and plotted output. The remaining records contain data to be printed
and plotted by either DRIVE C subroutines or by REGEN . If IOPT=1 , all
data points are written on TAPE 4, if IOPT=0, every I SKIPTH point i s
written.

FIRST RECORD

WORD(S ) SYMBOL DESCRIPTI ON

1-8 TITLE (1-8) 80 character al phanumer ic
i dent i f ica t ion

9— 10 DAT(1-2) Run date , blank
11-16 TITLE 2(1-4) Further identification

TITLE 2(5-6) Payload (KG), Rarea (KM **2)

17-20 DAT(3) CD
DAT(4) Launc h date

21—23 DAT(5-6) Rocket ID

24 HRAD He igh t of ra dar
25 RLODEG
26 RLOMIN
27 RLOSEC Ra dar pos iti on
28 RLADEG
29 RLAM IN
30 RLASEC
31 AALT Launcher al titude
32 ALODEG

J 33 ALOMIN
34 ALOSEC

35 ALADEG Launcher position
-

~~~~ 
36 ALAM IN
37 ALASEC

38 UHRS

39 UM IN Un iversal time

1- . 
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40 USEC
41 DL
42 ILl Initial print time from launch
43 TLF Final pr int time from launch
44 TSKIP Tape written every TSKIP secs.

Table 2. (cont’d)

SUBSEQUENT RECORDS

WORD (S) SYMBOL DESCRIPTION

1 GMT Un iversa l T ime (Hours )
2 TIME Time After Launc h (Secon ds)
3 SN Signal to Noise Ratio
4 RAG Right Ascension of Greenwich(RAD)
5-7 P2(1-3) Geocentric Position Components(Filtered)
8-10 P2(4-6) Geocentric Velocity Components(Filtered)
11-13 ACC(1-3) Geocentric Acceleration(Filtered)
14-16 ACC(4-6) Magnitudes of Geocentric Vectors
17—19 OVR(1-3) Radar Range, AZ , EL (Filtered )
20—22 OVR(4-6) Radar Range, AZ , EL Ra tes(F i l tere d )
23 GEOALT Altitude Above Sub Earth Point
24 GEOLON Longitude of Sub Earth Point
25 GEOLAT Latitude of Sub Earth Point
26-28 GPV(4-6) Geocentri c Spherical Coordinates
29-64 XSI (1—36 ) Complete Error Covariance Matri x
65-67 DVR(1—3) Raw Data Vector Range , AZ , EL
68 RANGE Ground Range Alon g Spher iod
69 RESALT Altitude Residual (Raw-Fi l tered)
70-72 XR ,YR,L~ Ra dar Centered Coordi na tes
73—75 XL ,YL ,ZL Launcher Centered Coordinates

76 RLMAG Fi l tered Launc her Vector Res idua l s
; ( 

77-79 SRSG,YRSG ,ZRSG Geocen tr ic Pos iti on Vector Res iduals
- t 80 GRSG Geocen tr i c Vector Magn itude Res idual

81-83 XRSL ,YRSL ,ZRSL Launcher Position Vector Residuals
84 GRSL Launc her Vector Magn it ude Res idual
85—87 XRSG,YRSG ,ZRSG Ra dar Pos iti on Vector Resi duals
88 GRSR Radar Vector Magnitude Residual
89-91 P2(4-6) Geocentric Velocity Component
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Table 2. (cont’d)

92—94 DVG(4-6) Launcher Velocity Conponents

95-97 OVR(4-6) Radar Velocity Components

98 RRMAG Radar Range Magnitude [=ovR(1)]

90 ALT Raw Al titude

I.
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F

-- Determine the type of data region being read for each file
-- Use the region types to select proper mode for combination

equations
-- Evalua te combi na tion equa tions , depending on the particular

mode , to produce the composite observation vector and
covar iance matr ix

-- Complete the calculations for the remainder of each output
fi le record us ing composite values

-- Genera te a pr inted sumary of the comb ina tion process , i.e.,
an event log for the resulting output file

* 

- • Produce an output tape file containing the composite trajectory

• Generate printed and graphical reports in the same format as
DRIVEB.

For each radar tracking coverage of a rocket a conventional DRIVEB tra-
jectory vector P(k) wi th its associated error covariance matrix $(k) is
generated for each time point k. Two radar tracks of the same rocket
may be statistically merged using DRIVEC to provide the best estimate

~(k) =[~pj~( k ) P 1(k) +*~~( k )  P2(k)][+~’(k) +~~~ (k)]~~.

The associated joint error covariance matrix is given by

. (k) =[*~
‘(k) +q 1(k) ]

~
.

This program now operates in only one of two basic modes . When fi l tered
or integr t~d data is available on both tapes the above merging procedure
applies . Filtering and integration regions are not distinguished except
through the error covariance matrices . When data is absent on one tape
the parameters from the other tape are directly copied. Check-out of the
system was underway , -:~~ ‘ “  prrlmising early results.

9.4 Operating System

The rocket trajectory operating system was modified to reduce the need
for complete binary programs of DRIVEA , DRIVEB , DRIVEC , and REGEN. The

- . .~ SCOPE - EDITLIB facility is used to provide one binary library for all
subrou tines . The ma in program with the LIBRARY ins truc tion then causes
unsatisfied externals to be loaded. Program maintenance thus requires
only one file of source routines in UPDATE form.
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Section 10.0 Satellite Wire-Boom Dynamics

Initiator : M. Smiddy

Project No.: 8617 Problem No.: 4702

For the purpose of control information , mode frequencies determination , stability
analysis, and damping characteristics , a comprehensive mathematical analysis and -

digital computer simulation on coupled satellite-boom dynamics has been performed.
Since the full details are reported elsewhere (

~
, 2, 3, 4), only the sal ient

features of this work are outl i ned in this chapter. -

The dynamics of a satellite boom system is generated from its Lagrangian~~~.
For dynamics in the spin plane , the Lagrangian L is derived as

4 .

L = L0 (9 , X , Y) +Z i.~ (9 .r~, ~~ 0.
, Ø~

, ) +

4 , .  .

E L
~ 

(~ , r1, ~~ 0~’ 
0., X , Y ) , (1)

— i=l ~1

- - where L0 is the Lagrangian of the hub , L1 is that due to pure rotation , 1; is that

due to cross effect of r~tation-trans1ation , the argumen ts of the Lagrang ians are
the canonical variabl es, dots denote time derivatives , and su bscr i pt i labels
boom number. The time development of the dynamics of the system is determined by
the Lagrangian equations of motion , viz.,

(a) the hub equation : d L —- ~~ - - K
9~~~, 2

(b) the boom equations : 
- = - K

0
-Ø (i-i , .. .4) (3)

(c) the tension equations :
~ I d IL - L = - 

~~~ . 
(i1 , . . .4) (4)

d t J ~ r 1

— ~- .. --

and (d) the translation equations :
- = 0  , (5)
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and d 
~~ L~~t 3j’ ~~~~~

= ° . (6 )

where L is given in Equ. (1).

The algebraic details of the above equations are rather lengthy~~~ . However,
these coupled nonlinear differential equations can be solved simultaneously and
numerically using Hamming ’s predictor-corrector method~

6
~ The solu tions

represent the time development of the canonical variables of the system, depending
on various given initial and boundary conditions.

Figure 1 displays the development in time of the canonical variables under
typical initial and boundary conditions .

Analytically, the lagrangian equations Equs. (2) to (6) can be solved for harmonic

F 
oscillation modes. Matrix formulation of the eigenvalue equation is used.
Simultaneous diagonalization of the kinetic and potential energy matrices (with
dimensions 7x7) yield the eigenvectors and the mode frequencies . Table 1 summar izes
the analytical results of harmonic (normal) modes in the spin p lane .

Due to the presence of a very effective wobble damper, osc i l la tions ou t of the sp in
plane are negl igible However, for the benefit of future des ign an d for the
worst event o-~ ~camper fai1ure in flight time, out of spin p lane dynam ics have
also been analyzed. The methods as outlined in the preceding paragraphs on spin
plane dynamics are used . Table 2 sumaries the results of harmonic mode out of
spin plane. Figure 2 shows the frequencies of various in plane and out of plane
modes as functions of boom length.

For each mode excited at an initial time , the transient response of the system
can be obtained by using Laplace transforms. The forced oscillation is

I
~ 

. .
~

- - 

~~~Do] [F(t) Q(t)~ (7)

where D is a nonl inear time differential operator obtained from the Lagrangian ,~~is
the Laplace operator, F(t) Is the forcing function , and 9(t) is the step function

- 

- 
- 
.

- 
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defining the duration of the exciting force, such as boom extension/retraction.
Insight on stability and damping characteristics can be obtained. Figure 1
shows the excitation and decay of the boom oscillations due to 200 sec. of boom
deployment.

I

References

(1) La i , S. 1., and Bhavnan i , K.H. , “Dynamics of Satellite Wire-Boom Systems”,
Air Force Report No. AFCRL-TR-75-0220, (1975).

(2) La i , S. T. , Ma hon , H., and Smiddy, M., “Dynam ics of Osc i l la tions on a
Spinning Satellite-Wire Boom System. Part I: Lagrangian Equations of
Motion and Transient Response”, to be published in J. Spacecraft and Rockets.

(3) Lai , S. 1., Mahon , H., and Smiddy, M., “Dynamics of Oscillations on a Spinning
- f Satellite-Wire Boom System. Part II: Normal Modes in Spin Plane” , to be

published in J. Spacecraft and Rockets.

(4) La i , S. 1., Mahon H., and Smiddy , M., “Dynam ics of Osc i l la tions on a
Spinn ing Satellite-Wire Boom System. Part III: Normal Modes out of Spin
Plane ” , to be pu bl i shed in J. Spacecra ft and Rockets.

(5)- Goldstein , H., Class ical Mechanics ’ Add i son—Wesley , Reading, Mass. (1950).

(6)- Hamming , R. W ., “Stable Predictor-Corrector Methods for Differential

-~ 4 Equations ”, J.A.C.M., 6, 37, (1959).

(7)- The Boeing Co., “Wire Boom Feasibility Study Report” , Boeing Report No.
D233-10085-1, (1972).

L 

146

- - 

- —  - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

5- 5-—.-



—--5--—- - 5 - - - - - --- - - —- ~~~~~~~~~ -- -~~~~~ 
--

~~~~

-

~~~~~

Section 11. Ionospheric Field Mapping

.4

147 

- .. - - - ~~~ 
5-*5- - -5~-_-~ _ .:~~j i~~__ 5-’~ ’—--—--- - - 

— - 

- - -5-5 - —-



-
~~~~~~~ -~~~~ - ~~~~~~~~—-- - - 5- -  --5-— ——

11.0 Ionospheric Field Mapping

Initiator: M. Smiddy

Project No.: 8617 Problem No.: 4702

This work supports AFGL research projects on satellite sensing and mapping of the
global distribution of electric fields in magnetospheric regions. Extensive
analytical and computational procedures are required, and this work is still in
process. Schematically, the scope of this work is outl ined In the flow chart -

in Figure 1.

Data reduc tion cons idera tions includ ing hand l ing of var ious instrumen tal and
environmental factors are discussed below . Preliminary graphical presentations
of the resul ts are also inclu ded .

11.1 Data Reduction

For data reduct ion and computation , three types of input data are required.
They are 1) electric field experiment data , 2) satell ite sensor at titude
(GM) data-, and 3) ephemer is/magnetic field (ORM1%G) da ta. The structures of
these data are tabulated in the references~~

2
~
3).

The electric field experiment data are in the fifth file of every tape of the
satel l ite ’s raw data. The experiment data contain six channels of sensor signals
with various high and low gains. These signals are given in telemetry counts,
which can be converted to voltages by a simpl e conversion factor.

Cal ibration sequences show up every 512 sec to enable the updating of temperature
correction coefficients, vehicle potentials , an d plasma sheath impedance ,
and the checking of their statistical deviations for various channels.

- 

1 11.2 Instrumental and Environmental Factors
- - - Before the genuine electric field vectors along the trajectory of the satellite

.
~~~~~~ can be computed , various instrumental and environmental factors must be recognized,

trea ted , and processed. Intermediate variables wi th physical significance are
thereby developed and made available to the researchers.
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11.2.1 Saturation Signals

A statistical method is used to treat saturation signals, which often
appear after a calibration sequence. This method provides modified results on
plasma impedance,vehicle potential , and the first zero crossing time T0 of the
sinusoidal signals following the end of a calibration sequence.

The extrema locations of the saturation signal period can be determined by
using a least square sine and cosine fit of the fQrm:

V = a1 + (a2 + a3t) Sin wt + (a4 + ~5t) cos wt
The least square solutions are obtained by solving the matrix equation: -

U

~ l 
~

•
~i ~ ~~~ ¶c1 ¶tic1 a1

~ s1 ~~ ~ t~s~ ~.c1s1 ~~~~~ 
a~ ¶Y1s1

t.s. •
~:t1s~ ¶t~ s~ ¶c~

s1t1 ~~ c~s1 a3 
: 
~V.c. (1)

¶c1 ¶c~
s1 ~ t1c1s1 ~jc~ ¶t1c~ a4 ~Y~c1

~t1c1 ~t1c1s1 ~~~ C15~ ¶t1c1 j t1 4 a5 ~Y1t~c

Where s.~ = sin (wti) 
-

c1. = cos (Ut1)

The extrema T~ obtained from equation -(1-) are used to fit the sine equatione

v
~
(t) = 2Ici + d1 (t - To)] sin w (t - T~) + e

~ 
(2)

by solving the matrix equation : -

~(t~_T0) S~ 1~s3 2c 
-

-j ~(t~
_T
0)s~ ~(t~

_T
0)
2 S~ ~(t~

_T
0) S,~ 2d = j-~i(tj)(t j-T0)S

~

- 

~~~ ~ (t~_T0)S~ 1 
- 
e 

~
Vi (tj)
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where S~ = sin [L~1 (ti
- T0)]

and T~ is the time of the first zero crossing given by equation (2) with offset e1
removed , and Is given by

To =
~~~~~~

Tg)- ~u.. 
%
f.i,~~~Q.) KI

where K=3 - if the 11 corresponds to a minimum , and K=l if 11 corresponds to a

maximum.

The plasma impedance <Ri> is calculated as

<R 1 > =
~ - {<R k l>+<R k 2 >] 

-
¶ 

where R~,1 = 1010 ( 1 ~~ k~l ) and R~,2 = ~~~ (1~~~
l
k)
2)

k,1 \ k,2

= ~~~~~~~ - ~~~ - + V~~4 -A~~1 + A~~2 +

A~,3 
_ A

~,4] + 1

c~,2 
- [i + ~~~~~~

_ ~~~ - 4,6 - 

4 7  + 4 8)]’ [1 +

2~~C1~~~~~~’~ 

- A~~6 
- A~,7 + A~,8~

]

~~~ = c1 + d1 (tk-To) jsin
~
J(tk-To), 1=1 ,4

Ak,J = c + d1 (tk
_T
o)], i=3 ,6

and j corresponds to the jth interval of a calibration sequence. Similarly,

- 

- -
~~ the vehicle potential <~~)is given by

‘
~1 <ö> + <

~ k,2~~

where = ~~~~~~~~~ V~~ - ~~~ - A~~1+ A~~2 
— A.~ 3+
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~k,2 
= 

~ (V~~ - V~~6 + - V~,8) -~~~2~~~ (A~,5 - A~~6 +

The statistica l deviations of these quanti ties are also calculated.

11.2.2 Effect of Earth ’s Rotation

The electric field induced in the dipole sensors of a satellite is of sine wave
form because of the spi n of the satellite . In the regions of low lati tude
(equatorial) and low altitude , it is well known that electric field is
small due to lack of significant plasma motion , so that the predominant
electric field is due to the Earth ’s rotation . The two laws invoked in this
case are:

1. The electric field E measured in a moving frame is related to
the electric field ~~ i n a rest frame ~~~~

~~~~~~~~ V x B  ( 3)
where B is magnetic field in the rest frame, and veloc ity v is assume d
small (V<<C) otherwise there is an additional relativisti c factor in the
denominator.

2. The velocity V in a rotating frame r is related to the
velocity V in a fixed frame by

(4)

- - where w is the rotation angular velocity and r is the position vector.

Thus, the induced electric field due to the Earth ’s rotation is

* E = ~~~~x B  (5)

where V r is given by eq.(4).
This induced field E is always subtracted out in order to bring out the
genui ne electric field from the processed result.

11.2.3 The Case of the Missing Di Dole

J Satellite signals show that one pair of dipol e sensorson the satellite S3—2
is not functioning properly. This poses a problem on the determination of
three dimensional electric field vector because one component is always
missing . However, since the satellite is spinning , a method can be worked

~~ 
out to overcome this problem. When the electric fiel.d is maximum in the
xy-pl ane defined by two dipole pairs t’

~ 
and~~2 on a spi nn ing satel l i te ,

it is reasonable to assume that the electri c fiel d in the z-direction is zero.
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However , r1 and r2 need not be orthogonal at fl ight time, causing the

vector algebra manipulation to be nontrivial . The result is

E =  E1~ + .{E2 - Q 11! 2) 
E1} ~ +

_ _ _ _ _ _ _ _ _ _  —

where Adenotes the unit vector.
This gives the electri c field vector , inspite of the missing dipole.

11.2.4 Effective Frequency and Boom Lengths

- - 

The Information on the frequency ‘.&‘ of the spi n of a satellite is givenby Boeing ’s OM data tape. The electric field measured by the satellite
dipole sensors is predomi nantly (VxB ) where the velocity V has
to be corrected for the effects of Earth ’s rotation . The value of
frequency W from OM data often turns out to be slightly different from
the electric field variation . Hence, a curve fitting is carr ied out
In case one needs very accurate indication of w .

Furthermore, the amplitude of the induced electric fiel d in a dipole
depends on the attitude and boom length of the dipole. However, the
information on these i tems as given by the satellite signal data tape
may not be perfectly accurate , due to the possibility that the booms
of a dipole may not be col inear and that the spin axis tilts and

-‘ precesses. These uncertainties of satellite information have to be
treated by curve fitting.

For orb it ,~~~~ , an analytical computation has been performed assuming
that the non-colinear booms of a dipole are simply perpendicular to
the instantaneous spin axis, with offset angles as suppl ied by Aero-
space Inc. The effective boom lengths and attitude agree quite well
wi th the least square curve fitting of the function R~(Vx B ) aga inst
satellite data.

11.2.5 DC Offsets

Analysis of the data of satellite S3-2 shows considerable DC offsets
in the electric field data. This phenomenon has never,been noticed
before because no experiment using such a high sensitivity instrument had
been performed previously. Further analysis shows that there exist
correlations between DC offsets, electron density and oxygen Ion
population In the satellite environment. Since the ambient electric
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field -is mainly associated with drifting plasma~
6
~ in the polar and

auroral regions , the DC offset is fitted in the equatorial region by
means of a high order polynomical (e.g. l3th)order, which is then
subtracted from the computed E-field results which has induced field
(V- Wx r)x B already removed.

11.3 GraphIcal Presentations

11.3.1 E-Fie ld Strip Chart

Figure 2 shows the computed ambient electri c field during an orbit.
A number of estimates are made during each satellite spin , resulting
In the bar pattern . The total and components in Ed , geomagnetic
(GM), and solar magnetic (SM) coordinates are plotted together with
environmental information.

11.3.2 E-Fie ld and Drift Curren t Polar Maps

A typical mapping plot of electrIc fiel d vectors in the polar region
• is shown in Fig. 3, and the corresponding (Lxft)/B2 drift current pattern

is shown In Fig. 4.

11.3.3 Combination Strip Chart

It Is quite often useful , when analyzing data, to have a graphic
presentation of other physically related parameters. in the
E-field experiment, parameters such as the ambient plasma density,
the heavy-Ion density, and the high-energy (1-5 key) particle

* 
flux are of particular interest, since each can affect the measurement
in its own particular way. Another paramete~ the or ienta tion of the
measuring antenna w.r.t. the ambient magnetic fiel d, is useful in
determining whether or not a particular anomaly is due to particle

streaming along the field lines . A program, BILD3, has been developed
to merge and present all parameters and data of Interest.

} 
Functinnal D~ceripHnn

The plasma and ion densities and particle flux can be obtained from
on-board experiments . The antenna-field orientation , however, mus t

- . . be derived from model-field calculations and satellite attitude data.
-

- 
‘ BILD3 accesses the pertinent data, ephemeris, and altitude files,
:1 unpacks the data, performs the necessary conversions and tranformations3

plots on one graph the above-mentioned parameters together with
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E-fleld data, and labels the X-axis with geophysical coordinates
such as un iversal time , altitude , local time, and invariant latitude.
Al though short stretches of time can be plotted, as in Figure 5,
the program is more often used for entire orbits, producing graphs
six to eight feet long .
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12.0 Plasma Bulk Motion -

Initiator: P. Wi)dman

Project No.: 8617 Problem No.: 4701

Disturbances and Irregulari ties In the Ionosphere and magnetosphere,

• particularly In the polar and auroral regions affect electromagnetic
wave coninunlcatlons , detection, track ing , guidance, and early-
warning defense systems. Ambient plasma bulk motion Is an Important
factor in forecasting Ionospheric and magnetospheric plasma meteorology
and In understanding the processes leading to polar region Irregulari-
ties. This work supports research projects at AFGL on In situ satellite
sensing of plasma bulk motion. Schematically, the tasks performed for
this problem are outlined In Figure 1.

12.1 Data Process1~g

For data processing, three data tapes are required, viz., the plasma
experiment data tape, the satellite attitude (OM) data tape, and the
satellite ephemeris (ORMAG ) data tape. The structures of these data
are explained In the reqerences.( 1 2)

The satellite signals consist of several patterns which have to be
recognized. They are the TM applied voltage sweeps , electron sensor
real sweeps, electron calibrates , Ion calibrates, and range swi tchings.
The TM sweeos are doubly fil tered to remove any noisy data that may
be present. The processed data are used In the computations of electron
and Ion properties in the ionosphere and magnetosphere. The flow chart
of FIgure 2 and the supplemental notes present the data processing
and computation logic.

12.2 El.ctron Proper~i~~~’ ’~~ me

A TN applied voltag, sweep appears once every 128 s.c. In the experiment.
This voltage is also applied to every real sweep of the electron sensor
In the following 128 sec. period. The voltage -current response charac—
teristics of th. sensor output gives Information on the electron proper-

• ties of the plasma environment. Physi cally, the electron sensor current
j f ,  proportional to the velocity , therma l distribution , and density
of the elec trons , *f ,~ ,,

Ia ~ NeA
J

T~ T exp (~~~) .
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[~ttitu~~tape j  ~Expt. data tape ] ~~~~ j~~~~ieri s taPe_],
~~
‘J,L,Sun

PLASMA
.Ma -I n program;call subroutines .
.Surmiarlze results; create files .i ________________ _____________________

LIST 
— 

i 
FUTURE ~~]fHERMO

•Converts TM counts to dataWst data. Ave.temp. every flJnterpolate temp. up
00 sec. (to 0.1 degree.
Store range data

• Smoothed Instr. Temps. T1-T46 On-board ratios R...
Instrum. t4mps. T1-t~avail . every 16 sec.

I JUMPS L ~J~) UMP RB
~Recognize ion cals. ~ 

[.Recognize range jumps.

T~1EEP (every 128 sec. ) 
“

~ 

- FILTER 
Lf~

PCTRA
~~
. Recognize TM sweeps & Electron calsi .Double fil ter .Optional histogram

L. Memory of TM volts . I TM volts or TM & electron cal .
I ~~ TM I~~1a9 noisy data.

Vap

FLEPOW - REALSW (every 16 or 32sec.) I (~N~)¶ 

•Compute electron density •Generate arrays of real sweep data 
e

vehicle potent ial , & elec- .Generate trial values for FLEPOW.
tron temperature .

Nefa4tiTe ____________________________________

[SENSOR
I.Average electron current before and N N le

— 

~ 
after a real sweep. et ef

LCo~
rect electron density with Flepow. e

CRAFT ~CURRENT RATIO
•Transforin ECI coords . ~~~~~~~~~~~~ 

4on currents of’8 sensors. .Compute Dl ff/Sum
to spacecraft coords. .Ave . iw ~.- -~nts.(¼sec. ave.) ratios of Ion cur-

•Select forward sensor group 1 8 - 
rents .

• 
- - • Compute I /1 state. , .Compute angles

•Compute v~lo~lty angles VOX ,V OX ,VOX

— F L W
.Compute plasma flow angles in spacecraft coords.

.Compute plasma flow veloci ty.

Figure 2. Data Processing and Computation Flow Chart for Plasma
Flow Parameters
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Supplement to the “Plasma Flow” Flow Chart

The OM attitude data tape gives interpolated data at any required time
wi thin a time span (approximately equal to the orbit period). The
followi ng relevant variables are available in Earth Centered Inertial

— 
System (ECI).

P Position vector (Nautical Miles )
V — Veloc ity vector (Nautical Miles/Sec.)
S Di rection cosines of sensor L.O.S. in
ECI coord. etc.[Ref.: Boeing OM Manual (l~

The ORMAG ephemeris data tape gives interpolated data in the same
way as OM. The following relevant variables are available.

P Position vector (km)
V Ve loc ity vec tor (km/sec)

¶ 
B Magneti c field (Gamma)
L Geomagnetic Coodinate L.
Sun Solar zenith angle, solar longitude , solar
right ascension.& solar declination :
M.L.T., L.T.,, LAT, LONG , INV . LAT., etc.
[Ref.: Mclnerney ’s AFCRL report (2)].

• Instrument temperatures T1 to 14 arc defiiied as: T~ for sensor
package 219-1, 12 elec tron amplifier , 13 sensor package 219-2)14
elec tronic pac kage

(T 1, T2, T3) (V 1 - 1.680)/0.0448
T4 (V~. - 2.190)/0.040

IRef.: Peter Wildma n ’s notes , March 1975(6)
L -

- 
- • On board ratios R1~ are defined as (I~..I~ )/(I~+I~)

• The applied voltage Vap during a TM sweep ranges from 8.00
volt to -8.50 V.; it is converted from its analog linearly,
which ranges from 5.10 volt to -O.lOv .

• Electron current ‘e jS obtained as log ‘e = log I + kV

~ -
~ where V is the data of electron sensor. Putting in constants , •

we have

1e = exp{-23.8020759 + 0.0041976 12 + [2.4691428
-

. 
-
~~1 

+ - .0017304 12 .V

164

-~~ ~~~~~~~~~~~~~~~~~ ¶-~~~~ -~~~~- -~~ - - -
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-—-
~~~

~-



Supplement to the “Plasma Flow” Chart (Continued)

Electron density Ne is given by

Ne = 4.3535 X io11 I / Te
½ f(v )

where f(v) is chosen as ~~~~~~~~~~~ T~ as 2500.
• Flepow gives corrected electron density Nef vehicle potential ,

and electron temperature Te after every real sweep. If the

electron sensor Is partially saturated, Flepow rejects th~
sweep.
•!e is average electron current before and after a real sweep.

(15.25 15.78)sec., (18.75 19.25) sec., if Hi rate;
(31.25 31.75)sec. (34.75 35.26) sec., if Lo rate.

[Ref.: Wildma n notes, Sept. 1975(6~

•Corrected electron density Nec = Nef ~~
•Ion currents I~ to 18 are given by

= [K1V + c~ x

where K1 is temperature dependent function , tabulated in
Wi ldman’s notes , July 1975; V is ion sensor data, C is chosen
as -0.1, and M is a range dependent number.

•Time average of 4on current is optional , from 1/16 sec. to
1 sec.•, currently ¼ sec. average is used.

•
~

j -
~
her items in the last boxes of the flow chart are less basic.

Details of these items are referred to Wi ldinan ’s
write up on Apri l , 1976.~~

1-

i
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where the square root term is due to the electron velocity , the ex-
ponential term is the Boltzmann distribution function , N is electron
density, e is charge, and A is sensor aperture area. Therefore, the
slope of lOge(I) plotted versus voltage V(t) should yield the electron
temperature 1, and once I is found, N can be computed. However,
in reality it turns out that the current res ponse of the instrument
Is hi ghly sensitive only in a very short time span near the middle
of the sweep period. Thus , a slo pe measurement becomes non-trivial .
In order to perform highly accurate computation , a subroutine
FLEPOW is used, employing the steepest gradient minimization technique
of Fletcher and Powell~

3
~. It yields results on electron density,

electron temperature, vehicle potential , and p lasma sheath radius , . -

for every sweep. Calculated electron properties for a typical polar
orbit are shown In  Figure 3.

123 Ion Properties and Flow

Eight sensors , divided into two groups , prov ide measurement data of
ion currents. It is the forward looking group which gives more
accurate information . Since the satellite is always spinning the
two sensor groups alternate in facing forward. Thus , sensor
attitudes and velocity vectors are computed at all times to determine
which sensor group to be processed at every moment. For diagnostic
purpose ground computation of ion sensor current ratios are compared
with on board ratios. To measure bulk ion plasma flow, there are
approximately two regimes, viz , the relatively fast ion regime and the
relatively slow ion regime. The former refers to the light ion mass
regions such as those occupied predominantly by hydrogen, and the latter

( refers to high oxygen concentration regions .
In the light ion, fast flow regime, a mathematical formulation has been
worked out for the determination of the pitch P , yaw V and magnitude
f of plasma flow. Details are reported in reference . The results are
as follows:

tan- (E
~ 

+ 
~~~~~ 

= ~ COS Q’t ~~ - q COS YQ sin + PQ)
V cos cos - q cos cos (E~ + PQ)

V sinô — q 5iflYQtan 
~
‘F 

[v
2 
~~~~~ + q2 cos2yQ - 2Vq cos~~-~ cos P0 cosy~j½ 

(2)
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= q2 + v2 - 2q v (cos C~ cos cos PQ + sin sin YQ) ( 3)

where
PQ = tan~ ~ 2.4 F i-~x 1 1f(t)

~tan~.1 1+X R 2 ~ 
I -l

y = tan ’ 1~i 3 cos E. + ‘ta~i 2d sinC cos k+PQ+e(t))
3 

sin € - tan 2~ cos~ J
= (I

~ 
— I.)/ (I. + 1.)

andy = (R13  + tan 2c tan €~/(R1 ~ 
- tan 2.~tan E ).

In these results, the effects of spin ti l ting and ion sensor skew
orientations have been taken into account.

The experimental data show sharp drop off behavior in the Ion current
time variations for ionospheric regions of heavy ion mass low speed
plasma . To determine possible presence of a dominant thermal ion
effect, extra terms due to therma l ions were added to the denominator of 

~~~
while this effect is cancelled out in the numerator. Three simu ltaneous trig-
onometric equations resulted and had to be solved simultaneously at every

- 
- second. They are of the form : -

cos.~ (R21 cos
2
~ - sin 2X) - sinot sinlcosl(R2 ~ 

+ 1)
C = 0 

2cosa4 (R23 cos Z — s in  
~~~) 

+ sinai sinVcos)’(R2 ~ 
+ 1)

+ R 2 3  C = 0

cos~ . (2R3 1  cos2~ — R3 1 ) - 2 sino( sinYcosY

+ R 3 1  C = 0

It was found that thermal ion effect is not predomi nant -

To investigate the density and temperature of the ion plasma in the
low speed regime, it is necessary to perform nonlinear fitting to
the ion current equation~

5
~:

I = Ne A (~)3/2 I I I v~ exp {
~a[v,~

2 
+

+ ~~~~ + q2 - 2q (V a cos ~ + v~, sino)1 } a~
dvy dva (4)

- -
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f Integrating, we have

I ½ Ne A q cos & 1 + erf (x) + exp (~x
2),xv½I

where x • q a ½ cos I = (2q/cit~~) cos 0’

and erf (x) Is the error function defined as

erf(x)= 
(Li

,) 

f 

exp(-t2) dt

Here , q is the plasma flow velocity which , in low altitude and equatorial
regions, is mainly due to the relative motion of the satellite In the
plasma environment~cos I is the angle between flow direction and sensor
normal .

The parameters to be fitted are x(~Ne A) and ~ 
(~~~ 

a½). The former
(.~) measures the ion density and effective sensor aperture area and
is responsible for the height of the ion current variations. The
latter(~) is also J m which measures the plasma veloci ty, or Ion

J 2kT -

mass to ion temperature ratio. 
~ 

infl uences the profile of the ion
current curves. A typical nonlinear fitting of ion current for a
satellite spin is shown In Figure 4.

-1.
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13.0 DMSP Topside Plasma Monitor (Phase I)

Initiator: R. Sagalyn

Project No. : 8617 Problem No. : 4836

The Topside Plasma Monitor to be flown on Defense Meterological Systems
Project (DMSP) satellites consists of two sensing systems; one, the electron
sensor, measures ambient electron density , electron temperature and vehicle
potential and the other system, the ion sensor, measures the ambient density
of each ion specie, the average ion temperature and the vehicle potential .
The observed parameters, measured as a function of time along the vehicle
trajectory, are to be combined with ephemeris data to give plasma scale
height and f0F2 as a function of position and density irregularity frequency
spectra. This Supplementary Sensor Ion—Electron (SSIE) system is to be

• used in cooperation with Global Weather Center, Offutt AFB .

This report outl ines procedures planned as a result of analyses to date,
both for the data processing system and for determination of electron and
Ion parameters. Preliminary studies

with sample data are anticipated to evaluate the one and two specie analy-
+ + + . .sis procedures for H , He and 0 . Stability of the sol ution technique

using a restricted number of sweep data points is essential to providing a
reliable on-line analysis package for determining specie densities,
temperatures, vehicle potential , and eventually the plasma scale height
and f F,..

0~~~
- 

- 13.1 Data Processing System

The data process ing system, electron and ion mass and temperature analyses,
~~ I and the file structures are defined for operation in a real time environment

on a UNIVAC 1110 cu~.~- - ~ ~~~ Offutt AFB . Initial development and follow-
on global mapping work is to be conducted on the CDC 6600 system at AFGL .
Compatibili ty of the program between the two systems will be maintained
by processing 36 bits of data from the UNIVAC 1110 in one 60 bit word on

I the 6600. Requisite conversion of floating point numbers will account

~
.
‘ I - for the shorter characteristic and mantissa , and the sign plus magnitude

arithmetic of the 1110.(1)Other special conversion considerations incl ude
the use of IOWAIT and FLD instructi ons with GWCIØ, Instead of WRIT MS, READMS
and the character and bit-processing instructions (MXGETX, LBYTX , etc.)
with the 6600 SCOPE-Fortran System.

Data processing will consist of read out of multiples of 28-word sectors

-
- 

•
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• Univöc 1110 CX 6600

[ Tape from GwC

Eb 
Conversion Deck

Contents I

1) Directory
2) Read-outs of orbits

Cir ce lar (mul tip~es of 28!word sectors ) c i e r

b) t li nute -by-min ute blocks

Store backwa rd i) Ephmneris group - 32 words
in time . Jumps ii) Data - 6 words/second (packed ) Same as 1110
or Overlap to except for
be Edited . JOWA IT , FLD.

Float ing Pt.
differences .

-• Ana lysi s Results

I Processing N1, N2. T , TE. 14, ~~ ~~
. #~E’ H~ . f0F2 [ Process as Pro posed

Similar to input file
/ Output except mmute -blocks / Pseudo \

Cir la I Output
F i le  

r 1)  Ephemeri% and Sweep I Circu lar j
V / Analy s is group - 60 words V File /
\•..___ ~~,.‘ ii) Data as before

I _ _

GUC Debug and
Processing Standa rd

Debug and Standard
Archiving - Output

and Verification
AFGL by GWC

t• Figure 1. Defense Meteorological Systems:~-1 
Project SSIE Sensor Processing System
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from the input circular file , editing and upacking of minute-by-minute
blocks of ephemeris and instrumentation data , forward time handl ing of the
backward recorded data, augmentation of the ephemeris group in each
minute block by the results of the analysis of the electron and ion sweeps,~

2
~

— and recreation of an output circular fileb Observed vehicle potential
and densities from each system will be compared as a check on satisfactory
instrument performance. Debug and standard output , archiving capability ,
and mapping programs are required . A chart outline of files and functions ,
appl icable either on the UNIVAC 1110 or on the CDC 6600, is presented in
Figure 1.

13.2 Determination of Electron and Ion Parameters

The raw data obtained from the electron and ion sensor in sweep mode
consist of current as a function of applied voltage. From this data electron
and ion density and temperature must be deduced, as wel l as the vehicle

• potential wi th respect to the plasma~
2
~. Variations in densities between

sweep modes are obtained by comparison of current at a fixed applied
vol tage to that obtained in the sweep mode of the appropriate sensor for
the same vol tage .

13.2.1 Electron Sweep Mode

The electron sensor current and slope as a function of appl ied voltage are

e ø~~~ 0 (Retarding~ e 0 ‘ 0(Accelera ti~g)

~ ~~~~~~~ 
exp (-x

2
) — A N 

(1 - 
~~
2)

e
~~~e

a 2~~~

___ - Ae
2c<Na exp (-x 2) -Ae 2oc N,,a_ _ _  - 

2 k  
1. f~ 2 k T J ~

wherex= kJ2m
eO

0 = potential of sensor with respect to plasma 0SE~
0p (vol ts)

05E = vehicle potential wi th respect to plasma (volts)
= sensor potential w ith res pect to veh icle (volts )

A = sensor surface area = 4 Trr2 (m2 ) where r is sensor radius (m)
e = elec tronic charge = -1.6021 x 10~~~~~ (M.K.S U’s)

= sensor transparency = 0.8
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Ne = ambient electron density (m 3)
me 

= electron mass (Kg)
a = = mos t probable elec tron speed (mis)

I = elec tron temperature (°K)e 23k Boltzmann constant = 1.38054 x 10 (M.K.S u ’s)
This slope is expected to be constant for accelerating voltages . In
actual practice the slope will increase with increasing 0 due to
Debye Shielding . Thus it should reach a minimum at Ø~ 0 or 

= -

The vehicle potential 05E is therefore obtained by locating this minimum.

The electron temperature and density are obtained from the logarithmi c
slope of the negative of the current at this point and the current
respectively.

13.2.2 Ion Sweep Mode

• The ion sensor current as a function of applied voltage is

For e Ø~ 0 (Retarding)

= Ae \~ o(

i~ ;.~ 
N

1 [i + erf (x i ) +~
-i exp~~

_x
~)]~

~~ -Ae~ o( ~~~~~~~~ exp (-x.2)
è~~ /211kT i 1 Q~~ 

1

where

~i
=
~
’ [v 5 _J~~øJ

erf (x) =j

~

/

~ 

exp (-z2) d z - definition
0 = potential of sensor with respect to plasma =0~ +O~ (vo 1ts)

= potential of vehicle with respect to plasma (volts)
= sensor potential wi th respect to vehicle (volts)

-1 A = sensor aperture area = lTr2 (m2) where r is aperture radius (m)
e = electronic charge = 1.60210 x 10 19 (M.K.S. u ’s)

• 

- : = sensor transparency = 0.59049
N1 = amb ient ion density of constituent (m 3)

= mass of I const i tuent
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a1 =J
~~~~~~~~~ T = most probable speed of 1th constituent (m/s)

T = average ion temperature of all - constituents ( K)
k Boltzmann constant = 1.38054 x io.23 (M.K.S. u’s)
j = number of ion constituents
V5 = vehicle speed (mis) = 7.437172213 x 1O~ rn/s

For eO< O (accelerating)
Put 0 = 0 in retarding equation whence x1 =

• and I is constant (not a function of O~ ) so
L L = 0 .

Only two species H+ and 0+ are considered since they are expected to dominate
at the altitude of interest (835 km). From the above we expect to find

• a minimum in the slope of I vs 0~ for each of these species present. This
corresponds to the voltage just sufficient to repel a stationary ion
(relative energy ½ m1V5

2) from the detector. When both ions are present
the two minima will be wi dely separated and the slope at each can be
assumed to be due only to the one ion . The procedure to be followed
depends on whether one or two minima in the slope are detected.

13.2.2.1 Two Ion Case

In thi s case , indicated by the presence of two minima in the slope of
current “~ applied voltage, the temperature and 0+ density are obtained
from solution of simultaneous equations for the current and slope at

+ . . + . • . .the 0 mInimum , since H contributes to neither at this point. This
yields

N2 = l6m~~~’ ~
d

V~ 1”S~~~ 

2 12e 1
½
~

Ae o~ L2 1 4 T6m~S2 j j

T = (Ae~~ N~)
2 e2

2lIk 16m pS2
U

~iere ~2 
is the current , 

~2 
the negati ve slope and m~ the proton mass .

The vehicle potential is obtained as

- ~{17%
V5
2 

(
~~

+02)]
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where 0~ 
and are the locations of the two minima . The density of

is then directly obtainable from the current at0~ = The

average ion mass M may also be obtained.

13.2.2.1 One Ion Case

In this case a rigorous algebraic solution of the equations is impossible.

Two approximate methods are used to estimate the ion density

1) N1 electron density
2) N1 obtained from current at = 0, which is in the

accelera ting region (I = constant, )J/J , O),by settingp
the expression in the brackets = 2.

( X1 >> Q, erf (X1)-_. 1, exp (—X 1
2)—- 0)

The equations for current and slope at the slope minimum (-S1 ) are sol ved
for mass and temperature yielding

~A eoc N ~2 e (Ae N,) 2 e2
1’ 1 =

2s11r(I - 
AeVSo(Nl) 

‘ 211k m1 S11 2

The veh icle potential is

~~~~~~~~~~
13.2.2.1.1 Second Method of Estimating Mass

Small errors in the current I, or density N, can lead to large errors in the
mass as obtained above because of the subtraction which occurs in the
denomi nator. This is particularly dangerous if the ion happens to be H~
at low temperatures , for which the slope minimum will be steep. Hence
a second method is proposed based on the fact that

~~�I�Te

where Te is the electron temperature. The ion present (H4or O~) can then
be assumed to be the one which yields a temperature closest to Te.

13.2.3 Plasma Scale Height and f~F2
We have sufficient information from the M2 EL and M2 ION modes to compute
the plasma scale height H at a time centered on the two modes which occur
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17 secs apart, that is H~~ can be deemed to b.e determined at (t
0 + 8.5)

where t0 Is center of electron sweep, and re-evaluated at an interva l
of 128 secs.

- 

- H~ (t0 + 7.5) k (Te + T)/M m~ g (ni)

Where g — acceleration due to gravity at 835 Km altitude (m/sec2)
g — 7.675373268 rn/sec2

M • average ion mass In AMU ’s
Substitute In constants:-

H Ct + 8.5) - 1.083302743 (Te + 1) Km
- P 0

• f0F2 will be determined ass uming a diffusive equilibri um model with a
specified peak height of the F-region as a function of local time,
and Is given by the formula

• 1.24 x 104f2.
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14.0 High Latitude Scintillations Study

Initiator: J. Aarons

Project No. 4643 Problem No.: 4785, 4844

14.0 High Latitude Scintillations Study

In order to provide a realistic statistical and dynamic model of scintillation
occurrence at sub—auroral and auroral latitudes a model development was under-
taken . The primary data consisted of several years’ measurements at three
stations of 15—mi nute samples of scintillation excursions in dB of the 137
MHz beacon from the ATS-3 syflcflronous satellite.

The initial model was to provide mean scintillation excursions as a function
of month , time of day, magnetic index , and solar flux. In addit ion, the data
base would be used for statistical distribution , regress ion, and short term
forecasting studies.

14.1 Data Base Creation

Measurement data was provided on punched cards with 16 15-minute samples or 4
• hours per card. The scintillation data card format is given below:

Column # 1- 7 10 12-59 68-69 70-72 73-74 79-80 -

312 Ii 2X , lx , 1613 9X , A2 13 12 4X , A2
YR,M0,DA Period 1 4 15m m Sat Freq. Stat. ‘DB ’ -

of day 9 readings ID ID
1-6 or 0 (x 4 hrs.) e.g.A3 e.g.

137
1=001 low (whole period)
9=-99 no data ( “ “ 

)

O=normal (read each column)

These cards were filed in time sequence and were edited for format, dupl icates,

— 
-
~~ 1 and Invalid range using the CDC Intercom system. The environment considered relevant

to scintillat ions at the sample times was determined as follows:
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The K~ values were provided by Dr. P. Fougere of the Space Physics
Laboratory and the solar flux values were provided by Mr. W. Barron (LI). The
ATS-3 satell ite ephemeris was generated using Spadats element sets in the
LOK.ANGL program provided by the Analysis and Simulation Branch. Sub-ionospheric
latitude and longitude at 350 Km were obtained using routine SILL2 provided by
the Ionospheric Physics Laboratory. The corresponding geomagnetic coordinates
and geomagnetic time were then obtained based on G. Gustafsson’s 1970 Revised
Corrected Geomagnetic Coordinate System, using routines CORRGPI2 and MAGTIM
developed previously for the Ionospheric Physics Laboratory~

1)

The average geographic, geomagentic and geometric parameters for the sub-iono-
spheric points for the three stations are:

Geographic m v .
Lat. Long. Lat. El. Az.

Narssarssua .q 5.42 51.0 63.2 l8.0~ 208°
Goose Bay 48.3 61.7 60.3” 28.8’ l91
Sagamore Hill 39.3 70.6 53~5

0 
40.9° 178

0

A full data base tape comprising each 15-minute sample and environmental parameters -

was generated for each station; the record format for each sample is described in
Table 1.

:1 1
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TABLE 1. Scintlllations Data Base Tape Format

VARIABLE FORMAT

ID (station-data source) 12 -

SAT ident. A2

FREQ 13

IV Year 12

• IM Month 12

IDAY Day 12

UT Hr. F5.2

SI Scintillation Index F4.l

“DB” A2

Kp Geomagnetic Index (3-hourly) F3.l

SF27 2.7 6Hz solar flux 13

SF50 5.0 GHz solar flux 13

SLAT sub-lonos . lati tude F6.2

ELONG sub- ionos. long. CE positive) F5.l

CGLAT sub-lonos. mag. lat. F6.2

CGMT mag. time (hr.) F5.2

~~~~~~~~~~~~~~~ ::.~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



The time span and size of the data bases are as follows :

Narssarssuaq 9/ 17/68 - 9/1/74 146,700 + samples

Goose Bay 1/1/72 - 12/31/ 74 71 ,000 + samples

Sagamore Hill 12/1/69 - 11/30/74 148,000 + samples

Goose Bay data for 1974 cover mainly November and December.

0

14.2 Modeling

Analyses were conducted separately for each station. In order to uniformize the
data for modeling studies the data were partitioned into :

— 12 months , 7 ~~ 3 Solar Flux (2.7 6Hz), and 24 UT ranges. The date,

~~ S~ and SI readings were averaged in each block. A compact file

was thus made available for high speed iterative model ing studies. The
seven K~ ranges are 0-1 , 1+ to 2, 2+ to 3, 3+ to 4, 4+ to 5, 5+ to 6,

6+ and up. The three S~ ranges are 0 to 95, 96 to 120, 121 and up.

Tables of the averaged SI were provided for each of the stations.

Out of a maximum possible 6048 blocks (12 x 7 x 3 x 24), the averaged files
comprised the following:

Narssarssuaq 4985 blocks

Goose Bay 4217 blocks

Sagamore Hill 5065 blocks
- I  I

The empty blocks generally correspond to the highest two K~ ranges , i.e., 5+ and

up, and occasionally the highest Sf range. Table 2 shows the averaged SI by

hour , solar flux , and K~ range that were obtained for January and February for

- t 
-

~ Goose Bay. ‘R’ Impl ies absence of data .
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An extensive search was conducted to derive empirical models of SI for each of
• the three stations. Analytical forms of the model were preferred to ensure

smooth transitions as a function of the known driving factors, viz. day of year,
K~. Sf and un iversa l time. These forms also permitted use of regression techniques

for least squares fitting to the averaged data file. Program MODEL was developed
by adapting the IBM multiple linear regression program REGRE~

2
~. The square of

the residuals of all available averaged data blocks is minimized when the multi-
pie correlation of the partials of all the coefficients that are to be determined
vanishes. Selective “fixing ” of coefficients is permitted if the solution exhibits
instability , and an automated procedure is availabl e for rapidly converging to
the optimum.

• In the course of the search for improved fits special characteristics of the data
were noted which suggested elaborations of the model form. Examples are the
delayed peak in the diurnal SI variation with higher ~~ the seasonal effect on

diurnal variation ampl itude relative to the average SI, the seasonal effect on
influence of and Sf) and the need for higher harmonics to represent the

diurnal variation. Figure 1 presents the optimized model that was obtained for
Goose Bay. An identical model form with different coefficients was also obtained
for the other statlons~

3
~. The cosine terms for the seasonal variation omit

2W365 and the cosine terms for the diurnal variation omit 21~’24 for convenience.
As is 0.01 times the 2.7 6Hz solar flux; and time is in hours UT.

Full comparative plots of the averaged data and the model were provided for each station.
The model predictions used the actual averaged data, K1, and Sf for each hour, and

are therefore absent when data are absent. These best fit models may occasionally
predict small negative SI ’s; these should In practice be set to a selected minimum.

Figures 2-5 illustrate the behavior of the averaged data and of the best fitting
model equations . The features of increasing scinti llations with increas ing ~~ and
generally with Increasing solar flux are evident. The diurnal and seasonal
variations are also modeled. Standard deviations of the order of 2 dB are
obtained with these models.

Subsequently, effort was directed to bridging the model s for the three stations
‘—I
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by going to a local time base and by including the geomagnetic latitudinal de-
pendence. The three separate models provided the ‘ data ’ and the new comprehensive
model was developed using program MODEL. The global model equation for the
three stations combined is presented In Figure 6. Figure 7 shows the plot for
March, in local time, for the cases of low and high solar flux (80 and 140) under
four selected magnetic canditions (K~ = .5, 2.5, 4.5 and 6.5). Standard deviation
of the residuals between the globa l and separate models was less than 0.8 dB ,
Indicating only a moderate further deviation from the original sample
data. Greater detail on various aspects of this study is presented in Reference 3.

14.3 Distribution of Scintillation Index Readings

Distribution analyses were conducted for each of the three stations. The effect
of the solar flux was not evaluated, but partitioning by month, K~ and hour was
retained. Within each partition the average SI was calculated, and the percentage
of readings falling in consecutive ranges was determined. Significant features of
the distributions have been obtained by examination of the tabulations, and are
discussed below. For selected average SI, the percentage SI readings found in
the ranges 0-I, 1-3, 3-6, 6-9, 9-12 and 12 and up are presented In Table 3.

F For each station, no marked variations in the distributions are evident for
different months, K~ ranges or time of day. Thus, given an average SI

value for any tlme-K~ partition for a specific station, the expectation of any

range of readings may be predicted. Differences in distribution patterns among
the three stations is primarily due to the consistently higher SI readings at
Narssarssuaq on the one hand , and the extremely low activity at Sagamore Hill on
the other.

Averaged vs. Median Data

The actual data plotted in Figures 2 through 5 upon which the model is based, Is
the averaged scintillation data in dB. It was desired to compare this mean with
the calculated median for the same time, ~~ and solar flux blocks. For this

purpose the full data base was sorted by scintillation index within each block,
and a program SIMED obtained the medians for creation of a packed file similar
to the averaged file. Figure 8 Illustrates both the mean and median dB values
for Goose Bay. This data Is for the same time period (March) as described in the
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• Percent  Occu rrence
—~~~~ SI Range

Avg . SI Station 0-1 1-3 3-6 6-9 9-12 12 up

• 

Narss . 50 45 5 0 0 0
1.0 Goose Bay 55 35 9 1 0 0

Sag. Hill 70 15 10 3 2 0

Narss. 20 55 20 4 1 0
2.0 Goose Bay 40 40 15 3 1 1

Sag. Hill 55 25 10 S 3 2

Narss. 20 40 25 10 3 2
3.0 Goose Bay 30 33 18 10 5 4

-? 
- Sag. Hill 50 20 12 7 5 6

4.0 Narss . 10 38 28 15 4 5
Goose Bay 20 33 20 15 5 7

5.0 Narss . 6 33 30 18 5 8
Goose Bay 12 30 25 18 6 9

6.0 any 3 25 35 20 6 11
8.0 any 2 15 25 20 16 22
10.0 any 1 6 15 18 20 40
13.0 any 1 1 8 10 20 60

Table 3. Dis tribution of SI readings for various average S1.

195

. 5— — —  5— ‘5- ‘•5 - _-~~~ -~• •_ •_•_~~ ~~~5I_I I~~ II~ •~~_ p.5 .5 — _ 5 -~~~~~~~~~~~~ __~~ ç



- ‘“ - - - ‘~~~~~~~ W~~~~~ L _ _._ _~ _ _ , ~~ — —• _____________________ _____________________‘5 - —5- -‘~wm~~ • -

F 
-

~~~~~~

4/ )ç
_~k~~~

_ _

UI (! _ 
_  _  _  _  

~~
. =

~ S .~~ ~ ~ ~ ~ ! •~~ ~ a e ~ ~

<~ 
.cz~~ 

I 
-

i n

_ _ _  
/ ,~~~~~. _ _ _  _ _ _ _  

r 
_ _ _  _

2 2 .~. S ~~ S ~~ S ~1 ! ~~ S 0

_ _  -

~~~~~~~~~~~~ ~
f l .

H  
.

/

~~~ 
-~~~~~~~~~ 

_ _ __ _ _  

•

-
~~~~~~~~~ 

_ _ _
L I  (I I II I 1~ 1 IL I I L I  I~ I I

~~~~~~~~~~~~~~
2

~~~~~~~~~~~~~~~~2 2 2 ~~~~~~~~~~~~~~~~2 2 g 2 2 2 2 0

w -

C
z

N I~)• I I I i
0 4 4

.2 N 0) -

196

-

~

•-. - - -

~ 

- -- -- • • -



V 5- ——-5 ----- - --5’- 5- - ——-5- _ _ _ _ _ _  

earlier figures. It was seen that no substantial differences occur between the

averaged and median dB values at any of the stations, except that for low
scintillation activity median. values tend to be-lower than the averaged values.

14.4 Other Analyses 
-

Some Intermediate analyses were conducted during the course of this study. For
each station, month, and hour the averaged file was used to run a multipl e
linear regression for scintillation index as a function of and 2.7 GHz solar

flux (FL2). The coefficients, corre1a~ions, and the multiple correlation was
output for each interval. Table 4 is a sample of the output by hour for the first
six months for Goose Bay. Plots of the correlation coefficients were also gener-
ated. In general the correlation with is much greater than with solar flux.
Multipl e correlations are consistently high (about 0.8) for Narssarssuaq, around
0.65 for Goose- Bay, and about 0.5 for Sagamore Hill. -

Separate regression analyses also showed greater correlation with K1, during

periods of higher magnetic activity.

A forecasting analysis attempted to predict early 1975 Goose Bay scintillations
that were not included in the data base. The results showed unexpectedly high - 

- 
1

SI observations, poss ibly because of new instrumentation sensitive to high SI
excursions. -

( 1  -

r ~ 

- 

• 

-

• 

- 

-

197

- -5 - ~~~~~~~~~ -5 -5- .5 ~~~~~• - - - — 5--



-- -,.- ~.,.-- 
-- 

, .- ,. -~~----~~~

- 
- ‘~~~r —  ~~~~~~~~~~~~~~~~~~~~~~~~

• c  • c c o s s • s s •  • • • • • • • •  )

1I111 4 # 4 P N-a• .10•o• 1 4 e N 4 44 * U I  •.4P’10 .4 N1041 .P- P 1 4 4 P a 1 0 .  U I N 1 0. 0 U I* t , 1*. . . •~~~10~~~a . . . .* 4. . . , •UI41j .4 . . . •1 0 N•a  • • •NN14.4  • . . .N10a14
IV . 4 . . .  4It4 . 4 . . .  4 4  U % • • ~~ 4 1 0 1 4 1 0•~~~~ .I t,& .4 N •~~~~~ IV Vl 4 . . .
I I I a a a I I

dl fV aIø wl .41.0P, 10114 1,~~,I Naa w 1 0*4 4  .I UI I11UI UIN14 P1NNUI . 4 1 4 4 ? U I W N  P110• • 4 . 4 1 0. 4 .4  • • • •t ,1f,1e.4 • • ~ .4WI~~~ 14 ~ • • 4 .4 1 0 1 0 1 4  . - . .1 0 1 0 1 4 . 4  . . . ~~~~~~~~~1 4 . 9 5* , * .  N.m • • •  ( V I  ( V 4• •  P110.4,0...  Na •~~~~• N a • . •
• a s a • a

U I V I O S 1 0 U I U I P 1  *1 0 1 0 . 4 1 . 0*1 0  .1.4 UI .4P . N P 1 U I  .4..., P,a..UI U I10VN.40*10 1 04 1 0  *M*• . • • 1 0 1 0 1 0 1 4  . . . .p.,0a.4 • • • Ial * .-. .. -. • S •N 1 0 t . I  • • • .1*4 - a . . 4 •U I*a a
— P. • S 4 N — — • • ~ 

- P1.4 .4 4 • • N4 4- ~ Pt P_I S 4 .4 q4 — • • •I a I I a I I $
.I •UI•14.q0a- IA10.4Pt11aeP.Ul *1014111.04 1110 .1101. 1 . 1 0 1 0 0  UIP1l0.4 F.NUIVl 0P1 4 4 1 _ I N P .11.• • •V I . 4 4- 1 4  • • •~~~P..j .l . • •00PI .q . • 4.4111-.4 • . 5 1 1 . 4 1 4  • . .1010014N UI a n • • • 11~ 4 .4 41 . • ~ (V t a a . • ~ (V .1 ~4 P_I . • • P1 N S • N P_I .4 • • •a .4 I I I S I I I
0’UIUI,DP4UIIP.4 1.1041.4 .4 .4 .4 * 1011101.10.4010 * 1 0 1 0 4 4 1 4 1 1 , 0  .t 01bJOl0O11l* 1 0’ . 1 0 J s 1 0 1 0 1 1 Jp..
• S .11104-a . • 5 •.4 4 4. 4  S S • 4,051411.1 . • • .11. 44 14 . . • 5 . 411141 .4 . . S .0.4 .414.q Ql S N • S • .4 1) II . • S N .0 .4 UI • • . .4 a (51 • I I I • . . a~~~ a . . .I, — • a a • a a a

U U I . 0 1 0 1 0 Na4  .aN,4.Onu * M P _ I11..I 100l .0 a N 1e # P 1 . 0 . 4  P1.4avlNP1ptll UI -.I N1,IO41P1P.a • • ~~~~~~~~~~~ • . . .1.1410.4 • • • 1 4111,4.4 5 4 . .111.414 . . . .41141114 • • S *4 5 4 1 0 . 4
S C I N .* .  aN 0 4 .4 .  .,p.. a s. .  .1 1,4 . 4* • •  5 • ~~~~ a . . .

I .4 I I I I a a a
v S a O . a a . 1 0  O P 1 N 1 4 1 4 .4 114 1 0 1 0 . 4 0 40 1 1 1 1 0  ~~~O 1 0 e 0 1 0 1 0 1 .  4 1 1 4 1 0 0* 4 4 4  N.4 a.. .* .04510S ~ ~ 54 4 1111,1.1 • ~ . .4441 4 .4 4 . • .Pt N t,a a . . •~~~ p. .. a . . . .Nn•a • • . •11lajlOa
.41,4 • 5 •  .4 . 4. ..  a ~~~~ .. e a * 5 ,  I I •. .  I 5 . .

a - I a a - a a
- 44N41,001,I1,I(l- 0 0 4 4 41 0 1 . 4 4 _ I  V4 .D .4 Pt e~~~ Iø10 0 1 4 P 11N14101P. a N•1 0 4 1 P 1 P 1 . t  P1PO N 1 04 5 • 0

S S ~ 5 4 4 . 4 . 4  • S S 5 511143.4 5 . •14 N.l .4 5 • • • 5 1 4 4 1 1 4 . 4  • . . . a a~~~ a . . . s a I l s_ a
— 4 4  1 1 , 5 .  aria P d . ..  I ... a t  I S • .  I I . 5 .  I • • l
• a S a I S

III •1.4I0.ftlP1IVl O 1 4 1 1 1 1 4 0 U I 5 1 4  .*4 a N N . S # 0  1 0 1 0 1 1 0 0P. 3 4  t d P 1 O a, O N 0 4  4 5 0 1 4 . 0 1 4 1 0 1 40
VS S S •4 4 P 0~~ . • S • 4 1 N 4 4  I • • 5 . 4 1 1 . 4 1 4  • . . .1010.4.5 5 . - • P 1 1 4O . 4  . . S •N .4NaO .441 1 1 •. .  a a . . .  I . .s  .. ... 5 5 • ~~~~• a ...

a a a a s a .  a
0 4 1 0 0 . t•* P a.4 4l .O PItSj,0P.P.1 4 1 1 0 1 4 1 0 0 0 0 4  0 1 0 0 . 4 . 0 4 4 4- p . .  NP10N1N1.-4 p . .4 0 0 0 0 0
• S 5 S . 4 q 4 4 1 4  S S •UINP1.4 S S •440a S . . . 4 % 4a 1 4  . . S .4 4 4 1 1 4  • • . •.4.9na

• .4.0 4~~~~• •  eI a . ..  • 5 S  .4.0.40... 5 0 . .  N . 4 . 5 •
o a S • a I I I

• N 1 0 1 1 0 4 N 0 4 1 4  v44p. P.P.P-* I t . a a . 0 a 1 0 4~ .0 0 1 4 1 4 1 1 0 1 . 1 . 1 4 1 .  1 1 . 1 . 4 . 4 4 1 4 4 4  0 1 1 44 4 . 0 . 4 . 4 1 4 . 4
VS S • l • 1. ,0 UI .5 • S • UI II.4 14 ~ I 5 . 4 41 P_I .4 • • ~ S 0 .0 f_I a . . S . 4 .0 N . S s . .0 4 NaN 10 U I . . .  (.1 a . . .  a . . .  • S S S sI ~
* a a S I I I

U I a 4 4 4 N 0 1 1  4 • P 4 . D 1 0 . 4 1 0 4  •.P1014NP..O N. O P. 4 . N 0 1 .  . 0 . 4 0 4 . 4a O 4  . 0 0 . 0 0 0 1.0 . 0
U . S •p..1.44 14 . • • . 1 0 4 4 4 1 4  5 • S •P1P~ 14.4 S • 5 1 0 1 0 0 4 1 4  • • •1P.N14 S S .10.ONa

• ‘~ ... N a . . .  .1.1 I . 5 .  S • • . .  5 ~~~~~~~ .. _ . . .
I a a 

- 
a - a I

• - . 4 I V • I V J P 1 a 4 1  •4 0 U I 1 00• I 1 4  . 0 0 . 0 1 . 1 0 1 0 4)10 aV s O 1 4 lj a o U I  •4 P - U I N P 4 U I 4 1  P110UIP1~~~ NUIUIo I S ...Na S • . 0 4 4 4 . 4  . . .1.1.4.. 5 . - •1.N 14 • • . •O O N . 4  • . . •..~~~ Paa0 a . I .4 UI 4) . • . a . . . a N a . • . 14 a .4~~~ S • N .4 .
I I I I I a i a a

•4)P1.4 V N 1 4  1 1 I P 1 . 0 S 4 $ N N U I  . 4 . 4 0 . 0 . 4 . 4 4 0  0.UINN,0515 0 I11 .f U% F1l. 111UIN14 414 )14*410*
14 • 4 5 •*4 P~ .1 ~ . . 5 1 0 4 4 4 1 4  5 0014.4 S • •1.1. .414 • . . •0 0 0 414 • S •
UI ~~ 4441  U I • S .  14N . 5 5  PI . 1 N . 5 S  N U I N W S S .  0 4 5 1 4 5 .. .
.4 5 a a a s I a a
*5, -
W 4 0 1 4 4 1 0 . 05) 14 44.0114 5 4 4 0 4 . 0  .4N 0UI5f’10010 1.010040*0411, 1.(VNUI1101P.4) •.m11IVOOUI45
54 • I S S 4 1 0 4 . q  • • S 4~ It 4 4  • 4 I •~~~1. .414 S • 5 0 0 4 1 4  5 . • •0 4 5 1 , J  . . . •1.*. a
W 5 5 • • • .4 III 44 • . ~ N 1. .4 514 . 5 4 a .4 5 • • N UI P4.4 5 S ~ f_I .414.4 • S 5
w I • I S S I I S I

* N(~~0U I U I .? 1 4 4 0 . 4 0 5 4 0 4 . 4  MP11rClUl 4 .0 0 0 5 4 , 0 1 . 1 ,.  1 4 . I 1 0 0 10 P . U 4  N 4 4 1 4 4 1* P d . 4  -]
III • 4 • 5 1 . 1 1 , 4 . 4  • . • 5 0 . 4 4 1 1 4  • • .0~~~4a  • 4 . 4 1 4 1 3 . 4  • I .UIOS Pj a . I I .01111014

4) 144 • • -. P_I 41 . 4*  5 4 VI (1, ~ 4 N - S S 04 55 5 • S S 14 11.4 • s ~ N ~ .a  . . •
I I I SI .4 a a I I

.411014.0.0.0.4 .4.41, 1.141410  ,DJI N . 4 _ . I P 1 . ..0 44 0 0 1 1 0 4 4 1 1 .  C l 0 ( V 4 1 4 4 4 1 1.f l  P 1 4 1 0 U I 1 0 N 1 00
3 5 5 ~ .44 . 0- a 4 4 . .0 104414 4 • • 50 5 1 5 . 1 4 1 4  • S . .~~~10PI a S . 5 0 0 1 4 1 4  5 5 • .~~~0 1 4 1 4
0 . 4 1 1 a •. S .  . 4 e a . 4 s . .  O P ..N • . • •  5) • • •  0 4 1 4 1 4 1 4 . 5 5  1 4 (5 1 1 4 1 4. . .
14 5 a .4 a I I a S IN I
10 •1 .OaP1PJUIa  0 4 1 0* 0 4 4 0 0 1 0  0 0 0 4 00 4 * 1 0  .1.4*141.0 4 1 .  N 4 P 1 4 1 ( V U I  4 1 0 4 1 . 5 . 4 44. . . •*VI VI -.t . . S 4 1 0 1 1 , 0 1 4  I 4 5 .UI1.P114 5 5 . .011.014 . • S .0041.4  5 4 . • 0s4.4

04 .0 —.10 . . S P 14.4 —I . • • 44 4 P_I N • . . 4% 0.4 05 5 • 5 41 .4 I 5 5 5 41 ( V . 4 1 , 1  5 • S
14 .4 — 54 14 I S a I S

1 0 1 4 0 1 4 1 4 1 0 1 0 4  oJl P, as.N,p. . UI •~~~ q0 N aU I 0 O  14*1401.1.101, .  4 4 .4 1 0 . 0 1 4 1 0*  . 4 . 0 . 4 1 4 . 4 1 0 44 5
14 S S . .1.1.10.4 • • • ••P1P... 4 • *0 5 1* 1 4  5 0 0 N 1 4  4 • 1 0 0 1 4 1 4  • . I •1.4aU 04 4) IV I I 5 .0 IV .4 • . 5 4 S-I .4 .5 • • • * N S 5 0 P4 .1.4.4 5 ~ 41.4 14 II ~ S ~VS 5 .4 ~‘ a •4 4 4 0 4• o 0 4*  .. J. U I . S 5 1 0 . 4 .  0* 1 0 1 0 , 0 1 0,0 . 0 P 1 0 1 0 4 . C 1 4 P. .  1 4 0 41 0 1 1 . 0 0 1.51. 0 1 1 4 0 1 4 0 1 0 4 1*. . . 5 0 0 5 5 . 4  5 • • •0.I*a  - . S . U I P — U% — . • . 5 0 4 5 4 1 . 4  - . 4 .0 .410 .4  . . . .4 I 1 %( V. 4

N a .4 a S • S .40 05 • • S 14% *114 01 I • I 10 ~~~ 14si  S 5 .1 .0 1 4 4  • S N 0 14 ~ 5 4
I a —I —S I I I S S

- 4 ) ,0 4p .p~ .s4 )4  . 4 5 5 4 1 5 5 0 1 4 1 , 4* 145 1LN 40 114.4 0 4 0 1 4 1 4 4 5 4 0 4 . 4  P ) a4 0 1 0 U I 4*  . 4 0 0 1 0 4*4 *
• ~ 5*4 1 0 . 4  • • I * 1 0 1 0 0 . 4  • • . •0510,4. .  . . • 5 1 . 1 . 1 , 1 4  - 5 4 5 1 — 1 0 1 4 1 4  5 . • .5.4554.4

. 4 5  • • .  4110 1 4 5 . 5  UIe~~~~ S • 5  4 4 1 1 a 0 1 5  5 .  4 4 1 4 4~~~~. • 4) 51% 4~~~~ S •
• .4 .4 a .4 a a a a S

NUI*•P1NN4 54JIO10I1111.* 10 •~~~ 00 - t 1 0 1 0 P .  s,•UIP1P1aNIs. NON14N P.10U% •0NUI*4P)p.• • •~.~~~na • . •oa~~ . . • ~~~~~~~ S S S • I . .4P114 5 I • If~~4 1 4  • . . .0 4 4 . 4
a a . . .  4 0 5 0 5 5 • S  j  n . . .  * *  s . . .  vs P a. . .  pa~~ •...

01 a I I

. 4 . 4 0 . 4 4) 0 4 4 1 9  1 0 0 0 U I U Ia 4 O  ,0I~4 N . 4 1 4 05 0N  .4041 .010010 .4  • 0 • N U I U I a U I  P 4 14 . 4* 0 . 4 . 4• S S S P . N N a  S • • 5 1 . 4 . 0 . 4  • ~ I 5 1- 1 1 , 4 . 4  5 5 • 1 4(V . 4 1 4  s • • .v-. 45 .a  . . . .4 4 ) 4 5 5
UI .4 1 4 . 4 •• •  11.9 4 I 5~~~ 4 0  O I l S  4.4 1 4 4 * 5  • ( V 4  ..~. 45. f . S S

* 
I—. • , a a • a a

• . 4 1 1* 1 0 4 . 4 . 1 4  . 4 1 0 1 0 . 4* 1 0 1 . 1 0  U IaU IU I . 4 .P . i .  NNO. I11 P. PJN 4 4 5 . 0* 0 1 4 1 . 0*  N 0 t dW % 4 P . 0 P .
S I • 5 1 0 1 0 . 4 1 4  I I I 5 . 4 1 4 .414 . • . * 1 0 1 4 4 . 4  5 5 S •PINS • S S 5 4 1 0N . 4  . S . S 5 1 . a4 1 4

45.4 .4 5 5 5  41* U I S~~~~~ S 4 4  1 0 . 5 5  4114 1 4 S • S  4 4 4 5 1 4 4 . .S  1411. 1 4 5 5 5
- ‘ I - I • I I

I • 5  UI a .  01 .0 1 0 5  Vt • S  VS .. UI
- - N 0*  4 W  N OW  S W  N •W  5 1.4 1 0 5 1 4 1  1 10W .114 1 10* S Ill

a 4 . W . I W I O  114 ~~~.a W . W I $  UI 0 ..4 tV . W S ~ 4 ~~~~.1 4 V . f r I4 UI & S . 1 4 ’~~~~ W 5 4  10 4 . a V.W t )  -
W II. * D O O  W~~~~ S OS~~~a ~.S. 4 O W &  114 14. 5 0 0* 1 0  * 1 . 5  U 1 ,*O  w1. .  0* 1 0 0e s . 0 a • Y O W  ~,w o O• - 0 4  • U I.JOq.’Il- O •~- a~4 S.t0U1,~00  O S j . 0 ( 4 0 0  t . 0 u W O W

I *01.3 .0 0W  I W O c.~ • 0 U W  I *0 0  .001., 1 *0 1 . 3 . 0 1 . 1 W  1 *0 0  .01.1W 1 W O O  .0 05 5 ,
1.35.4 0 1.0 ~~ 1 7 W 5 . 3  NO ~~ 5s 1I11 1J P.O P.O 1.11.0 P.O ~~ P.101.40 1.0
S O P .  NJ N O S O P .  N J  4 0  5 1 0 4.  (V_ I  IWO S O S -  P_ I _ I  NO 5 0 . 4  P _ I _ I  P,IO 7 0 . 4  N_ I  (5110
O 1 . Z 4 .J~~ O 5i.3 ~~~~ J~~~~ 4 J  0 4- J~~~~S.J 0 S.. 7~~~~~J~~~~ Q.J O*5. *~~~~J~~~ *J  0 * 5 1 . J~~~$.~~ - 

*
‘-I 101.1*1.1*1.10 11.4*1 .10* 1 .0  Iga*1.IWa..0 1 0 t 1 4* I s . 1 0*~~~S 1 0 1 0 1 4* 1 . 1* 1 . 0  1 0 1 0 . 4 7* 1 0* 1 . .

I • I 1 I
I I I I • I • I I S I • S I I ~I~

•
•
’ • 

- 
~~~~~~~~~~~~~~~ 5-~~~~~~~I 

-
~~~~~~~~ 

_i_



‘ 1 
— —-- - - - -

~~~~

- 1II

References:

1. ‘1Analysis and Progranining for Scientific Research”, Logicon, Inc.
- Final Report, AFCRL-TR-74-0480, September 1974.

4 2. “System/360 Scientific Subroutine Package -- Version 1111a , IBM
Application Program Manual ~iH2O-O2O5-4.

3. Aarons, J., Mullen , J., Whitney, H., Martin, E., Bhavnani , K., and
- 

Whelan, L., “A High-Latitude Empirical Model of Scintillation Ex—
- cursions: Phase P’, AFGL-TR-76-0210, September 1976.

-

~~ I

L 
-

- . - -
~~~~ 199

- -‘I

~~~~~~~~~~~ _ _



_ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Section 15. Real Time Signal Processing With CSP-30

L ~.

200

______________________________________ - _ - :  _____________ _ -_ _- 
1____ 

~
- — - — — -



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _  _ _

15.0 Real Time Signal Processing With CSP-30

Initiator : J. Schindler

Project No.: 5635 Problem No.: 4794

15.1 IntroductIon

The purpose of this project is to develop assembly language real-time software for
the CSP-30 digital signal processor. The software will be used in a simulation
experiment designed to test recently-developed filtering techniqueJ1~for maxim-i --
zing signal-to-clutter ratio when detecting a moving target with moving radar.
The processor will receive 16 bIt complex signals from each of several antenna
elements (eventually 8) at a pulse repetition rate of 1.8 KPPz. For each antenna
element and pulse a signal is received from each of up to 16 contiguous range
bins. For each range bin and pulse a linear combination of the signals for
the different antenna elements are formed which define the radar patterns.
These are then fi l tered and the outputs displayed on a storage display scope
along with other pertinent information.

15.2 Maximum Signal to Clutter Process1~g

- 

• 
The Doppler shift of a signal received by a moving radar (velocity v0) from a

stationary clutter element at angle e with respect to the velocity vector is(1)

s in o ( 1 )
Where ~ is the wavelength of -the signal. Thus for equal transmitted and received
antenna patterns P Ce) the doppjer clutter spectrum is

D 
~~~ ~

2 [O(w d)l a p2 (s1n 1 Med
L i 41W

0

The presence of a moving target within a given interval of the doppler spectrum
may be detected by constructing a received antenna pattern with a null over the
appropriate angular range to exclude ground clutter contributing to this
interval and filter the resulting signal to pass frequencies within this Interval.

- 

- Reference 1 describes a method of selecting the coefficients defining either
the antenna pattern or filter to maximize the signal to clutter ratio by deriving
an expression for It which is quadratic In the set of coefficients (antenna or
filter) which are to be varied. The results are as follows:
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(1) Radar coefficients

I
~~~_ = 

( x2

N

where is the complex coefficient of the n
~h 

element in the radar pattern:

where N N

B 
~ Ina L 

Smn 5 fd ~ exp [_~ (m-q) dI~f]
P
~ 

(s in~ ,- ) ~- f(sin~~ ) 
~2 (1_/?~

wi th,

S = S  +S ’m n mn inn

S~ = field scattering coefficient from mth radar element to ~th radar

element

k=2 1r/ A

d= spacing between antenna elements
f(s) = conan on pattern nf inIlivillual antenna elements
* = complex conjugate operation
t = complex conjugate transpose operation

- 
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• F(f) = doppler filter frequency response

-:.- . 
~~~ 

(0) = transmi tted antenna power pattern

e . = exp(.j .i
~
kdsinet )

= angle of target

- j = ’ 1 _~i

(2) Filter Coefficients o~~

—i

- - Where
- I  (17/2

B~~= 

~~ ~~~~~~~ 
exp [.2~kv0(n-p)Tslne] de

a~ = exp (—j~,,~nT)

With

= received antenna pattern

T = time spacing between samples .

-
- 

- 

a doppler frequency of target

15.3 Hardware

Figure 1 shows the probable configuration in which the CSP-30 wil l be used in
this experiment. The CSP-3& is a 16 bit digital computer with signed fixed

- 
) point arithmetic and a basic cycle time of 100 nanoseconds. It contains 4096

words of high speed integrated circuit (IC) memory and 32767 of low-speed
(600 n sec) core memory. In addition there exists an accumulator file of 32
registers and a super accumulator or A register. Background instructions are
available to initiate transfer of data between core and the higher 16 registers ,

1~~~~~ 

- 
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FIGURE 1. CSP-30 OPERATIONAL CONFIGURATION
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partially concurrent with the execution of subsequent Instructions.

Progranined one word data transfers may be initiated to and from the tapes and
teletype. The digital radar signals are to be Input as blocks through the core
di rect memory acces s channel (C OMA). The storage di splay scope contains a
1024x1024 point screen on which display may be stored at the option of the

-• program. Hardware facilities include plots of points , cursors , x and y axes.

- Priority interrupt logic and status words (not shown) permit overlapping of I/O
and other operations. COMA operations may be overlapped with any other operation
not accessing core memory.

- 

- 
A direct coninunication between the operator and computer is possible through Ithe
master switch register (MSR), a set of 16 console switches, numbered 0 through 15.

A special high-speed (MAP) processor to be provided by CSPI will facilitate
the real-time processing to be done.

-
• j 15.3.1 Timing Considerations

Table 1 shows significant timing data which will effect this experiment. The
complex multipl ication operations include 4 single -precision multiplications,

- 2 addition and any memory access required (other than core). The COMA data
transfer time is for the case in which the COMA has exclusive access to core
memory (an option available to the program). Timi ng information for data trans-
fers to ana from the MAP processor is not availabl e as of this writing.

I 
It is expected that several processes might be taking place simultaneously to
make optimum use of the facility, suc h as ,

1 A. Process the data (form radar patterns and filter) for one pulse
B. Input data for next pulse
C. Output results from previous pulse

• Based on Table 1 the following time estimates are obtained:

• - A. Form p antenna patterns for m range bins n antenna elements and filter

:~ 
with f point filter

tA mp(n+f)tM
B. Input next pulse to IC memory

4.4mn ,JL sec
C. Display results of previous pulse (one point for each antenna pattern of
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each range b-in)
30 mp p. sec

The advantage of using the MAP processor for (A) is evident. Even If this is
the case, however, it is apparent that at most 3 radar patterns can be formed
for the planned 8 antenna elements and 16 range bins, in the 500 sec pulse
interval. Thus the number of range bins may have to be reduced to obtain
better Doppler resolution. The timing requirement tO could be reduced by dis-

playing only the largest outputs.

I 
- 

TABLE 1. Approximate CSP-30 Timing Data

complex Multipl ication , tM 7ji sec
- (CSP—30)

I 

complex Multiplication, tM lj ~ sec
(MAP)

It-

COMA Data Transfer 1~. sec/word
1 4

I

Core to accumulatorfile .6 p sec/word
- Data Transfer

11

Accumulator File to .6~~* sec/word
IC Data Transfer

Display 30 p sec/poInt
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15.4 Fast Fourier Transform Display

- To gain familiarity with the computer a program, described in Figures 2-5, was
written to compute and display the discrete Fourier transform of some simple

- 

functions. The discrete Fourier transform of an N point time sequence f. is
- 

F
K 

= N 1 
~~ 

f1 e 2flj(1
~1 

)

To compute F~ the program makes use of the Fast Fourier Transform (FFT) a1gor1thm~~
— 

- incorporated into a signal processing software supplied with the computer. The
NVIDEOII function referred to in Figures 2 and 4 is described in Reference 4.

• 1

_ _ _ _ _ _ _
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FIgure 4. 16 Point Complex Simulation Signal Generated by Subroutine
VIDEO (Reference 4)
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READ AND SAVE
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GENERATE FUNCTION

AND FFT - -

- - DISPLAY
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STORE 
~
j  HALT

- MODE?
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FIGURE 5. FLOW DIAGRAM FOR FFT DISPLAY PROGRAM
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