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1.0 INTRODUCTION

. The purpose of this final report is to sumarize the mathematical modeling
‘;and programming of the complete'simulation program. Much of the material
“included is taken from earilier reports (Task 1 through Task L) but is
repeated here in order to provide a complete description in a single doc-

ument. .

Appendix A — Deck Setup and Input Variables -_is also nearly identical ‘to
the separate document — Space -Station Antenna Simulation Digital Computer
Program Operating Requirements — and is included here both for compléteness
“and to show the input parameter values used in the program run of Appendix
| C - Trade-off Study Simulation Results. *
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2.0 BASIC PROGRAM STRUCTURE

~ The simulation program described in thié.report is an application of a gen-

' eral purpose simulation package (DEADAM) maintained by Dept. 62-11, LMSCI,

Sunnyvale, Calif. This foundation program prdvidés for reading input data -
cards, numerically integrating up to 50 first order differential equations
(not necessarily linear or,continuous), and monitoring'up to U8 variables

on printed output and on plots.

" For constructing a particular.simulation program communication with the
DEADAM package is accomplished thfough the subroutine SETUP in which the
details of the differential equations and output variables are defined,
usually with the aid of additional subroutines called from SETUP.

The computations done by or called for by the SETUP subroutine for the "Com- -
“puter Steered High Gain Antenna Simulation" are indicated in Figure A-1 and:

are described in detail in the following sections of this report.

For efficient computation of pointing requirements (gimbal angles), a simpli-
" fied simulation program is included which uses a different version of the,v
SETUP subroutine (SETUP/PGINT). The computations called for by this program
are a.éubéet of those illustrated in Figure A-l and are indicated in Figure
"A-2.

LOCKHEED MISSILES & SPACE COMPANY



3.0 SIMULATED SYSTEM MODELLING -

. The system being simulated by the "Camputer Steered High Gain Antenna
 Simulation" program consists of 1) a high gain antenna, 2) an antenna
‘gimbal control system, 3)'én on board computer, and L) the environment
in which 1), 2), and 3) are to operate. The interconnection of the
mathematical models of these four sﬁbsystems is indicated in Figure 3.0-1.

3.1.1 Antenna Model

P

This section describes the mathematical model used by the simulation pro-
gram for the radiating system (antemna) and has been extracted from the
'Task 1 Report - Math Modeling of High Gain Antenna - dated 1 March 1972.

' The programming of this modeling is contained in the subroutines MENFLS
~and THERMD which are called by SETUP to computer gain along the actual

line of sight, monopulse system output signals, and shift in the line of

sight due to solar heating deformations; and in the subroutinés GAIN,A'

. AXIS, and M@DEL which are called by the antenna initialization routine

ANTIN ohly once (per case) to determine parameters used by M@NPLS and

THERMD .

LOCKHEED MISSILES & SPACE COMPANY
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3.1.2 AN OVERVIEW

A simplified schematic diagram of the radiating system model is shown
in Fig. A-2.1. Each of the elements in this figure will be discussed separately
in later sections. In this section we shall present an overview of the radiating
system model and the mterrelatlonship of the basic elements.

The input portion of the program takes. all of the input data needed for

‘the calculation of gain except for the coordinate angles 6 and #f and the coordinates
of the sun with respect to the reflector. It has been assumed, in setting the input
up this way, that the computer program will be used primarily in a ""simulation"
‘mode -~ that is, to simulate the operation of an actual or proposed system. This
means that all the adjustable design parameters are introduced in the input block
of the program and represent one particular system. All these input parameters
will remain fixed throughout a run. The most rapidly varying coordinates then
will be the LOS coordinate angles and the coordinates of the sun. Thus, with one
- input block of data we should be able to simulate the operation of the system '
throughout an orbit or an operational situation, but making parametric variations
of certain design parameters (such as reflector diameter) for a fixed orlentation
of the LOS would requlre re-inputting the basic data.

In addition to the basic design parameters, the input data base will .
contain a number of flags to select various options available within the program.

One of the flags contained in the input data base is SMP which selects .
.either the simple gain and beamwidth calculation or the more complex computation.
If SMP=1, then the peak gain and beamwidth will be calculated from simple formulas.
If SMP=0, then the peak gain of the antenna alorgits nominal boresight axis and the
beamwidth are calculated using the current distribution method. The latter option
will have several feed options and reflector options associet’ed with it.

The output of either of these calculations is the peak gain of the antenna
and the half-power beamwidth with the beam direction defined as being along the
nominal boresight axis of the antenna. This output is then corrected for thermal
effects. The angular position of the sun relative to the reflector is fed into a
correction calculation block. Based on this sun position, the direction of the
peak of the antenna beam will be shifted from its nominal position, using a table
of values based on ATS F and G experience. The maximum gain value will also

be reduced in the same way.
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. Following this correction, a pair of coordinate values e and ﬂ representing
" the LOS to the relay satellite will be entered. The computation of these coordinate
angles will take into account any movement of the reflector boresight that results

from steering -- that is, the angles 8 and # represent the true position of the LOS
with respect to the nominal boresight axis of the reflector. Using these coordinates,
the gain in the direction 8 and # will be calculated using a simple approximation
formula for the peak of the main beam. This gain is that associated with a single
feed located at the focal point of the reflector. For either the non-monopulse

option or the five~-horn monopulse option, this would be the gain of the communications
channel in the LOS direction. : _

Another of the flags contained in the input data base is MON, which sets
up the calculation of monopulse sum and difference signals where desired. For
MON=0, no monopulse signals are calculated and the gain value already determmed
~ is simply read out. Then the next values of © and # and sun angle are read and the
calculation is continued. For MON=4, a four-horn monopulse system is assumed.
- Using design parameters contained in the input data base, sum and difference signal
gain values are calculated. The sum channel gain value is also the communications -
channel gain value. After output, the program goes on to the next LOS position. -
For MON=5, the calculation is the same as for the 4 horn system, except that the
' commumcatlon channel gain value is the same as it would be for MON=0O,

- One very important point should be noted here. Even if the comphcated
form of gain calculation is selected, this computation is performed only once to
determine the peak gain of the antenna and the half-power beamwidth. Once this -
computation is made, it is not repeated as new values of 8 and # are entered. The
complex computation simply determines the maximum gain of the antenna and the
relative gain at any angle is found using this peak gain value and an approximation
formula. The gain at the actual position of the LOS could be determined directly
from the complicated form of the computation, but the error in using an approxi-
mation is comparable to (and probably less than) the computational accuracy of the
complicated computation itself. The accuracy is certainly good enough for
engineering purposes at any rate, and so it was not deemed prudent to use the
complicated computation more than once per run as it requires a large amount
of computer time compared with that required by the approximation. There are

-some limitations to the foregoing statements, so we shall present the rationalc
here in detail. :

LOCKHEED MISSILES & SPACE ACOMPANY



3.1.3 ACCURACY OF THE GAUSSIAN PATTERN APPROXIMATION

: The current distribution method will be used (when desired) to calculate
the peak gain on axis and the gain at four symmetrically located points off axis
(in the vicinity of the half-power level). From these data an elliptical paraboloid
will be fitted to the peak of the main beam. For the case of a symmetrical main
beam aligned with the nominal boresight axis, the current distribution method
will determine G, and 8 , where 28 is the half-power beamwidth of the
antenna pattern. Then the main beam within the half-power contour will be
approxlmated by the formula :

G ( a) = G exp.p(a/p)z | : | | 3.1)

where G ( @ ) is the gain in a direction which makes an angle a with respect
“to the boresight axis. In the above p is a constant.

- The pattern shape given by Eq. (3.1) is a Gaussian curve and this
approximation is sometimes called the Gaussian approximation. When converted }
to decibels, the equation becomes that of a parabola.

10 1ogloc(c) = 10 1og10 3,010 (“ /B) | (3.2)"'

: AFor thls reason, the approximation is often called the parabolic approx: imation.
For the more general case where the pattern beamwidths in two orthogonal
planes are not equal, Eq. (3. 2) must be generalized to the form of an elhptical
paraboloid ' :

A study was made of the accuracy of Eq. (3.2) compared to some |
typical theoretical pattern shapes. Specifically, the gain pattern functions
chosen were

2
J' (w) o
g(a =( nt ——— G (3.3)
_ o : : , :
where u=( "D / A ) sina , D is the aperture diameter and A is

the wavelength. These are the pattern shapes that result from circular apertures
of uniform phase having an amplitude distribution of the form

A(r) = (- 1.2)!!-]{ : | - (J.*l)
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. where r (€1) is the normalized radius of the aperture.
When G( @ )/Gm as given by Eq. (3.1) is matched to Eq. (3.3) at the

‘peak (@ = 0) and at the half power point (@ = B ), the error curve shown in
Figure A-3.1 is the result. This is a plot of the equation

Ac

G

_ - - m

for n =1and  n=4. Although in Fig. 3.2 D/A was 200, there was no
significant difference for 20 £ D/A € 500. From the figure it can be seen -
. that the Gaussian approximation gives a gain not more than 0. 05 dB too low
within the half-power contour, although it deteriorates rapidly when @ > ﬁ .

| -3.010 (a/ B)2 = 10 log, (E_E_"‘_)__) (3.95)

As we shall mention later, the computational accuracy of the current
~distribution method is about 0.07 dB. While the Gaussian approximation would
not properly represent specially shaped beams, such as those having flat tops,
_ it should be an accurate representation of normal pencil beam patterns applicable -
"to communications problems. The accuracy of this representation is better than

0.05 dB within the half-power contour and improves as we approach the peak of
" the beam. '

_ Beyond the half-power contour the Gaussian approximation begins to _
produce erroneous results. But for the computer-steered system, a misalignment _
of more than half a half-power beamwidth would cause serious doubts concerning

the efficacy of the computer-steering method since the misalignment loss would
exceed 3 dB.

The Gaussian approximation will also be used in the monopulse case,
not only for the data or communication channel, but also to form the monopulse
error signals. Although initial misalignment during acquisition may be greater
than B » giving some error in gain, the monopulse will track toward the beam

. peak to reduce the error to within acceptable limits when the acquisition phase
ends and the self-tracking phase begins. :

- The approximation will be used to save computer time since the current
distribution integration process is quite costly compared to the simpler approxi-
mation. The approximation is considered sufficiently accurate for practical
~ engineering purposes. Beamwidth and the angle between the LOS and the beam
axis will be read out to flag situations where the approximation begins to deteriorate.

9
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3.1.h,  INPUT

- The radiating system model receives data for caiculation from four
different sources: the built-in data files, external data files, the input subroutme,
_and other elements of the simulation program.

The built-in data files are as followsi

1. Standard Feed Gain Function. This is an experimental feed gain
function data file which can be used in the program to calculate the reflector
gain. This data file will represent a typical experimental feed designed to provxde
a tapered aperture illumination with approximately a -10 dB edge taper.

- 2. Thermal Gain Degradation Data File. This is a data file representing
the peak gain degradation of a typical unfurlable reflector antenna as a function of
sun position. It is used, as explained in Section A~7, to provide correction for
thermal distortion effects. : :

: 3. Thermal Beamshift Data File. This is a data file representing the .
‘beamshift of a typical unfurlable reflector antenna as a function of sun posmon.
-It is used to provide for correction for thermal distortion effects. :

) Any of the built-in data files may be updated as required to reflect
" a current design case.

The one external data file is an eXperimental feed gain function data -
file which the user must provide.

The only data that the model receives from other elements of the
simulation program are the coordinates of the LOS and the coordinates of the
" sun in reflector reference coordinates. These data are the independent variables
for each single run. When the model is run by itself without the balance of the
‘simulation master program, these data must be supplied on cards. ’

All of the remaining parameters necessary for the calculations

- performed by the radiating system model are supplied by the user on cards

~ through the input subroutine. Some of the input parameters act as flags for
selecting various options which may be exercised. The important input
parameters are: : ’ '

11
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BMW. ... This is the beamwidth factor. This is the product of the
' half-power beamwidth and the aperture size in wavelengths..
See Eq. 5.3.
CSN....This parameter ﬂags-the fee’d option to be used as follows:
CSN < 0: Selects either the built-in or the external
experimental feed data file. See Sections A-6. 3 4
and A-G 3 5. . .
0 < CSN < 999: Uses analytical function for feed gain function.
Value of CSN is used in the analytical gain funcuon.
See Sections A-6. 3 2 and A—6. 3.3.

CSN Z 999: Uses function that provides uniform aperture
illumination. See Section A-6.3.1, '

~ DBK....This is the diameter of an area that blocks the reﬂector aperture. :
See Section A-6.5. DBK is in inches.

‘DIA.... This» is the reflector diameter in inches.
EFF....This is the aperture efficiency in percent.

FTV....This is the feed to vertex distance in inches. If FTV=0, the
feed is placed at the nominal focal point of the reflector.

GFE....This is normally the peak gain of the feed. GFE and CSN
determine the exact feed option, as follows:

CSN <0; GFE < 0: The built-in reference experimental feed
~ pattern is used. See Section A-6.3.5.

CSN <0; GFE 2 0: The extemal-experimental feed pattern
is selected. See Section A-6.3.4.

0 < CSN < 999; GFE < 0: Uses analytical function for feed
"~ gain function with peak gain value for feed computed
internally. See Section A-G 3. 2

12
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0 < CSN < 999; GFE > 0: Uses analytical function for feed
gain function with GFE as the peak gain value for
‘the feed. See Section A-6.3.3.

GHZ....This is the frequency in GigaHertz.

HUB....This is the radius of the hub of the reflector in inches. By
hub is meant any portion of the reflector at the vertex which
is either a hole in the surface or a surface area not meant to
be part of the reflector (as, for example, a flat plate covering
a hole).

MON. ... This is the monopulse flag, as follows:

MON=0: does not calculaté ‘monopulse error signals.
MON=4: Assumes a four-horn monopulse system.
‘MON=5: Assum’es a five~horn monopulse system.

' See Section 3+1. .

PAN....Flags the choice surface.

PAN < 0: Selects perfect paraboloid. See Section A-6. 4. 1.

PAN > 0: Selects perfect Flex-Rib surface and sets the number
- of panels equal to PAN. See Section A-6.4.2.

POL....Selects polarization of the feed.A

POL = 1: dipole mode of linear polarization.

:

slot mode of linear polarization.
POL = 3; right hand circular polarization.

POL = J: left hand circular polarization.

13
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PPW....This stands for points per wavelength and determines the
rate at which the aperture is sampled to calculate the
integral for gain. A built-in trap will require at least
600 points to be used to evaluate the integral. See Section
3.1.

SMP. ... This flags the simple or the cdmplex~model.

SMP=0: The gain is determined by the current distribution
method. See Section 3.1.

- SMP=1: The gain is determined by the sxmple model See '
Section 3.1.

- TDT(6,3)....This is a data array which defines the method of |
extrapolating the gain degradation and beamshift data for

thermal distortion to other reflector diameters and frequencnes. _

See Section 3.1.

_XAP. ... This is the cross over angle in the ¢ plane for either monopulse
case, _ -

XAT. ... This is the cross over. angle in the @ plane for either monopulse
~case. -

XVP....This is the cross over level in the # plane for either monopulse
case.

XVT....This is the cross over level in the 6 plane for either mono}ptilse -
case. ’

(NOTE: At least one and no more than two of the parameters "
XAP, XAT, XVP, XVT will have a non-zero value whenever =
monopulse is called for. The monopulse may be specified by
offset angles XAP and/or XAT or by cross over levels XVP
and/or XVT (but not both). If only one non-zero value is
given, the case is assumed to be symmetrical. Thus if

XAP#0 and XAT=0 then the program sets XAT=XAP. Sec
Section A-9.)

1
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~3.1.5 PEAK GAIN AND BEAMWIDTH CALCULATION - SIMPLE CASE

. If SMP=1, the simple model is selected This causes the peak gain to
' 'bP calculated uslng the formula
D 2

G = f’ ——

(Z2) _
where 7 = the overall antenna aperture efficlenc_y, D = the aperture diameter
and A = the wavelength. The wavelength in inches is calculated from the
equation '

(5.1)

Y = 11.802854/f N - | " :.(5.2)

- where f = the frequency in GigaHertz.' The quantities %, D , and ' f are
- represented by EFF, DIA, and GHZ, respectively, in the input subroutine. If
" EFF=0, the EFF is set equal to 0. 55 (considered to be a typical value)

The half—power beamwidth 3 is determined by

= — degrees o : 5. !) :
- B, Br > deg - (5.3
where B is the beamw1dth factor represented by BMW in the input subroutine.

If BMW—Of BMW is set equal to 70 (a typical value) in the simple case computatlon.

Note that in the mmple case the beam is assumed to be rotatlonally
symmetric.

There is no justification for the use of the simple case formulas given -
above on the basis of accuracy. These formulas have been accepted for years in
the antenna design field as representing typical designs. Normally, they would
be used because specific design information is lacking about the antenna to be
used. On the other hand, the simple model will normally be quite satisfactory
when parametric tradeoffs not related to the radiating system itself are being
studied.

| By making the preper use of input data the simple model can be used to
~ represent an actual antenna having known characteristics. Thus, if we have
measured the gain and beamwidth of a specific antenna, we may use Eq. 5.1 and

Eq. 5.3 to calculate 9) and 8 (EFF and BMW) which may then be set as input
- quantities. r

15
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3.1.6 PEAK GAIN AND BEAMWIDTH CALCULATION - CURRENT DISTRIBUTION

METHOD.

'3.1.6.1 GENERAL EQUATIONS

The gain of the antenna will be calculated by the '"current distribution" :

method. The reflector is assumed to be illuminated by a point source feed (one

producing spherical phase fronts at the reflector). The feed produces a surface
current distribution on the reflector, and to find the total radiation at any point
in the far-zone of the reflector, we sum (integrate) the vector contributions of
elements of surface current. -

‘The current distribution method is a standard procedure in the antenna

_ science. We shall omit the basic derivation which starts with the boundary

conditions at the reflector surface, and instead will use the radiation integral
given by Silver* as our starting point. In the following the notation E will be
used to indlcate that E i8 a vector.

The total field at a point (R, 6, #) in the far-zone of the reflector is

_ -im % - =
E = e Prag | [H_ G (0),8) (0, @) -1 I | (6.2)
: R 2 T € B z ' A o

where K =2 W /)
A = wavelength : .

Pra a- the tptal radiated power

p and € are the constitutive parameters of the medium
G f(O,ﬂ) = the (scalar) gain function of the feed.

€ (9,4) is a unit vector everywhere defining the polarization of
the feed pattern.

*S, Silver (ed.), Microwave Antenna Theory and Design, McGraw-Hill Book
Co., New York, 1949, p150.

16
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A system is

The vector IT is the component of the complex vector T which is perpendicular to the
direction of propagation. That is, A

_IT': -fg'(i-.o LI) + ;¢ (I¢ -I) = - (62 '_

" The vector T is given by

--jk(l - Ip . 1R)p

' I—f .ELW'_G)__ [nx (i x» e)l .¢ | | _dS (._6_..3)

 The coordinate systems are shown in Fig. A-6.1. The feed is located at the crigin.
‘Points on the reflector are located by spherical coordinates ( p ,¢,¢ )or by '

rectangular coordinates (x, y, z). The variables of integration can be chosen
from either of these two systems. The far-field observation point is located by

‘the spherical coordinates (R, 6, §). The corresponding rectangular coordinates -

(X Y, Z) are also shown to aid in visualizing the transformations that follow.

: In Eq. 6 3 i is a unit vector in a direction toward a point on the
reflector while '1 i% a unit vector in a direction toward the far field observation
point. The quantities G, and ® have already been defined. The vector T is
a unit vector normal to the reflector surface.

In Eq. 6.1 the product\ﬁ- e accounts for the back radiation of the
feed in a direction toward the observation point. Normally in high gain antenna
systems with well-designed, directive feeds, this contribution. is negligible in

- comparison to the summed contributions of the reflector currents. Therefore,
we shall neglect back radiation here.

Neglecting back radiation, we find that the gain function of the reflector

- %

G(g,¢)=,,r I . Iy

~(6.4) .

17
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Figure A-6.1 COORDINATE SYSTEM
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where nr is the radiation efficiency of the antenna. That is

N, = _xad o | (6.5)

where is the total input power. The radiation efficiency accounts for
only the df'nsipative losses in the antenna.

The problem then reduces to the evaluation of the complex vector

integral T.

:3.1.6.2 CALCULATION OF THE VECTOR I

The vector 1 is evaluated by numerical methods on the computer. The
general expression for 1 is given by Eq. 6.3. The integration is performed over
S , the surface of the reflector. Either spherical or rectangular coordinates

| may be used as variables of integration; we shall use the latter here.

The quantity f_ in Eq. 6.3 is numerically proportional to the electric
field strength of the feed £s a function of direction. In this form there is an
implication that only the main lobe of the feed radiation falls upon the reﬂector.
The first factor in the integrand, /Gg /p  , is the feed pattern adjusted for the
relative space attenuation to various points on the reflector.

The bracketed expression in the integrand is the dnly vector part of ihe

_integral. This term accounts for the conditions of reflection at the reflector

surface. The exponential term is the phase factor. For a perfect paraboloid

~- the phase factor is reducible to exp ( -2 jkF ), a cpnstant.

The reflector influences the value of T through p , the distance from
the feed phase center to a point on the surface, and through 0 , the wector
normal. We shall discuss feed and reflector surface options in following
sections and confine our attention here to the remaining parts of the integrand.
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The key element to be considered is the vector v defined by

V=nzx (Ix5s) ,‘(6.6)

If we resolve V into components parallel to the rectangular coordinate axes, the

. unit vectors ¥ _ -, 1 , and i are invariant in direction and magnitude as we

move across tﬁe reflector. Thus we may remove the aforementioned vectors from

under the integral sign and (when we take real and imaginary parts) reduce the '

complex vector integral I to a set of six real integrals. Of course, we may resolve
V into rectangular coordinate components regardless of whether we choose

spherical or rectangular coordinates as the variables of integration.

The vector e describes the polarization of the feed pattern as a function

- of direction. Since the reflector is in the far zone of the feed, the longitudinal
component of ' is zero. Even if this were not so, the longitudinal component of

e would mgke no contribution to the integral since

Ip x 1p (fp.e)=o0 ‘ | | S X ) I
Thus; without any.loss of generality we may ta'k.evthe polarization vector to be
e =1, B + I By

e o (6-8)' |

with the constraint

: IBO [2 ¥ |B¢I2 =1 (6.9)
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. We could have defined & . in terms of its rectangular coordinate components.
But then even the simplest polarization would require using all three rectangular
components. We might be tempted to let e ="1_ (orl ) be a linear polarization,
but this would mean that as the wave progresses ﬁ)ward the reflector, the electric
field vector would remain parallel to the x (or y) axis and this is not typical of
practical feeds. If we define @ in terms of the spherical coordinate components
ofthe ( p , ¥, £ ) system, the longitudinal component may be discarded, but
this definition has the effect of specifying radial and circumferential components
of polarization on the reflector surface . ' o

» Defining e in terms of the far-field spherical coordinates (R, 6, ¢ )
accomplishes two things. First, the relationship between the feed polarization and
the polarization of the resultant far-zone field of the reflector is obvious. Sccondly,
the 8 and § components of feed radiation are easy to visualize and are typical of
practical antennas. _ o

When B, =1, B_ = 0, we have a linear polarization similar to that of a

~dipole antenna. We shaif refer to this as the "dipole' mode of polarization. On .

the other hand when B, =1, B = 0, the linear polarization is similar to that of a
slot antenna. Since B, and B, can be complex and can each be functions of ® and ¢,
it is possible to construct any arbitrary polarization vector. For example, circular
po'[al.'lzatlons may be formed by sefting Bg = 1(/2 and B g = + 3 N2 |

Although we originally set up e in terms of spherical coordinate components,
we will eventually need to resolve ¢ into rectangular coordinate components to -
perform the indicated vector operations. Also we need to find the ® and # components
of the far field radiation to compute I, . Thus we shall need unit vectors

i Tg , and 'i¢ expressed in both reflector and far field coordinates.

" Letting

Y + 2 | R ' (6.10)
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i, = 1, = 1 x +1 Y o+ 1 gz
R (Y x b y %5 vz 0
n :.- + ry x¥y +-
ig i, A T AR V-
P [T PA
- = . T
iy -1, 2 i, L
A A
and

1R= }ix 998'9-iy sinOcos‘¢ -iz,sipg_ si_rl_¢

1 =-i =in® -iy cos 8 cos -1 cos © sin @

-— : +1 _- }
- , iy.aind_ izv cos @
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we have

p

&

V=Ix[n,[<‘3eay "By &y tm (2Rt By >]'
' ‘ P
_ A

y Ez (Azﬁ) -n_ (y‘Bo-xz EL)}
D A o P

+1z[ - (2Bg +xyBy) -n, (AB) ]

A
The surface element ds ig

as = dx dy
-nz

(6.19)

Since the product ¥ds contains components of n  in both the numerator and

“denominator, it is immaterial whether the normal is directed toward or away from

the origin.

For the phase factor we inust evaluate the expression I" where
r =p(1-1p .iR) . (6. 20)
This turns out to be

=P -xcos@+tysin0cos@d +2 sin 0 sin ¢
18 (6.21)
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Thus

- Jf Vo ‘“’e"”m B .2

' : o n:
. - A ‘
~ where V - is given by Eq. 6,18 and I' by Eq. 6.21,

" We shall now consider feed and reflector options available in the model.

3.1. 6 3 FEED OPTIONS

The feed pattern is represented in Eq. 6.3 by the product\/G (77 f e W’, € )
The factor{(_}d represents the amplitude pattern (on a field strength basis) and
the vector ¢ = defines the polarization. The phase factor for the feed 18 umty.
The feed radiation at the reflector surface is represented by,/(—i e e / p
which corresponds to a far-field representation of the feed radiation.  The analysis
 assumes that the reflector surface is everywhere in the far zone of the feed.

A ~ Various input parameters permit us to select from five different feed
options. These range from a simple theoretical feed gain function to an exact
description of the feed pattern which has been determined by measurement. The
use of any of these options will be dictated by the amount of information that is
available about the feed and by the purpose of making the particular computer

- rung

3 1.6.3.1 Uniform Illumination

Uniform aperture illumination represents an important special case.
This gives the upper bound of gain for in-phase aperture illumination and is the
basis for defining 100 per cent aperture efficiency. There are two ways to
calculate the maximum gain for uniform illumination. One is by the simple

formula
G = (wp)z o L (6.23)
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which is simply Eq. 5.1 with 7 #1 . This does not allow us to determine the losses
due to aperture blockage or due to surface distortions. It assumes a perfect
paraboloidal reflector of diameter D and an unblocked ‘aperture.

The second method is to let
pf(‘l!,‘ 5) =c.p(y,¢) - o  (6.24)

in Eq. 6.22, where C is a constant. When this equation is used, the current
.integration method may be used with any of the available reflector options. Also

' .various aperture blockages may be used. Uniform illumination gives more weighting

to the edge of the reflector and less to the reflector vertex than a tapered illumina-
tion does. Since blockage is assumed to occur at the center of the aperture, using
. uniform illumination will tend to de-emphasize the effects of blockage. Since

- reflector options tend to have maximum deviation from a perfect paraboloid at the
reflector edge, using unlform illumination will laend to emphasize the effects of
surface distortions.

Frankly, including the uniform illumination option in the current-distribution o

computation will be of limited value in the final program, but it is easy to mclude

and may be of some value for diagnostic purposes. The use of uniform illumination
with a perfect paraboloid and no blockage is an important reference case that can be -
used to check the computational accuracy of the computer program, for example.

The result obtained can be compared with the value of G obtained from Eq. 6.23
and the accuracy thereby determined.

~ Thus the uniform illumination case will be included in the complex model.
However, the gain function will not be that determined by Eq. 6.24 which would make
_the illumination uniform for the particular reflector model chosen. Instead the gain
function will be that which provides uniform illumination for a perfect paraboloid
: with the feed at the focal point. For this case
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or

.Gfﬁ(‘w,ﬁ_) = li_zﬁ | sec’ (_’E) .

‘The illumination function is then

e | o f (L)

, P

o which for a perfect paraboloid reduces to

o = A

v" = : >

~This option is called by setting CSN > 999 in the input subroutine.
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. .3.1.6.3.2 Theoretical Feed Gain Fuhctions

An analytical function may be used to rebr'esent the feed gain function. A
typical function is given by o : -

'__“Gf(w » €) = 2 (n+1) cos By | ”(6.29)
for 0 <P<9° and |

G (he) =o R - (6.30).
for 90<Y<180° . |

4 . Silver* uses this function in his treatment of reflector antenna propertics. -
. - . We have used this function extensively in deriving design curves for reflector

- systems. We have found that it gives good relative gain values when treating
reflector antenna design problems parametrically. This would indicate that the

" pattern shapes are reasonable representations of typical feed patterns. Patterns

- for this gain function are shown in Fig. A-6.2. . '

: ‘The peak gain value obtained when using these functions is not correct.

These functions produce gains which are higher than those obtained in practice.
This is because a practical feed whose pattern shape matches the cos ™ ¢ curve

" will have a lower gain than2 (m + 1). for two reasons. First the theoretical

- feed has no radiation in the rear hemisphere ( > 90° ) while a practical feed
will have some backradiation, however small, Second, the theoretical feed has ‘
no forward hemisphere side lobe structure. The practical feed, however, may have .
sidelobes or distortions of the main lobe skirt which will lower efficiency even - '
though the distortions or sidelobes do not fall upon the reflector, '

When the value of m is chosen to optimize the feed pattern for a particular
reflector (a particular F/D ratio), the peak gain corresponds to an aperturc cificiency
of 83% or thereabouts for values of m up to 8. Typical practical values vange
from 55% to 65%. To be conservative the model will be set to adjust the gain of

~ *Op. Cit., p425
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the feed function to the low end of the range. Since 55/83 is approxiinately 2/3,
Eq. 6.29 can be modified to be

: .  m ' : S
G, (¥,¢) =_§_ (mtl) cos ¢ - (6.31)

This option will be called by setting CSN in the range 0 < CSN € 999 in the input
~ subroutine, in which case m will be set equal to CSN The quantity GFE must
~also be set < 0.

E 3.1.6. 3.3 Modified Theoretical Gain Fu.ncti'on

Another way of using the theoretlcal gain function and at the same time
obtaining realistic gain values is to use the actual feed gain as determined by
measurement. In this case ’

Go (¥,8) =G cos ¢ - | - (6.32)

for o<y < g #nd
Gf (¢,£) =0 . :
(6.33)

for 90° < ¥ € 180°, The quantity Gy is the measured feed gain.

' This option 'may be called by sett_ihg 0O £ CSN < 999 and setting
- GFE > 0 . In the input subroutine GFE is the measured feed gain corresponding
to Gy above. ‘
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3.1.6.3., Experimental Feed Patterns

We can improve the correlation between the predicted gain values which are
. computed by the program and experimental gain values that would be measured on
the range by replacing the analytical function describing the feed gain function with
the measured gain function of the feed. It is now relatively easy to determine the
spherical coverage pattern of a feed in a form suitable for inclusion in the computer

. _program.,

A first order approximation might be to fit a suitable surface to the two
principal plane patterns of the feed. Although this is generally better than an
-analytical function, it is not quite as good as using the complete pattern contour
~ of the feed sampled at close intervals.

The experimental feed pattern data must be supplied to the computer in a
format compatible with the program. The data file format to be described here is
directly obtainable by measuring the feed pattern with Scientific Atlanta Radiation
Distribution Equipment. If the feed pattern is measured another way, it will have
- to be converted to the standard format before it can be used with the computer

‘program and no provisions for this conversion are included in the model.

o - The coordinate system used in measuring the feed patterns is shown in = .
Fig. A-6.3. The feed axis is aligned with the ) = 0 axis. The resulting coordinates

(¥ & ) are the same coordinates defined in Fig. A-6.1. We have developed equations - .

for other orientations of the feed axis, bt so far we have never found occasion to

use them. The difficulty in using the orientation shown in Fig. A-6.3 is that the
polarization rotates during the measurement of the pattern. Therefore, when the
feed is nominally linearly polarized, the patterns are measured with a circularly-
polarized transmitting antenna and a constant 3 dB polarization loss is assumed.
When the feed is nominally circularly-polarized, the appropriate circular polariza-
tion is used for the transmitting antenna. Then when the data file is used in the
computer program, either dipole or slot polarization is used for the linear case -

or the appropriate clrcular polanzatlon is used for the circularly-polarized
case.
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Figure A-6.3 FEED PATTERN COORDINATES
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This procedure is admittedly an approximation with regard to the variation

" of polarization throughout the feed pattern. Equations have been developed for making
" a series of feed pattern measurements with different polarizations so that the vector
e may be determined point by point throughout the pattern. This requires an added
cost of measurement and an increased amount of computer time for each run and

thus far such a complication has not been found necessary.

_ With the set-up shown in Fig. A-6.3 the Scientific Atlanta equipment samplu,
" the feed pattern every 2 degrees in ¥ and in & . Starting at ¥ =0 and concluding
at ¥ =90 , the model tower is positioned in 2 degree increments. At each ¥ position

~ a complete comcal pattern is obtained by rotating in § and sampling every 2 degrees.
The data file therefore consists of 91 ¥ scans each consisting of a start-of scan
marker and 180 data points corresponding to the sampling in § " At the end of
~*_the 91st scan, a start-of-scan marker followed by an end-d -file marker occurs., -

_ The complete data file, therefore, consists of 16473 data points mcludmg markers. o

The data ﬁle as measured represents only the relative gain pattern of the '
feed. Each value in the data file must be corrected so that it represents the actual
‘gain of the feed in that particular direction. To do this, it is necessary to make a
separate experimental measurement of the peak gain of the feed.

Having the complete feed pattern on a data file allows us to integrate the -
feed pattern to determine the feed directivity. This may then be compared with the
- measured gain value of the feed to determine the feed radiation efficiency. Also,
it is possible to integrate the portion of the feed radiation intercepted by the
reflector which may then be compared with the total radiation to determine the
spillover efficiency. - '

The data points representing feed radiation are quantized to the nearest
quarter dB and are limited to within the range of approximately 0 to 40 dB. - The
quantization gives an error of at worst +0.125 dB for any particular value of the
feed pattern, but on the average the error is much less.

- Also, the feed pattern is sampled at 2 degree intervals in both angular
_coordinates and this does not agree with the sampling pattern used in the
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- integration process. Therefore, feed pattern values at the integration sampling
points must be found by interpolation. Since the feed is generally a smooth, slowly
varying function over the angle subtended by the reﬂector, the interpolation error
is not significant.

The accuracy of feeﬁd representation will be discussed further in a later
section.

, The experimental feed pattern option may be called in the prdgram by
: setting CSN <0 and by setting GFE 2 0 in the input subroutme.

3.1.6.3. 5 Reference Expern.men‘oal Feed Pattern

- This option is the same as the experimental feed pattern option, except
that an experimental feed pattern data file which is considered to be typlcal of
practical horn feeds will be built into the program,

This option may be called by setting CSN <0 and GFE <0 in the input
' subroutlne. :

3.1.6.,  REFLECTOR OPTIONS

The reflector is represented in Eq. 6.3 by the scalar functiongand by
the vector & . The function p = £( ¥ ;&) describes the variation of the
- distance from the origin (feed) to a particular point on the reflector surface as
a function of the variables of integration. If the sutface is defined in the form

= glx,y) then

s

p = ‘/x2 + y2 + (g (x, y))? i (6. 34) |

The vector ' represents the variation of a unit vector normal to the
reflector surface as a function of position on the reflector. The vector n can
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‘be obtained by taking the gradient of any scalar equation equal to a constant which
" represents the reflector surface. Thus if

B =p-2(¥,§)=0 o | (6.35)
or if - | | -
| H=z-glx ) =0 '.(6.:16’ |
| (dependmg on how tne surface.ls defined) | o

_ then .

Bl
T

vH | . . (6.37)
|vH| . : .

. Included in the radiating system model are two analytical representations
of special reflector surfaces. One is the paraboloid and the other is the flex-rib
reflector. (The latter is applicable not only to the flex-rib unfurlable reflector
but also to various "umbrella" type reflectors).

For any particular kind of antenna it is possible to develop a- dlstortmn
theory embodied in an equation .p= £ (¥, & ) or z=g ( x¥) - to
represent the actual distorted surface in the presence of orbital thermal and/or
dynamic effects. Then p ( or 2 )  and the vector n derived therefrom may -
be used directly in Eq. 6.3 to calculate gain as it is degraded by the orbital environ- -
ment. This has been done for the flex-rib type of construction on the ATS F and G
reﬂector pro;ect, for example.

_ ‘The difficulty is that the form of the p or 2z equation depends
explicitly on the distortion theory formulated for each particular type of reflector.
The only type of general treatment possible is to expand the reflector surface in
a general power series or similar expansion, but this becomes cumbersome when
one attempts to relate it to a specific design for which a distortion theory has
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- been or can be developed.

Since the treatment of thermal effects has been limited in this study, we
shall include only the perfect paraboloid and the perfect flex-rib surfaces. The »'
effects of a thermally <distorted surface will be handled as we shall describe in
a later section. The reader can be assured that if a particular reflector design
is chosenand p or z equations can be derived representing the surface in
- the presence of the orbital environment, the basic model can be modified to
- include the effects of these distortions. It would also be necessary to modlfy

~ the input subroutine to handle new input data.

3.1.6.4.1 The Perfect paraboloid

The equation for a perfect paraboloid of focal length F with vertex locabed‘

~at (x, y, 2) coordinates of( 0, 0,32 D ) is
zEay - L4 . . (6.38)

. Thus p is given by

b \/x +y2+ - ﬁ_ﬁ

(6. 3‘9) |

Since 2z is a constant
VH=Vg :V(z+'2+2 ' ' | : '
by X ty) . (6.40)
4 F _ . A
and
VE= i x +1 gy +1 o - 6.41)
* 2F v 2F =2 (649
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and n can be found from Eq. 6.37 wlth

'VHI a \/"2 +y HLP | (6.42)
-~ 2F Y . .

‘This option can be called by setting PAN <0 in the input routine.

- 3.1.6.4.2 The Perfect Flex-Rib Reflector

The Flex-Rib reflector may be called a sectoral approximation to a
'desired paraboloidal surface. The frontal view of this type of reflector is shown
in Fig. A-6.4. In each wedge-shaped sector the surface is approximated by a
parabolic cylinder. :

The equation for a parabolic cylinder represented by the sector
designated by s=0 in Fig. A-6.4 is simply the equation of the x-z plane mtercept
. since the elements of this particular parabolic cylinder are parallel to the y aXIS.
Thus for g =0

2= ap - X | (6.43)
4 g o |

where F, is the focal distance of the pareboll_c cylinder. _
If we rotate this panel tlxrough an angle § =§; , we have the equation
-2 =2y - Sx coefg zvsineg )2 - )
z =12y : o (6.44)
A 4 F | . o
In particular if we have N panels then Eq 6.44 becomes -

-z =z - (x cos 2}3“ +ysixi Zi"j_)z

e ———

(6.4 5)

.I.FC
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Figure A-6., FRONTAL VIEW FLEX RIB REFLECTOR
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and the s -th panel extends over the range
(2s-1) < E< (28+1) =

We may define a parameter W as

W= x cos 2;“ +y sin Z.I'.HH (6. 46)

N

This has special significance since it is the distance of a particular point on the
reflector from the center of the aperture as measured, not radially, but along the
~ centerline of its own particular panel. In terms of this parameter

p = \/xz + y? + (2 - W) | (6.47)
_ 4Fc _ ' o

As in the previous section we may take 5 D as the constant defmmg '
the surface. Thus ' v

VH =v(2 + w?_ _ | o o . (6.48)

and

VH = 1 W cos 2 rrgA +1 W, 2mg +71 | (6.49)
X o Y 5o~ 8in - Tg ‘
2F | VN 2F N | _
Then n  can be found from Eq. 6.37 with
!VHI= _2;__ \/;32 + ﬂg ' - (6. 50)
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. The quantity Fg is the focal distance of the parabolic cylinder. We
must determine the relationship of Fg to F , the focal length of the "equivalent'
paraboloid. To do this consider the intersection of a radial plane ( £ = a constant)
with the reflector surface. Separating out the dependence on § in Eq. 6.45,
we have :

2 2  2way |
Z2=2. = — cos (¢ - _.E.) 6.51
D~ 4F, N (6.51)
where r = p gin ¥ is the offset of a point from the z-axis. Comparing

Eq. 6.51 with Eq. 6.43, we conclude that the intersection of a radial plane contammg
' the z axis and the reflector surface is a parabolic arc of focal length

F,o(8) = FL N | (6.52)
cosg (¢ - QN'"_S._ '

The focal length FR " of the reﬂecter rib (which is the boundary.between two
adjacent panels) is obtained by setting &= ( 28 + 1) /N . Thus

| 2, (6.53)
F, =F./ cos“(T v
TR leE) o
: We may conclude that the paraboloid which is a best fit to this surface
must intersect the surface twice in each panel and will therefore have a focal length
:F suchthat Fgp > F > F, . As the number of panels increases
without bound, the Flex-Rib surface more closely approaches a paraboloid. Since
F, > F, as N> o » then in the limit F, = F = F .
R c R c
A mean value of the function F, ( {) can be found by integrating F g over
. the aperture. There is, of course, no radial variation of P . This mean value

. i
is .
F=fFy (1+5 ta® ) sy
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or

P o=F (1 -2 X - (6.55)
~ We have chosen to let F, the focal length of the "equivalent" paraboloid, be this mean
value of the function§

When zjp is set equal to F as defined above, the peak gatn varies as a
function of D/ _as shown in Fig. A-6.5.When the reflector is a good approximation
to a perfect paraboloid, setting 8y to any value other thaa F does not improve the
gain by a significant amount (something of the order of 10-3 dB). However, when the |
gain curve departs significantly from the perfect paraboloid gain curve, some of :
the lost gain can be recovered by moving the feed. This, however, is not a normal
design region for this type of reflector since, even with refocussing, the gain -
degradation is severe. Thus, we canset zp = F . and conclude that F is the -

focal length of the equivalent paraboloid for all normal reﬂector designs.

The perfect Flex-Rib reflector case can be called by setting N > 0..
The variable N is represented by PAN in the input routine. For this case p is
found from Eq. 6.47 and the vector N is found from Eq. 6.49 (normalized by
- Eq. 6.50). The focal lengths are related by Eq. 6.53 through Eq. 6.55. -

© 3.1.6.5 ASSUMPTI(NS AND ACCURACY

In this section we shall discuss the basic assumptions associated with
using the current distribution method to calculate gain. We shall also mention
some of the checks that have been made to determine the accuracy involved.

There are three basic theoretical assumptions involved in the original
formulation of the general equations. First of all, the method is applicable to
determining the far field radiation of the reflector antenna only. Secondly, the
. reflector is assumed to be in the far field of the feed. Third, direct radiation

- . of the feed to the point of ocbservation in the far zone is neglected. -
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The usual criterion for determining the far-zone of a directive antenna
is that the distance R from the antenna exceeds 2D / A . This will nearly always
be true for orbital antennas. For example, at 100 nm altitude or at 100 nm distance
between two space vehicles, it would require an antenna larger than 173 feet in
diameter to fail to satisfy this criterion at X-band (10 GHz), clearly beyond the -
state of the art for the immediate future. The only conditions under which we
might fail to satisfy the far-zone criterion are during the testing of orbital antennas
on the ground on some ranges; during very close approaches of two space vehicles,
‘as in rendezvouspr in some extremely large aperture systems intended for the
transmission of power by microwave radiation. None of these situations are intended
to be covered by the simulation of the antenna in thls study.

When the distance from the antenna is exactly 2D / A , the gain loss is
typlcally of the order of 0.05 dB. Since normally the distance will be much in -
excess of this minimum distance, the gain error will be reduced to an msngniflcant

The assumption that the reﬂector is everywhere in the far zone of the

' feed is not as easy to justify but normally it would be true. To illustrate, a typical
horn type feed for a paraboloidal reflector would have an effective aperture of the -
order of 1 wavelength so as to illuminate the aperture properly. With F/D ratios
of the order of 0.5, this would mean that reflectors smaller than about 2 wavelengths
would fail to meet the criterion. A 2\ reflector fed by a 1A feed would suffer
severe blocking and provide only a few dB gain. In fact, it probably would be better
to turn the feed around and eliminate the reflector, perhaps adding aperture to the
feed horn. Thus, for normal feeds we will probably not run into a situation where
the reflector is not in the far zone of the feed.

The assumption that the reflector is in the far zone of the feed is made
80 we can apply geometrical optics when determining the amplitude of the feed
radiation at the point where it strikes the reflector. Because of this assumption,
there is no phase factor relating to the feed radiation in the basic formulation.
The feed is assumed to be a point source with spherical phase fronts. There
. may be some cases where the feed radiation does not have equal phase across
~ the angle subtended by the reflector and when this happens, the feed cannot be

considered to have a single pomt phase center -- thus the criterion would not be
satisfied.
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Normally the criterion that the reflector be in the far zone of the feed will =
be satisfied to a degree sufficient for all practical purposes., The user should be
on the lookout for any unusual feed designs which might have a significant phase
error throughout the angle subtended by the reflector. Should this occur, he may
correct the results for the appropriate amount of gain degradation attributable to
such phage error or he may elect to use the simple model.

The third assumption is that the back radiation of the feed can be neglected
If this is not so, the correction can be made as indicated in Eq. 6.1. Normally, well
designed feeds will have a front-to-back ratio of at least 15 or 20 dB and very often
- considerably more. For typical feeds, the back radiation would normally be some
~ 10 or more dB below isotropic and this would be insignificant in comparison with the
peak gain of the reflector which normally would be 20 to 60 dB above isotropic. The
“back radiation usually would be further reduced in the normal design by obstructions
_behind the feed, such as feed support brackets, electromc boxes, or perhaps the
space vehicle itself.

. Of more importance are the practical apprommatmns which have been:
made in constructmg the model from the basic formulation. For some of these
~ approximations we have not been able to obtain an estimate of the error directly
attributable thereto, but we know what the overall accuracy seems to be.

We have made a basic assumption with regard to polarization. If the
feed is linearly polarized, we have assumed that it is either a dipole or slot mode,
as previously discussed. If the feed is circularly polarized, we assumed that ,
the polarization is a quadrature combination of dipole and slot modes. No provision
has been made for elliptically polarized feeds, since we normally try to achieve
either linear or circular polarization.

The choice of the polarization modes i8 only important when we are
using the experimental feed patterns. We have made calculations using the
theoretical feed gain functions, including uniform illumination, and have found no
significant difference in the results for each of the four basic polarizations.

When we are using experimental feed patterns, our assumptions regarding
the polarization modes become of more importance. The difficulty is not whether '
the choice of dipole and slot modes is a correct one. We measure the gain function
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of a linear antenna with a circularly polarized transmitting polarization and then

during the integration process, we assume that the polarization is in one of the two
standard linear modes. If instead the linear polarization has some other form, such
as always parallel to the x-axis, we would still expect to get the same result, based

on our experience with theoretical feed patterns referred to in the preceding paragraph.
Similarly, if the feed polarization is circular throughout the pattern, it is immaterial
what two linear polarizations are used to define circular polarization.

If the feed has elliptical polarization,we shall be disregarding a component
of its radiation either when we measure the feed pattern or when we use it in the.
program, or both. The error that occurs is dependent on relative amplitudes of

the nominal polarization component and the omitted component. Since the reflector
 would have integrated the discarded component just as it does the retained component

and would have then added the two in complex vector fashion, we can estimate bounds
_on the error from the relative amplitudes of the two components. _ '

Simllarly, the four standard polarizations do not provide for the fact that _
some feed patterns have polarization characteristics which vary throughout the angle
" subtended by the reflector. This is most noticeable in frequency-independent type
. feeds over some portions of their operating bands. This variation tends to occur
near the edge of the reflector, usually where the illumination taper tends to de-‘emphasize

its effect. Furthermore, in a well-demgned feed this variation is usually held wnthin '
reasonable bounds. : :

Frankly, it is difficult to determine what part of the error is attributable
‘to the departure of the actual feed polarization from the assumed state. An investi-
gation of this effect on accuracy would be a separate study all in itself. We know
that if it were a serious problem we could measure both amplitude and polarization
(and even phase) of the feed pattern and put these corrections into the program. -
The result would be at least a four-fold increase in the test time required to measure
feed characteristics, a significant increase in program storage requirements on the
computer, and a significant increase in compute time for every case. The overall
. accuracy of the computation without this refinement is satisfactory for engineering
purposes (as we shall see) so adding this complication does not seem justified.
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- The theoretical gain function option was primarily intended to be used as
a means of evaluating parametric trade-offs. The relative accuracy for evaluating
-reflector designs is quite good and has been confirmed by experiment. In this test
the gains of a high-precision 4 foot paraboloid and a 12 panel, 4 foot Flex-Rib
reflector were compared at 4, 8, and 12 GHz. A direct substitution method was
employed so that the same aperture illumination, focal distance, and frequency
were used for both cases. The primary feed patterns were measured and fitted
to the analytical feed functions. Then the relative gain values predicted by theory
- and experiment were compared. Agreement was within about 0.05 to 0.1 dB,
even though the feed patterns were not exact fits to the analytical functions. This
. test confirmed the relative accuracy of the current mtegratlon method of gain -
. calculation. :

As mentioned before, use of the analytic function without modlfylng the -
peak gain value gives peak gain values that are unrealistic. . The modification given
in Eq. 6.31 should be more representative of typical antennas and should be within -
1.1 dB for typical cases, though it may be in error by more than that amount for -
any particular case. When the analytic function i8 modified by using the actual peak
gain of the feed, the error is estimated to be within + 1 for the particular case
considered. In these estimates, we have not included any allowance for transmission
lines losses and have referenced the antenna gain to the feed terminals. The estimates
in this paragraph relate to absolute accuracy -- that is, the accuracy of predlctmg a
the true gain of the antenna.

The basic radiation integral is approximated by numerical integration
methods in the model.  The sampling interval must be fine enough to sample accurately -
the illumination taper across the aperturé, the reflector contour, and the electro~
magnetic wavelength. Electromagnetic theory would tell us that there should be one
sampling point per half-wavelength across the reflector, but if this is used as a
criterion, the reflector surface may not be adequately sampled when the reflector
is small in terms of wavelengths. Thus a wavelength criterion is used, but a certain
minimum number of points must be taken for the double summation to represent the
integral.
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For large reflectors. fewer pomts can be taken if the surface is smooth.
‘The paraboloid, for example, requires fewer points than a many-panelled Flex-Rib
because the paraboloid is a smooth surface of revolution. In many cases when doing
parametric studies we have found good relative accuracy with sampling rates as low
as one point for every five wavelengths, but, of course, the absolute accuracy
deteriorates somewhat.

: The criterion we normally use is that one point should be taken per

- wavelength, except that in no case should fewer than about 600 points be taken.

The accuracy for one point per wavelength sampling is almost as good as that

obtained for one point per half-wavelength sampling, but the integration time is

only one quarter as long. For exploratory parametric studies, fewer sampling

‘points can be taken to reduce compute time while searching for the optimum: values.

The proper minimum sampling rate for a given problem can be determined by v
increasing the sampling rate and noting where the gain value begins to stabilize. -

' There will be some oscillation of the gain value about the true gain value as the

sampling rate is increased further due to basic inaccuracies in the calculation

(computer arithmetic accuracy) '

_ To check the computational accurscy, we have used the uniform illumina- -
tion feed option and the perfect paraboloid reflector option and compared the resultant
gain value with that obtained by using Eq. 6.23. For one point per wavelength o
sampling the agreement is about 0.07 dB. This is considered to be the computational
accuracy of the program, (The machine used for this test is the SDS 940 time-sharing
computer . The case considered was the ATS F and G reflector at 8.25 GHz).

When using the experimental feed option, two additional errors occur.
First the feed gain values are quantized to the nearest quarter-dB. Second, since
- the sampling of the feed pattern in the data file is not coincident with the sampling
of the aperture in the integration process, feed pattern data must be interpolated
at the integration sampling points. Studies of the best method of interpolation
showed that linear interpolation was adequate since the feed pattern generally is
quite smooth for typical designs. Moreover, taking higher order differences
eventually and/or occasionally results in poorer accuracy due to the quantization
of the feed pattern data. The reason for this can be seen by comparing the lollowing
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difference tables for unquantized and quantized data.,

_Actual Values . S - Quantized
4.5 o " 4,5
4.6 .1 . 4.5 .0
4.7 .1 .0 A 4,75 .25 .25
4.8 .1 .0 .0 4.7 .0 -.25 ~-.50
4.9 .1 -.0 .0 .0 5.0 .25 .25 .50 1.00
1 .0 .0 .0 .0 50 ,0 -.25 -.50 -1.00 -2,

5.0 L]

' Due to the rounding off, higher order differencés'eventually will increase causing -
poorer accuracy of interpolation. If we used only first and second order differences
we would occasionally get poorer accuracy (near where the values change).

. To check the overall computational accuracy of the program, we constructed
an artificial "experimental feed" data file simulating the feed gain function that provides -
- uniform illumination of the aperture (Eq. 6.25). The feed data file was quantized to
the nearest quarter-dB, as an experimental data file would be. In the integration
process linear interpolation was used. At 8,25 GHz the gain program calculated a
gain of 57.873 dB for a 30-foot reflector using this data file with sampling at one -
point per wavelength. The gain equation for uniform illumination (Eq. 6.23) gave
a gain of 57.958 dB. The difference, 0.085 dB, represents the overall computational -
accuracy, including machine accuracy, the representation of the double integral
. by the double summation, linear interpolation of the feed data, and the effects of -
quantizing the feed data. In this check a 500 panel Flex-Rib reflector was used to-
simulate a parabolo’id so the minor effect of that approximation is also included.

Thus the computatlonal' accuracy using the experlmental feed option is almost the
same as that obtained using the theoretical feed options.

Aperture blockage by the feed assembly or other structures is accounted
for by not integrating the surface currents over the projection of the blockage on
the surface of the reflector. That is, the limits of integration are adjusted so as
to omit portions of the reflector radiation not contributing to the on-axis gain.

This approach is accurate on axis and near the refelector axis. For observation
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points at wide angles to the reflector axis, it is necessary to account for the fact
that the blockage would not obscure the vertex area of the reflector but some other
displaced part. However, since the model is normally used to predict gain values
near the axis of high gain systems, the refinement applicable to wide angles has
not been mcluded '

Blockage is considered to be a circular blockage centered about the
reflector axis. If the blockage is not circular, the best procedure is to equate the
‘area represented by the blockage to a circular blockage area for use in the program.
The blockage may not be centrally located, but normally it would be near the center
of the aperture. If the blockage is off center, then the model tends to give conserva-
tive results. _ A -

- The apparent gain of the reflector antenha will be modified by the impedance: - i

" mismatch of the feed when mounted in the reflector. This mismatch may be thought-

~ of as having two components, one the inherent mismatch of the feed in free space

- and the other the reaction of the reflector on the feed. The theoretical gain of the

- reflector/feed can be corrected if the mismatch of the feed in the reflector is known.
" Often this is not available. Therefore, the model calculates the magnitude and '
phase of the interaction of the feed and the reflector. This can be used as a bound
or tolerance on the gain values obtained from the model. Normally, in a well .~
designed system this will not be a problem, since the feed should be reasonably:
‘'well matched in free space and since, the normal aperture distributions for maximum
gain do not provide a high degree of reflector feed interaction.

We shall cite an example to illustrate the reaction effect and indicate,
at the same time, something of the overall absolute accuracy of the model. LMSC
experienced a perturbation in a gain versus frequency curve of about 1.5 dB for two
measurements 50 MHz apart at L-Band. Careful tests indicated this perturbation
‘was not due to measurement error. The model was used to predict the gain at the
two frequencies in question from experimentally determined feed patterns. The
computed values were within 0.1 dB of the curve obtained by extrapolating smooth
portions of the gain curve with no correction for mismatch. This represented an
agreement of about 0.7 dB between theoretical and experimental values. When the
reflection coefficient was calculated, it was found to tie of the order of -11 dB with
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a large phase change over the 50 MHz frequency interval. This reaction in combination
with a measured free space mismatch of the feed of about 2:1 was sufficient to account
for the observed gain perturbation. These were range instrumentation antennas with
-22 dB edge illumination for low sidelobes. The low edge illumination resulted in
relatively high concentration of energy near the center of the reflector causing more
interaction with the feed than would normally be encountered in a typical general
purpose antenna. The typical case where the illumination tapers to -10 or -11 dB

~ to maximize gain results in a reflection coefficient attributable to the reﬂector of

the order of -18 to ~20 dB.

g ~ One effect which is not taken into account is the interaction of the feed .
support struts with the feed. This is the effect the structure has in modifying the
amplitude or phase of the feed pattern (as distinguished from the blockage of the
aperture caused by the feed and other support structures). Normally, the antenna
~ designer will design the structure for minimum effect on the feed patterns, but
.- structural considerations nearly always limit the designérs ability to achieve his
~ desires. This is probably the major factor limiting the accuracy of the model.
- With well-designed and simple support structures we may neglect this consideration.
But the user should be on guard when complicated support structures are used (as
" when large masses are supported with the feed). Where this effect is not negligible,
the feed pattern can be measured in the presence of the support structure to obtain.
a better feed model. ,

We have previously cited tests of the relative accuracy of the model -
(the tests with the 4-foot reflectors) and of the absolute accuracy of the model
(tests on the range instrumentation antennas). We have also checked the absolute =
accuracy of the model using a feed designed for the ATS F and G verification

 tests and a four-foot reflector. The agreement between the gain value predicted o

by the model and that obtained by measurement was about 0.16 dB, The conditions -
of test were such that we could expect very good experimental accuracy, so this
test seems to confirm the accuracy of the model.
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3.1.7  CORRECTION FOR THERMAL EFFECTS - .

: The scope of the effort in considering influence factors was limited in .

this study to be compatible with available funding. As a consequence, the effects
of thermal distortions on the gain of the antenna along a particular LOS will be
handled as a correction based on extrapolation of LMSC's experience with the -
ATS F and G reflector and with other systems.

The effect of a distorted reflector can be accurately handled by including
in the current distribution integration model an option for a distorted reflector.
The overall program sequence can be modified to calculate the actual gain of the
‘reflector along the line of sight, rather than calculating peak gain and using the
Gaussian approximation as described in Sectior A-3. All that is necessary to
accomplish this is an analytical function which describes the distorted surface

‘and which can be differentiated to determine the normal surface vector.

: The problem of including the precise calculation of distorted surface
effects is the complete lack of generality in any formulation that can be made.

. The description of the perfect paraboloid may apply to many types of reflector
construction, such as honeycomb sandwiches or spun dishes. Similarly, the
~ description of the perfect Flex~Rib surface also applies to the umbrella type of
. deployable reflector. But to include distortion effects requires developing a
distortion theory for each possible method of realizing each type of surface. For
example, the distortion equation of a Flex-Rib reflector would be different from
that of an umbrella reflector which might have rigid ribs that fold up against the
reflector axis. Similarly, there is a large amount of work involved in establishing -
the design parameters that optimize each type of reflector for the chosen orbit.
Thus in a limited scope effort, only a correction—type treatment of thermal effects
" is possible.

The ATS F and G reflector designed for 8.25 GHz operation (30 foot

diameter aperture) will be the primary initial basis for making a thermal

correction. Beamshift and gain degradation data for this. case will be extrapolated , C

to other sizes and frequencies as required.

: The peak gain and the on-axis gain of the ATS reflector at 8.25 GHz is -
shown as a function of orbit hour in Fig.A4-7.1. The beamshift is shown in
_Fig. A-7.2. Both these curves are for the configuration utilizing Chromel-R
mesh. The orbit hour is directly relatable to sun angle in the xz plane of the
reflector. (In far-zone coordinates this would be the ZY plane or the # = + # piane.
See Fig. A-6.1). In the simple or the complicated gain calculation, the peak gain is
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calculated and the beam position is defined as @ = 90°, # = 90°. The thermal
correction will correct the peak gain value and provide for a new reference
position for the beam. A coordinate transformation (a rotation about the reflector
axis) will be used to handle the case where the sun is not in the aforementioned
plane

" We shall denote the gain degradation for the reference case by 4G , for
diameter D, and frequency f,. Then for any diameter D and frequency f, we will
use the form

1010g,, G, = W0logy & —AG g5 (LY

where G, , is the peak gain for the undistortedvcas'e and where

fo

G = G + + _ 7.2)
A A o[ao, 3130 32 %22][%.+h1 % + bz_' fz] ( )
S () o R
In Eq. 7.2 the parameters a,, and b, are input constants which fit the design case '
best. The form of Eq. 7.2 allows some flexibility of adjustment by making changes
- in the input constants. Generally, some of the input constants may be zero. The -
, form used above does require some justification. o

Since most of the systematic distortion errors are monotonic, increasing -
functions of radius, we would expect the surface error to increase as the diameter
is increased. As the surface error increases, so does the gain degradation. Thus
we can expect the magnitude of the gain degradation to increase as D/D, increases. -
Eq. 7.2 gives us the possibility of making a second-degree polynomial fit to the .
scaling effect. Similarly, frequency changes act in the same way because wavelength,
which is inversely proportional to frequency, is the unit of measure in reflector
antenna systems. (That is, all distances may be measured in wavelengths instead -
of inches). T

To use the correction option, we must simply make some judgement

- about how the distortions of the case in hand would be extrapolated from the

reference case and then assign appropriate constants. If the gain degradation

- -data for the case at hand becomes available in some way, the reference file may

be updated and then with an appropriate choice of constants no correction will be made.
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The gain degradation will depend on other factors besides D and f.
‘Amplitude distribution, focal length-to-diamter ratio, and various other parameters
may all have a bearing on the actual gain degradation. But our intent here is to
supply the best correction that can be made for thermal distortions consistent with
the scope of the study. The manner in which this correction is made allows the
program to be updated whenever distortion effects are analyzed in more detail.

Exactly the same philosophy is applied to the beamshift problem. When
the sun is in the xz plane (Fig. A-6.1), the angular corrections to the position of
the peak of the beam become : :

$ = _;’_ + d¢ _. N | (1.3
. and
8 =% =g I .4
'ﬁ,,w‘here'a
¢ C,b +6 D D | -+ + ¥ (7.5)
d¢ = 4 D +c¢,(2 - d
b sy s ag o))
. ‘ _ of . o of 1 . .
a8 = dG [e+°1-+e ][ &.t+82 )2] (76)){'
A . .

Using the same functional form for beamshift does not necessarily |mpl y
that the beamshift will be a function of diameter scaling ratio or of frequency scaling
ratio. For example, a distortion mode corresponding to a simple tilt of the reflo¢tor,

" if scaled to a larger diameter, would still be a tilt of the same angle and thus would
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be independent of D/Dy. Also, we would not expect the displacement of the beam
to be dependent on frequency when this displacement is measured in degrees or
radians. That is because we tend to think of the displacement as the result of an
"effective' rotation of the reflector. The importance of this rotation arises when
we measure the rotation in beamwidths and not degrees. Thus while we have
included provision for dependence on diameter and frequency, there may be many
cases in which the beamshift would be 1ndependent of either variable or both.

The reference file for beamshift data can be updahad just as we mentioned
above for the gain degradation reference file. .
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For purposes of providing the'input'signai,to the monopulse model (subroutine
M@ZNPLS) a distorted antenna reference frame (D-frgme) is defined as the frame
obtained from the undistorted antemnna reference frame (A-frame) by applying
the (small) rotatlon & and d9 about the approprlate axes (see definitions of .
dp & d6 above). In this reference frame the peak gain of the antenna lies
along the - ZD-axis and the unit line of gight vector in this reference frame
(LHATD) is the input to M@NPLS.

The D-frame is obtalned from the A-frame by an effective s:Lngle rotation

av A{dgo)z + (d6) about the GW axis (see Figure A.0. 1) where € 3% -‘ ;

g% 8 The Euler parameters for the transformation from the A-frame to.

the D-frame are deflned such that

9 _
9 = [;W] sin % ’ qh = cos 92.'?_ .
ay o

orvsince' d_'# is small and e¢, is a linear combinatlon of and Ee, o

aql cos_ﬂ -smﬂ |
q2='§‘.22 sin £} +d—26-- cos 1] >
q = %’-(dpcos - d6 sin Q)

q, = %’-(_d(psinﬂ+decosﬂ)

Q3 = 0

q)-t =1

where {2 is the angle between the XA axis and the axis of the dp rotation

- (see Figure A4.0.1). The transformation matrix (TD/A) is obtained from these - -

Euler parameters using the subroutine EFTDC.
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3.1.8  GAIN CALCULATION ALONG THE LO§

v The first step after the input subroutine is to calculate the antenna gain
at five points. The pattern of these five points is shown in Fig. A-8.1. When the
current distribution method is used to calculate the gain, the gain is calculated on
axis and at four angles off axis as shown in the figure. When the simple method is
used, we have the same result since we know the peak gain on axis and the half-
power beamwidth. Thus we have the following table of values in either case:

‘Gain - @ Y

G, R | - g,
Gg 4 ®n o #n -3 By
Gg | o, . #,+8
G, 0, -8 By

Gs | - 9 +_8 . . “_n

" In the above table, 0,8 are the coordinates of the reference axis (in this case the
beam peak). When the method has been used to calculate gain, Go, Gs, Gy, and
Gg have the value G;-3. dBand 8 is the half-power beamwidth divided by 2.

. The gain values and angular coordinates may have been corrected for thermal
- effects, ‘ o :

These five gain values and their corresponding coordinates are used to - <. |

fit an elliptic paraboloid to the peak of the beam. This paraboloid is then used to
~ determine the gain along the LOS for varying coordinates of the LOS, thus saving

much computer run time. The accuracy of this approximation has been discussed .
in Section 3. S ' :

In the vicinity of @ = /2, # = /2, Eq. 3.2 may be generalized to
the form: o , . ' _

10 log Gy, - 10 logyo G (9, ) = T (0% + P (9 4, (8.1)

where Gp, is the pe§k gain value and where 0, , §, are the coordinates of ‘the
. beam peak. It will happen that Gy, = G, 8, =6 _, and #, = #;; because the
o reference axis 6y, ﬂn happens to be the beam peak in these calculations.
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- In general, however, it is not-neceasary. that this be so, and when the current
- distribution is applied to distorted reflectors, the peak gain and the beam position
can be found by using Eq. 8.1 and five gain values as indicated in the above table.

o For convenience we shall use the notation G'y to lndicate 10 loglo Gy -
in the following.

In general, we find that .

I N o
Pe oy - -d) N 2
. = V -. s _ 1 " l' . . .
p, = P+ -L-—APG | , - .(3-4)'
LI : : -
. G, -G, ’ ‘
0 =0 + —_——m—th— - (8.5)
° .t 4rs - . o

When the beam peak lies along the reference axis then G'z G'g and G'4 = G'5'
so that . S _ _

10 1og,, G (6, §) = G) - (ol-c;)(%_)‘ - (6, (9-;690-)2 8.6

! 2 \2
6, = P(p-9 )" -1 (6-6)
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* which for the caleulations made m_;hé simple model would be

10103106(0, N—101051061 .(2._‘;;;_ [(MO) + (0 - 0)] (8.7)

where 2 B is the half-power beamwidth. Equatlon 8. 6 is used to represent the
. antenna pattern in all subsequent calculations. The. parameter 8. is chosen

in the current distribution calculation to be half the estimated half-power beamwidth
- to obtain good correlation over this reglon.
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3.1.9  MONOPULSE MODEL

The moxiopulse system used on the high gain antenna could be either a .
four-horn or a five-horn configuration. In the five-horn configuration a single

_ horn located at the focus of the reflector provides the communications channel

signal; we shall denote this horn and its associated beam by the letter T. The -
error signals are formed from four offset feeds a, b, ¢, and d clustered about
the focus. In the four-horn configuration the on-axis horn is omitted and the =
remaining horns are not displaced quite as far from the reflector axis. In this
case the communications signal is the sum signal of the monopulse.

The choice between the two conﬁguratlons is a tradeoff between
communications channel gain and tracking capability. The sum signal of a four-horn
monopulse, being the sum of four offset beams, has a lower peak gain that that
provided by a single on-axis horn. Thus the five-horn configuration provides
higher communications channel peak gain. On the other hand, because of the
presence of the fifth horn, the remaining four horns must be displaced further
from the axis of the reflector than they would be in the four-horn configuration.
As a result, the four-horn approach can have higher beam crossover levels -- -

. more nearly at the optimum level -- and provides better tracking.

The monopulse model will calculate four gam values for each p081t10n

of the LOS. One of these, Gy, is the gain available along the line of sight in .

the communications or service channel. . Another, Gg, is the gain available in-
the monopulse sum channel. _The remaining gain values, Gg and Gﬂ, are the

. monopulse error channel gains for the constant 6 and constant # "planes"
‘respectively. The model allows the user to select a four-horn, or five-horn

monopulse or no monopulse at all. The flag for this is MON in the input routine.-

: When MON=0, the model will not compute mon_opulse sum or differénce :
signals. Then Gy, is set equal to G(o, #) as discussed in the previous section.
The remaining gain values Gg, Gy, and Gy are set to zero. : '

When MON=5, Gy is also set equal to G(8,6). The model then
calculates Gg, Gg, and Gg as we shall discuss in the following paragraphs.
When MON=4,' the model computes Gg, Gg, and Gﬂ and then sets Gp, = Gg.

Each of the five beams can be represented by an eqaatlon of the

_ form of Eq. 8.6, except that 8,, #, must be adjusted to include the shift of

i
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five beams in the model are

Beams

Tt

a
b

[¢]

d .

90 ’ ¢0

o g
e -U ' g, - V-
8, - U B + V
o, + U I A {
g +1U ' : ¢n + Vv

"~ each beam off the axis represented by On, ¢ . The coordinates of the axes of the_l

For the small offset angle used ina monopulse we would not expe(,t thc |

(NOTE: In the previous presentation of the monopulse model in the

peak galn GI or the beamwidth to change.

progress reports a rotationally symmetric beam was assumed similar to Eq. 3, 3. '

as the model the geometrlcal problem is simplified)

_ In the direction 8, # we obtain (¢ G ' G, and Gy. Since sum and
difference signals must be obtalned by adding a.nd sSbtractmg on a voltage basi 1s,
we have for the sum channel gain’

GB=A8@‘_G:ch;+.€ +‘fc;‘ )2

where Ag is a factor to account for the modification of the peak gain by the
monopulse action. -

Similarly

Gy = A, (ﬁ:+ﬁ -Jq -{G:)z
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It was then necessary to find the angle between the LOS and each of the 5 beam -
-axes. The approximation represented by Eq. 8.6 gives the gain in terms of
"8, § of the LOS directly. In the vicinity of 8 = 90°, # = 90° we can treat 8 and

.# much the same as we would treat rectangular coordinates. Thus with Eq. 8.6

(9.1)

(9.2)



AB (Jaa -JG " " ) L (9.3)
: Quadrant can be determined by the phases of the dlfference signals compared to

~ the sum (on a field strength baais)

If we let'

10w

" where P and T are given by ‘Eq.v 8.2 and 8.3 and where

w=logge = 0.43420a482 . 9.5

and if we let

o = . - : ©.7
6 =0 +40 _. - ( __ ‘)
then
o | . |
G =A G exp[-P(4p)2-T(A0)2][4 cosh FVAP csh TUAO] (9. 8)
s & °F o 10w 0w )
o,
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Gy = B Gpexp [_’V P(A¢)=f T_iAO) [l» cosh PVA S sion . (& 9)
' ' TUAg ]2 ‘
10w -

Gy = Ag Gy exp [- P (.A 82 + igA 0)2] [h ginh PVAS cosh TUA o] (9.'10)

10w 10w 10w

~ and

Gy = 'Gi , chp [- P'(A¢)2 + T (Ao)"a] o : (9.1.1)’
o . 10w - :

The only actual gain value needed is Gp,. The tracking system will
-utilize the error signals normalized with' respect to the monopulse sum signal.
Thus the output of the monopulse model will be G, G /G and Gy/Gg (plus
the quadrant information).. The required error mgnal ratlos are

o - tamn® (TUAO | - ‘ (9-12)
Gy 10w o '
and’
G, = tanh® [ BVA | (9‘ 13)
oy - () e
G . .
[S)

- For the 4-horn case the sum channel of the monopulse is the service
channel. For this case it is necessary to evaluate AS so that Gp(9, #) = Gg(o, #)
may be found. For the no monopulse -or the 5 horn-monopulse we do not need to
evaluate Ag.
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The quantity Ag may be found by performing the integration
2T - a ' | : -
ff G’s (6, ) sinodaedag = ukrw ‘ (9. 15)
00 .

Unfortunately, the model for Gg(9, g) is not valld for all 9 ¢ But
the model is best near 0,, §_where its contribution to the integral is most
important. A reasonably good value of Ag can be obtained by limiting the range

: of integration to a small region around On» ¢ which we shall denote by T .

' Speclﬁcally, v
b

. _ ¢ (e, @) o '_ o
16 A G = //s —  sincacad (9.16)
v _ ; 16 A G ) .
o s 'p o |

T .

: We already know G,, the maximum value of Gr(8, ¢) as ngen by _
Eq. 9.11, We can find the va ]lue Cr that the above process would yield. Thus,

G = _ . | | . - -
y ff GT.(O, d) 's;n-g_godxé - k - (9.37),

T ©

L o ,
f/‘ exp [- P (A Qgélng (Aof] sin9ded (¢

The ratio of Eq. 9.16 to Eq. 9.17 is the gain loss due to the monopulse action
as compared to that that would be provided by a single horn on axis.

Thus, the maximum value of Gg (On, ﬂ ) 18

_ . Y @ (9.18
G (on, ¢n) (16 A G ) Gy (S.18)
— Gy
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- If the model were perfect, then Gy, would be equal to G, and Gg (8n, #p) would be’
the value obtained from Eq. 9.16. By using the ratio 16 Ag Gp/G, to modify G;,
we obtain a better model since some of the inaccuracies in Eq. 9., XG and Eq. 9. 17
tend to cancel. :

Finding the peak value of Gg is only a problem in the four-horn case.
When MON=4, the integrations indicated by Eq. 9.16 and Eq. 9.17 will be
performed for the first set of values 6, §. The peak value thus obtained for
Gg (8, 9,) from Eq. 9.18 will be retained for all subsequent LOS positions
~ for the same case.

3.2.1  Antenna Cantrol sttemkl'{odel

This section descrlbes the mathematical model used by the simulation pro-
_gram for the antenna control system and has been extracted from the Task 1l
Report = Math Modeling of High Gain. Antenna - dated 1 March 1972.

 The programming of this modeling is contained in subroutines CNTRL? and -
‘ SERVﬁ : ,
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3.2.2.0  MODES OF OPERATION

3,2.2.1 REFERENCE FRAMES

In order to discuss the several modes of operation to be simulated,
three of the orthogonal, righthand reference frames that will be used are described.
The antenna reference frame (A) has, as two of its axes, the negative boresight axis
and the inner most gimbal axis. The IMU reference frame is fixed with respect .
to the space station. The gimbal angles are Euler angles relating the angular
position of the antenna reference frame to the IMU reference frame, assuming
rigidity of all members. The outer gimbal angle (about the axis common to
the boom and gimbal ring) is o and the inner gimbal angle is B . The IMU
senses the angular position and angular velocity of the IMU reference frame with -
respect to an inertial reference frame (I).

3.2.2.2 COMPUTER COMMAND MODE

In the computer command mode the antenna angular position command
is computed by the on-board digital processor as a function of the ephemeris of
the relay satellite at which the antenna is to point and the position and attitude
of the space station with respect to the inertial reference frame as determined
by the inertial measurement unit (IMU) and the on-board space station ephemeris.

A spiral search scan may be superimposed for acquisition of the relay satellite’

RF signal. For slewing to a relay satellite, limits will’'be placed on commanded
angular rates commensurate with mechanical limitations. The antenna angular
- position command is converted from components in the IMU reference frame

to gimbal (Euler) angles prior to being compared with the actual antenna position,
as shown in th. B-1. :

_ The rate stabilization shown as a block in Fig. B-1 and in detail
in Fig. B-2 provides the rate feedback path. In order to reduce the disturbance
input effect of space station attitude changes on the antenna angular position
with respect to the inertial reference frame, the space station angular rate is
added to the antenna angular rate in the IMU reference frame.
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3.2.2.3 MANUAL COMMAND MODE

It is assumed that the manual mode is used to bring the antenna
to a fixed orientation relative to the inertial reference frame and that the
manual command signals originate within the space station by someone
making appropriate settings of input devices and then initiating motion.

Only step angular position commands relative to the inertial reference

frame will be simulated. The commands will be converted to gimbal angles

~ and then compared with the sensed gimbal angles to form the positlon error
signal as shown in Fig. B-1. .

3.2.2.h ~ RF AUTOTRACK MODE

‘In the RF autotrack mode, using a sufficiently strong RF signal
being received from the relay satellite, the angular position difference between
the line-of-sight to the relay satellite and the antenna boresight axis is sensed
by the monopulse system. The servo is automatically switched from the search -
scan computer command mode to the RF autotrack mode when the received -
signal strength exceeds a preset threshold level. Since the receiving antenna
‘beam shape changes as a function of carrier frequency, a corresponding error
signal gain adjustment must be made as indicated in Fig. B-3. Next, the error
. signals are converted from the antenna reference frame (the frame in Whlch o

‘they are sensed) to the gimbal (Euler) angles.

When in the RF autotrack mode, the gnmbal angle sensor outputs
may be used to correct the on-board program which computes the gimbal angle
commands required to point the antenna at the relay satelllte, i.e., to update s
the computer command mode program. o
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3.2.3.0 - C._O;NTEQ. LAWS
3.3.3.1  OBSERVATION OF OUTPUT s'rA'i‘Es

The control laws (more than one will be modeled and simulated)
will use the angular position and rate of the antenna about the gimbal axes when
in the computer command and manual command modes. When in the RF auto-
track mode, the angular position error signal is developed within the monopulse
system but the gimbal rates may still be used directly. Fig. B-4 indicates
several alternate sources of information for the control law. When in the
computer command mode, gimbal axis angular rate information may be sensed
by a rate gyroor a tachometer, or estimated from the gimbal angular position
- sensor output. : ,

3.2.3.2  STRUCTURE

Control law alternatives are shown in Fig. B-5 and include integral-
error compensation, derivative-error compensation, and derivative-output
compensation. The control law outputs, which are the compensated error
signals for each gimbal axis, are the inputs to the motor drive electronics.
As is indicated in the figure, the math model includes both linear and non-
 linear control law alternatives. The control law selected is implemented -

within the three "galn and compensation" blocks shown in Figs. B 1, B 2
.and B-3. : . A

3.2.3.3 VISIBILITY

Possible obscuration of the relay satellite by the earth or by
portions of the space station is monitored using visibility discretes. If the
antenna servo system is operating in the monopulse autotrack mode and the
line-of-sight to the relay satellite is obscured, it will be possible to
automatically switch to the computer command mode.
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3.2.1 . DIGITAL PROCESSOR

The sampled-data effects of digital processing will not be simulated
because the Adams-Bashforth integration package which will be used, has a
variable integration step size. Simulation of a fixed sampling rate ~ontroller
would introduce a discontinuity at each sampling instant which would require a
re-initialization of the Adams-Bashforth integration package, thus substantially
increasing the computer run time. This also precludes simulation of random
effects using a random number generator. The entire servo simulation will
be deterministic. All digital processing will be modeled as continuous signal
processing. - : o '

76

LOCKHEED MISSILES & SPACE COMPANY



3.3.1 On Board Computer Model

This section describes the 'mathema;*‘t".ic_al model used by the simulation pro-
gram for the on board computer and has been extracted from portions of the
Task 2 Report — Mathematical Model for the Pointing Requirements of the

Space Station High Gain Antenna ~ dated 28 Oct. 1972, and the Task L Report — '
Math Modeling_ of Interface Computer — dated 130 March 1972.

‘The progrannn:mg of this modeling is cona:l.ned in the subroutines @BKNMT s -
¢BEPH3, ¢BEFH1, ¢BEPH2 INTSSl, INTSSZ @BSTCL, ANTCOM, and CLBRTN which

are called by SETUP to compute the antenna gimbal angle commands predicted -
by the on board computer.

17
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3.3.2 Camputed Space Station Kinematics

The on board kinematics computations are eimulated by the subroutine @BKNMT.
The  function of these camputations is to detefmine the space station attitude
relative to the arbital reference frame from the initial attitude and the '
time history oi‘ the space statio:n and orbital reference frame inert:.al rates.

Within the subroutme the relative space st.at:l.on attitude is spec:.f:.ed by t.he‘

euler parameters (q s «««» qh) of the rotation which would align the orbital

reference frame (0) with the space station reference frame (C). When this -

" rotation is by 'ohe angle ¢ about the axis € the euler parameters are defined
as

q 4 € s‘iri (0/2) -

>

€ sin (0/2)
y & e

q, g cos ((p/2)'A

_ where
€
e | - ta, - e
€
2.
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' The time derivatives of these euler para.meters may be expressed in terms of
| the ccmponents of the space st.atian and orbital reference frame angular

elocities (w and w wol reSpectively) as .

q) —ql-
Q@) . %'(Oc~+ 5) %@
-ql‘J N .qh.J
. v
- - . |
0 ¢J’3 -af2 u?l : ,;yl_
| . o P o & & L |
o Q é 3 1 2 [":,C.'I] - e
@  “luow oog TR
:ufl _"'fz -“?3 | o J | .- L. 3 -
~
[0 oy A - 8]
‘a é -(,,03‘ 0, . “%. -OPZ [Z,°‘I] - e
R T S I o 2
| | | £
o S 3
& & & of O]

- o
and the direction cosine matrix for the orbit frame to platform frame trans-
formation may be expressed in terms of the euler parameters as
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WY AR tyy) Ay 4y-e9)

(Te/od = |29y 9, - q3 qh) -qi + qg '¥q3+qh 2(q, a4 + 9 9)|

2qy a4 * q2 qh) 2(qp a5 - ql,cih) : -cii -qg +q§ mﬁl

These formulations are derived from the classical works of Euler,.Rodriques, _
Hamilton and others and are documented in a Lockheed internal report by
" E. F. W’erben.1 _ ‘

. The above differential equations’for the four euler parameters are numerically
integrated and used as indicated above to obtaln the dlrectlon 0031ne matrix
f[T ] as a functlon of time.. ' : '

1l

A Four-Véctor Method of Describing the Rotatlonal Motlon of Rigid Bodles,
E. :

F. Wélten, reo. 198L.
80
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‘time (%), the X, Y, Z components of R (Y
"X, Y, 2 components of v (Yih’ YiS’ T respectively).

3.3.3 Computed gphemerides ‘

The relay satellite ephemerides .are canpu'bed by subroutines ¢BEPHl & PEEPH2,
and the space station ephemeris is computed by subroutine ZBEFH3. The com-
put.ations are 1dentical in all three -of these routines.

The an-board ephemeris subroutine @BEPHL computes the'position vector R and
the inertial velocity vecﬁor ¥V by means of the approximate formulae that
would be used by an on-board computer. While there are several possibilities
for on board ephemeris formulas this first version of @BEPHL (¢BEPH1/LA.GRAN)
uses 8 point lagrangian mterpolation for each of the components of R and 7.

For each of the 8 time points, values afe supplied at initialization for the )

11° Yi2’ YiB respectively), and the

The components of R and V.ar.e then computed as fu_nc'f,ions of time (t) accord‘ing"

»'_to -

| |y

v__[R]E = 1% mE = 1%
| Zy 7
a8 b -t
Z; b3 Q T550 Q é787'1;--t

For the space statioxi the orbital reference rate (Gr) and the carth frame to .

orbit frame transformation matrix ([To /E]) are camputed from

'&r = I I Rx‘)
81
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) 1- .s-- a ’
=TT wr»xR
[wrl 'Rl . E

[N -

.‘ é[‘i

This expression for w is an ap;n’o:d.mation which neglects the very small com-
- ponent along the orb:.tal z-axis due to gravitational acceleration along the
 orbital y-ax:Ls (an earth oblateness effect) The expression for [TO /E] in

4terms of R and 7 is however exact, mth w being used as an mtermed:.ata
function of R and V. ' :
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" 3.3.L  Earth Qcoultationof 1gs (#BSTOL) < . .

— . |e—REQ + 150,000 ft..
e ~ Figure 8.1 Earth OccultatianGeametry

The . obJect (relay satellite or ground statlon) located at R is con51dered ‘
'to be visible from the station located at R if the line of 31ght between ‘
the station and the object doés not pass through the sphere of radius

REQ + 150000 ft centered at the center of the earth. This model neglects
the oblate shape of the earth (a variation of about 70000 ft) and assumes
no effect upon the line of 31ght above an altitude of 150000 ft.

The compulations are performed as’ follows: the angle (a ) between R and RD'

' is compared with the angle (a ) deflned by

o Sin-l (REQ * gooop)
| ' lel
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and if a6 > a% then the object mﬁst Bé ﬁiSible and no further computaﬁions
are required. If @ < @« then the object will not be visible if it is on the
opp051te side of the horlzon from the statlon, 1.e., if the projection of 1
R on R is 1ess than P '

&'

P = (REQ + 150000) sin a = (REQ ;F}SOOOO)
3|
S

2.8 <(mEQ+ 150000)2
(o] s .

The condition for line of sight interaection'with the earth (approximation)
" is then ' | o | |

e . o 2
< : <
_ozo ozm_ and Ro. Rs (REQ + ;I.SOOOO) »

8k -

{ - . ' . .
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3.3.5 Space Station

~ Discussion

" The obsectlve of this function is to determlne whether the line of sight
(specified by the unit vector S) orglnatlng from the antenna gimbal point
(spec1f1ed by the position vector R) passes through the Space station '
ellipsoid envelope (speclfled by the relation x /é +y /b 2/ 2 ='i).
The method used is to analyfica_lly vdei_:ermine the minimum value of the
quantity - ‘

Q 2/a2 ‘ y2‘/b2 +_52/02'

along the line

x = R +8 d
- X X )
y = R_+8 4
v y Uy
'z = R +8S d
2 2

(where d is the forward distance along the line of sight from the antenna

 gimbal point), and then to observe whether or not the minimum is less than 1 L

and occurs at a positive value of d. Both of these conditions being met .

indicates an intersection.

Settlng the derlvatlve of Q with reSpect to d equal to zero indicates that

Q is minimum when d has the value

o SxRx/a2 . SyRy/‘bz +SR /¢
o 2 2 2
T s T+ (s )

and the minimum value of Q is - A . -

R +S d) fr +5 d R +8 d
Q = .a<..._-.>£..°} wfL—x o} 4 2_2 o
0 : a b : c

85



. In terms of these quantities the -'consition'foi'_liﬁe of sight intersection
with the space station envelope is - e '

4 >0andQ <1
© ° A
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3.3.6

Discussion

Gimbal Angles and Rates (ANTOEM) . .

The equations which form the basis for ANTCﬁM .are given below.
angles are obtained from the line of sight (L@S) vector coordinatized 1n the
earth frame (E) assuming a roll, pitch (R/P) rotation fram the platform frame

(C) to the antenna frame (H).

The gimbal

The object is to find the gimbal angles (& and

B) which cause the LgS to align with the negative z axis of the antenna frame.

=

= RR - RA é'L¢S vector coordinatized in E frame
E E ' ‘

L= (g, §>é Magnitude of the L@S vector

- L
c OFg
Ty = LAY, Loy $ e
- [r o o]
[a), =0 ce saf
0 -sa caf
fc8 o -sf]
(Bl, =j{o 1 .0
s o
0
L =]o| =
H -4
Defining L. = lz
e o

T

= L@S vector coordinatized in C frame =

L#S vector in H frame after the gimbal rotations

@ Transfornation fram G frame to H frame

a rotation by @ about the x axis (

a rotation by B about the y axis

- 87

LOCKHEED MISSILES & SPACE COMPANY

sa

Cu

- g >

' sinCX)_‘v
‘cosa/



R
, il
g
=]
g
e g
N—"

™
n
o
5
e
=
W) »
N
~R

.
=]
e
n
S
L

Where the signs are chosen to align the negative

2 axis with the LgS vector for B = 0.
Similariy | | | .
| '('Cﬂ) 21 + (s sp) &, — (sB Ca)"‘;‘B =0
wmo £, - Usa) 4, - () £;) tan 8 |
Noting that (sd)[a“— (ce) 23 = (s0) (caj 4, ?. (ca)? 3
' ' ' Ca | .
. SSa)z £, - (ca)? !.3 A

co Ca
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s

or o B =

Hence

1 ; ’
i

where the signsfwere chosen (for o = Q) to align the negative 2y axis with
the L@#S vector. -

The determination of signs in this equation can also be arrived at from con-

sideration of the third equation: o '
L1 oy _ . .

l L - SB ..2cﬁ_sa+13o30a

The express1ons for the glmbal angle rates (a B) can be derlved from the
follow1ng startlng point.

Assume that the following variables aro‘known

c-1

w = angular rate of the platform frame (C) w1th respect to ‘an
1nertlal frame (I) ' ‘
1 . . _ ,
RR = +time derivative of the relay orbit radius vector with respect
to an inertial frame ' ' ‘
I . _
RA = +time derlvatlve of the platform orblt radius vector w1th
respect to an inertial frame 4 '
TC/E = transformation from earth frame (E) to plaform frame (C)
a, B, TH/C — as defined previously
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Since L = (RR-RA)A
I I I\ -
L = \RR-Ra)

| c

then L = (CIx.L)+L
H - ¢

and L = L+(wC’H x,L)

L]
Ha
l
—
&
b
=
S’

It is de81rable tﬁ coord:matlze the above equatlon in the ant.enna frame (H)
" since both L and L have sn.mple representations in that frame. Assum:mg ‘the
~antenna to be tracking the L¢S perfectly o

" —o- K
L =10 L - range
H -4
- Oq
H . | |
L=1]60 l._-= range rate
H . '
L.la
Hence
H H-C
L L (w b 4 L)
H H H H
where - . dl
c . -
L = |4, (for convenience)
H _
d
3
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B -B C8 « (0] .
Canbining the above‘
0 d1 B -
of =-|d,| + [|<cBa|l-
-4 a o

range rate f = -d

91
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3.3.7 Calibration Model (CLERTN) = .,

The calibration model is a "best fit" of the error between the open loop -~
generated vgimbal angles and those gimble angle profiles which exist when the - 4
‘antenna is tracking via the manopulse RF link. The term "best fit" will be

used in the sense of least square. The.procedure for obtaining the best fit
is described in the sequel. ' '

When the antenna is tracking via the RF ‘monopulse link the actual gimbal
angles will be used as a refer'ence. If the computer generated gimble angle

' commands were exactly correct there would be no difference bet.ween the gen-
erated camand and the actual gimbal angles of the autotrack mode. However, .
' due to misahgrments s thermal distartions of the beam and other error sources, :
the canputer generated commands will not be exactly correct. Hence, wlule
in the autotrack mode the actual gimbal angles. can be canpared with the cam-

manded to produce error data. This data can then be fitted to same select_ed .

model. See Figure 5.0-1.

| ac im - e. ..Bc +.m.

Figure 5 0-1 Comparison of Actual and oammanded G:Lmbal
Angles During Autotrack Mode

The model which m.ll be used in the sn.mulation to represent the g1mba1 angle
error is

€ = .Aa + Ba> sj.n oso(‘t;-to) -'rca.cos‘.oao(t-.-t;).
- & = AB + ep sin w;(t-to) + ¢ﬁ cos wb(teto)
. where 'wovis the arerage orbit rate . ( LA
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. However, in order to illustrate the fitting procedure the follow.lng simple
model will be used '

_ € = Ay *Bysinw(t-t)

Eﬂ = Aﬁ + BB sinwo(t-‘oo)

A e
Defining x a % | (treating the axes independently)
) ‘ Ba . - .
~ 1 e 7]
€a(t1) ea.l»
- A ' A v
R A eoz(tZ) = eaz
o l_60‘(1:11)_- L Ga_
. : 3 5,
1 sin w(.t -t )
A .
¥ = 1-,ainwo(t-t) x = HX
1 sin w(t -t )
. -
. ' A )
The object is to find an X = X such that
1.0 .4 AL A1 A
5<y-HEX BEX> = 3<z,2> = J

is a minimum.

i‘oe .
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The above equation implies
Co gT y .= H:r 'I-.I' X

Therefore if [H' H] has rank two [H' H]™' exists and
. B |
Y- watdy

It is suggested that during the actual callbratlon that the data vector y be
- £illed by taking po:.nts equally ‘spaced around the orbit. '

'The simulation will contain the capablllty of adding in the error model
specified previously, but it will be up to the user to generate the coefficients |
for the. best fit. The simulation can be used to generate the dsta from which -

- the fit can be made once all the important error gources have been added to the

' program. Bias and thermal errors will be the error sources whlch will be mamly
-compensated. ' ‘ '

. By doing this type of calibration it should be possible to reduce the overall |

 pointing errors of the computer steering mode of operation. It will also -

reduce down times, i.e., if the monopulse momentarily looses track and the . -

' ~ computer steering is immediately Jm.tlated > @ reacquisition search mode Trequire-.
.'ment will be less likely. '

3.4.1 Actual Dynamics, Kinematics, and Geometry Model

This section describes the mathamsticai model used by the simulation- program
for the environment in which the antenna system is to ope}rate.v Portions have:
been extracted from the Task 2 Report — Mathematical Model for the Pointing
Requirements of the Space Station High Gain Antemma ~ dated 28 Oct. 1972,

and the Task 3 Report — Math Modeling of Influence Factors - dated 22 May 1972.

- The programm:.ng of this model:.ng is contained in subroutines KINMAT ANTDIN,
EFHEM1, EPHEM2, EPHEM3, SUN, and M@ZN which are called by SETUP to determine
the actual line of s:Lght and sun vector directlons.

o)

LOCKHEED MISSILES & SPACE COMPANY



. 3.4.2.0  Antenna Mounting l_)mamic's and Deflections (ANTDYN)

The antenna dynamlcs model has its origins in some work performed by

G. Margulies . This model was modified for further work at IMSC. The model
at that stage was present in Appendix D of the original proposal for the '
"Camputer Simulation of Space Station Computer Steered High Gain Antenna".
The model cdrntained within this section is a modification of those equations
to meet the purpose and assumptions of this study. The resultlng model is
described in Section 3.1 of the Task 3 Report.

In order to include the effects of the amtemna. boom flexibility (and space

station flexiblllty in general), the dynamics equations could not be separated

from the flexibility equations. Hence a great deal of effort was required to
'_ obtain the equations describing the overall rigid body and flexibility model. -

T'o accamplish this most efficiently, the aid of G. Margulies and his associate -
- J.Ho (of the R and D division of IMSC) was enlisted. The work presented is
' g . a condensation of the work dome by J. Ho in May of 1972. It is felt that this

‘ _relsulting model corroctly models the configuration of the space station gim?
balled antenna. However, ‘there may be some difficulty in actually arriving
at the required parameters associated with the flexibility model..

*G. Margulies, "Mathematical Model for the Attitude Dynamics of the Apollo
Telescope Mount Satellite, LMSC/T-50-66-1, 12 December 1966.
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3.4.2.1 Notations and Defihitiohs

Square brackets ([ ]) are used here to indica‘be matrlces with the symbol or
symbols J.ns:Lde labelling the whole matrix (one symbol) or the individual
elements (appropriate number 61“ symbols) or partitioned submatrices (appropri-
‘ate number of symbols spearated by dashed lines). Vectors and diadics |
(operators) are indicated by symbols with ane or two (respectively) bars over:
them. When.a vector or diadic .gymbol appears inside of a set of square )
brackets with a subscript P, or A this indica*bes the matrix of coordinates of
the vector or diadic in the space station (P for platform) or antenna (A) |
ref‘erence frame.

The symbolns’ used here are defined in the following lists.

Antenna Characteristics

A . K
TA = inertia diadic of antenna
mA é mass of antenna
'§2 4 displacemsnt vector » antenna center of mass to

hinge point

up» V

EB unit vector in direction of antemma fixed gimbal axis

‘Sgce Station Characteristics

m 4 space station mass

displacement vector, undeformed space ‘station center of mass
to hinge point '

unit vector in direction of space station fixed gimbal axis

|
0w 1>

bené:'mg mode frequency for free vibration of non-spinning
space station in mode described by © (velow)

noe

bending deformation mode shape ,' a vector function of spatial
coordinates which is analytic, has zero value and zero curl
at the hinge point. '

96
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' In the following definitions f ( 7)'_ dm_.-fi'ndiéatés integ'ratioh_'over the mass
- P ' ' :
distribution of the space station, and r1 is 'bhe d:.splacemen'b vector from the

hinge point to the element dm.

o : {‘p? dm

) Q m-l- f © dm o
PP -
T 4L/ G o an
PP : v
E,' a ;%—{2902 E-@ordm, E is unit diadic ‘
I 2
> 8 1ﬁ(¢.r)E-a;$
m
P
Y Y A i - 1= |
S _Vc = bending mode slope 5V x @ at control posit.ion
Variables
- A ) . ) - )
w = angular velccity of space station at hinge point
: Z:c- 4 angular velocity of space station at control position
o é gimbal angle about ga | |
B é gimbal angle about 35
A A :
'q *# bending coordinate in terms of which the translational and

angular displacements of the space station due to bending
are given respectively by q c-p. and q %V x -cﬁ
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Forces

torque about gimbal axis e

.Ta
T.
B

torque about g:lihbai axis e 8 ‘ !

Derived Quantities

| e o ma es ,

A- —_ o
(el = [-[_ed]P ; [e.ﬁ]P]_

émA*‘mP S

i‘“A’“P/“’TV

2~ ’“B{(,ﬁz‘ Ez)ﬁ'ﬁzﬁz};

A5 .%

a * Pz

n ia?faf ;B
g = aﬁ('e—axgﬁ)+(wxn)
ﬁi é ?R-l.fQ?
,S a ZqE—E‘xii _ _ o
g 2 -@+MxL.@+M-L.3-nFx(@x5
= é . | - = —t - . S
Bp © '"B:{(Rl‘ R E-R B
e ff‘iz | v

é - -
[XJP; mB [R2x¢]P
M = m —miéz/m.l.
(41,2 my (T+(2F -2R,) &)
blp = my Y+ m';al"qu x @ lp
K é (m¢-mpa>2) wq2
:f é—Kq4‘-m w (ﬁ*-l-qﬁ).a
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3.4.2.2 Antenna Dynamics Eeﬁations '

For the special case in whlch t.he space station dynam:Lcs are not consndered _
and the space station rate w s and acceleratlon w are treated as known mnuts _
the an‘benna dynamlcs equations may be expressed as S

e | k| |
-—-—————E—-—--.——.B.J =
T ! : .
61" (el : M | L:‘i N
- B Eq. 3.0.1

l_v/ f - [‘HT [w]

'where the subscr:.pt P has been dropped from [G] [f] | [IJ [Q ] [ﬁ']

(41, and [w] both for clarity and to emphasize the fact that the equatlons .
are independent of the reference frame chosen for coordinatization.

Equation 3.0.1 was obtained from Ref. 2 by straightforward translation to the -
notation of Ref. 1 followed by specialization to the antenna dynamlcs only
case considered here.

Since the space station is not rigid its angular velocity is not unique. The
w which aprears in Equation 3.0.1 is the space station angular velecit.y at the
hinge point which is not in general the controlled. Part. of the ‘swce station
for which the angular velocity L-uc and acceleration .‘:é are known. These
quantities are reAlated by characteristics of the bending mode shape:

« = w+q¢c 5 ' ) Eq. 3.0.2
99
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. 5"‘ . .
. Since q is a state variable Eq 3. 0. 2 may be used {o compute @ from the mput

w . However q JS not a state variable and is not, available for the analogous
computat:.orn of w hence Eq. 3. 0.3 is combined wi, th EqQ. 3. 0.1 to obtain

\
~

-- | . | | . ! - .:-d-l 4 . X
61" (21 6]  [olf (18 - (R (7)) | ..
o R 2
RO IR G b .
- Ay
1 Ta ; N
6 @1+, | -6 &I
R i St Eq. 3.0:
| £-ur [w] | | |

These equations are ueed in the simulation program to compute the derivatives
& , B, and q of the state variables a, B, and q ranpectively from the state o
variables and’ the driving quantities Ta’ Tp’ w s and w supplied by other

elements in the program.
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3.0.2.3 Bending Inputs for'Sa.mg ‘e'Mod‘e sném :

'As an example of a flexible S/S model consider the simple case of a r1g1d main '

body with a flexible antenna mounting bocm depd.cted below.

e

- If the flexible boom is taken to be of negligible mass then the modal dis-' .
 placement ® is only important for the main body, where it may be expressed as

@ (7) é'—aj-az3+a1k-_=)
0
0, = |a<wz
, ay

The bending inputs for this mode shape are evaluated as follows: .

m(p _ fqo dm . /{a+az)2+(az)}

>

(L]
._UB
[
+
R
-}

101

LOCKHEED MISSILES & SPACE COMPANY



P

w1 AN N Ry
,‘[Eo]P_ n-:le,ﬂ-rTP'_{[ ¢lp dm‘:_".

5 4 1 s 1
@, & L [, o Lf|-a-02|
0
= -3 .
0

—11;1 a‘2 +1‘v1;[‘ 0 | .0‘ ]
o l2TP
. Q P P
S omg ° I = Iyz
P 1 2 P
0 - - m_a +1
B Tz 7% Z |

0 0 o ]

a |-12 -1P tP4+p 2l

= X "Iy w 2%
P S
P P . P

Iy Ly T
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>

(Y]
- -
- P
—_ mP IXY ,
- ]’_iz 2
L.
o |
wc]P =] 0 | for control system on main body.

0

" The mass distributlon paramet.ers (inertias) used in the above results are
defined ast ' ' o

‘ _ : I§ éé.xz dm, similarly forY&Z'.'

P A YT

IXY =) XY dm, similarly for X2 & YZ -
P , -

pA P, P

Iyg = Iy * 1> similarly for YY & 22

3.4.3 Actual Kinematics (KINMAT)

The mathematical model for obtaining the space station attifude from the 'Spacé‘ :
station angular rate and the orbital rate is :ldentical to that used by the on
‘board kinematics computations (Section 3 3. 2) '

® | o » 103
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. 3.4.4- Vehicle Ephenieriaes

Mathematical Discussion

The eqﬁations used by subroutine EPHEML t_b compu‘be the sat,ellite.ephemeris A
information are derived in the LMSC document The Motion of a Satellite About
an Oblate Earth, H. W. Small, Nov. 10, 1961, LMSC/AOB6756, and are more -’
clearly presented in the LMSC document Qle; Motion of a Satellite Abou% an. -~
Oblate Earth — A Guide to the use of the Solution, P. Norov, Nov. 29, 1962,
1MSC/A340246. The statement of these equations without the derivation is .-
presented here. A o ‘ | ‘

The positlon vector R and the 1nert1a1 velocity vector v coord:matlzed in _
~ the earth reference frame are obtained from the mstantaneous orbit elements:;j‘-‘_fr'
VP,A B, i, Q ubythe relations - -

i = P .‘ - /\.

R T ¥ T cwsu+Bsint °R

V= JF cos . in o)8, + (A sin- s u)d
Vv P [(1 +A cOoSs u .+.B s:utllu)eL + ~A sin u—B'ces, u) eR
where g = 17h076h5_x 1016 ft3 »/e_ec2 5

cos u cos {0 - sin u cos i sin Q
A . .
ep = |cos u sin Q + sin u cos i cos O .~ and.

| sin u sin i . -
. : _ T
— sin uwcos Q—cos u cos i sin 0

0>

L= — gin u sin Q + cos u cos i cos N

cos u sin 1

- G

10)

5
I
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The first five of these mstantaneous orbit element.s are obtamed from the "
mean orbit elements PB’ eB, wps ips QB (wh:Lch are ‘constants) and u by the_' e

relations

~
. {

>
"

0
n .

e
~ o
n

[

>

>

">

& 3, (EE-Q) = .0010827 (@%&)

np»

= P, (1+J201s1n 13)

A_+B G—J[(l-e)cosu(P2+s1n.1Bcos u)+‘

Bt Gt em )

: - N S
= BO—AOG-J2 [(]‘.-eB)‘s_Jlr? u-(P2_—s1n iy sin u),f~

“_,P'?_ A _(B + “(1 + ‘#o) sin u]
: 1 _
-2- 2 OL_L sin lB cos lB

2
P
3

% (coszu --’sin2 u_) +_2'(Ao cos” u = Bo _»_s'in3 u)

3u'-.-_Bz cosB,u
o

%sinu’cosu-l-BB cos u —A sin
o To.

e

s cos [wB-r% '32‘(2 -g sr:'m:2 iB) ul

e'B'sin [wB +.% J, (2 = g sin’ iB) ul

J, aé(l -% sina‘_ i) - 3 J, (Ao.s.irAx u - Bé cos u)
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while u is obtained by nunnerically_integrafing the equation

r‘ 2 o= (BY 2. . 2
(1+Acosu+B81nu) [1+3J' 3 cos 1sin ux
(1+Acosu+‘8 smu)]

.The transformation T0 /& from the earth reference frame to the orbit reofeIrence
frame and the inertial angular velocity of the orbit reference frame W

are ob?an.ied.from a. 313'euler angle_ transform;atlon‘mth angles QE’ i, u and
rates Q, i, u where '

%

A L , _ ) ;
0 - at, wp = angular velocity of earth = /72921321 x 10 b sec 1

i = i defined above

W, = umodulo21r - T . o - .

o - (..) ,[“(“A v B sinu) 2
3 Ty cos u’ sin u cos : sinv

i = E3J —— 1+Acosu’+Balnu) cos i cosusini

u = u defined above

followed by the interchange of axes given by the transformation

0 1 0
T =10 0 -1
X .
-1 0 0 ‘
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3.4.5 Sun Ephemeris

Mathematical Discussion

In the initialization section, Subroutine SUN first converts the input date
(e.g., 062767 for June 27, 1967) to Modified Julian Date (MJD), which is

defined as
Modified Julian Date = Julian Day Number — 2,400,000.5,

where the Julian Day Numbér is the number of days which have elapsed from
Greenwich mean noon on January 1, 4713 B.C. (Julian proleptic calendar),

%o Greenw1ch mean noon on the calendar date in question. (Thus, at noon

June 27, 1967, JD = 2,139,662, and MJD = 39,661.5.) The MJD is thus a mea-

" sure of the JD in which thev"Zh" is dropped and the day advances one unit at

midnight rather than at noon. '

The mezn orbit elehents of'the sun at midnight (oh GMT) beginniﬁg the input
date (or the following day if the seconds part of-the bage time is greater
than 86,400) are computed from formulas refbrfed to an epochvdaté of January
1.0, 1900 {(midnight Beginning January 1, 1900,MJD 15020) rather than January
0.5, 1900 (noon on December 31, 1899) as in Ref. 1, the Explanatory Supplement
to the American Ephemerls and Nautical Almanac. The distinction between
Greenwich Mean Time (or UT, Universal Time) and ephemeris time ET is 1gnored
for these purposes. lLet d be the number of ephemeris days wh¢ch have elapsed
from the epoch date to the base mldnlght date'

4 = mp-15,020. (NDAY(j_)),

also, let T be thls time period measured 1n Julian centuries of 36525
ephemeris days:

. T ~ 36525 ; ' B . | (TCNTRY)
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‘2, (ALONG EARTH"S
| MEAN SPIN AXIS

A oN BASE MIDNIGHT
DATE)

+

ECLIPTIC (SUN'S ORBIT)
OF BASE MIDNIGHT DATE

MEAN SUN

—> Yy

MEAN EQUATOR OF BASE
. MIDNIGHT DATE -

MEAN FERIGEE
OF SUN'S ORBIT

Y :
(TOWARD MEAN EQUINOX OF

BASE MIDNIGHT DATE)
Figure 6.1 _The Inertial Coordinate System and Solar Angular Orbit Elements
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Then the mean elements of the sun with respect to an inertial coordinate frame
(Fig. 1) referred to the mean equator andvequinéx of the base midnight date
are given by the following. expresgsions (cf. Ref. 1, p. 98):

 Mean anomaly M@, measured from mean perigee of the sun's orbit, along the
ecliptic to the mean sun: '
M, p = 3582 96863013 + (1° — ¢ 014399733) d
s _ _ . . o
-~ ¢ 00015 T_2 — ¢ 000003 73 . (cM)

Mean eccentricity egt

eop = .0167510394 — .00004180 T —.000000126 72 (ECC)
3 .

~ Mean obliquity of the ecliptic €: -

eB = 239145229382 - 20130125 T - ¢ 0000016_h 72

+

(4]

000000503 T3. -~ (OBL)

Geometric mean longltude LQ, measured frqm the mean equinox of the base,
mldnlght date, along the ecliptic to the mean sun:

Ly p = 280¢ 18950367 + (1° = ¢ 01435266L6) d
3 .

+

0

000303 12, . (cn)
All of the angles are taken modulo 360° and converted to radians.

In addition térthe base solar elements, the Greenwich mean sidereal time
(GMST), also referred to as the right ascension of Greenwich Ob or
(1mpre01se1y) the Greenwich hour angle GHA is computed ‘at the base midnight
date:

% 1002 18118494 + (1° — ¢ 01435266L6) d’-- A (cavG)

i . is a],otakennmﬂu]o 360° and converted to radlans
) |
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On subsequent calls, Subroutine"SUN-compltes the inertial and earth-referenced
direction cosines of the true sun at any time T -(i.n seconds) after the input
base time of the run, or TIME = TIMERF +T seconds after the base mldnlght
date' start:mg from the mean angular elements at this tlme,

My = 'M@ 5 + 1.9909687222 x 1077 . TIME  rad. O (aM)

| 1, - | |

Ly = Lgp +1.99106380L x 107 . TDE  rad., (AL)
, N ' . ! . .

the true longitude of the sun hg is found by computing the equation of the

center € from a series expansion in the mean anomaly (Ref. 2, p. 77):

"o
Ay = L+ &, o rad, h (arss)
where - |
é‘@ = (Ze—HeB) sz:LnM+(2 2 —Ee"‘) sm2M

L1303 (ImRG)

1% ® sin 3M + —gehs.ln kM -

(E+—-e cszM 125 e2 sinzM)ecosM

+ (2 + 3o cos2 M- -,=3"- e s:sz)] esmM,

_ ) ,
and e is written fo; .eO,B'

The error in truncéting this series expansiop at the eh term is of order es, .
or 1 x 10"-9 radians. The inertial direction cosines of the true sun are
then | o |

p - ) =l . 1

A
l’@,I |eos A | |
m,x | = gin AO }cos % | . (s1)
No,1 L-cos Ao gln % .
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To find the direction cosines in 'the earth-fixed coordinate system, the earth-
to-inertial transformation matrix TEi 'is used: At TIME seconds after the -
base midnight date, the GMST is .

% = %5 1o ke, (om)

where Q. is the inertial rotation rate of the "eavrt}vl,
%I‘ - 7f2?21151h7 x 10"S rad/sg‘é. | A(QI‘GE)
ﬁeglecting precession andfnutation effects, TEi may be written
cos & 1.-sin dh ; 0 | |

Ter = | sirlxoh:. _dog O o | (ETI)

Y 0 1 s

" 50 that the earth-referenced direction cosines of the true sun are

. . ) _‘
2o,k . Lo,1 : |
moe | = (Trr) | Mo,z | - (sE)
n n
| "0,E | | e,1

The magnitude of the radius vector froin the earth to the sun is then cal-

culated. In astronomical units s 1t is given bjr

R = (1-e?) (PAU)
0 - 1+eAcosTM0+‘V?‘;) .

Subroutine SUN also determines whether the satellite is in sunlight or not. .
The cconditions which must be satisfied for the satellite to lie in the
(cylindrical) shadow of the earth are (Fig. 2) 7

’~
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Figure 6.3 Orbit Beta Angle
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cos ¥ <O
| Rsin¢<REQ,

where REQ is the earth's equatorial radlus, R is the satelllte radial dlstance,
am¢1sme@wmumamhbﬂmmtmsmaMtMs%ﬂhm If%lsme
earth-frame unit vector in the solar direction, then the above conditions can

be written in the vector form

%ol < v

The 1nteger NIGHT is set to 1 1f the satelllte is in shadow and O if it is
'1n sunlight. '

" Finally, SUN calculates the "orbit beta angle" B (Fig. 3), which is the -

~angle between the solar direction unit vector ﬁé and its projection on the . .

satellite orbital plane. If  is the angle between Gérand a vector normal
to the orbit plane, . ' * ' .

sinf = | x"val (ngTA)-
then - | =
B = 90°-¢ . . - (BETA)
13
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"3.4.6 Moon Ephemeris

‘Mathematical Discussion

. In the Initialization Section s Subroutine MObN computes the mean orbit

elements of the moon at the base midnight date (see SUN Mathematics Section).
If T is the time elapsed from an epoch date of January 0.5, 1900 (noon on

December 31, 1899) s

¢ - MID-18, 019.5
B 36525 -2

" (TCNTRY)

then the mean elements with respect to the inertiél coordinate system
described earlier (Fig. 1 of Subroutine SUN section) aré given by the follow- _
ing expressions (Ref.: Explanatéry Supplement to the American Ephemeris and

Nautical Almanac )":

Mean anofnaly M« s measured from the rﬁeanj'luhar perigee along the orbit to
1 : '

~ the mean moon: Mg =€ ~T
My o = 296.104608 + L77,198:849108 T
b . .

+ 009150 T2 + 0000032 T> . o (a1)

Longitude of the mean aséending node Qg , measured from the mean equinox _

of date along the ecliptic:

Qqp= 259:183275 —193L 14200 T
Gy

+ .002077 2 + .000002 T3 . (aM1)
Mean argument of perigee wg@q, measured fram the mean ascending node along the

: t
lunar orbit: wgq ' -Qg,

751146281 + 6003.1760L1 T
| ”

“q,B

- o202 1° - 7009015 SR - (wm)

115
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These angles are all taken‘ﬁodﬁlo 360°:and'éonverted to radians. In addition,

the foilbwing mean elements are_cohsidered as constants:

Mean eccentricity eq :

= . Q ‘ . v ' : ’
eqp - 05490089 o (EcoM)
Mean inclination id :

sinig 5 = -089683uL8 ' S (SINI)

cos i(;B 799597032 : | : (cos1)

Mean semi-latus rectum, P‘. =ag (1 - ei ):

9

Pep = 1BTBSx . (@)

On subsequent-calls, Subroutine MOON cdmputes the distance and inertial

coordinate frame conponents of the true moon at any‘time T'(in seconds)

" after the input base time of the run, or'TIME:? TIMERF + T seconds after

the base midnight date: starting from the mean angular elements at this time,

Mg = Moy + 228027135 . T rad. | (am)
Qg = 0g —.000921422029. T rad. - | (a0
we = “’;x,B, +.0028685883 . Trad. ,
where ' A
T '= TIME/86,L00, =~ ' | (TDE)

The true anaﬁaly of the moon 94 is found by computing the equation of the
center G‘fiom a series expansion in the mean anomaly (see SUN Mathematics

Section):

0¢ = Moo+ & rad- (THM)
116
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where

a— ' - >'. . | 2 ) .,v ' .
é« = 2e¢’ p Sin I*I'I‘+Ee¢,B sin 2 M‘ .

The error in truncating this series expansion at the e2 term is of order

e.3, or .0002 radians.

The magnitﬁ.de of the geocentric radius vector is then

P _. _
¢.B
R_,= 2 © (RMS)
q l *eq p COS 64
and its components in the inertial codrdinéte system are
rx cos flgcos ug—cos i, sin 2,s8in u :
: = |(sin Q, cos u, + cos i, .. cos O ‘sin u :
Y¢,1 (sin Qg cos ug ¢,B ¢ T a) cos €,
— - o . ' ) '
in Qgcos uy + cos i cos {14 8in u,) sin €
(sin Ogoos ug * cos gy cos fgsin ug) sin €y
_ + g:.'n 1¢,B gln_ uq cOS GB
| . - | | R
where |
ug = O¢* wg (0)

and QB is the mean obliquity of the ecliptic, calculéted in Subroutine SUN.
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- APFENDIX A
DECK SETUP AND INPUT 'LISTS .

Th:la appendix describes the format and ordering of the data cards which are
read by the program to enter the input data.

Data cards are Flaced in the deck immediately after the program execution
- card (VXQT L@SP for the complete simulation program or V XQT PFINT for
the pointing requirements program) and are arranged as follows:

]
T -
_ A;QT LggpP -
' or
V XQT PJINT
A-1
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. /l- .

If more than one case is to-be run, one or more blocks of the following might
be inserted between the blank card and the "3" card (at ).

o BLA v LI S -
CANNDT DELETE PLUTS, ONLY MODIFY )
TRTE o RRRNGE PROGE CRIE 1T 7T T N

® 000 0 00000 00000000000000000000000000000600000000600000000000000

1214568783 0HRBIUBNYBMINANNADRYANVNNANNRUAHOUQAUGEAGADNINNDNRUIUIOHRQON

|lllll||1|g|llllI!IlllllllllllllllllllllllIlIllIlllllllllllllill

22222222222, 2222222222222222222222222222222222222222222221222122122
333).31:.0331.3333333333333353333333333333333333333333333333323333333
4444484444044 44442448444404848848444044404404644004333 080484000444

To change the "naminal" data, i.e. clear V-ARRAY and PREAD information before

inputing the next set, place a "2" card, (a 2 in column one) before the desired
title card. ' ‘ ‘ - '

CARD FORMATS

 Title
Column 1 must be blank (see General Comments at end for extended feature)

Data for V-array °

The data for the V-array is input in free field format:

/11 Vi L vy 1y vy ... LW

where 1, is a V-array position index and v, is the data value associated

with V(li)' Blank(s) (at least one) must separate the li'and v,, and L
‘need not start in column ane. L ‘

The 1, are in integer format with no included blank(s) allowed since blank(s)

are geparators.



The v, may use any of the following formats: - -
Integer - no decimal poi.nt in number
Fixed point - value has a decimal point ,
Exponential - number followed by the exponent as in floating point number.
All the following are valid and equivalent.
L2.5, 4.25 +1, 4.25E1, L425E-1

Example:

000000000L0000000C000 000 0000000000000000000000000ﬁ000000000000000000000000000

TE23 AN R T BANHBUBKRITNINNNAMNDBRYANDNRDNBRY NNV GOUGHTBHNN ?2VNOBBNBNOUGBUASONTINNIRNINRNN

(A R R NN A R R R R e R R R R R R R R R R R R R R A RERRER R R RN

22222212222 222222222222222222 222222222222222222221222222222222222222222222?222

33333:'33333333 3333 33353333331333333 33333331333333333333333333333333333333335
444844404444440444480400444444 44444444444444444‘4444444444444‘44444444444444‘444
5555555 5555555595 5555555555555555555555555555555555555555555555555555555555555

56556656665655 6666666666666666665666 56865655666666865SG56686686556855665665555

117177177777717717777711771777]7777777771777717717771777777777777777771771777771
6888808 88888688 B08B338858888888888888 8808838888888880988830868888888888888888888

999997999999999999939999999999999999999499 999999999999999999999999999999999999
n::.uulnsnnunuuuuuunnnunnununsuvnVn I:u.v c CRNAARN VUSRI PAONVOUBUTBORN DR IR AR
- S08 )

3 DATA MUST BE PAIRED, i.e., EVERY l MUST HAVE A vy e

PLOT DATA .
Plots fram the DEADAM paclcagé are available in four forms (see Appendix A).
The first three are closely related since their formats are derived from the

same array (PREAD).. For discussion, they will be referred to as Full frame,
1/3 frame, both produced on the FR-80, and p_r_:lgx_her plots plotted on the high

' speed prmter .



These three plot forms are specified in the following manner.

Full and 1/3 frame -

/P PydyPpdy - P d 5i-1,10
Py is the plot number |
d; is i;he channel information for plotting.' orn 'plot Py
d i may be any one of the following
00Y or Y will plot output channel Y va time
X00 | will plot time vs output channel X
¥ o  will plot X vs Y | |

X and Y must be 2 digits (1.e., 21, 02, etc.)

To designate that the first group of plota requested are to be 1/3 frame
(three plots per frame) use ’

/P'lOOOn

where n is the number of plots to be plotted three to a frame. All plots
numbered greater than n will be full frame. If n is not an integral multiple_
of 3, there will be blank 1/3 frame plots on the ([9-] + )W erams. :

Printer plots are rough plots received as part of DEADAM printed output. To-
get printer plots in addition to FR80 plots, use the following data card:

/L ni n2 n3 ...n:l

~where n, is-a plot number specified on a "P" card that is to be print-plotted,
the n, need not be sequentlal.




Plot Scale Card

These cards are again associated with the plots 'spclified on a "P" card and
will therefore affect both FR80 and printer plots. They allow scaling to
specified limits for these plots. B

Format

/EnOlivi...livi

Where S o Specifies Plot scale card‘ )
n . number of plot to be scaled (corresponds to a “P“ card
Specification) ' _ _
0 © dummy (not used) | _
1; limit being set (mst be grouped: if X min set, X max
o must be set) according to following table.
.]l ' ' l:lmit
3 . X min
b X max
s Y min
6 Y max

Data generated outside of specified limits will not
be plotted.

v ‘limit value. Pairs (1

s V
- (V-array position, dad

) have the same format as
1\13) pairs. .

Multiplot card

~ Multiplot allows the plotting of up to 10 channels vs the same abscissa; the -

plot is full frame. The multiplot card has the form

ank1112"°lklk+lv

A-S



where M specifies multiplot card -~

n o multlplot #
k number of ordinate channels |
1i channels tq be plot‘bed on ordinate, l1l=1, .. .,k
1lc +1 channel f,o be used as abscissa
(I£ 1, , , is O or blank, ~Jk,,iis assumed to be time.)

Scaling is automatically set.

General Comments:

A (@) punch on a Data or Flot cards will cause the program to ignore those
columns following the (@) punch on that card. At least one set of data :Lnforma-
‘tion must have been set before the (@) punch.

Title card extension: If there is an ™" in colwmn 80, ‘that card will be listed

: immediately, and the program will read the next card to get the heading informa- -
“tion. This will continue until the last Title card read has no "#" in column 80.°
This allows the user to append some camments before his V-ARRAY 1list out.

Entries in the V-ARRAY (entered via the above described data cards) are interpreted

by the individual subroutines of the program according to the following input l:l.sts.
The absolute location of an- input variable is its V-ARRAY index. Relative 1oca-
tions are also given since the starting index for the input data of each routine
‘(except ADAMS and ANTIN) may be changed (see input list for subroutine SETUP).



Variable

Name

Relative Absolute
Location Location

Input List For Subroutine SETUP/L@GP and SETUP/PAINT

Desc rip‘bion

Naminal -

NSSZRB
NRZRB1
NRZRB2
NVSUN
NVSS1
NADYN
NCNTL?7
NSERV{

NMNPLS -

NZBR1g

N@BR2Z
N#BSS@

.. NIDEF
Y  NKNMT
. " N@BKMT

E NSSRIE
 NCLERT

Sk ke ko %k

%k

GSLAT ¢
GSLEN ¢
GSALT 4=+

KFRINT
KDEBUG

. KRELAY

K@PT2
KOPT3

% ok ok ok ok

1

NV O N 0N\ EWw

10

11
12

13
g

15
16

17

21
22

23

L2

RES

¥ —= SETUP/L@ZP only

#% —= SETUP/P@INT only

input index for EPHEM3
input index for EFHEML
input index for EPHEM2

input index for SUN

input index for INTSS1l
input index for ANTDYN .
input index for CNTRL7?
input index for SERV@
input index for M@NPLS
input index for @BEPH1
input index for @BEFH2
input index for @BEPH3
input index for THERMD
input index for KINMAT
input index for @BKNMT
input index for SSRATE
input index for CLBRIN

ground station latitude
ground station longitude
ground station altitude

output option. index (not used)
# 0 ~=dabug outputs each page
relay to be tracked

option index (not used)
option index (not used)

-

LOCKHEED MISSILES & SPACE COMPANY

Units - Value -

deg
deg
N.M.

50
60
70
80
90
600
1
181
201
560
- 580
500
250
300
325
330
3Lo

= O



- IDEBF INPADM

Input List For Subroutine’ ADAMS'(\':’mternal integration routine)

Variable Relative Absolute

Nom:ihal

20 420 IDEBIN < NI < IDEBF -

# values set internally if input is O

A-8
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Name Location Location.  Description V Units Value
_ INPADM -~ 40O  not used - - -
IgIN INPAIM +1 1401  )discontinuities at - 0
o - {rpIsc(1) |
IAMAX INPADM + 2  }02 |I = IfIN, ... IZMAX - 0
TIGN INPADM + 3 403  initial on time |periodic = -~ 0
o , time ‘ .
TINC - INPADM + 4 - LOL period . B discon- - 0
TCOMAN INPADM + 5 405 on duration tinuities
IGUESS INPADM + 6 406 -1 to suppress output at - 0
i ' . i : disc. '
INPADM + 7 L4O7 > O to suppress output at sec. - 0
disc. except for V(L06)
| ‘ | ‘ . o<r< v(ho7§ : .
TL CINPADM + 8 408 initial value of time - sec. 0
TINT INPADM + 9 409  output interval . . sec. 1
TMAX - ~ INPADM + 10 L10°  maximum value of time sec. 150
NIMAX INPADM + 11 411 = maximum # integration - 13107
: steps L o o
IPUTM INPADM + 12 412  maximum # output lines -
DTIN INPADM + 13 413  initial integration step  sec. =7 *
' size , v
DTMIN INPADM + 14 L1l  minimum integration step ~ sec. 270 *
: size
DTMAX INPADM + 15 415  maximum integration step sec. 2+S ¥
: : gize ' : =
' . N\~ ¥
ADLL mPADM +16 a6 %error test limits - '23\_5 ®
ADUL INPAIM + 17 L17 o - L6\
EFCPN INPADM + 18 118  predictor error Limit - 1075 »
 IDEBIN INPAIM + 19 419  |print debug outputs for = 0.
+ 0



Input List For Subroutine = ADAMS (internal integratian routine) Continued

Relative

LOCKHEEb MISSILES & SPACE COMPANY

Variable Absolute o Nominal -
Name Location Location Description - Units Value
IERR INPADM + 21 421 1 to make predictor error - 0
P : - test ' -
' L@UTA  INPADM + 22 )22 1 to suppress plot output. - 0
IITMAX - INPADM + 23 1423 # variable output incre- - o

- - ments : _

NKXL INPADM + 2 L2}  initial output channel - 1

NXH INPADM + 25 L425 final output channel - 2y

TIF(1)  INPADM + 26 L426  1st interval output spac- sec. -
w , o | ing | :

TIF(2) INPADM + 27 427 2nd interval output spac- sec. -

TIF(3) INPADM + 28 428 3rd interval output spac- sec. -
S : ing o ' ,

TIA(k) INPADM + 29 429 Lth interval output spac- sec. -

~ TIE(5) INPADM + 30 L30 Sth interval output spac- sec. -
o - ing ' _

TEU(1) INPADM + 31 431 max. time for 1lst interval sec. -
TU(2) INPADM + 32 432 max. time for 2nd interval sec. -
TEU(3) INPADM + 33 4433 max. time for 3rd interval sec. -

- T@u(L) INPADM + 34 L3h max. time for Lth interval sec. -
TU(S) INPADM + 35 L35 max. time for Sth interval sec. -
TDISC(1)  INPADM + 36 L36 discontinuity time sec. -
TDISC(29) INPADM + 6l L6L  discontinuity time sec. -
ADDCAN(1) INPADM + 65 L65  additive constant 1 - 10 -
ADDCAN(2) INPADM + 66 U466  additive constant 2 - 10
ADDCAN(3) INPADM + 67  L67 additive constant 3 - 10
ADDCZN(Y) INPADM + 68  L68 additive constant L - L
ADDCAN(5) INPADM + 69 L69 additive conatant 5 - L

A-9



. Input List For Subroutine '_A:DAHSv'_(intemél integration routine) Contimued

Absolute

LOCKHEED MISSILES & SPACE COMPANY :

Variable  Relative : o _ Nominal

Name Location Location Description Units _ Value
ATDCAN(6) INPAIM + 70  L70  additive constant 6 - "
ADDCEN(7) INPADM + 71 L7 additive constant 7 - L
ADDCAN(8) INPADM + 72  L72  additive constant 8 - L
ADDCAN(9) INPADM + 73 473  additive constant 9 - L
ADDCEN(10) INPAIM + 74 L7k additive constant 10 - I
ADDCEN(11) INPADM + 75  L75  additive constamt 11 - L
ADDC@N(12) INPAIM + 76 u76 additive constant 12 - .5
ADDCEN(13) INBADM + 77  L77  additive comstant 13 - 5
ADDCAN(1L) INPADM + 78 478  additive constant 1L - 10
ADDCAN(15) INPAIM + 79 479 = additive constant 15 - 1
ADDCAN(16) INPADM + 80 - L8O  additive constant 16 = - 10
| ADDCAN(17) INPADM + 81 181  additive constant 17 - 1
ADDCEN(18) INPADM + 82  L482  additive comstant 18 - .005
ADDCEN(19) INPADM + 83 483  additive constant 19 - 008

A-10



Input List For SubroutineAV.ANTIN

Relative -

| Abs oi'ute

linear dipole, 2 for ‘
linear slot mode, 3 for
right hand circular, and
L for left hand circular

Variable. o S Nominal
Name Location Location - Description - Units Value
FLAG DXV 110 flag: if O ANTIN not = = 0
' : called _
BMW IDXV +1 ° 111  beam width factor .  deg 70
CSN CIIXV + 2 112 feed option parameter - 2.5
DBK IDXV + 3 113 dia. of aperture blockage in 0
DIA IXV + 4 114  reflector diameter ~dn 60
EFF IDXV + 5 115  aperture efficiency g 55
FIV IXV + 6 116 distance feed _to vertex in 0
FVD IRV + 7 117 | "
GFE IDXV + 8 118  peak gain of feed . = 0
GHZ IOxXv + 9 19 operating frétp’.:ency " G hz L
HUB IDXV + 10 ~ 120  radius of reflector "mb" in 0
)\ IDXV + 11 121  not used ‘. _ - -
PAN IDXV + 12 122 # of reflector panels - 0
PAW IDXV + 13 123  integration step(pts/ -
S ‘ wavelength) _
SIM XV + 1L 12  flag: O for antenna study - 1
only '
SMP IDXV + 15 125  flag: 1 for simple model - 0
XAP IDXV +16 126 | - -
XAT IIXV + 17 127 | -
XVP IDXV +18 128 (Pob used -
XVT IDXV +19 = 129 -
POL IDXV + 20~ 130  polarization flag: 1 for 1



Input List For Subroutine ANTIN Continued |

Variable Relative = Absolute : Nominal
Name Location Location Descriptiqn Units Value
. ForSmM=0 ,
PHC IDXV + 21 131  constant ¢ deg -
THS DXV + 22 132  initial 6 deog -
THD IDXV + 23 133 6 increment f°r>a- scan deg -
THF IIXV + 24 134  final 6 deg -
THC IDXV + 25 135 constant 6 deg -
PHS IDXV + 26 136  initial @ | deg -
PHD IDXV + 27 137 ¢ increment for ¢ scan deg -
XV + 28 138 -

final ¢
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Input List For Subroutine M@NFLS

Relative Absolute

Variable : Nominal
Name Location °~ Location Description Units Value
MEN INDEXV 201 option index: O— no
_ : monopulse error signals,
h — four horn system,
. R - 5-—+ five horn system - N
GDB INDEXV + 1 202 peak antenna gain db o¥
. - 2 %
P INDEXV + 2 203 sbeam shape parameters b/ deg2 3.0
T INDEXV + 3 - 204 . : db/deg 3.0°
Us INDEXV + L 205 horn spacing deg .5
V5 INDEXV + 5 206 horn spacing deg 5
AS INDEXV + 6 207 monopulse gain factor - .16
THRESH  INDEXV + 7 ~ 208 . monopulse threshold gain - 5
Kl_ | INDEXV + 8 - . 209_ terror signal gains - 16
K2 INDEXV + 9 210 , - .16
deg 1.0

THETAS

INDEXV + 10 211 monopulse activation cone
. o ' angle ‘

¥indicates values that may be computed by ANTIN

A-13



Input List For Subroutine THERMD

Absolute

- D2

Variable Relative : , Nominal
Name Location Location , Description Units Value
KOFT IDXV 250 option index (not used) - -
DIAM IIXV + 1 25T amtenna diameter £t 30.
FREQ IDXV + 2 252 antenna operating fre- G Hz 8.25
‘ quency '
A0 IDXV + 3 253 - 1
Al IDXV + L 25L - 0
A2 IXV + 5 255 - 0
BO IDXV + 6 256 - 1
Bl XV + 7 257 - o
B2 IDXV + 8 258 - 0
co IDXV + 9 289 - 1
cl’ IIXV + 10 260 - 0
c2 CIDXV + 11 261 - 0
DO  IDXV +12 262 - 1
D1 IDXV + 13 263 - 0
IDXV + 1l 26l - 0
EO IDXV + 15 265 - 1l
El IDXV + 16 266 - 0
E2 IDXV + 17 267 - 0
GO IDXV + 18 268 - 1
Gl IDXV + 19 269 - 0
G2 IDXV + 20 270 | | - 0
CDPHMI = 1IDXV + 21 271  )constant (indep. of sun  deg o*
CDTHA + 22 272 z deg 0

IDXV

vector) beam shift angles

*indicates values that may be computed by ANTIN

A-1l



Input List For Subroutine SSRATE

Variable

Absolute

Nominal

A-15

Relative ‘ '
Name Location Location Descriptinn Units - Value
K@pT IXV 330 option index - .0
For KJFT = O S/S rate is
set equal to orbit rate,
" no inputs
_ For KAPT = 1 _
AMPIP(1) IDXKV +1 331  S/S X-axis rate (constant) deg/sec -
#MPIP(2) IDXV + 2. 332 S/S Y-axis rate (constant) deg/sec -
PMPIP(3) IDXV + 3 333 S/S Z-axis rate (constant) deg/sec -
| For K@PT = 2 |
P@MPIP(1) IDXV + 1 331  S/s X-axis accel. deg/se02 -
- ' - (constant) ,
PAMPIP(2) IDXV + 2 332 S/S Y-axis accel. deg/sec2 -
_ . (constant)
POMPIP(3) IDXV + 3 333  S/S Z-axis accel. deg/sec2 -
o . (constant) : : _ :
Rl - IDXV + 4 334 S/S X-axis rate deg/sec2 -
- © (initial) |
R2 IXV + 5 335 S/S Y-axis rate deg/se02 -
‘ : (initial) o :
R3 DXV + 6 3%  S/S z-axis rate deg/sec® = —
(initial) -



Input List For Subroutine K]NMAT o

INDEXV +

sequence

- A-16

Variable Relative Absolute _ _ Nominal
Name Location Location Description Units Value
IRGT = INIEXV 300 input rotation sequence - 321
PHI(1) INDEXV + 1 301 S/S X-axis rotation angle deg . 10
PHI(2)  INDEXV + 2 302 S/S Y-axis rotation angle deg 0
PHI(3)  INDEXV + 3 303  S/S Z-axis rotation angle deg 0
' NgFRAT  INDEXV + 19 319  # of optional output "- 0
sequences 3 ]
RCHNG INDEXV + 20 320  optional output rotation - -
' . ' : sequence
* RCHNG INDEXV + 21 321  optional output rotation - -
' » o sequence _
RCHNG 22~ 322 optional output rotation - -



Input List For Subroutine EPHEM 3

Absolute

Variable Relative Nominal

Name Location Location Description Units Value
K@PT INDEXV 50  input option index - 3

| . ,_ For K#PFT = 1
OMEGAZ  INDEXV + 1. 51 average orbit rate rad/sec -
EB INDEXV + 2 52  orbit eccentricity - -
CLINB INDEXV + 3 53  orbit inclination " deg -
WB INDEXV + L 54 perigee argument deg -
AMU INDEXV + 1 55 initial true anamaly deg -
CAPWB INDEXV + 6 56  ascending nodé longitude deg -
- ) For KgPT = 2
FERIOD  INDEXV + 1 51  nodal period sec -
FRAD INDEXV + 2 52 _perigee radius nm -
CLINB INDEXV + 3 53  orbit inclination deg -
WB INDEXV + L 5L  perigee argument deg -
U INDEXV + 5 55 initial satellite argument deg -
CAPAB INDEXV + 6 56 ascending node longitude deg -
' For KgFT = 3 .

ROMNAK INDEXV + 1 51 orbit semi-major axis nm 38L3.1
EB INDEXV + 2 . §2  orbit eccentricity - o.
CLINB INDEXV + 3 53  orbit inclination deg 0.
WB INDEXV + L 5S4  perigee argument deg 90.
AMU INDEXV + § S5  initial true anomaly deg - 90."
CAPWB INDEXV + 6 56 deg 90.

ascending node longitude
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Input List For Subtoutine 'EPHEM 1

Nominal

INDEXV

A-18

Variable Relative - Absolute o _
Name Location TL.ocation Description Units Value
K@PT INDEXY 60  input option index - 3
For KFT = 1
CMEGAH INDEXV + 1 61  average orbit rate rad/séc -
EB INDEXV + 2 62 orbit eccentricity - -
CLINB INDEXV + 3 63  orbit inclination _deg -
WB INDEXV + 4 6L - perigee argument | deg -
AMU INDEXV + 5 . 65  initial true anomaly deg -
CAPWB  INDEXV + 6 66  ascending r,gode. longitude deg -
. For K@PT = 2
FERIOD  INDEXV + 1. 61  nodal period - sec -
" PRAD INDEXV + 2 62  perigee radius nm -
CLINB INDEXV + 3 63 . orbit inclination deg -
W INDEXV + L 6y  perigee argument deg -
1\ INDEXV + § 65  initial satellite argument deg -
CAPWB INDEXV + 6 66 ascending node longitude deg -
For K@FT = 3 _
RGDIUMK  INDEXV + 1 61  orbit semi-major axis nm 22370.8
EB INDEXV + 2 62  orbit ecceniricity - .00011
CLINB  INDEXV + 3 63  orbit inclination deg .01
wB INDEXV + L4 6l perigee argument deg 0
. AMU - _ INDEXV + 5 65 initial true anomaly deg o
CAP{B +6 66 ascending node iongitude deg 15. -



Input List For Subroutine EFHEM 2

Relative  Absolute i

A-19

~ Variable Nominal

Name Locaticn Location Descr?pti.on . Units Talue
K@pT INDEXV 70 input option index - 3

: : For K@FT = 1
OMEGA D INDEXV + 1 ya! average orbit rate rad/sec -
EE " INDEXV + 2 72 orbit eccentricity - -
CLINB  INDEXV + 3 73 orbit inclination " deg -

- WB INDEXV + L _ 7h perigee argument deg -
AMU INDEXV + 5 75 - initial true anomaly deg =
CAP/B  INDEXV + 6 76 ascending node longitude  deg" -

» . ForKgmr=2
FERIOD  INDEXV + 1 71 nodal period sec -
YRAD . JNDEXV + 2- 72  perigee radius nm -
CLINB INDEXV +3 73  orbit inclination deg -
WB INDEXV + L 74 perigee argument deg -
U INDEXV + S 75  initial satellite argument deg -
CAPAB INDEXV + 6 76 ascending node longitude deg -

_ For K@PT = 3 »
REMNAK  INDEXV + 1 TL  orbit semi-major axis nm 22770.8
EB INDEXYV + 2 72  orbit eccentricity - .00011
CLINB INDEXV + 3 73 orbit inclination ~ deg .01
WB INDEXV + L 74  perigee argument deg 0
AMU INDEXV + § 75 = initial true anomaly deg 0
CAP/B  INDEXV + 6 76  ascending mode longitude  deg 1L5.



Tnput List For Subroutine SUN

Variable Relative Absolute

A Nominal
Name Location - Location Description Units - Value
DATE INDEXV ' 80  date (month day year) - 032172
TM@D INDEXV + 1 81  initial time of day sec 21600
(Greenwich) -
A-20



Input List For Subroutine INTSS1 -

HI(3)

rotation angle

A-21

Variable Relative - Absolute Nominal
Name Location Location Units Value
A IDXV 90 X-semi axis of ft 100
. ‘ ellipsoid
B IDKV + 1 91 Y-semi axis of £t 100
B ellipsoid
C IXv + 2 92 Z-semi axis of £t 1
ellipsoid -
AR(1) oKV + 3 73 S/S frame position ‘ Tt 0
AP(2) IDXV + L oL coordinates of antenna ft 0
AP(3)  TIXV + 5 95 ~ gitmal point £t - 50
IRAT IDXV + 6 96 rotation sequence for - 321
' _ following angles :
PHI(1)  IDXV + 7 97 ellipsoid X-axis deg 0
- ' ’ rotation angle '
PHI(2) IDXV + 8 98 ellipsoid Y-axis deg 0
' rotation angle
IIXV + 9 99 ellipsoid Z-axis deg 0



Input List For Subroutine INTSS2 =

Nominal

Variable Relative Absolute
Name Location Location Description Units Value
A IDXV 100 X-semi axis of ellipsoid £t 100
B IDXV +1 101 Y-semi axis of ellipsoid ft 100
Cc IDXV + 2 102 Z-gemi axis of ellipsoid  ft 1
AP(1) v + 3 103, S/S frame position coor- It o
AP(2) IDXV + L4 104 dinates of antenna gim- £t 0
AP(3) IXV+5 105  Pal point 3 - 50
IRGT IDXV + 6 106 rotation sequence for - 321
o _ _ following angles
©PHI(1)  IDXV + 7 107 - ellipsoid X-axis rota- deg 0
‘ o tion angle - .
PHI(2) IDXV + 8 108 ellipsoid Y-axis rota- deg 0
. tion angle '
IDXV + 9 109 ellipsoid Z-axis rota- deg 0

PHI(3)

tion angle

A-22



Input List For Subroutine - ANTDYN - -

Vériable

Absolute

Nominal

23

623

For FREQ < O no S/S
flexibility is accounted
for and no further inputs
are required

A-23

~ rad/sec

Relative :

Name Location Location Description Units -Value
IaA(1, 1) IDXV 600 - slug’ftz, 1000
IAA(2, 2) IDKV +1 601 - slug ££2 1000
IAA(3, 3) ‘IDXV +2 : 6Q2' inertia diadic of antemna slug ftz 2000
IAA(1, 2) IDXV + 3 603 |in antenna reference slug ft 0
IA(1, 3) IV + L  6oh |frame slug £t 0
IaA(2, 3) IDXV.+ 5 . 605 , slug £42 0 -
'MBAR ~ IDXV + 6 606  reduced mass slugs 10
R24(1) XV + 7 607 }antennacenterof mass to 1P 0
R2A(2) IDXV + 8 608 hinge pt. vector in £t 0
R2A(3) DXV + 9‘- 609 antenna reference frame £t 10
EBETAA(1) ..IDXV *+ 10 610 ' BETA gimbal aﬁis-direc; - ° ,
EBETAA(2) IDXV +11 - 611 tion vector in antenna - 1
EBETAA(}) IDXV + 12 612 }reference‘frame _ 5
RlP(l) | oxv + 13T 613 S/S center oflmass to £t Qr:
R1P(2) IDXV + 14 614 Hhinge pt. vector in ft 0
R1P(3) IDXV + 15 615 %S/S reference frame ft -50
EALFAP IDXV + 16 616 }ALFA gimbal akis direc- - 1
EALFAP IDXV + 17 617 tion vector in S/S - .0
EALFAP XV + 18 618 Jreference frame - 0
ALFA IDXV + 19 619  initial ALFA gimbal angle  deg - 8,.86
ALFAD IDXV + 20 620 initial ALFA gimbal rate deg/sec 0
BETA IDXV + 21 621  initial BETA gimbal angle  deg 0
BETAD IDXV '+ 22 622  initial BETA gimbal rate deg/sec 0
FREQ IDXV + " bending mode frequency 628



Input List For Subroutine ANIDYN Continued

Variable Relative  Absolute Nominal -

Name Location Location Description Units Value

4 _ For Freq > O _
MP IDXV + 2 62, s/s mass o slugs 10000
MPHI IDXV + 25 625 ' - £t2 13860
CPHIP(1) IDXV + 26 626 £t 0
CPHIP(2)  IDXV + 27 627 £t -1
CPHIP(3)  IDXV + 28 628 - £t 0
CYP(1)  IDXV +29 _ 629 £t2 77.88
CYR(2) IDXV + 30 630 £t 0
CYR(3)  IEV+3  6: , 2.0
CEP(1, 1) IDKV + 32 = 632 £t2 .10
CEP(1, 2) TIDXV + 33 633 £t2 0
CEP(1, 3) IV + 3k 63k £t 0
CEP(2, 2) TIIXV + 35 635 \flexible S/S mass and £1° .223
2, 3) WV e ep enigbriecuim gt n2 o
CEP(3, 3) IDXV + 37 637 E £t 2L
CNBP(1, 1) IDXV + 38 638 £t2 0
CNBP(1, 2) IDXV +39 639 12 0
CNBP(1, 3) IDXV + 40 640 ft2 0
CNBP(2, 1) IDXV + 11 . 6Ll £2 0
CNBP(2, 2) IDXV-+ 42 éL2 £t2 0
CNBR(2, 3) IV + L3  6L3 242 62.76
CNBK(3, 1) IDXV + Ll 6Ll £t2 0
CNBP(3, 2) IDXV + 15  6LS £42 12.76
CNBP(3, 3) IIKV + L§ 646 £t 0
PSICP(1) _ TIKV + L7 oL7 "bending deformation slope - -0175
pSICP(2) ~ IDXV + 48 648 > at control positim - 0
IDXV + L9 6L9 - 0

PSICP(3)

A-2)



Input List For Subroutine ANTDIN Continued

Nominal

rate

A-25

Variable Relative . Absolute - :
Name Location Location Description Units Value
PSIGP(1) IDEV + 50 650 o - 0175
bending deformation slope -
PSIGP(2) IDXV + 51 651 at IMU position . 0
PSIGP(3)  IDXV + 52 652 | R o
Q IXV + 53~ 653  initial bending coordinate - - 0
‘ v : - value _
QD IDXV + 5l é54  initial bending coordinate séc"l 0



" Input List For Subroutine

CNTRLZ-

R

159

A=26

Variable Relative  Absolute | | Nominal -
Name Location Location Description Units Value
- 'ALFA chamnel parameterS°
KA TNDEXV U1 attitude gain, pointing deg L g0
_ . mode -
K2A INIEXV + 1 142  rate gain, pointing mode (deg/sec)™ 500
K34 INEXV + 2 143 attitude gain, tracking deg ™t 50
L 7 mode _ - _ _
Kha INDEXV + 3 1L rate gain, tracking mode (deg/sec)-l 500
K5A INDEXV + 4 145 integral gain, traclc:.ng sec™t .02
! N mode : _
. . . ]
ALFAB  INDEXV + § 146 bias deg 0
_ ' , BETA channsl paran.xeters? o
KIB INDEXV + 6 ~ 147  attitude gain, pointing ~ deg™ 50
. EE mode -
K2B  INDEXV + 7  1h8 rate gain, pointing mode (deg/sec)"l 500
K3B INDEXV + 8 149  attitude gain, tracking deg ™ 50
| mode v o
K4B INDEXV + 9 150 rate gain, tracking mode (deg/sec)-l 500
K5B INDEXV + 10 151 integral gain, track:.ng sec™t .02
' , mode
BETAB INDEXV + 11 152 bias deg 0
_ resolver characteristics:
RESPLP  INDEXV + 12 153 position quantization deg 0
RESPLR  INDEXV + 13 1S4 rate quantization deg/sec
RESOLI INDEXV + 1, = 1S5 output signal quantlza- -
_ : tion
: spiral scan parameters:

TSURCH INDEXV + 15 156 allowed search duration sec 5

INDEXV + 16 157  initial scan radius deg .05

INDEXV + 17 158 tangential scan rate deg/sec .8

INDEXV + 18 radial scan rate - deg/rev 1.0



Input List For Subroutine CNTRL7 Continued

Variable Relative  Absolute - Nominal
Name Location Location Description Units Value
initial conditions: . .
REGA . - INDEXV + 19 160  ALFA channel integrator - 0
REGB INDEXV + 20 161 BETA channel integrator -
QUANTM  INDEXV + 21 162 # of bits in gimbal sen- - 0
A : sor output
QUANTP  INDEXV + 22 163  # of bits in computed - 0
: _ gimbal output
QUANTZ INDEXV + 23 164 # of bits in error signal - 0"
' . output .
LSURCH 165 flag: O to inhibit spiral - 0

INDEXV + 2}

scan

A-27



Input List For Subroutine SERVM, FGEN

A-28

Variable Relative Absolute _ _ . Nominal
Name Location Location Description Units Value
KGA INDEXV 181  ALFA channel torque gain ft-lbs 1
KGB INDEXV + 1 182  BETA chanmel torque gain ft-lbs 1
- . Charmel 1 of FGEN
NPIS = INDEXV + 2 183  # of points - 3
XP(1,1) INDEXV + 3 184  input value, pt. 1 rad/sec o
YP(1,1) INDEXV +L 185  output value, pt. 1 ft-1bs .16
XP(1,2) INDEXV + 5 186  input value, pt. 2 rad/sec .05
YP(1,2) INDEXV + 6 187 ° output valud; pt. 2 £4-1bs .08
XP(1,3) INDEXV +7 188  input value, pt. 3 rad/sec  10.
YP(1,3) INDEXV +8 189 - output value, pt. 3 f£t-1bs .08
| © Channel 2 of FGEN o
'NPTS INDEXV + 9 190  # of points - 3
XP(2,1) INDEXV +10 191  input value, pt. 1 rad/sec 0
YP(2,1) INIEXV +11 192  output value, pt. 1 - ft-1bs .16
XP(2,2) INDEXV +12 193  input valus, pt. 2  rad/sec .05
YP(2,2) INDEXV +13 194  output value, pt. 2 - f4-1bs .08 -
XP(2,3) INDEXV + 14 195 input value, pt.‘ 3 rad/sec 10.
YP(2,3) INDEXV +15 196  output value, pt. 3 " ft-1bs .08



Input List For Surboutine @BKNMT

Variable Relative Absolute : Nominal

Name Location Location : Description - Units Value
IRGT - INDEXV v 325 input rotation sequence - 321 -
PHI(1) INDEXV + 1 326 S/S X-axis rotation angle deg -10.
PHI(2)  INDEXV +2 327 . 8/S Y-axis rotation angle deg 0
PHI(3)  INDEXV + 3 328 S/S Z-axis rotation angle deg 0

A-29



 Input List For Subroutine @EEPH3

Nominal

A-30

Variable Relative Absolute s .

" Name Location Location Descr:.ptl{on Un:.ts Value
K@PT INDXV 500  option index (not used) - -
XT(2) INDEXV +1 501  time at input point 1 sec 0
RV1(2). INDEXV + 2 502 o S Mm.m. 0

: : ' earth frame position
RV2(2)  INDEXV + 3 . 503 jinates of point 1 MU 38Uk 7
RV3(2)  INDEXV + L 50k : m.m. 0
VVi(2)  INDEXV + S 505 ft/sec 0
earth frame velocity .
wva(2) INDEXV +6 506 components at point 1 - ft/sec 0
VW3(2)  INDEXV + 7 507 1 ft/sec 24552.3
XT(3)  INDEXV + 11 511  time at input point 2 sec 1200.
RV1(3)  INDEXV + 12 512 R m.m. 102.41
: . earth frame position.
RV2(3)  INDEXV +13 513 [0 i tes of point 2 m.m. 1167.31 |
RV3(3)  INDEXV + 1L 514 ' m.m. 3660.26 -
VV1(3) INDEXV + 15 515 . ft/sec  -2042.1
earth frame velocity o
Vv2(3)  INDEXV + 16 516 components at point 2 ft/sec  -23277.3
VV3(3)  INDEXV + 17 517 ft/sec 7h7h.1
XT(L) INDEXV + 21, 521  +4ime at input point 3 sec 21,00.
RV1(4)  INDEXV + 22 522 m.m. -5hk .82
earth frame position , _
sz(l‘,) INDEXV + 23 523 coordinates of point 3 m.m. 3081.21
RvV3(Lk)  INDEXV + 2} 52 m.m. 2233.22
vwi(h)  INDEXV + 25 525 ft/sec  -2L8).2
. - learth frame velocity - -
v2(Lk)  INDEXV + 26 526 components of point 3 ft/sec  -140L49.3
vv3(h)  INDEXV + 27 527 . ft/sec  -19972.7



Input List For Subroutine @EEPH3 Continued

Absolute

A-31 - -

Variable Relative : Nominal
Name_ Location Location - Descriptlon Units Value
XT(5) INDXV + 31 531 time at input point L sec 3600.
RV1(5) INDXV + 32 532 o ¢ o m.m. -799.Ll
" ear rame position _
RV2(5) - INDXV + 33 533 ‘coordinates of point U m.m -2975.0
RV3(5)  INDXV + 3L 534 . m.m.  -2299.55
wWi(s) INDXV + 35 535 h g Lentt ft/sec  3812.lL
ear rame velocity
w2(5) INDXV + 36 536 components at point L ft/zec lhl87'3
Vv3(5)  INIXV + 37 537 : ft/sec -19662.8
o . s T : N
XT(6) moxv + 3 sl time at input point S sec .- },800.
RV1(6)  INIXV + L2 Sh2 . . ' m.m. 1,28.52
\ o o earth frame position .
szg:; INDXV + t3 ?L:i coordinates of point S T.m. 1173.86
RV3 - INDXV + . Lh- | m.m. -363L.145
VW1(6)  INDXV + L5 545 ft/sec 79655
, earth frame velocity
vva(é) INDXV + L6 Sh6 components at point 5 £t/300 217954
VV3(6)  INDXV + L7 547 - ft/sec  7970.7
x1(7) INDXV + 51 551 time at input point 6 = sec 6000.
RVI(7)  INIXV + 52 552 ) | mam.  1628.66
earth frame position
RV2(7) INDXV + 53. 553 [coordinates of point 6 m.m. 3L81.80
RV3(7)  INDXV + 54 554 m.m. 82.13
VV1(7)  INIKV + 55 555 o g Looit ft/sec  _p22.),
: ear rame velocity
vv2(7) INDXV + 56 556 ‘components at point 6 ft/sec 5.5
VV3(7)  INDXV + 57 . 557 - ft/sec  oy5)6.7



Input List For Surboutine @BEPHL/SYNCH

Variable Relative Absolute e . Nominal
" Name Location Location Description Units Value
KPT = INDXV 560  option index (not used) - -

RLON INIXV + 1 561  relay satellite longitude = deg 15,

Af32



Input List For Subroutine @BEPH2/SYNCH

Variable Relative

Absolute

Nominal

Name ~ Location Location Descripti-n Units Value
K@PT INDXV 580 option index (not used) - -
RLZN INDXV + 1 581 relay satellite longitude deg 215,

A-33




GLBRIN

Input List For Subroutine
Variable Relative Absolute ' ' Nominal
Name Location Location Description Units Value
K@PT IDXV 340 option index (not used) - -
AMEGA IDXV + 1 341 frequency\bf sinusoidal deg/sec 0
, . corrections
TREF IDXV + 2 342 refbrence time " sec 0
AA IDXV + 3 343 ALFA gimbal angle blas deg 0
- _ corrections ,
BA IDXV + L 34k Coeff. of sine~correc- deg 0
| : tion term (ALFA) -
CA IDXV + 5 - 3k5 Coeff. of cosine correc- deg 0
B . tion term (WLFA) :

AB IDXV + 6 346 BETA gimbal angle blaS deg o
_ ' o correction ‘
BB - IDXV + 7 347 Coeff. of sine correc- deg 0
. | tion term (BETA) ,

CB IDXv + 8 348 Coeff. of cosine correc~- . deg 0

"tion term (BETA)

A-3L
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APPENDIX B

BRIEF DESCRIPTION OF THE DEADAM PACKAGE

A real-time simulation analysis can be accomplished with LMSC DEADAM simula-
tion. Figure B-l illustrates the basic structure.of the program. The main
program DEADAM acts as the overall executive program which controls the main
integration package (ADAMS) and the primary I/O routines. The ADAMS sub-
routine contains the heart of the integration package. It performs numerical
integration of the system of first order ordinary differential equations with
piecewise continuous derivatives. The differential equations are usually non- .

Yinear and time varying and can be representéd in the following form.

_Js = £ (x, u(t))
The above differential equations are defined by the user'.through the con-
struction of the user éxecutive (SETUP). The integration is performed using
a third-order Adams-Bashforth predictor-correétor formula. The step size is
adjusted automatically to stay within prescribed error bounds on the difference
between predictor and corrector. Hence the step size will vary to allow
efficient use of computer time without sacrifiéing accuracy. A self-starting

procedure is used to form the first few differences.
The above features are standard for most Adams-Bashforth methods. In addition,
a discontinuity prediction scheme has been incorporated into the DEADAM pack-

age. This allows the discontinuity point to be approached without iteration

which results again in efficient use of computer time.
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APFENDIX B -

The user executive (SETUP) must be written for each simulation by the user.
It is the organizing subroutine through which the differential e-juations are
defined. The prescription for writing SETUP is contained in the document:

"DEADAM" A Program Especially Suited for Nonlinear Simulation
of Attitude Control Systems," ASCS/2485/6211, 29 Aug. 1969.

Since many aerospace control system simulations have parts in common, a user
library has been developed for rapid and easy construction of complicated
simulations. Partial lists with brief descriptions of the existing library
subroutines are contained in Tables B-2 and B-3. The standarization of these
routines allows the construction of sophisticatéd simulations of highly cam-
plex systems in very short periods of . time. |

The ease in construction of a typical DEADAM simulation can best be illustrated
‘via a simple example. Suppose a simulation Was required for a rigid vehicle
stabilized by a pitéh and yaw wheel during a boost thrust along its x axis.
Also suppose there exists a pitch and yaw torque on the rigid body. The pro-
blem is to observe the motion of the body and the change in the orbital states.
The user may write a SETUP routine taking advantage of the user library.

Such'g SETUP is listed on the next page. Note that other outputs which may

be desired have not been defined. '

There are many fixed input variables which are not shown explicitly in the
context of the user executive (SETUP). These are defined indirectly from an
input array through the initialization calls to @RBDYN and KINDYN. Examples-
of such variables are inertias, initial rigid.body orientation, initial rates,
inital orbit states. Also initialized through the same input array are the
fixed parameters needed by the integration packaée and those needed by the
~ 1/@ routines. Examples of these aré minimum step size, print interval, initial
time, maximum time and number of output channels.a

B-3
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100

200

300 .

400

500 |

600
700

APFENDIX B

SUBRGUTINE SETUP (KP)

CAMAN/IF/PUT (50, L8) . :

CAVMEN/CANST/DEG, RAD, PI, TPI, PI2, REQ, RFL, GM, QMGE, FTNM
COMMN/SETAUT /ICHANL( 96 )/S¢D/INPAIM/MATN/ATD(13) , V( 300) _
C#MM@N/KNDN/TB@( 3,3), JUNK3(18), PHI(3), RATES(B) PMEGA(3)
CAMMEN/PRBIT/WREF(3), RMAG, RV(3), TZE(9) VMAG, vv(3), ALT, IAT, LN
REAL IAT, LgN, T@RQB(3), HWHEEL(3), FARCE(3), THRUSI(3), TE¢(3 3)
Gg T8 (1oo 200 300, 400, 500, 600, 700,), KP

14 = 1 VIndex of initial state variable.
INPADM = 100 VIndex for ADAMS - input data
RETURN . ‘ -

- NVZRB = VIndex for @RBDYN input data
NVKIN = 50 VIndex for KINDYN input data

 IDXgRB = VZRBDIN state index -
CALL ZREDYN (1, NV@RB, IDX@RB, FPRCE, SMUG) V Initialization
IDXKIN = 8 VKINDYN state index
CALL KINDYN(1, NVKIN, IDXKIN, TORQB, HWHEEL, WRED, RMAG) V Initialization
NND = 1l VIndex of final state variable ,
RETURN

CALL ZRBDYN (2, NV@RB, IDXZRB, FZRCE, SMUG) V WRITE réUT

CALL KINDYN (2, NVKIN, IDXKIN, TQSRQB, HWHEEL, WREF, RMAG) V WRITE gUT
ICHANL(1)= 6H ROLL ~VAdditiona1 output channels.heading

ICHANL(2)= 6H RATE Ycan be defined here

RETURN -

CALL ZREDYN(3, NVZRB, IDX@RB, F¢R0E SMUG) V DEFINE gUTPUT

CALI, KINDYN(3, NVKIN, IDXKIN, TﬁRQB, HWHEEL, WREF, RMAG) V DEFINE @UT PUT
THRUST(1)= 200. VThrust in 1b.

SMUG = 100. VMass in slugs =

CALL TRNPS(T@B, TBd@) - :

CALL DDV(TB@, THRUST, F@RCE) -

CALL @RBEDYN(L, NV@RB, IDX@RB, F@RCE, SMUG) v DEFINE DERIVATIVES

TORQB(2) = .5 VPltch torque in ft-1b

TORQB(3) = .6 VYaw torque in ft-1lb

HWHEEL(2)= 50. VPitch wheel angular momentum ft-lb-sec
HWHEEL( 3)= 50. Viaw wheel angular momentum ft-lb-sec

CALL KINDYN (L4, NVKIN, IDXKIN, T@RQB, HWEEL, WREF, RMAG)

RETURN

CALL @RBDYN(S, NV@RB, IDXZRB, FPRCE, SMUG) V SPECIAL @UTPUTS
CALL KINDYN(S5, NVKIN, IDXKIN, TﬁRQB, HWHEEL, WREF, RMAG)
guT(LguT,1) = RATES(l)*DEG VAddltlonal outputs deflned here
RETURN -

RETURN

CALL ZRBDYN(6, NVﬁRB, IDX@RB, FARCE, SMUG) V DEBUG

CALL KINDYN(6, NVKIN, IDXKIN, deRQB HWHEEL, WREF, RMAG) VDEBUG
RETURN

Once the user executive (SETUP is written and complled the initiation of the
program is carried out by .

XQT DEADAM

Following by appropriate

DATA CARDS
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SETUP

Aerotorque ' ~———{>

Wheel Angular , :Dm
Momentum '

RIGID BODY
DYNAMICS AND =

KINEMATICS i B
o KINDYN -

Corbit | | Radius
Rate '

"SETUP

Engine :
Thrust &

ORBIT DYNAMICS

@REDYN

r

Rigid Body Role
Euler Angle Rate

Euler Angles Relative
to Orbit Frame

Attitude Information
Relative to Earth Frame

Orbit Parameters

Figure B-2 Functional Block Diagram of Example Simulation

BLS"
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APFENDIX B
TABLE B-2

USER LIBRARY - AUXILIARY SUBROUTINES (AND FUNCTIONS)

Subroutine Neme'_ . -Brief.Description
ANGIE (X,Y) . Defines angle between X and Y
ANGMOD (X) X module 27 in radians
ARCTAN (A, B)  'Arc tangent function with L quadrant return (ATAN2)
ANGIET (A, IAX, D) D = [a] TAY (transformation for rotation A about axis IAX)

AXEQBS(A,X,B) = Solves AX =B for X (5 x 1)
BOXPRD(Xl X2,X3) Function = X1, X2, X3
DCTOEA (XS,LS,MS,E,A,B,C,IDEG) Direction cosing matrix (E) to [c] [B] [A]

DCTOEP(D,EP,DMAG) Direction cosing matrix to Euler parameters
DDD(Dl,D2,D3) D3 = D1x¥D2 Matrix product (see MAB)

DDV(D,V1,V2) V2 =D . V1 Linear transformation (3 x 3) of a vector
DIAD(R,S,RST) RST SR ><S (Diadic)
DIV (D,D1) = (D)
. DOTPRD(X,Y) Dot product of vectors X and Y

EATONC(KS,LS,MS,DC,AN, BN ,CN,IDEG ) DC [CN] fBN] [Al\ﬂ ((DE: = 0 rad.)

EPTODC(EP,D) . Euler parameters to’ d1rect10n cosines
EULER(IS,JS ,KS,WBODY, WREF ,4 ,R,IC , IDEG, IEULER)

IDEG = O, converts Euler angles (A) and rates (R) to body

rates (WBODY) and dir. cos (DC)
IDEG = 1, converts (WBODY) and (DC) to (A) and (R), order
of A is IS,JS,KS

EAYRP(PSI,PHI,THETA,T) Direction cosing matrix (T) to Euler angles
(el, [(p] [‘ﬂ

EPRATE(EID,EPW) Rigid body rate (w) to Euler parameter rate (EFD)

EPWINI (Q,W,U,PSI,PHI,THETA,UD,PSID,PHID,THETAD) Define inertial euler

parameters (Q) and body rate (W)
EP2TB1 (TBI,Q) Euler parameters (Q) to direction cosine matrix (TBl)

"~ LENGTH (X) Real function determines magnltude of vector X (3x1)
MAC (C,A,B) " ¢ = A¥B Matrix multlpllcatlon (see DDD) -
MABC (D,A,B.C) D=A%B*C
" MABT (C,A,B) C=A%B
MALAT (C,A,I) C = ApL A" | .
T~B where B (I,J)-=A(I,J) % D (I)

MATDA (C,D,A) - C =A
B-6
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v (Vi,w2,v3) V3

APPENDIX B -

TABILE B-2 (Continued)

MATIA (C,A,TI) ¢ =aTm

MFILL (C,C1l1, Cl2, 013, c21, C22, c23, c31 €32, £33) Fills (3 x 3) matrix

. MINV (C,A) = (4) (see DINV)

MSUM2 (D,SA,A,SB D) D =SA+% A+ SB % B sums two matrices (SA, SB = scalors)
MsuM2 (D, SA,A SB,B,SC c) sums three matrices (SA,SB, SC = scalors) .
MTR (c,A) C =

PAGE Skips to new pa -
TFILL (A, NAXIS, ANGLES) A= [Angleﬁ NAXTS (see ANGLET)

TF12 (A, ANGIE1, ANGLEZ) F¢RMS Roll/Pitch or 1/2 rotatlon
TRNPS (D,DT) = ()T (see MTR)

VABCTX (V,A,B,C,X) v =(AB c)
VABCX (V,A,B,C,X) V =(AB c).x "
VABTX (V,A,B,X) V = (AB)IX
VABX (V,A,B,X) V = (AB).X.
VATX (V,A,X) v =aly
VATXSY (V,A,X,S,Y) V = A'X + S.Y (S = scaler
VAX (V,A,X) - 'V .= AX (see DDV :
VAXSY (V,A,X,S,Y) V =AX +S . Y (S = scaler

vcorY (V,I1,J,T) Coples row (I = row) or col. (I = col.) of T into V
VCROSS (Z,5,X,Y) Z =S . (X cross Y) cross product (S = scalor) (See VXV)

VDX (V,D,X) v(1) D(1) . X(I) I = 1,3
VFILL (%,21,22,Z3) Fills (s x 1) vector

VMAG (X) Forms magnitude of X (function) -

VSCALE (X,S) Rescales X to magnitude S

vsuM2 (Z,S1,X1,52,X2) Z =81 . X1 + Se . X2 (s1, s2 = scalors) sums two vectors

vsuM3 (s,S1,X1,52,X2,53 x3) (see VSUM2)

vsuMy (S,S1,X1,52,X2,53,X3,54,Xk) (see VSUM2)

VUNIT (X) Rescales X to unit vector

VXKYSZ(V,X,Y,5,Z2) V.= X cross Y + S.Z (S = scalor)
VXDDV(Vl,D,V2V3) V3 = V1 cross D.V2

V1 cross V2 (cross product) (see VCROSS)

B-7
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'APPENDIX B

TABLE B~-3 - SPECIAL OUTPUT ROUTINES

MLOOK1 (T1,A)
'MLOOK2 (T1,A1,T2,A2)

MI.OOK3 (T1,A1,T2,A2,T3,A3)
MLOOKL (T1,A1,T2,A2,T3,A3,Th,AL)

TLOOKL (T1,A)
TLOOK2 (T1,A1,T2,A2)
TLOOK3 (T1,A1,T2,A2,T3,A3)
TLOOKL (T1,A1,T2,A2,T3,43,Th,AL)
VLOOK1 (T1,V1,T11)
VLOOK2 (T1,V1,T1, T? V2 12)
: VLOOK3 (Tl,Vl,Il,T2,V2,12,T3,V3,I3)

VLOOKY (T1,V1,1I1,T2,V2,12,T3,V3,13,TL,VkL,IL)

VLOOKN (T,V,N)

BITS (N,DELTA, X)

SCALE (N, DELTS, X)

TRIGGR (D1,D2,D3,D4,D5,D6,D7,D8)

B-=8

Prints out (3 x 3) matrices

(Ai,A2,A3,Ah) with associated

titles (T1,T2,T3,TL), titles
are 30 spaces long, numbers are
in F10.3 format

Same as MLOOK series except
F10.6 format

" Prints out (3 x 1) vectors

with associated title (2l spaces
long) format is F13.6 times 10
to the I1 power etc. (scaling)

Prints out (N x 1) vector with
associated title (2L spaces
long)

Function converting X to n bit

word with resolution DELTA

" Same as BITS but.output is
(0 - 100) percent of full

scale

Function which converts 8 real
variable discretes (0,1) to 3
octal bit word.
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APPENDIX C

TRADE -OFF STUDY SIMULATION RESULTS

During the course of developing and debugging the simulation program des-
cribed in this report numerous runs were made using tyiical values for the

- input parameters of the simulated system. The parameters which determine

the response of the antenna pointing control system were adjusted in order
to obtain stable, non-oscillatory, and rapidly converging antenna pointing

control.

 The plots and printed computer output included in this appendix show the

behavior of a typical space station computer steered high gain antenna using
"optimized" control system gains. The values for all of the input parameters
used in the illustrated simulation run are included in the input lists of
Appendix A. '

The‘initial conditions were chosen to give a ﬁointing error of about 10° in
order to demonstrate the behavior of the controlled antenna during acquisition.
When the gimbal angles get within 1.0° of the on board computed values the
control system switches to its auto-track mode, using the monopulse error
signals (at about 18 seconds in this case). ﬁsing an antenna with about a 1.0°
half power beam width and monopulse horn separations of 1.0° (total) the -
anterma control system was able to track the relay satellite within about 0.3°.

The bending input data used in this run was computed from the expressions

~ derived in Section 3.4.2.3 for a space station main body of cylindrical mass

distribution (50 ft radius x 100 ft length) weighing 322,000 lbs (10,000 slugs)
and with a boom antenna mount which deflects 1.0° angularly for each 1.0 ft
translationally. The bending frequency was set at 1/10 Hz (.628 rad/sec) which
is considered fairly low (corresponding to a not very stiff space station and
boom).

LOCKHEED MISSILES & SPACE COMPANY



\’ - The described bending mode ié observed (Fig. C. L) to respond as expected to
) gimbal torques and space station orbital rate and to have insignificant
(107 L deg) effect on pointing.

' | | c-2
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" Figure C-5 Computer Printed. Output

The follpﬁhg six pages are repro-
duced from computerAprintou"_b‘ and show
details of the data plotted in Figures
C-1. through C-k. | o

Cc-7
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