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PREFACE

William M. Lear of TRW, under contract to JSC, derived the formulation of
a Kalman filter and all related transformation matrices and measurement equations
that are suitable for ground navigation trajectory determination for the space
shuttle. This work was first presented to JSC in the TRW Technical Report No, 30759-
6002-RU-00 (ref. 3) and is now being converted to this JSC internal note
by Paul Mitchell of the Mathematical Physics Branch. This material includes
the following: mathematical equations for processing goundtracking data
during shuttle ascent and entry, typical error model statistics and other
constants, and the Fortran listings of a complete bench program that includes
most of the important features and formulation of the high-speed trajectory
determination processor adopted by JSC for the real-time space shuttle ascent
and entry phases. This TRW bench program has been used to perform analysis
designed to give answers to be used in shuttle planning and design for ascent
and entry pertaining to ground-based navigation. It can process data from
three groundtracking stations, two C-band radars, and one S-band radar with
a total of 10 measurements with éommon time tags. The measurements are
C-band 1 range, azimuth and elevation; C-band 2 range, azimuth and elevation;
and S-band range, Doppler and two angles from either a 30-ft station or an

B85-ft station.
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GROUND TRACKING DATA PROGRAM DOCUMENT
SHUTTLE OFT LAUNCH/LANDING

By William M. Lear

1.0 INTRODUCTION

Thi; document gives the equations for processing ground tracking data
during a Space Shuttle ascent or entry, or any nonfree flight phase of a
shuttie mission. The resulting computer program will process data from up to
three stations simultaneously: C-band station number 1, C-band station
number 2, and an S-band station. The C-band data consists of range, azimuth,
and elevation angle measurements. The S-band data consists of range, two
angles, and integrated Doppler data in the form of cycle counts.

A nineteen element state vector is used in a Kalman filter to process
the measurements. The first nine elements of the state vector are:

F position of the shuttle in earth-fixed coordinates,

F velocity of the shuttle in earth-fixed coordinates,

BEF = acceleration of the shuttle in earth-fixed coordinates.

:rl1;°' rL‘;c

The acceleration components of the shuttle are taken to be independent
exponentially-correlated random variables. No gravitational acceleration

is included. Typical statistics for these random variables are a time constant
of 40 seconds and a standard deviation of 6 m/secz.

The next nine elements of the state vector are the measurement bijas
errors assocjated with range and two angles for each tracking station. The
biases are all modeled as exponentially-correlated random variables with a
typical time constant of 108 seconds. A1l time constants are taken to be the
same for all nine state variables. This simplifies the logic in propagating
the state error covariance matrix ahead in time.

The nineteenth element of the state vector is the integration constant
associated with the integrated Doppler measurements. It is modeled as a
random walk to account for range rate errors adding to the measurement.
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2.0 STATE VECTOR ELEMENTS

In more detail, the elements of the state vector are given by

Xer

YEF BﬁF,pos1t1on of the shuttle in earth-fixed coordinates.

Zer

EF BEF’ velocity of the shuttle in earth-fixed coordinates.

Yer Reps acceleration of the shuttle in earth fixed coordinates.

B ., range bias for first C-band station.
BA]’ azimuth bias for first C-band station, radians.

£1° elevation bias for first C-band station, radians.
sz, range bias for second C-band station.
BAZ’ azimuth bias for second C-band station, radians.

BEZ’ elevation bias for second C-band station, radians.

Bp3’ range bias for S-band station. ’
Bax, X angle bias for S-band station, radians.

BaY’ Y angle bias for S-band station, radians

ID’ Doppler integration constant for S-band station, cycles.

2
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3.0 STATE VECTOR DYNAMICS

State vector elements 7 through 18 are exponentially correlated
random variables, assumed constant over the integration step. The dynamical
equation for an exponentially correlated random variable, e, is

) 2
3 aEi_-l + OEV] - a ni

™
"

a = exp (-AT/TE)
where
E[ﬂ.’] = 0
Elnjngd = 0 i ¢

and where T, is the time constant associated with e: T, small - a ravoidly
changing random variable, Te large - a slowly changing random variable. o is
the standard deviation of €. Since the best estimate of n; is zero, the
filter's best estimate of e is propagated ahead by

€5 = exp(-aT/t_) €59

€
variance appearing in the state noise covariance matrix.

with the term o V1 - a2 ny appearina in the state noise vector, and its

Thus, in engineering notation, the first nine elements of the filter's
estimated state vector are integrated ahead with
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Rep s = Repoqo1 *Rep joq 8T

exp (-4T/75) Rep g

In component form, using state vector notation, the equations for propagating
the state vector ahead in time are

. 2
QTS IE S IS I IR S RN
Xo & = X + X AT + x AT2/2
2,1 2,i-1 5,i-1 8,i-1

X = X + X AT 4 X4 AT2/2
3’:‘ 331"] 6,i“1 9,1"]

Xg,i = Xg,5-1 T Xp,40 0T

Xs 3 T X541 T Xgqoq o7

X6,i = Xg,i-1 t Xg,i1 4T

X7,.i = EXP ("'AT/Ta) X7,,i_]

xg,; = exp (-4T/75) xg 4 4



exp (-AT/Ta) Xg,i-1

X10,1 = exp (=2T/1g) X309 4.1

X]‘I,i = eXp ("AT/TB) X-l],,i_-l

X-l . = EXP (‘AT/TB) X~|8,_i_-l

%19, T *19,i-1

We see that the dynamical equations are linear. That is, we can write

where P is the state transition matrix. Let
- _ 2
P, = AT P3 = ATS/2

Pig = exp(-AT/ra) PS71 = exp (-AT/TB)

Then the state transition matrix can be written as shown below.



0

0

PS7]
0

0

0

PS11

PS71 0

0

PS7] 0

0

0

0

0




4.0 THE STATE NOISE COVARIANCE MATRIX

As mentioned in the previous section, all elements of the state vector
which are exponentially correlated random variables contribute an element to
, the state noise vector of
gy T gt c'e‘” - a n
where a = exp (-AT/re)
E[n.'] = 0
Eln; nj] = 0 143
= i=j
The Doppler integration constant is modeled differently. Its equation
is
Ipyi = Ip,i-1 * 9wy, ifT
where E[nw,1] = 0
r = 1 3
Ean,'i nw’j,] 0 1 7‘ J
= ] i=j
where oMy 1.AT is the state noise term, and is due to intearating the Doppler
rate bias error, SUNED In order to make the variance of ID independent of
LT, we must make o 1/ YaT. This is easily seen by writing out
I Iy = oot oty gt g3t ) AT
2 - 2 2 2
E[IDJ.] E[ID,OJ +o, 1T



- E[IS,O] + (dg AT) (i aT)

where AT = T, the total integration time. To make E[IS 13 independent of
3
AT we must set

K = 02 AT
w
or a, = \/ K/ AT
= K7AT
Thus p,i = Ipg-1 * KT ny 4 8T

Thus the state noise vector is given by

0
0
0
0
0
0
c

aJ]—exp(-ZAT/ra) n

cavﬂ—exp(-ZAT/1;7

33/1 exp(—ZAT/ra)

s = op{T-exp(-ZAT/ré) n

T- -
CFA-I\] EXPFZAT/TB) A

cEiﬂl—exp(lZAT/rB)

B ]

£l
opz/l-exp(ZZAT/rB) n.2

GAZ/'f-GXp (-ZAT/TI;) Ao

cEz/l-exp(-ZAT/rB) nEo

cpgx’] ~exp(-2AT/~cB) "3

caxaﬂ~exp(l2AT/rB7'nax

V1-exp(-24aT/1

%y B) Nay

HET




The state noise covariance matrix is given by S = E[g_g?]. Let

P15 02 [1-exp(-24T/7,)]

PS;p = 1 - exp(-24T/1p)

Then the diagonal state noise covariance matrix has the diagoha1 elements of

S1,0 % Sp,2 T 7 7 Se 5 0
57,7 7 Se.a T Sg,0 T Pro
$10,70 °§1 PS22
11T 1 PS7;
S12,12 © ot PS;,
513,13 © 052 PS72
S14,14 = %2 P8y
S15,05 = 92 ps

; 72
S16,16 ° °§3 PS72
S17,17 = ooy Py
S1e,18 © ooy PS7z

KeT = PS

519,19 69

The value of K for the Space Shuttle is chosen in the following manner.
From before we had
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—
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N
-
1

E[1f o + (o2 &T) (iaT)

2
E[ID,OJ + KT

where T is the total time interval. For Apollo the rate bias error was a time-
wise correlated random variable whose standard deviation was 0.005 cycles/sec.
We used a time constant of 800 seconds for this random variable, even though
the actual time constant was less.

In Apollo the Doppler frequency was multiplied by 1, for the Shuttle the
Doppler frequency is multiplied by 1000, now giving an apparent rate bias error

of 5 cycles/sec. Assume now a constant rate bias error acting over 400 seconds,

then

Koo = 52 . 2002

K = 10000 cyc1e52/sec

2 2

That is, this value of K will add a variance of 5~ - 4002 cycles™ over a
400 second period to the pre-existing variance of the Doppler integration con-
stant. For the S-band frequencies used, the conversion factor from meters to

cycles is about 15,200 cycles/meter. Thus 52 . 4002 = 0.132 metersz, not much.

10



5.0 MEASUREMENT EQUATIONS

5.1 INTRODUCTION

The equations in this section are taken from reference 1. This reference
also contains the necessary equations for the C-band stations.

The subscript EF stands for earth-fixed coordinates whose origin is at
the center of the earth. The ZEF axis is the earth's axis of rotation, YEF
goes through the Greenwich meridian at 0 degrees longitude, and YEF completes
the right-handed coordinate system. Position of the Space Shuttle vehicle is
denoted by

BV EF position of vehicle in EF coordinates, the first 3 elements
of the state vector.

Position of the tracking antenna is denoted by
BA,EF = position of the antenna in EF coordinates.

The position of the vehicle with respect to the antenna is denoted by

Rysa,er = Ryyer - Bayer

The topodetic (subscript TOP) coordinate system has its origin at the
center of the earth. It is rigidly attached to the earth and is thus rotating
with the earth. The direction of its axes are referenced to EAST, NORTH, and
UP at a specific antenna (station) on the surface of the earth. The ZTOP axis
parallel to the Tocal vertical (normal to the reference ellipsoid) at the antenna.
XTOP points east and YTOP points north. TOP coordinates are obtained from EF
coordinates by the constant coordinate transformation matrix, T5.

R

Riop = TSR

eF

The elements of T5 are functions of a particular antenna location. Let ¢ be
the geodetic latitude of the antenna and A the longitude (+ east). Then the

1



first row of T5 is a unit vector in EF coordinates in the east direction.

- T511 = - sin A
T512 = CcO0S A
T513 = 0

The second row of T5 is a unit vector in EF coordinates in the north direction.

T52] = -~ sin ¢é COS A
TS22 = - sin ¢ sin A
T523 = c0s ¢

The third row of T5 is a unit vector in EF coordinates normal to the surface
of the reference ellipsoid (the local vertical direction).

TE31 = C0S ¢ COS A
T532 = coS ¢ Sin )
T533 = sin ¢

The state vector BV EF is in earth-fixed coordinates. Partial derivatives
of the measurements taken in topodetic coordinates must be converted back to
EF coordinates. That is, if y* is the measurement, we use

ot Rysator By er
Ry e RBysa,top RBysa,er Ry gr
T5 I

where I is the 3 by 3 identity matrix.

12



The measurement refraction correction calculations are shown below. The

variables appearing in the equations must be generated by the estimated state
vector. Let

N0 = N, - 1 = index of refraction minus 1, the refraction modulus at

at the antenna site.

Hs = atmospheric scale height. No and HS are supplied by meteorologists
at the tracking site.

R0 = § 378 165 meters. Its value is not critical.

p = IBV/A" geometric (straight Tine) value of range. Always less than
the measured value of range, oy

E = geometric or true elevation engle. Always less than the measured
elevation angle, EM‘ ‘

Bp = py - ps refraction correction for range.

A = EM - E, refraction correction for elevation anagle.

H = altitude above the tracking site.

H* = height of a spherical slab atmosphere.

The refraction corrections are given by

13



IF(p < .02 R, AND E < .6 deg) E = .6 degrees

I Y 2 .
H = Ro + 05+ 2o Ro sin E - R0

Hw* = [V - exp(—H/HS)] Hg

6
K = 2.7 - 10 NO]'5 éi (cos E)]‘4']0 No
I\O

to = MR [Vsin® E + 2H*/R_ - sin €] (1 - K)

A E
AE = —%;%%E——- [N, = 0/p]

Note that for short ranges, of p less than .02 earth radii, the elevation angle
is restricted to being greater than .6 degree. This is because the equations
become {naccurate at short ranges and lTow elevation angles.

5.2 TWO-WAY RANGE MEASUREMENTS

Two-way range measurements are made by sending out a "ping" from the radar
and measuring the round-trip time of the ping from the radar, to the vehicle,
and back to the radar again. The round-trip time divided by the speed of light
in a vacuum is the measured range, Py = p*. If the vehicle has a transponder
to amplify and return the ping, the transponder may introduce a delay time long
enough to affect the range measurement. This delay time would look like a
bias adding to the range measurement. Note that there is no delay time for
skin tracking. Since skin tracking will be used with the Space Shuttle, we will
neglect this delay time in our equations. The actual range measurement is given
by

14



o* = p - pp/C + lp *+ Bp +q
where
o= IRy, erl
pp/c = speed of light correction
PT R /¢ (T stands for transpose.)
SV/A,EF ZV/A,EF pose.
¢ = speed of light in vacuum
Ap = previously definec refraction correction
Bp = vrange bias, an exponentially correlated rangom variahle, due to
instrumentation errors and errors in calculating 4p.
q = uncorrelated noise

Typical skin track statistics are
Tgy T 108 seconds

For a TPQ-18 or FPQ-6 C-band radar

o 12 meters

Bp

o 6 meters

q

For an FPS-16 C-band radar, and for an S-band radar using a transponder on the
vehicle

18 meters

Q
i

Bp

9 meters

Q
n

-~

15



Neglecting the speed of 1light and the refraction correction terms, the
partial derivatives of p* with respect to the elements in the state vector are

*

V,EF

ap
aX

Xv/n,e6’ 1By/a, eF

30* = Y /’R i
BYV EF V/AEF" '=V/AEF

Zy/a,e¢! 1Ry/a ]

5.3 AZIMUTH AND ELEVATION ANGLE MEASUREMENT

Azimuth angle, A, and
elevation angle, E are measured
with respect to topodetic co-
ordinates as shown in the
figure to the right. In this v
figure, A also stands for p
antenna and V means vehicle

of the vehicle in TOPodetic NORTH

coordinates of EAST, NORTH, UP S

Ts denoted by Xy /p ops Yy 4, TOP
and Zy/n Top- x” EAST

being tracked. The location A \_\\[ J!A
~

Measured azimuth angle is given
by
X
A* = arctan YMZAJIQB + BA +q
V/A,TOP
where
0 < A* < 360°
.BA = the azimuth angle bias error, an exponentially correlated random vari-

able, due to hardware errors and unmodeled refraction effects.’
16



’l” q = the uncorrelated error adding to the measurement.

The nonzero partial derivatives in topodetic coordinates are given by

L Yv/a,T0P
5X 5
I V/RTOP Xy a Top * Yysa,TOP
X
mr V/A.TOP
57 7 7
V/ASTOP Xy/a top ¥ Yysa,ToP
and
L
3By

The topodetic partial derivatives are converted to derivatives with respect
to BV,EF as shown in Section 5.1

Measured elevation angle is given by

Z
E* = arctan V/A,TOP

+AE+BE+qE

2 2
\/VXV/A,TOP * Yy/a,T0P
where E* can have values of
0 s E* < 360°

Note that E* is not negative for angles below the horizon. Also E* will not

have values greater than 90° except when tracking below the horizon (E = 359.5°

for the radar on a hill.) The value AE is the refraction correction shown in
If Section 5.1. BE is the bias, an exponentially corrclated random variable, due

to hardware errors and errors in calculating 4E, which may be substantial.

e is the uncorrelated error adding to the measurement.

The partial derivatives of E* in topodetic coordinates (the AE term is
neglected) are given by 17



sex _ = Zus,Top ¥yza,Top

- oX
- V/A,TOP 23 5
o4 Xv/a,1op * Yv/a,ToP
-z Y
st _ ~ Eya,toe Yvsa,Top
Yy /,ToP

23 3
X% Xvsa,1op * Yv/a, 0P

aE* 1\ /2 2
ot = Lo\ x Y
Ty aaoe 52 \[V/A,TOP + 'v/a,TOP

and

arjar
m
m ] %
[{
-

The topodetic partial derivatives are converted to derivatives with respect
to BV gp as shown in Section 5.1.

For both the azimuth and elevation angle measurements, typical skin
track statistics are given by

g = 108 seconds

For a TPQ-18 or FPQ-16 C-band radar
op = 0.3 mitliradians

0.15 milliradians

Q
i

For an FPS-16 C-band radar

18
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A

% = 0.4 milliradians
- oq = 0.2 milliradians

5.4 NORTH-SOUTH KEYHOLE ANGLE MEASUREMENT

The oy amd oy angle
measurements are generally
made with a 9 meter (30 feet)
S-band antenna. The antenna
is labeled A and the tracked

vehicle V. The location of

upP

ordinates of EAST, NORTH, UP

{
l
the vehicle in TOPodetic co~ :
is denoted by XV/A,TOP’ |

Yy/a,Top? @M Zy/n TP

Measured ay is given by  y epst

X
a; = arctan ZV A,TOP + An
V/A,TOP

where a§ can have values of *
-88° ¢ ay < 8g°

AaX

NORTH

X * BaX * 9

is the atmospheric refraction correction. BaX is the bjas, an exponentially

correlated random variable, due to hardware errors and errors in hay. Gy is

the uncorrelated error adding to the measurements

Let AE be the refraction correction term for E as shown in Section 5.1. Then

Aax is given by

*Actually a§ = «10° will read out as 350°, etc.
19



2

o Xy/p,Top 4F

Ao =
X 5
\/XV/A,Top *

Neglecting Bay s the topodetic
*
aax
*Xy/n,TOP

day

X
3Vy/a,TOP

aozx
3Zy/n,ToP

04

B

[+}]

X,
aX

= 1

ar

+22

3 2
Yvsa,top Xyza,op * Zysa, o)

*
partial derivatives of @y are given by

) Zy/a,T0P
X2 ¥ 2
v/a,Top * Zysa,Top

1]
[w)

) “v/A,TOP

R L2
/A, TOP T “V/A,TOP

The topodetic partial derivatives are converted to derjvatives with respect

to R

Ry ¢f as shown in Section 5.1.

Measured ay is given by

*

Yv/a,T0p

ay = arctan

thay + Byt ay

5 7
\/XV/A,TOP * Zy/a,T0P

20



*
where ay is hardware limited to *

*
-80° ¢ ay s 80°
which causes a "keyhole" to exist along the north-south axis.

Aay is the atmospheric refraction correction.

BaY is the bias, an exponentially correlated random variable, due
to hardware errors and errors in Auy.

Ay is the uncorrelated error adding tc the measurement.

Let AE be the refraction correction term for the elevation angle, E, as shown
in Section 5.1. Then bay is given by

“Yy/a, 10 Zv/a,TOP 4F

ey T 7 g 7
Va0 * Yim,top VRu/a,Top * Zign,Top

*
Neglecting Loy the topodetic partial derivatives of oy are ajven by

*
day — Yysn,1op *vsa,Top
3%y/,ToOP

H

2[7 7
p\/’W/A,TOP * Zy/a,TOP

*

o - L R B
Vyntop o2 V V/ATOP T “V/A,TOP

*
*Again ay = -10° will read out as 350°, etc.

21



*

Boy - "wa,Top Zv/a,TOP
- 57
V/A,TOP 2, 2 ?
o\, 700 * Zy/n,TOP
and
a*
o
aBY =1
aY

The topodetic partial derivatives are converted to derivatives with respect

to as shown in Section 5.1.

Ry,eF

Typical error statistics for both oy and ay are given below. For the
angle bias time constant we have Tg = 108 seconds.

1.6 miltliradians*

n
q
1"

“BaX = “BaY

Z Up

1
i

o o 0.4 milliradians

gX q¥

5.5 EAST-WEST KEYHOLE ANGLE MEASUREMENTS

The ay and ay angle measurements are
generally made with an 85 foot S-band
antenna. The antenna is labeled A and the
tracked vehicle V. The location of the
vehicle in TCPodetic coordinates of EAST

NORTH, UP is denoted by XV/A,TOP’ -Y

SOUTH
and Zy,p Top*

Yy/A,TOP

*0.4 milliradians for a well calibrated station.

22




Measured ay is given by

* yaLTop

a, = arctan + B
X V/A,TOP

o F 9

*
where oy is hardware 1imited to a range of *

AaX is the atmospheric refraction correction term

Bax is the bias, an exponentially correlated random variable, due to
hardware errors and errors in bay.

Ay is the uncorrelzted error adding to the measurement.

Let AE be the refraction correction term forE as shown in Section 5.1. Then
Aay is given by

2y A
P ° _V/A.TOP

7 7 2 2
\/XV/A,TOP *Yym,tor Yyga,tor * Zysa,Top)

E

‘

*
Neglecting bay, the nonzero topodetic partial derivatives of oy are
given by

*A value of @y = - 10° would actually read out 350°, etc.

23



*

. day o Zy/A,TOP
5V 7 7
V/A,TOP Yv/a, 1o * Zy/a,ToP
'\*
Bay i YV/A,To;
57 7
V/R,TOP Yy n top * Zysa,ToP

and

The topodetic partial derivatives are converted to derivatives with respect to
BV,EF as snown in Section 5.1.

Measured ey is given by

Xy/n,TOP

*
ay = arctan + éaY + B v + Gy

7 7
\/YV/A,TOP * Zy/a,T0P

*
oy is hardware limited to *

o * (<]

which causes a "keyhole" to exist along the east-west axis.

=
*A value of ay = -10° actually reads out 350°, etc.
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AaY'is the atmospheric refraction correction.

BaY is the bias, an exponentially correlated random variable, due to
hardware errors and errors in bay .

Gy is the uncorrelated error adding to the measurement.

Let AF be the refraction correction term for the elevation angle, E, as shown
in Section 5.1. Then bay is given by

and

Xy/a,7op Zy/a,Top AF

Lo

! \/%2 + e \/Q
v/a, 1o+ Yv/a,Top v/a,Top V/A TOP

*
Neglecting Bays the topodetic partial derivatives of ay are

Ba? _

N Y % Y + 77
ymqop o2 VV/ATOP T fv/a.ToP

*

day _*ya.top "vsa,Top
Ny /a,T0P o? J2 Y
v/a,1oP," Zu/a,ToP
: z
day __Xyn,Top Fv/a,op
*Ly/,ToP of Y
v/a,Top * Zy/a,Top
5 *
o3
aBY' =1
o
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The topodetic partial derivatives are converted to derivatives with respect
to the elements of the state vector, BV EFe @s shown in Section 5.1.

Typical error statistics for ay and oy are given below. For the angle bias
time constant we have g T 108 seconds.

BaX 8oy 1.6 miTliradians

[s ¢

4y = qY 0.4 milliradians

5.6 INTEGRATED TWO-WAY DOPPLER MEASUREMENTS

Integrated two-way Doppler measurements at an S-band station are obtained
in the following manner. A signal of frequency ftr X 2-10g cycles/second 1is
transmitted from an earth based antenna, A, and received at the vehicle, V, as
a signal with shifted frequency, fv. This signal is instantaneously retrans-
mitted with a frequency of kva, and received back at the ground station with a
frequency of fob' The frequency of this observed signal is modified by the
equation

o= fy+ ks(fop - Kyfey)

in order to increase the precision of the integration procedure. Multiplication
by the factor ks increases the precision of the integration procedure, and fb
adds a bias which insures that F never goes negative.

For the Apollo missions kv = 240/221, kS =-1, and fb = 106 cycles/second.
The station equipment has been modified for the Space Shuttle missions. For
The shuttle missions kv = 240/221, ks = 1000, and the biasing frequency is
240-106 rycles/second. There will be two transmitted frequencies, Teps for the
shuttle. Both frequencies will be about ftr a 2-109 cycles/second.
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The basic measurement made at the S-band station is a cycle count, N,
the integral of the composite frequency, F. It can be shown (ref. 1) that
the actual cycle count at the observation time T0 is

k kT
= SV tr 1
N* = fb(To-TOI)-Z < (D+Ap-Epp)+ID+qN

where

speed of light in a vacuum, 299 792 500 meters/second.

O
1]

e, p = range and range rate at T = Tor

Ap range refraction correction
TOI = 1initialization time. Time at which the Doppler integration
constant is initialized.

qy *© uncorrelated error adding to the Doppler measurement. ch ~ 120
cycles = & millimeters,

Iy = Doppier constant of integration plus the integral of the rate bia
grror, o n .
W w

In: =1 AT

D,i Dyi-1 F %My, i-1

where Ny has a unit variance and % is the variance of the rate bias error
*
(see Section 4). In is initialized with values of p and N existing et T =T
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I

keky T

. |
N (Top) + 2 =t (T

c OI)

Note that the small terms 4p and pp/c are ignored in the initialization and
ID is given a large initial variance,

2
2 (2 kskvftr>
1D ¢

(o

2
)2(+0Y+o'§)

*
The nonzero partial derivatives of N with respect to elements of the
state vector are (Ao and pp/c are ignored).

kok,
= o2V tr

Yy/a.EF

c

keky

o

Yy/n,eF

= .2 SV tr
c

Ly KsRvfer

e

Zy/p.EF

c
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6.0 THE CONVERSION FROM GEODETIC

COORDINATES TO EARTH-FIXED COORDINATES

: l = The station locations are input to the TRW Bench Program in terms of the
i geodetic coordinates: ‘

¢ = geodetic latitude
A = east longitude

h = altitude above the reference ellipsoid

Let
RE = equatorial radius of the reference ellipsoid.
RP = polaf radius of the reference ellipsoid.
f = (RE - P.P)/RE = flattening or ellipticity of the reference

ellipsoid.
Typical values are RE = € 378 166 meters and f = 1/298.3.

The cartesian, earth-fixed coordinates are XEF’ YEF’ ZEF where X.. and

EF
YEF are in the earth's eouatorial plane (normal to the mean axis of rotation)
and ZEF 1ies along the earth's mean axis of rotation. XEF lies in the plane

formed by the Greenwich meridian and passes through 0° latitude, 0° longitude.

YEF passes through 0° latitude and 90° east longitude.

The eé?th-fixed, EF, coordinates are given by

R
Xer = 2

EF [ + h | cos ¢ cos A
\/cos2 ¢+ (1 - f)2 sin2 ¢
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RE
Y = + h' ] cos 6 sin A
EF 5 7
\/éos o+ (1 - ) sin” ¢
Re(1 - £)2
Z = + h | sin ¢
EF 5 VA
\/cos o+ (1 - f)° sin” ¢

Theugh not used by the proaram, the inverse problem is of interest. To
find ¢, 2, h given XEF’ Yeps ZEF is a more diffizult problem. X is easily
obtained from

A = arctan (YEF/XEF)

Let Ry = /Xip + YEp . Then the task of determining e and h ic simolified
if we first determine B by iterating four or five times'

f(2 - f) Re

-

B =
2 2
\ﬁ‘XY/(B + 1)+ (1 - )

using a starting value for B of .0067.. Then the geodetic latitude, ¢, is
given by

yA
_ EF

Altitude, h, is given by
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2
h = [ 1o ] Wi/ (8 + 7+ 2,

Note that for h = 0, 8= 1/(1 - f)2-1. Forh ==, B = 0,
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7.0 CONVERSION FROM ECI COORDINATES

TO EARTH-FIXED COORDINATES

The onboard telemetry vector comes into the TRW Bench Program in earth-
centered-inertial (ECI) coordinates. It is necessary to convert this vector
to earth-fixed (EF) coordinates.

An ECI coordinate system has its origin at the center of the earth and
is nonrotating with respect to the fixed stars.. In a true inertial coordinate
system there must be no rotation and a zero acceleration of the origin. Our
ECI coordinate system will not be a true inertial coordinate system since its
origin will experience a small acceleration as the earth moves around the sun
in the so1ér system. However, since all bodies in the vicinity of the earth
experience this same gravitational acceleration of the sun (and moon) the effects
of the acceleration tend to cancel when the motion of the body is expressed
in ECI coordinates.

The tranformation matrix (RNP) relates the Earth-fixed coordinated to the
ECI coordinates by the following equation at time: T = T,

Since the EF coordinate system rotates around its Z axis, the Z-rotation matrix
is introduced to give Recp at time T by

e = wg (T = To)

cos.9 -sine O
R = (RNP)T "sin @ ~cos ¢ <0 BEF
0. 0 1

L3
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Where w is the earth's angular velocity in inertial space, wg = .729211514646
-10'4 radians/second. Due to precesion and nutation of the earth's axis of
rotation, RNP was changed slightly every six hours during the Apollo missions.

The zbove coordinate transformation matrices are orthogonal, the inverse
equals the transpose, so ‘

cos © sine O
REF = l-sine cose O (RNP) BECI
0 0 1

And, taking the derivative with respect to time yields

cos & sine 0
Ree = | -sino coso O | (RNP)R
=£F ECl
o 0 1

-sin @ cos @ 0
* o -c0s 0 ~sin © 0 (RNP) BECI
o 0o 0

But

cos @ -sine. 0
(RNP) Reep = sin o‘ cas @ 0 Ree
0 0 1
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So

R

EF

cos ©
= |-sin @

0
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8.0 THE KALMAN FILTER EQUATIONS

1.

1)

2)

3)

10)

11)

12)

13)

14)

The Kalman filter equations used by the program are shown below in Table
P = of/3x form transition matrix
x = f(x, too1 AT) integrate state vector
C = £ ﬂT + S propagate error covariance matrix
D014 1 =1, M M = number of meas. at time t,
§I = gI (gn, tn) estimate Ith measurement
P = agy/x form measurement partials
— temporary storage vector

CALCULATE NONLINEAR CORRECTION TERM aQ.
R = PA+ QI + AQ estimate residual variance

*
LOAD SCALAR MEASUREMENT, Yo FOR TIME tn.

IF (y; - y;)?> 36R €0 T0 14 6o residual edit

W= A/R : form residual weighting vector
x = x+ w(y; - &I) correct state vector

C = C- WAT correct error covariance matrix®
CONTINUE

Go T¢ 1

THake use of symmetry in steps 3 and 13.

.f.

Table 1. The Kalman Filter Equations
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Making use of symmet}y in steps 3 and 13 is essential for trouble free
performance of the Kalman filter. Calculate only the lower triangular part
of C, and set the upper ‘triangular part equal to the Tower triangular part.
This is, of course, faster but most importantly it forces C to be a symmetric
matrix. Theoretically the equations in Table 1 give a symmetric C matrix.
However, due to computer programming, the sequence of operations for the
upper and lower parts C are different, and roundoff error can cause C to be-
come increasingly nonsymmetric. When this happens, the filter may become un-
stable and blow up. Generally when this occurs, the investigator will find
negative variances along the diagonal of C. He then may mistakenly assume
that, since the error covariance is not positive semidefinite, this is the
reason that the filter blew up.

When the estimated measurement ; = g(x, tn) is a highly nonlinear function
of x, and when the error in the estimate of x is large, then there may be
severe difficulty in getting the Kalman filter to converge. What is apparent
to the investigator is that the error covariance matrix will decrease to
values that are much smaller than the actual errors in the state vector. The
filter will tend to ignore the current measurements even though the residual
may be large. In these cases a nonlinear correction term, 4Q, should be
calculated. It can be shown that aQ is given by the following eguations (ref. 2).

lLet

95 = §§§£%5?° (measurement partials)
i %%

¢t

The ij element of C

Then

1 km &n 2

& ] Ke
8 = G 0T g7 (?'gkﬁ ™)

. where the repeated subscripts and superscripts mean a summation from 1 to N,
the number of elements in the state vector.
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The above value of AQ has been found to work very well in the Space
Shuttie onboard navigation equations. The use of AQ in effect increases the
value of the measurement noise variance, Q. This causes the error covariance
matrix, C, to decrease more slowly than normal, and the corrections to the

state vector are not as large as with no AQ. Since the measurement residuals
are weighted less using AQ, it is referred to as measurement underweighting.,

The value of AQ generally becomes small after the first few measurements are
processed and can generally (but not always) be ignored thereafter.

We note that the above equation for aQ is quite complicated. In reference 2
an alternate, simpler method for calculating AQ is given which we will use in -

the High Speed Tracking Data Processor. For all the measurements except the
Doppler measurement, when the position error is large AQ is calculated by

80 = 0.2 PCPT = 0.2 PA

The residual variance is then given by
R = 1.2PA+Q

where 1.2 is the measurement underweighting factor. This factor is set to 1
when the position error variance, C(1,1) + C(2,2) + €(3,2), is less than

(1000 meters)z. For the Doppler measurement, an underweighting factor of 3 all
the time was found to be necessary. 4Q = 2 PCPT = 2 PA in this case.
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9.0 TRW BENCH PROGRAM FLOW DIAGRAM

The overall flow diagram for the TRW Bench Program High-Speed-Tracking-Data
Processor is shown in Figure 1. Each block in the figure (there are seven
blocks) is a subroutine called by the main program. The PS(I) and P(I) arrays
mentioned in the figure are input and calculated constants. The NF(I) array
consists of logic flags. The equation

I = (TREAL - TLAG)/AT

means that I is set to the next lowest integer, just as would be done when
using FORTRAN. In block 6, PBI stands for push button indicator.
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il

o

©)

ZERD PS{1), P(1), AND NF(1) ARRAYS,
READ IN INPUT CONSTAKTS INTO PS(1)IAND P(1).

SET ASCENT-ENTRY FLAG, NF(20).

CALZULETE FIXED CONSTANTS I PS{1) AND P(1) ARRAYS,

(THIS BLOCK CAN BE EXECUTED AT ANY TIME.)

La—PROGRAM. EXIT/RETURN POINT., ENTER EVERY 4T = P(2) HOURS.

[SET RESTART FLAG, NF(19), IF RESTART IS CALLED FOR BY CONSOLE OPERATOR, |

y2

»Z

@

Ve (Toep - TLAG)/AT USE ALL GOOD DATA TO UPDATE THE STATE

Teare = 1927 - 4T DAZE AND MANUALLY. EDITED DATA

VECTOR AND STATE ERROR COVARIANCE MATRIX,
C. CALCULATE WEIGHTED RESIDUALS FOk GOOD

K

[ Tsrare = Torare * 47 |

PICK UP STATION 1D NUMBERS AND LOAD INTO THE NF(1) ARRAY.
PICK UP ALL TRACKING DATA WITH TIME TAG TSTATE AND STORE IN P(1) ARRAY.

SET DATA GOOD-BAD (1,0) FLAGS IN NF(1) ARRAY. IF NC DATA AT TIME TSTATE
SET DATA FLAG BAD. IF MANUAL EDIT 1S ON SET DATA GOOD-BAD FLAGS = -2.

@

’

. 3

IF STETION ID HAS CHANGES, REINITIALIZE THE PS(1) ARRAY, THE STATE VECTOR
BIASEL., AND THE STATE ERROR COVARIANCE MATRIX. IF S-BAND 1D HAS CHANGED,
SET NF18) = O T0.INITIALIZE DOPPLER, SET KEYHOLE FLAG NF(}), AND READ IN
S-BANC FREQUENCY INTO PS(1) ARRAY. SET OLD 1D NUMBERS = CURRENT 1D NUMBERS.

v

®

92

INTEGRATE - STATE' VECTOR, X, AND THE STATE ERROR
COVARIANCE MATRIX AHEAD TO TIME Terate:

5

|

INITIALIZE OFF ANY GOOD SET. OF RANGE AND 2 ANGLES
DATA, IF INJITIALIZED SET NF(19) = 2 AND NF{1€) = O
(FOR DOPPLER. INITIALIZATION), AND TURN OFF PBI
INITIALIZATION L1GHTS. [

®

INITIALIZE OFF ANY CURRENT TELEMETRY VECTOR, - SET KF(19) = 2 AND NF(18) = ©

(FOR DOPPLER .INITIALIZATION LATER), AND TURN OFF PBI INITIALIZATION LIGHTS.

FIGURE ):. FLOW DIAGRAM FOR THE. M1GH-SPEED-TRACKING-DATA PROCESSOR
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10.0 TRW BENCH PROGRAM INPUTS AND OTHER CONSTANTS

The PS(I) and P(I) arrays are used for nondestroyable storage in the
program. There are 72 elements in each array. The PS(I) array is used for
tracking station related parameters. The definitions of each element in the
arrays are shown in Sections 10.1 and 10.2. Where suitable, typical values
of the elements of the array will be shown. The units used will be earth
radii (6 378 165 meters), hours, radians, and cycles. (Cycles are used for
the Doppler measurement.) These are the units used with the actual real-time
program. However, the program shown in this report may use any system of
units for length and time, so long as one is consistent throughout the arrays.
For example, all preliminary design work was done using meters, seconds,
radians, and cycles. Hote that all values used in the arrays are zeroed at
the beginning of block 1.

Asterisks will denote the type of constant:

* premission program input,
**  preal time program input,

no asterisk, parameter determined by program.

10.1 THE PS(I) ARRAY

The station characteristics constants for the number 1 C-band station
are stored in PS{I) I = 1, 20. The statijon characteristics constants for the
number 2 C-band station are stored in PS(I) I = 21, 40. The station character-
istics constants for the S-band station are stored in PS(I) I = 41, 67,

**pS(1) = h altitude of the first C-band station above the reference eHipsoid.+

Typical value is 1.2480-]0"4 er (796.0 meters).

+The reference ellipsoid is specified by the constants P(17) and P(18).
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**pS(2) = ¢, geodetic latitude of the first C-band station with respect to the
the reference ellipsoid. Typical value would be .61018385 radians.

**pS(3)

it

X, east longitude of first C-band station, 4.22524581 radians.

**pS(4) No = nO-T, refraction moduius for the first C-band station. The in-
dex of refraction minus 1. This number changes from month to month. A typical

value would be .0003307, no units.

**p§(5) = He s the atmospheric scale height used in the refraction corrections
at the first C-band station. Literally the height of a spherical slab
atmosphere whose refraction modulus is everywhere No‘ ﬂsgchances from month
to month. Typical value = .00104 er (6633 meters).

**pS(6) = o for the range bias at the first C-band station, 2.8.107° er (18
meters ¥ 60 feet).

**pS(7) = o for azimuth bias at first C-band station, .0004 radians (0.4 milli-
radians).

**pS(8) = o for elevation angle bias at first C-band station, .0J04 radians
(0.4 milliradians).

**PS(9) = ¢ for uncorrelated error adding to the range measurement at the
number 1 C-band station, 1.4-10'6 er (9 meters).

**pS(10) = o for the uncorrelated error adding to the azimuth measurement at
the number 1 C-band station, .0002 radians (0.2 milliradians).

**pS(17) = o for the uncorrelated error adding to the elevation angle measure-
ment at the number 1 C-band station, .0002 radians (0.2 milliradians).

PS(12) =0§ [1 - exp (-2AT/TB)], number 1 C-band state noise variance for the
range bias.

PS(13) = 02 [1 - exp (-ZAT/TB)], number 1 C-band state noise variance for the
azimuth bias.
4]



PS(14) = oé [ - exp(-ZAT/rB)], number 1 C-band state noise variance for the

elevation angle bias.
PS(15) = PS(9)**2, variance of the uncorrelated error adding to the range
measurement for the number 1 C-band station.
PS(16) = PS(10)**2, variance of the uncorrelated error adding to the azimuth ulw
measurement for the number 1 C-band station.
PS(17) = PS(11)**2, variance of the uncorrelated error adding to the elevation
angle measurement for the number 1 C-band station.
PS(18) = XEF
PS(19) = YEF Earth-fixed coordinates of the first C-band station.
PS(20) = ZEF

The station characteristics constants for the second C-band station are
shown below.
**PS(21) = h, altitude of second C-band station above the reference ellipsoid.
Typical value is 1.568'10'5 er (100 meters).
**PS(22) = ¢, geodetic latitude of second C-band station with respect to the
reference ellipsoid. Typical value is .60503594 radians.
**pS(23) = ), east longitude of second C-band station, 4.17864945 radians
**pS(24) = N0 = no-1, modulus of refraction for the second C-band station.
The index of refraction minus 1. This number changes from ronth to-month. A
typical value would be .0003307, no units.
**pG(25) = Hg» the atmospheric scale height used in the refraction corrections B l

at the second C-band station. Literally the height of a spherical slab atmos-
phere whose refraction modulus is everywhere No‘ ﬁs changes from month to ronth.
Typical value = .007104 er (6633 meters).
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**pS(26) = o for the range bias at the second C-band station, 1.9°10'5 er

(12 meters = 40 feet).

**pS(27) = o for azimuth bias at the second C-band station, .0003 radians (0.3
milliradians).

**pS(28) = ¢ for elevation angle bias at the second C-band station, .0003
radians (0.3 milliradians).

**p5(29) = ¢ for uncorrelated error adding to the range measurement at the
second C-band station, .95.107% er (6 meters = 20 feet).

**p§(30) = ¢ for uncorrelated error adding to the azimuth measurement at the
second C-band station, .00015 radians . (0.15 milliradians).

**pS(31) = ¢ for uncorrelated error adding to the elevation angle measurements
at the second C-band station, .00015 radians (0.15 milliradians).

PS(32) = cg - exp(-ZAT/rB)], second C-band state noise variance for the
range bias.

PS(33) = cﬁ [1 - exp(—ZAT/rB)], second C-band state noise variance for the

azimuth bias.

PS(34) = cg [1 - exp(-ZAT/rB)], second C-band state noise variance for the
elevation angle bias.

PS(35) = PS(29)**2, variance of the uncorrelated error adding to the range
measurement at the second C-band station.

PS(36) = PS(30)**2, variance of the uncorrelated error adding to the azimuth
measurement at the second C-band station.

PS(37) = PS(31)**2, variance of the uncorrelated error adding to the elevation
angle measurement at the second C-band station.
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PS(38) = XEF

Y

PS(39) EF Earth-fixed coordinates of second C~band station.

PS(40)

Zer

The station characteristics constants for the S-band station are shown
below.

**pS(41) = h, altitude of the S-band station above the reference ellipsoid.
Typical value is 1.872-107% er (1194 meters).

**pS(42) = ¢, geodetic latitude of the S-band station with respect to the refer-
ence ellipsoid. Typical value is .61202125 radians.

**PS{43) = A, east longitude of the S-band station, -2.03838859 radians.

**PS(44) No = n0-1, modulus of refraction for the S-band station. The index
of refraction minus 1. This number changes from month to month. A typical
value would be .0003307, no units.

**pG(45) = Hg» the stmospheric scale height used in the refraction correction
equations for the S-band site. Literally the height of a spherical slab
atmosphere whose refraction modulus is everywhere NO. ﬁs changes from month
to month. Typical value = .00104 er (6633 meters).

**DS(46) = ¢ for the range bias at the S-band station, 2.8-10'6 er (18 meters).

**pS(47) = ¢ for the ay bias at the S-band station, .0016 radians (1.6 milli-
radians). For a well calibrated station o = .0004 radians.

**p5(48) = ¢ for the ay bias at the S-band station. .0016 radians (1.6 milili-
radians). For a well calibrated station o = .0004 radians.

"

**PS(49) = ¢ for the uncorrelated error adding to the range measurement at
the S-band station, 2.3:10°% er (14.5 meters).
C 44



**pS(50) = o for the uncorrelated error adding to the oy measurement at the
S-band station, .0004 (0.4 milliradians).

**PS(571) = ¢ for the uncorrelated error adding to the oy Measurement at the
S-band station, .0004 radians (0.4 milliradians).

**PS(52) = ¢ for the uncorrelated error adding to the Doppler cycle count
measurement at the S-band station, 120 cycles.

PS(53) = ci - exp(-ZAT/rB)], S-band state noise variance for the range
bias. '

PS(54) = °ZY M - exp (-2LT/rB)3, S-band state noise variance fer the oy
bias.

PS(55) °§Y n - exp(-ZéT/zB}], S-band state noise variance for the ay bias.

PS(55) = PS(49)**2, variance of the uncorrelated error adding to the range
measurement at tne S-band station.

PS(57) = PS(52)**2, variance of the uncorrelated errcr adding to the oy Measure-

v

ment a* the S-band station.

PS(53) = PS{51)**2, variance of the uncorrelated error adding to the ay Mmeasure-

ment at the S-band station.

PS(59) = PS(52)**2, variance of the uncorrelated error adding to the Dopoler
cycle count measurements at the S-band station.

PS(60) = X

EF
PS(61) = YEF Earth-~fixed coordinates of the S-band station.
PS(62) = Zgp
PS(63) = Ty the biasing frequency for the Dopzler measurement at “he S-band

" cycles/hour (240-106 cycles/second).
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*PS(64) = kv’ S-band frequency multiplication factor at the beacon on the
vehicle, 240/221 = 1.085972851 no units.

*pg(65) = ks, Doppler frequency multiplication factor at the S-band station,
1000 no units.

**PS(66) = fi.,the S-band transmitter frequency appearing in the incoming data
stream, not the station characteristics table, in units of cycles/second. ftr
will be converted to units of cycles/hour external to this program. A typical
value for the Apolio mission was 7.566487603-1012 cycles/hour (2.101802112-109
cycles/second).

PS(67) = 2 Kskvftr/c where ¢ is the speed of 1light in a vacuum. Typical value
for P(67) = 9.71258784. 1010 cycles/er = 15227.19902 cycles/meter.

*PS(68) = K in KAT, the state noise variance for the Doppler intearation
constant ID, the 19th e1ement of the state vector. Typical value = 3.6:10
cycles /hour = 10000 cycles /second

7

PS(6S) = KaT, See above.

*pS(70) = g time constant for all measurement biases, typical value is .03
hours = 108 seconds.

PS(71) exp(-AT/rB).

PS(72)

1 - PS(71)**2.

10.2 THE P(I) ARRAY

The following constants and variables are not related to station para-
meters.

P(1) = TSTATE = TS’ time tag of state vector in hours.
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*P(2) = AT, nominal time interval between measurements. State vector is
provided every AT hours whether or not there are currently good measurements
available. Typical value = 5.5555 55555 55556-107° hours (0.2 seconds).

P(3) = aTZ/2
*P(4) = TLAG = TL’ Tilter lag time behind real time. Due to transport delay
in getting data from the tracking site to the computer. Typical value = .0005

hours (1.8 seconds).

**p(5) = TREAL = TRL’ real current mission time in hours, measured from the
beginning of the year.

TreaL

Nominal measure- I< T _ ,l
ment times LAG
1 1/ AT \1 ! L ] ]
T T L

TsTate

Figure 2: Determination of the Initial Filter State
Time (Filter called every 4T hours there-
after.)

*p(6) = ECRY 7, for acceleration during ascent.’ Typnical value = .01111 111N
hours (40 seconds).

+ECRV stands for "exponentially correlated random variable",
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*P(7) = ECRV oy for acceleration during ascent. Typical value is 12.2 er/hr2
(6 m/secz).

*p(8) = ECRV T, for acceleration during entry. Typical value = .01111 11111
hours (40 seconds).

*P(9) = ECRV Cy for acceleration during entry. Typical value is 12.2 er/hrz
(6 m/sec?).

#

P(10) = exp(-AT/ra) for either ascent or entry phase.
P(11) = cg for either ascent or entry phase.
P(12) = US - exp(-ZAT/ra)] for ejther ascent or entry phase.

*P(13) = position variance for initial, diagonal, state error covariance
matrix for a restart from the raw traqking data. Typica] value = 2.458-10-6

er2 (10009 meters)z.

*P(14) = position variance for initial, diagonal, state error covariance matrix

for a restart from a telemetry vector. Typical value = ] er2 ( 2

6 378 165 meters)©.

*P(15) = velocity variance for initial, diagonal, state error covariance matrix,
20.4 erz/hr2 (8000 m/sec)z.

*P(16)

residual edit parameter. P(16) = 6 edits 6o residuals.

*P(17) = RE’ equatorial radius of the ellipsoidal figure of the earth. For
the 1960 Fischer ellipsoid RE = 1.000000157 er (6 378 166 meters).

*P(18) = f, ellipticity or flattening of the ellipsoidal figure of the earth.
For the 1960 Fischer ellipsoid f = 1/298.3 = 3.352329869'10"3 no units,

*P(19) = ¢, speed of light in a vacuum, 169210.5802 er/hr (299 792 500. m/sec).
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*P(20) = 4 inertial angular velocity of the earth, .262516 145273 rad/hour
(.729211 514646-10"" rad/sec).

**p(21) = time tag of RNP matrix in hours.

**p(22) )
**p(23)
*+p (24)

**p(25)
*%p(26)
**p(27)

**p(28)
*%p (29)
**p(30) J

The. RNP matrix, column stored. RNP is used in the conversion
> of the ECI telemetrv vector to earth-fixed (EF) coordinates.
The time tag of this matrix must be for the time T

state = P(21).

*P(31) = RSS position error variance below which the measurement underweight-
ing, nonlinear measurement correction, is turned off. Typical value = 2.458-10’3

er? (1000ﬁmeters)2.

P(32) =

P(33)

P(24) = scaled residual
P(35) = scaled residual
P(36) = scaled residual
F(37) = scaled rosidual
P(38) = scaled residual
P(39) = scaled residual
P(40) = scaled residual
P(41) = scaled residual
P(42) = scaled residual

counter for Doppler bias frequency calculation.

= scaled residual’ for range from the first C-band station.

for azimuth from the first C-band station.
for elevation from the first C-band station.
for range from the second C-band station.
for azimuth from the second C-band station.
for elevation from the second C-band station.
for range from the S-band station.
for ay from the S-band station.

for xy from the S-band station.

for cycle count from the S-band station.

JrResidua] divided by the filter's predicted standard deviation for the residual.
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**p(43), **P(44), **pP(45) = p, A, E data from the first C-band station in
er, and radians. DOD EFG data is converted externally to o, A, £ data.

**p(46), **P(47), **P(48) = p, A, E data from the second C-band station in
er, radiany, and radians. DOD EFG data is converted externally to p, A, E
data.

**%p (49}, **p(50), **P(51), **P(52) = o, ays Gys and Doppler cycle count from
the S-band station. Units are er, radians, radians, and cycle counts.

**p(1) I = 53, 58 is telemetry vector of position and velocity in M50 ECI
coordinates. Time tag is not important.

P(59) = 1. or 1.2, the underweighting factor set by the program according to
the predicted R3S position error. Used for all measurements except the Doppler
measurement which uses an underweighting factor of 3 all the time.

P(I) I = 60, 72 not currently used.

10.3 THE 3 BY 3 T5 MATRICES

The TS5 matrix converts EF coordinates to TOPodetic coordinates of east,
north, up as discussed in Section 5.1.

Brop = T% Rer

The T5 matrix is also used to convert the TOP partial derivates of the measure-
ments back to EF coordinates. The T5 matrix is generated by the subroutine
STS.

' T51 = coordinate transformation matrix for the first C-band station,
152 = coordinate transformation matrix for the second C-band station.
= coordinate transformation matrix for the S-band station.

753
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1. THE NF(I) FLAGS (INTEGERS)

A11 NF(I) are set to zero, in Block 1 of Figure 1, when the program is
first called. Asterisks identify the NF(I) in the following manner.

No asterisk means flag is computed by the program.
*premission input. (There currently are none.)
**preal-time program input.

***both a real-time input and computed by the program.

**NF(1) identifies data type from the S-band station.'
NF(1)
NF(1)

0 for a north-south keyhole.

1 for an east—Westikeyho1e.

**F(2) is the 1D number for.the first C-band station.

NF(3) = last value of NF(2). If NF(2) chances from its previous value, then
the measurement biases and the state error covariance matrix are reinitialized.

**NF (4) is the ID number for the second C-band station.

NF(5) = Tast value of NF(4). If NF(4) changes from its previous value, then
the measurement biases and the state error covariance matrix are reinitialized.

**NF(6) is the ID number for the S-band station.

~tThere are no flags for the two data types from the two C-band stations. In-

stead, the quuius of refraction for the C-band station is checked as follows:
No # 0 indicates normal, . -, A, E data.

N0 = 0 indicates p, A, E data have been corrected for refraction and speed of
1ight.



NF(7) =1

ast value of NF(6). If NF(&) changes from its previous value, then

the measurement biases and the state error covariance matrix are reinitialized,
and NF(18) is set to zero so as to cause the Doppler integration constant to
be reinitialized.

***NF (8)

1))

1, o from first C-band station has a good data tag.

= 0, p from first C-band station has a bad data tag.+

= =1, p from first C-band station has failed residual edit.

= -2, p from first C-band station is being manually edited by the
control board operator.  Residuals will continue to be calculated
in this case. '

]

1, A from first C-band station has a good data tag.
= 0, A from first C-band station has a bad data tag.
= -1, A from first C-band station has failed residual edit.

= -2, A from first C-band station is being manually edited by the
control board operator. Residuals will continue to be calculated in
this case. ’

1, £ from firét C-band station has a good data taa.

-1, E from first C-band station has failed residual edit.

-2, E from first C-band station is being manually edited by the
control board operator. Residuals will continue to be calculated

-1, p from second C-band station has failed residual edit.

= -2, p from second C-band station is being manually edited by
the control board operator. Residuals will continue to be calculated

***NF(10) =
= 0, E from first C-band station has a bad data tag.
in this case.

***NF(11) = 1, o from second C-band station has a good data tag.
= 0, p from second C-band station has a bad data tag.
in this case.

TNo data or missing data will be tagged bad.
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**NF(12)

**NF (13)

*RRNF (14)

***HF(]S)

1, A from second C-band station has a good data tag.

0, A from second C-band station has a bad data tag.

-1, A from second t-band4Station has failed residual edit.-

= -2, A from second C-band station is being manually edited by the
control board operator. Residuals will continue to be calculated
in this case. )

1, E from second C-band station has a good data tag.

0, E from second C-band station has a bad data tag.

-1, E from second C-band station has failed residual edit.

= -2, E from second C;band station is being manually edited by the

~control board operator. Residuals will continue to be calculated

in this case.

1, p from S-band station has a good data tag.

= 0, p from §-band station has a bad data tag.

= -1, p from S-band station has a fqi]ed residual edit;

= -2, p from S-band station is being manually edited by the control
board operator. Residuals will continue to be calculated in this

case.

], oy from S band station has a good data tag
= ey from S-band station has a bad data tag
= -1, ay from S- band station has failed residual ed]t

= -2, oy from S- band station is being manually ed1ted by the control
board operator. Residuals will continue to be calculated in this
case.
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***NF(16) = 1, o, from S-band station has a good data tag.
= O’Z“Y from S-band station has a bad data tag.
= -1, ay from S-band station has failed residual edit.

= -2, ay from S-band station is being manually edited by the control
board operator. Residuals will continue to be calculated in this
case. ' '

***NF(17)

1, Doppler count from S-bqnd'station has‘a good data tag.
= 0, Doppler count from S-band station has a bad data tag.
= -1, Doppler count from S-band station has failed residual edit.

= -2, Doppler count from S-band station is being manually edited by
the control board operator. Residuals will continue to be calculated
" in this case.

NF(18) = previous value of NF(17) except that NF(18) cannot equal -1.

Initially set to zero by the program. IF NF(17) = 1 and NF(18) # 1 then the
Doppler integration constant is reset and the state error covariance matrix for
the integration constant is reinitialized.

**NF(19) = 0, restart from tracking data. (Initially zeroed by the program).

1, restart from te]emethy vector.

2, program has been initialized and is running normally. Push button
indicator (PBI) is turned off.

**NF(20) = 0 for ascent.

1 for entry

NF(I) I = 21, 36 not currently used.
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12. THE FORTRAN LISTING

12.17 THE MAIN PROGRAM

The main program inplements the flow diagram shown in Figuhe 1. Note
that all constants and variables are placed in unlabled common storage. The
double precision storage requires 1860 words. The T(19, 19) matrix is used
for temporary storage, X(TQ) is the state vector, and C(19, 19) is the state
error covariance matrix. Note that all comments in the FORTRAN listing
preceded by an asterisk are programming instructions for the real-time
programmer.
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. .. PRUGRAM MAIN e e 2 03/UL/TT...00435.15.PAGE 1
oP=1 -
1 PRD(‘RAH MAIN e e e e e i e
2 TDNUBLE PRECISION PS.P;K:C;T;Tbl,TSZoISB
3 COMMON PS{72)5P(72),X(19)5C(19519),T(19,19)5T51(3,3),T52(3,3)»
4 A T53(3,3),NF(36)
5 C ALL COMMENTS PRECEDED BY AN ASTERISK ARE PROGRAMING INSTRUCTIONS FOR THE
6 C RFAL TIME PROGRAM.
..... 7 _ ... .. .CALL BLK1 i s e e
8 100 CONTINUE
9 C *IFf A RESTART IS CALLED FOR BY THE CONSOLE OPERATOR, THEN SET NF(19)ed TO
10 C_ __ *RESTART FROM RAW TRACKING DATA, SET NF(19)«l TD RESTART_FROM A TELEMETRY.
11 C *VECTOR
12 ©TFINF(19)4€Q.2)G0 TO 200
13 € *FETCH REAL TIME IN HOURS AND STORE IN P(5). . __ . ... . _ L
S T3 T T 1e(PU5)=P (4) ) /P (2)
15 PIL)=I*p(2)=P(2)
16 200 P{1)=P(1)+P(2) X L L
17 CALL BLK2
18 CALL BLK3
19 . _TFINF(19),EQ.2)CALL BLK4 e
"20° TTTTUTIF(NE(19) EQLO)CALL BLKS
21 IF(NF(19) EQ,11CALL BLKG
_z22 ... CALL BLK? e e e i i
23 . ¢ "#PROGRAM EXIT/RETURN POINT. ENTER EVERY DELTA T=P(2) HOURS,
24 6N TO 100 . :
-2 | END i o e
“qf ‘,: :."’, /:“ - :
O [N S
’ L X ’ L] ¥

j
i
i




12.2 THE BLK SUBROUTINES
Each numbered block in the Figure 1 flow diagram is a subroutine.

are seven blocks.
here.
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. SUBPOUTINE 8LK1 L. . S 03/01/77.

op=1

_SUBROUTINE BLK1

DOUBLE PRECISION PSsPyXsCsTsT51,T52,753
COMMON PS(72),P(72)5X(19),C(17519),T{19,19),T51(3,3),752(3,3),
LA T53(3,3),NF(36) -

ALL COMMENTS PRECEDED BY AN ASTERISK ARE PROGRAMING INSTRUCTIONS FOR THE
REAL TIME PROGRAM.
THIS BLOCK MAY BE EXECUTED AT ANY TIME PRIOR TO ENTERING THE KALMAN
FILTER LNOP.
00 100 I=1,72
© PS(I1=0,00
100 P(I)=0.00
D0 200 ‘I=1,36
200 NF(I)e0
*PEAD IN PROGRAM INPUTS TO THE PS(I) AND P(I) ARRAYS.

_#TIMF TAG FROM CORE AND STORE IN P(21), .

#FETCH THE. BNP MATRIX: FROM CORE AN COLUMN STORE IN P¢I} I2229304: FETCH L1FS--

#SET ASCENT-ENTRY FLAG, NF(20), TOU 1 IF IN ENTRY PHASE.
NDTE NF(20)=0 (SET ABOVE) INDICATES ASCENT PHASE. .
L CALCULATE FIXED CONSTANTS IN THE PS(I) AND PUI) ARRAYS. .
PS(69)=PS(68)4P(2)
PS(71)eDEXP(=P(2)/PS(70))
PS(72)%1,D0~PS(71)%*2
P(3)mP(2)%%2/2.00
TEINF(20) Qe 1160 TO 30G
PL10)=DEXYP(~P(2)/P(6))
P(11)=P(7)*%2
GO TN 400
300 P(10)=DEXP(~P(2)/P(8))
P(11)aP(Q)#%2
400 P(12)=P(11)#{1.,00~P(10)*#%2)
PETURN
END




64

SUBROUTINE -BLK2 03/01/777.._00,35,17.PAGE__ 1 __

gP=1

1 SUBROUTINE BLK2 e

2 DOUBLE PRECISION PSsPsXsCsTsT515T52,T53

"3 COMMON PS(72),P(72),X(19)5C(19,19)»T(19,19}),T51(3,3),T52(3,3),
S a4 B A 7 T53(3,3)sNF(36) o . ST
g ¢ ALL COMMENTS PRECEDED B8Y AN ASTERISK ARE PROGRAMING INSTRUCTIONS FOR THE

6 . ¢ PFAL TIME PROGRAM.

7 . C 7 *FOR TRACKING DATA WITH A TIME TAG OF P(1) HOURS, LOAD STATION ID NUMBERS __ . . _
Y o *#INTOD NF(2) (N3. L C-BAND), NF(4) (ND. 2 C-BAND), AND NF(6) (S=BAND

9 C #STATIONY.
10 _C . *PICK 4P ALL TRACKING DATA WITH A TIME TAG OF P(1). HOURS AND STORE IN PU}) . _

11 C ¥ARRAY I=43,45 (FOR NO. 1 C-BAND)sy I=46548 (FOR. NO, 2 C-~3AND), I®49,52 (FOR

12 C *#S-BAND STATION). IF NO DATA THEN LOAD NOTHING AND SET DAia 5000-BAD (1,0)

13 ¢ *70 ZERO.SET DATA GOOD-BAD FLAGS TOD ONE OR_ZERO. DATA GOOD-BAD FLAGS ARE_IN.
16T e *THE NF(I) ARRAY, I=28,10 (NO. L C=3AND)}s I=11513 (NO. 2 C=BAND)» I®l4,17

15 C . *{S-BAND STATION).IF MANUAL EDIT IS ON FOR A STATION, THEN SET ALL THAT

16 - *STATIONS GOOD-BAD FLAGS TO =24 N : L
17 RETURN

18 END

e
" 25 e

R )

{
s
i
i
i
i

o g
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. . ..SUBROUTINE BLK3 . . L . ... ..03/01/77. 00¢35,18.,PAGE__. 1. __

oP=1
_1 o SUBROUTINE BLX3 : L -

2 DOUBLE PRECISION PSyPyXsCyrToT5L,T52,T53

3 COMMON PS(72),P(T72),X(19)5Cl13»19)»T(19,19),T51(3,3),752(3,3),
4 A T53(3,3),NF(36) o e D _

5 o ACL COMMENTS PRECEDED BY AN ASTERISK ARE PROGRAMING INSTRUCTIONS FOR THE

b C REAL -TIME PROGRAM,

7 IFINF{2).EQ.NF(3)IGO TO 300 , N L e e
B T o *FOR STATION NF(2)»THE NUMBER 1 C~BAND STATION, PICK UP FRUM THE STATION

9 . C *CHARACTERISTICS TABLE PS(I) I=1,11. ‘
10 E - DD 190 1=1,3 . . -

11 . T{I1=PS(I+5)%%2
12 PSIT+I1)=T(I)*PS(T2)
13 PS(I+14)ePS(I48)%*2 o e
167 7T X(149)=0.D0

15 ... . DO 100 J=1,19. e T
16 o C(I+9,J1=0,D0 - o L N
17 10¢ C(J, 1+9)=0,00
18 DO 200 =143
19 _ 200 C(T+9,1+9)=T(I) S e o e
207 7 CALL SEF(PSC1)oPS(2)1,PSU3),P(17),P(1A},PS118),PS(19),P5({20))
21 CALL STS(PS{2),PS(3),T51)
22 A NF({3)«NF(2) U e
23’ T 300 IFINF(&).EQ.NF(5))GO TO 600 _
24 o *FOR STATION NF(4)» THE SECUND C—-BAND STATION, PICK UP FROM THE STATION
25 I ®«CHARACTFRISTICS TASLE PS(I) Ie21,31. e
267 7 DO 400 I=1,3
27 TCIVYePS(T425)%%2
28 : PSLI+31)=TLII4PS(72) e
29 PS(I+34)=pPS{I+28)%%2
30 X({1+12)=0.D0"
31 DN 400 J=1,19 i
32" C{I+125J)=0,D0
33 400 C(J,I+12)=0.00
34 DO 500 I=1,s3 : ; ‘ T
35 500 C(I+12,T+12)=T(I)
36 CALL SEF(PS{21),PS(22)sP5(23),P(17),P(18)sPS5(38),PS(39),P5(40))
a7 CALL STS(PS(22),PS(23),752) R e
34 NF(5)=NF(4)

a
PR RN / £
; Yo %
. . x £ 3
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__ SUBRMUTINE BLK3
oPsl

v '
nrﬁneﬁn

600

%A NORTH=SDUTH KEYHOLEs EQUAL TO 1 FOR AN EAST-WEST KEYHOLE.

IF(NF(b) EQeNF(T)IRETURN S . .
*FOR STATION NF(6)s THE S-BAND STATION, PICK UP FROM THE STATION

Pl e

03701777, 00435.18.PAGE___ 2

#CHARACTERISTICS TABLE PS(I) I=41,52 AND SET THE NF(1) FLAG EQUAL TO O FOR

#FROM THE DATA STORAGE BUFFER, PICK UP THE TRANSMITTER FREQUENCY
*CYCLES/SECOND AND STORE IN PS{66) IN UNITS OF CYCLES/HOUR.
PSI59)ePS(52)4%2

PS(67)22.D0*PS(65)%PS(64)*PS(66)/P(19)

" CAUSE DOPPLER INTEGRATION CONSTANT TO BE INITIALIZED.

700

800

NF.(1R)=0

DO 700 1=1,3
TOIVmPS(T+45)%%2
PSCI+52)=T(1)#PS(T2)
PS{I+55)=PS(1+448)%%2
X{I+15)%0,D0

DO 700 J=1,19
C(I+15,J)=04DO
C(JsI1415)20,00

D7) 8OO0 I=1,3
ClI+15,T1+15)eT(])
CALL SEF(PS{4L1)»PS(42),PS(43),P{LT)sPL18)sPS(60),PS{6L)sPS(62))
CALL STS(PS(42),PS5(43),T53)
NF(7)sNF(6) ‘

RETURN

FND
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- e . Lo . . . R ie e e R

.. . SUBROUTINE BLK4 e . ... . 03/01/77. 00¢35,20,PAGE___1

0Ps=1
1  SUBROUTINE BLK& o - o -
"2 DOURLE PRECISION PS,PyXsCelsT51,152,T753
3 COMMON PS(72),P(72)5X{19),C119,19),T(195,19),T51(3,3),T52(353),
e oA T5303,3)5NF(36) . . e i
5 C THIS SUBROUTINE PROPAGATES THE STATE VECTOR AND THE STATE ERRDR COVARIANCE
6 c MATRIX AHEAD IN TIME DELTA T=P(2) HOURS.
1 o D0 100 Is1,3 o e e
8 13143
9 16146
10 ° o XD ex(IreX(13)#P (214X (16D ¢P(3) e . SRR
11 X(I3)aX(T3)+X(16)%P(2)
12 100 X(I6)=P(10)*X(16)
13 N DO 200 1=10,18 : o e e
“ia 1200 X(I)=sPSL7LY*X(I)
15 DO 300 1=1,3 o . o e e . . - e S e a S,
16 13143 : e
Ty T TeRI46
18 DO 300 J=1,19
19 Ty J)eClI, ) eP(2)4C(I3,0)4P(3)¢C(16,J) I L
20 , TCI3,3)eClI35J)4P(2)%C(L165J)
21 300 T(I6,3)=P(10)4CLI6,4)
22 ‘ D0 500 Jd=1,19 , N ) L
23T T T DO 400 I=10,18
24 400 TCI,d)=PS(TLI*C(T,d)
25 500 T(19,3)=C(19,J) R . _
"26 00N A00 J=l,3
27 J3sy+3
28 Joele6 e
29 DN 800 I=1,19
30 . TF(J.GT. 116D TO 600
31 COTpddeTCI,J)+T(I,J3)%P(2)+T(1,46)%P(3) _ e
32 600 IFLJ3.G6T.1)GO TO 700
33 CUIsJa)eT(T,J3)+T(1,J6)%P(2)
34 700 IF(J6.GT.I)GO TQ BOO . e
35 o ClIsdn)nT(1sJ6)%P(10)
36 8GO CONTINUE
37 DO 900 J=10,18

38 DO 900 IeJ,19 R S

L
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_SUBROUTINE BLK4

gpe=l
39 900 CI,J)=TCI,J)*PS(71)
40 D0 1000 I=1,19
41 . DN 1000 Jwl,l
242 1000 C(JsI)=C(I,4)
43 C . ADD STATE NOISE COVARIANCE
44 TCATrTINCATTIAPL12).
85 - CUBsB)I=CUB,BI4RIL2)
a6 C(9,9)=C(9,9)4P(12)
47 C{10510)1=C(10,1G3+PS(12) -
S48 C(11,11)=C(11,11)+PS(1)
49 , Cl12,12)=C(12,12)+P5(14)
50 "Cl13513)=C(13,13)4PS(32)
.51 L CM114514)2C(14,14)4P5(33)
52 T (15515180 115,15)+PS134)
53 C{1%516)=C(16516)+PS(53)
54 N CICtLTs17ImCLLT,17)4PS(54)
Tys T C(18,18) 20118, 18)+PSU55)
56 Cl19,19)%C(19,19)+P5(69)
57 . .. RETURN =

FEUTTT U END

MATRIX.

e e 03401/ T T 00435+20PAGE__ 2__

P - —v— —— e

TI Wbt
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_.SUBROUTINE BLKSZ e e 03101777, 00435.34.PAGE. 1

OPel
1 . SUBROUTINE BLK5 L
2 DAUBLE PRECISION PSyPyX»CrT»T51,T52,T53
3 COMMON PS{72),P(72),X(19)5CC19,19),T(19,19),T51(3,3),T52(3,3),
L. SRR Y T53(3,3),NF(36) _— -
5 I TIIS SUBROUTINE INITIALIZES THE STATE VECTOR FROM THE RAW TRACKING DATA,
6 ¢ ALL CODM™ENTS PRECEDED BY AN ASTERISK ARE PROGRAMING INSTRUCTIONS FOR THE
7 c REAL TIME PROGRAM, R o -
8" IFINF(B)+NF(9)+NF(10).NEL3)GU TO 200
9 - C INITIALIZE USING FIRST C=-BAND STATION,
_10 C_ CONVERT RyA,E TD TOPODETIC COOROINATES OF EAST, NORTHy UPe .. .. . .. .. o
il T14)sP (43)%DCOSIP(45))
12 T(1)eT(4)*DSIN(P(44)) EAST
i3 ~ T(2)eT(4)*DCOS(PL44)) _ T . __NDRTH i
16 T T3 eP (63 ) *DSINIPL45)) up
15 [ TIMES T51: TRANSPDSE GIVES EF COURDINATES. - : Co
16 o DO 100 I=1 N B L _
GRS & 100 X(I)-TSI(I.I)*T(l)tTSI(ZpI)*T(Z)0T51(3;I)*T(31+PS(1017)
=18 6N TG 8co B
19 200 IF(NF{IL)#NF{12)+NF(13),NE.3)50 TO 400 i . e
“20 C IMITIALIZE USING. SECOND C-BAND STATION,.
21 T(4)sP(46)¥DCOSIP(48))
22 . T(1)=T(4)*DSIN(P(47)) V .. . EAST
23 T2)=T(4)*DCOS(P(47)) NORTH
24 T(3)=P(4h)*DSIN(P (4B} ) upP
25 c TIMES T52 TRANSPOSE GIVES EF CJORDINATES. o L
267 T DO 300 I=1,3
27 300 X(IDeTS2CLy ID4T(1)4T5212, 1) #T(2V4T52(3,1)*T(3}4PS([+37)
28 G0 TO 8920 L o
v29 400 IFINF{14)Y+NFULS)I+NF(16) NEs3)RETURN
30 C INITIALIZE USING S=BAND STATLJIN.
31 T(4Y=049)4DCOS(PI51)) ) R i
B - IFINF(1).EQ.1)GO TO 500 -
33 c A NNRTH=SNUTH KEYHOLE STATION.
34 T(1)=aT(4}*DSIN(P(50)) o L EASY
'35 T(2)=P(49)#DSINIP(51)) . NORTH
36 T(3)=T(4)*DCAS(P(50)) up
37 G0 TN 600 R )
38 C AN "EAST-WEST KEYHOLE STATION.

wi




__SUBROUTINE . BLKS

Qpe}

200

600
700
800
900

... 1000

1100

TIMES_T53 TRANSPOSE GIVES EF COORDINATES.

03/01/77. .00.35.344PAGE___ 2

TU1YaP(49)*DSIN(P(51)) . R e EAST
T(2)e=T(4)*DSIN(P(50)) ~ NORTH
T(3)=T{4)*DCOS(P(50)) up

DO 700 I=1,3
X(I)»TS3C1, I)*T(1)+T53(2,1)#T(2)+¢T53(3,1)1*%T(3)+PS([+59)
DO 900 I=4,19 .

X(1)=0.D0

DO 1000 I=1,361
C(I)=0,.00

00 1100 I=1,3
ClIsIY=P(13)
C{I+3,I+3)eP(15)
C(I+6pT46)P(11)
CeI+9,1¢9)=PS(TI+5)%%2
COI+12,I412)=05(1+25)%¢%2
C{I*15+s1415)=PS{I+45)%#%2

C . *TURN OFF PBI RESTART LIGHTS AND COMMANDS TO RESTART.

 NF(19)=2 -
CAUSE DOPPLER INTEGRATION CONSTANT TO HBE INITIALIZED.

NF(18)=0

RETURN SR .
END
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 SUBROUTINE

!

opP=1

400

BLKS

__SUBROUTINE BLKS6 e m
DOURBLE PRECISION PS;P;X:C:TDT51;T52)T53

COMMON PS(?Z)vP(?Z)nX(19):C(19;19):T(19;19)3T51(3;3),152(3;3)1

A T53(3,3)sNF(36)

03/01777..

THTS SUBROUTINE INITIALIZES THE STATE VECTOR FROM ANY CURRENT TELEH&TRY

VECTOR.

REAL TIME PROGRAM,

COMVERT M50 TELEMETRY VECTOR TO EF COORDINATES,
T(7)=P(20)%(P(1)=-P(21)) S ..
T(8)=DCAS(T(7)) " . o
T(9)=DSINCT(T))

DO 100 I=1,3
T(I)-P(I+21)*P(53)+P(I#Z«)*P(Jh)*P(I+Z7l‘P(55)

.T(I*3)-P(I*Zl)‘P(56‘*P(I*£4)*P(57)0P(l#Z?J*P(SB)

XL1)aT(A)*T(1)+T(9)4T(2)
X(2)e=T(II*T(1I+T(B)*T(2)

X(3)eT(3)
X(4)sTIBI*T(4)+T(II*T(5)+P(20)*X(2)
X(5)==T(9)4T(4)+4T(8)4T(5)-P(20)#X (1)
X(6)=T(6)-

DO 200 17,19 ,
X(I)=0,00 :
INITIALIZE STATE ERRDR COVARIANCE MATRIX,
DN 309 I=1,361

C(I)e0,00

DO 400 Ix1,3

CUI,I)=P(14)

ClI+3,143)=P(15)

ClI+6,1+6)eP(11)

CUI+9, T+Q)wPS([+5) %42,
CUI+12,1412)=PS(I+25)%¢%2
CUI+1551415)=PS(1445) 32

*TURN AIFF PBI RESTART LIGHTS AND COMMANDS 'TO RESTART.

5 F
———

NE(19)=2 ,
CAUSE DOPPLER INTEGRATION CONSIANT
NF(18)=0

RETURN T

END :

TO BE INITIALIZED.

ALL COMMENTS PRECEDED BY AN ASTERISK ARE PRUGRAHING INSTRUCTIOUNS FOR THE

REPRODUCIBILITY: OF THH

———

ot Mo

ORIGINAL PAGE I8 PEOR
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_SUBROUTINE  BLK7 . . e 93701/ 774_00436011.PAGE 1
oP=1
1 . . SUBROUTINE BLK? R
2 DOUBLE PRECISINAN PS,PyXsCsTyT51,T52,753
.3 COMMON PS(7Z),P(72):X(19):C(19;19),T(19’19),751(3:3);TSZ(S:B);
& AT T53(3,3),NF(36)
5 c THIS SUBROUTINE USES ALL GOOUD DATA TO UPDATE THE SIATE VECTOR, X» AND
6 o THE STATE ERROR COVARIANCE MATRIX, Co ALSO CALC. ARE WEIGHTED RESIDUALS,
7 “C SET NDERWEIGHTING FACTOR. i R
e PI55,21.,2D0
9 TF(C(LI,1)4C(2,2)14C(353).LTaP(311)P(59)214D0
_lo _ TE(NF(8)+EQe1.ORNF(8)¢EQ.=2)CALL MEASL e
11 CIF(NF(8).EQ,1)CALL UPDATE
12 IF(NF(9).EQu1.0RNFI9)EQ.=2)CALL MEASZ
RE . IFINF({9).EQ.1)CALL UPDATE » o
14 IF(NF(10)oEQuaLlaORGNF(10)4EQs=2)CALL MEAS3
15 TFINF{10)«EQ.1)CALL UPDATE .
16 . - TFINF(I1).EQe1:ORNF(11).EQ.=2}CALL MEAS4 - e .
ur TFINF(11).EQ.1)CALL UPDATE ;
18 TF(NF(12) «EQe1.ORNFIi2).EQ.=2)CALL MEASS
19 IF{NF(12).EQe1)CALL UPDATE [
20 ’ TIF{NF(13).EQe1.0R.NF(13)+EQ.=2)CALL MEASE
21 TF(NFI13).EQ.1)CALL UPDATE
22 CTF(NFL14)4EQ.1.0RWNF(14) EQe=2)CALL MEAS? e
23 IF(NF(14).EQ.1)CALL UPDATE .
25 TF(NF(15).EQ.1)CALL UPDATE o L N B .
26 T IFINF(16)4FE2¢1e0RWNF(15).EQ.=2)CALL MEAS9
27 IF(MF(16).EQ.1)}CALL UPDATE
28 IF(NF(17) ¢EQs 1. AND NF(18) ¢NEo1)CALL INITD -
29 c NNTE THAT THIS CAUSES THE DOPPLER INTEGRATION CONSTANT 10 BE INITIAUIZED
30 C AFTER A MANUAL EDIT IS ‘TURNED OFF.THIS PRECAUTIONARY MEASURE IS TAKEN IN
31 ¢ CASE THE DOPPLER DATA GUES FROM.BAD TO GOOD WHILE THE MANUAL EOIT IS ONe -
32777 NF(18)=NF(17)
33 c NATE THAT NF(18) CAN NEVER EQUAL -1 (RESIDUAL EDIT). NF(18) CAN ONLY HAVE
34 c VALUES 0OF 1 (DATA GOOD), O (DATA BAD), AND -2 (MANUAL EDIT)e " .
35 ‘ TFINFOL7) 4EQel e ORJNF(17)4EQ,=2)CALL MEASLO
36 IF(NF(17) JEO.1)CALL UPDATE
37 RETURN ) .
ET: I END T




12.3 THE UTILITY SUBROUTINES

There are five utility subroutines. The first .is SUBROUTINE SEF (H,
ALAT, ALON, RE, E, XEF, YEF, ZEF). This subroutine converts altitude, H,
geodetic latitude, ALAT, and east longitude, ALON, to earth-fixed coordinates
of XEF, YEF, and ZEF. The equations shown in Section 6 are used in the con-
version with

¢ = ALAT
A = ALON
RE = earth's equatorial radius

£ = f, the f1a£tening or ellipticity.

SUBROUTINE ST5 (ALAT, ALON, T5) generates the TOPodetic coordinate
transformation matrix T5 shown in Section 5.1. Inputs to ST5 are

ALAT
ALON

¢ = geodetic latitude, radians

A

east longitude, radians

Subroutines REFRAC calculates thé refraction corrections shown in Section
5.1. Inputs to REFRAC are

T(100) = range,'p T(101) = sin E

T(102) = N, refraction modulus T(103) Hg, scale height

The outputs are

T(104) = ap, refraction correction adding to range.

"

T(105) = 2E, refraction correction adding to elevation angle.

Other scratch storage used by REFRAC is

T(106) = cos £ T(107) = 1.4-10° Ny T(108) = 2.7.107 Nl'

68



T(109)

I
po g

T(110) = W T(111) = H*/Ro

A * .
T(112) = R [y/sin® £ + 2H'/R_ - sin E]

6
7 )1:4:107 Moy .

*
T(113) = T(N2)*[1 = 2.7-10 No]'s B (cos

Ap /N
o 0

Subroutine INITD initializes the Doppler integration constant X(19) and
assigns a large variance to it in the C matrix. It also zeros the Doppler
bias frequency counter, P(32). Temporary storage is

T(100) = -range, p

Subroutine UPDATE updates the state vector and state error covariance
matrix using a current measurement and using the Kalman filter equations shown

~in Section 8. Temporary storage used by this subroutine is

T(1 + 20) = cP! | 1=1,19 TU5) =y -y
T(16) = PCPT + Q + 4Q T(I + 40) = W = CP'/T(16) I=1,19

Note that T(15), T(16) and T(I + 20) I = 1, 19 are inputs to this subroutine.

69



0/,

o __SUBROUTINE SEF N o L03/01/77¢ 00e36e144PAGE_.. 1.
opPe=1

1 o SUBROUTINE SEF(HsALAT,ALUNSRESE,XEF,YEF,ZEF) el

2 DOUBLE PRECISION HsALAT»ALONsRESESXEFSYEF»ZEF)T1»T25 T3, T4

3 o THIS SUBRDUTINE CONVERTS ALTITUDE, GEODETIC LATITUDE,AND EAST LUNGITUDE T0
4 €. EARTH=FIXED CARTESIAN CUDKDINATES. e .. . .

5 T1=DCOS(ALAT) '

6 T2s(1-E)%%2
T T3sTI*¢2+T2#DSINCALAT) #42 N ) e
8 T3=RE/DSQRT(T3)

9 T4uT3eH
10 . XEFs=T&4*T1%DCOS(ALON) - ~ - e
11 YEF=T4*T1*DSIN(ALON)

12 7EF= (T3#T2+4H)*DSIN(ALAT)
13 - mo— » RFTUQN .. . ¥ maere M s me .4 i emeh e . - w——n e Fyeo——" - —
187 END ) ,

4
[ \
e , B e ¥ L4
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OP=1

_SUBROUTINE STS

__SUBROUTINE ST5(ALAT,ALON,TS)
DOUSBLE PRECISIAN ALAT,ALONsT5sT1

CIMENSION T5{(3,3)

THE FIRST ROW 0OF T5-1S A UNIT VeCTOR IN EF COORD.

THE SECOND RO4 OF T5 1S A UNIT VECTOR IN EF CODRD.
. THE THIRD ROW NF T5 IS A UNIT VECTOR IN EF COORD.

TS(1e1V==DSIN{ALON)
T511,2)= DCOS(ALON)
T5(1,3)= 0.D0
T5(2,3)= DCOSCALAT)
T5(353)= DSINIALAT)
T5(2,1)==T5(3,3)%T5(1,2)
T T5(2+2)2T75(3,3)%T5(1,1)
T5(3,1)=T5(2»3)%*T5(1,52)
T503,2)==T5(253)*%T5(1s1)
RETURN
END

'

... 03/01/77. 00436417+PAGE 1.

___THIS SUBROUTINC GENERATES THE TOPODETIC COORD.. TRANSFORMATION MATRIXs .TSe

IN THE EAST DIRECTION,.
IN THE NORTH DIRECTION,

IN THE _VERT. DIRECTION._

it



i SUBROUTINE REFRAC L . .. 03/01/77.,.00.36,19.PAGE._ 1 .

OPw1
1 . SUBROUTINE REFRAC . _ . L :
2 DOUBLE PRECISINN PS)P;X)C)T’T51)75Z’T53
3 COMMDN PS{72)sP(72)sXE19),C(19,19),T1195,19)5T51(353),752(3,53),
& A T53(3,3),NF(36) . - o
5 [ THIS SUBROUTINE CALCULATES THE REFRACTION CORRECTION FOR RANGE, T(104),
6 c AMD THE REFRACTION CORRECTION FUR ELEVATION ANGLEs T(105).
7 IF(T(100).LT+202D0%P(17)¢AND.T{LUL)elLT44010500)T(101)=.0L05D0 = = _ e
8 T(106)wDSQRT(1.DO=T{LOL)*42)
9 T(107)=1.406%T(102)
~10 . . T(10B)=2,7D7#0SQRT(T(1J2))**3 R . e
11 : T(109)eP(17)%*24T(100)4%2+42.D0*%T(100)#P(17)*T(101)
12 : TC109)=DSORT(T(109))~P(17)
13 - TE110)=(1.,09=-DEXP{=T(109)/T(103)))*T(103) . B )
16T T T T{IIL)=TL110) /P (1T
15 : 1(112)-9(17)~(Dsonr(erstr«101)¢*z+a.not1u111))) -T(101))
16 ) CT(I13)eTL112)% (1. DO-T(108)*T(lll)‘T(lObl##T(lO?)) T
—. 17 T(104)=T(102)%T(113)
a18 - TCLNS)e(T(LL3)*T{106)/T(110))*(T(102)-T(1046)/T(100))
19 RETURN L
‘20 END




£l

SUBROUTINE INITD N . 03/01/77..00236437.PAGE____}
op=1
D U SUBRAUTINE INITD .
2 DOUBLE PRECISION PSyPsXsCsT»T51,T52,T53
3 COMMON PS(T2)sP(72)sX(19)5CE19519)»T(19,19)sT51(3,3),T52(3,3),
4 A T53(3,3),NF(36)
5 c THIS SUBROUTINE RESETS THE INTEGRATION CONSTANT FOR THE INTEGRATED DOPPLER
6 C MEASUREMFNTS»AND ASSIGNS ‘A LARGE VARIANCE TO IT IN THE C MATRIX, IT ALSOD
r__c - ZERDS THE DOPPLER BIAS FREQUENCY COUNTER, P(32), . o
8 TCLO0)®DSORT({X(1)=PS(60) ) **2+(X({2)=PS(61))#%24 (X (3)~PS(62))%%2)
9 X(19)=P(52)4P5{67)%T(100)
10 . DD 100 J=1519 R
11 C{19+J)20,D0
12 100 €(J»19)%0,D0
13 ClL19+19)e(Cl1,1)4C02,2)+C(3,3))4P5(6T7)%e2 o e e
14 PL321=0.D0
15 RETHRN :
16 _END

| T




. _SUBROUTINE UPDATE : e e 037044774, 00436439.PAGE 1.
. OP=1
b .. SUBPOUTINE UPDATE S e e e —_
2 DOUBLE PRECISION PSsPyXsCsTyT51, 152,753
3 COMMON PS{72),P(72)5X(19)5C(19,19)5T{19,19),T51(3,3),752(3,3)»
4 LA T53(3,3),NF(36) -
5 DO 100 I=1,19
6 T(I+40)sT{1+20)/T(16)
R LXCDIAXUI)+T(1+40)4TL15) -
8 DO 100 J=isl '
9 _ ClI,J)=CUI,d)=T(I+40)*T(J+20)
10 100 ClJsI)eCUI,d) B S S
u RETURN .
12 END

b
o JRUNEES fm— i :
S ‘ N N




12.4 THE MEAS SUBROUTINES

There are ten measurement subroutines, one for each measurement being

processed by the program. The primary outputs of the subroutines are:

T(15) = y* -y, the residual.
\T(16)'é"P(59)*(PCPT) + Q, the predicted-résidua1 variance.
= 3 PCP! + Q for the Doppler measurement
= PCPT + Q + AQ, see Ka1maﬁ Filter Eqs.’in Section 8.7
P(1 + 32) = scaled residual = T(168)/yT(16) I =1, 10.
Toi-ae

T(I + 20) = CP

Other temporary storage for the measurement subroutines is:

T(4), T(5), T(6) = Ry/n 1op

T(7), T(8), T(9) = TOPodetic partial derivatives

T(10) = o%, range’

T, T(12), T(13) = Earth-Fixed (EF) partial derivatives

T(14) 9, the estimated measurement

T(40)

= pp/c, speed of light correction for range

75



T(106)

p T(101) = sin E T(102) = T(103) = H

S

T(104) = ap, refraction correction adding to range.
T(105) = AE, refraction correction adding to elevation angle.

Additional scratch storage for each individual MEAS subroutine is contained
in T(I) I = 60, 67 and is shown below.

Additional temporary storage for MEAS?2 and MEASS is

. 2 2
T(66) = Xysa,7op * Yusa,ToP

Additiona] temporary storage for MEAS3 and MEAS6 is

+ ye

T(61) ‘XV/A Tor ¥ Yv/a,ToP

T(60) \/XV/A Top ¥ V/A TOP

Additional scratch storage for MEASE, north-south keyhole, is

2 2

T(60) = Xy/a,10p * Zy/a,ToP T(61) + y2

A '
= ¥Y¥y/a,1op * Yvsa,ToP

Additional storage for MEAS8, east-west keyhole is

+ye

2 /2 7
T(62) = ¥ | T(61) = ¥Xy/a,T0P /A, ToP

V/A,TOP V/A,TOP

Additional storage for MEASY, north-south keyhole, is

o 2 | N 2
T(60) =¥X4 /100 * 0/ 0P | T(81) = 0% YXi/n, 100 * Zism, op

76



L 7 2
T(62) = YV/A,TOP/ '/XV/A,TOP * YV/A’TOP

) 7 7
T(63) = Zy,p 1op/ '/XV/A,TOP * Zy/a, 0P

Additional storage for MEASY, east-west keyhole, is

7 7 RV z
T(64) = !/YV/A,TOP * Zy/n,ToP T(65) = o '/YV/A,TOP * Ty/n,Top

. 7 —
T(66) = Xy/a,T0P/ \/XV/A,TOP * Yy/n,T0P

3 /72 7
T(67) = Zy/p 100/ ¥ YV/A,Top_+ Zy/n,ToP

The equations used in the MEAS subroutines may be found in Section 5. The
Kalman filter equations used in the MEAS subroutines may be found in Section 8.

7
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SUBROUTINE MEAS1 : , A 03701177,

gP=1

A

SUBRUUTINE MEAS1

00436,41.PAGE___ 1 .

DOUBLE PRECISION PSyPyXsCoTsT5L5 7525753
COMMON PS{72)sP(72)5X(19),CE19»19)»T(19,19),T51(3,3),152(3,3),
T53(353)5NF(36) e

THIS SUBROUTINE IS FOR THE RANGE MEASUREMENT,R,FROM THE FIRST C-BAND
STATINN,

Y1) eX(1)-PS(1B}

100

200

T(2)Y=X{2)-P5S(19)

T{3)=X{3)~-PS(20)
T(100)=DSORY(T(L)**24T(2)*%24T(3)#¢2)
TL41YeT€1)/T(100)

T(12)=T(2)/7(100)

T(123)sTE33/T(100)

T(14)=T(1003+X{10)

TF({PS(4)4tT.1.D=6)G60 TU 100
TL40)#(TCIIAX(4)ATL2)*X(5)+T(3)1%X(6)3/P(19) ]
TC101YeTSI(3, 104T{11)4T51(3,2)47(12)4T51(3,3)%T(13)
T{102)=PS(4)’

T(103)=PS(5)

CALL REFRAC

1(14)-Tr1a)-7(40)+r¢104)

T{15)=P(&3)~-T{14)

00 200 I=1,19 :
TCI+20)aC{I,1)*TL1L)4C(I,2)%T(12)+4C(I,3)%T(13)+4C(1510)
TU16)=P(59}* (T(1IIATI2LH4T(12)¢T(22)+¢T(13)#T(23)+T(30))+PS{L5)
P{33)=T{15)/0SQRT(DABS({T(16)})
IF{DABS(P(33)1.6T.P(16)INF(B)e~1

RETURN

FND
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'SUIROUTINE . MEAS2 e

Ops]

SUBROUTINE MEAS2

 03/01/77+.006364544PAGE___1 __

" 'DOUBLE PRECISION PSyP,X» CrTrT51,752,753

“COMMNDN PS(72)P(72), X(19))C(19p19)’T(19)19);751(3;3)9T52(3p3"
T5303,3),NF(36)

THIS SUBROUTINE 1S FOK" THE AZIMUTH MEASUREHtNT,A:FRJM THE FIRST C~BAND
STATION. o Y

T(1)=X(1)=PS(18)"" e :
T(2)=X(2)=PS(19) ’

T{3)Y«X(3)=PS(20)
T(é)-T51(1,1)¢T(1)0T51(1;z)#T(Z)+T51(1;3)#T(3)

TS5 TS5 2,10 4TC114TS1(2,2)#T(2)+T51(2,3)4T(3)

T(6)=TS1(3,1)%T(1)4F51(3,2)4T(2)+T5103,3)#7(3)
T(164)aDATANZ(T(4)sT(5))+X(11)
T(15)=9(44)=T(14)
TFIT(15).6T,2.00)T(15)=T¢15)-6.28318530800
TL60)=T(4)*524T(5) 442

T(7)=T(5)/T(60)

T(B)==T(4)/T(60)
TOLL)=T(T7)*T51(151)+T(8)*T51(251)

TT(12)=T(?)*TS51(1,2)4T(B)*T51(2,2)

100

T(13)=T(7)%T51(1,3)+T(B)*751(2,3)

‘00 100 I=1,19

T(I+20)=CUI,104T(11)4C(1,2)#T(12)+C(Is3)%T(13)4CiI,11)
T(16)=0(59) ¢ (T(11)*T(21)+T(12)#T(22)+4T(13)*T(23}+T(31))4PS(16)
P(34)e7(15)/GSORTIDABS(T(151))
IF(DABSIP(34))GT.PI{16)INF(9)n=1

RETURN ' :

END

S R 7]




_SUBROUTTINE "MEAS3

|

N NN m}a:un:w
oy O

!
|
1

dp=]

SUBROUTINE MEAS3 .
DOUBLE PRECISION PSsPsXsCsT»T51,752,753
A T53(3,3)sNF(36)

C—-BAND STATION.
T(L)=X{1)-PS5S(18)

T T(2VeX(2)-PS{19)

TU(3)=X{3)~P5(20)

CTHa) TS, AT ¢T51{1,2)%T(2)+T51(1,3)¢7(3)

1c0

200

T(5)=T51(2,1)%T{L)+T51(2,2)%T(2)+T51(2,3)%T(3)
T(6)aTST(3, L)*T{1)4T51{3,2)%T{2)4T51(3,3)%7(3)
TU10)=T(4)*#2+T(5)*%2+T(0)**2
T(60Y=DSART(T(4)**24T(5)%%2)

T(61)=T{10)*T(60)
TL16)=DATAN2(T(6)»T(60))+Xx(12)
IF(PS(4)eLT.140-6)G0 TO 100

T(100)=DSQRT(T(10))

T{101)=T(6)/T(100)

7(102)=PS(4)

T{103)=PS(5)

CALL REFRAC

T(16)=T(14)+T(105)

T(15)3P(45)-T(14)
IF(T(15).6T+2.00)T(15)=T(15)-6.,283185308D0
T(7)e=(T(4)/T(61))%T(6)
T(B)=~(T(5)/T(61))*T(6)

T(9)eT(60)/T(10) o
TOIL) =T(7)*TSL{L,1)+T(B)I*TSL(2,1)4T(9)*T51(3,1)
TE12)=TUTI&T5101,2)+4T(B)I*T5102,2)¢T{9)¥T51(3,2)
TOL3)sT{7)%T51(1,3)4T(B)*T5112,3)+T(9)*T51(3,3)
'DC 200 I=1,19 .

TCI420)=C(Ip1)*TCILI4CLI, 20 4T(12)4C(1,3%T(13)+C(1,12)

COMMON PS(72),P{72)sX(19),C(19,19),T(19,19),T51(3,3),752(3,3),

. 0Q3701/77. 00437.37.PAGE.__ 1

THIS 'SUBROUTINE 1S FAR THE ELEVATION ANGLE MEASUREMENTsE,FROM THE FIRST

TU16)=P(S9)#(TI11)#T(21)+TL2)TI22)+T(13)%T(23)4T¢32))4PS0LT)

P(35¥eT{15)/DSORTI(DABS(T(16)))

IF DABS(P(35))eGToPl16)}INF(10) -1
RL T"RN
END T
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__SUBROUTINE MEAS4
npel

e = Q3701777 004384484PAGE___ 1

_SUSROUTINE MEAS4
DOUBLE PRECISION PS»PyXsCoTsT51,T52,T753
COMMON PS(72),P(T72),%(19)5CE19,19)5T{19519)5T51(35,3),752(353),
Y L T53(3,3)5NF(36). e e e
¢ THIS SUBROUTINE IS FOR THE RANGE MEASUREMENT», Ry FROM THE SECOND C—-BAND
C STATION,
S T(1)=X{1)=-PS(38)
T(2)=x(2)-PS(39)
T(3)=X(3)=P5(40)
TO100)=DSQRT{T(1)*%24T(2)*%24T(3)*42)
T(11)=T(1)/T(100)
T(12)=7(2)/7(190)
T(13)=T(3)/7(100)
T(164)eT{100)+%X(13)
o IF{PS(24)4LTaleD=6)60 T0 100
TL40)m{TCLIRX(4)+T(2)%X(5)4TL3)*X(6))/P (1)
TIT(101)=T52(3,1)%T(11)4T52(352)%T(L2)+T52(3,3)%T(13)
T(102)=PS(24)
S T(103)=PS(25)
CALL REFRAC
T(14)aT(14)=-T(40)+T(104)
100 TU15)=P(46)=T(14)
DO 200 Is1,19
200 TUI+201eC I, 1)*T(L11)+C(1p2)*T(12)4C(I»3)%T(13)4C(I,13)
7(16)-9(59)*(T(11)*T(21)+r(12)tr(22)+T(13)*7(23)+r(331)+PS(35)
P{36)»T{15)/DSQART(DABS(T(16)))
IF(DABS(P(36))oGT4P(16)INF(11) =1
RETURN
END
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SUBROUTINE 'MEASS

GP=1

© 100

A

SUBROUTINE MEASS L

DOUBLE PRECISION PSsPyXsCoT»T51,T52,T753

COMMON PS(72),P{72)9X019)»C(19519)»T119,19)»T51(3,53),752(353),
T53(353),NF(36)

THIS SUBROUTINE IS FDR THE AZIMUTH MEASUREMENT, A, FROM THE SECOND C~BAND

STATION, .
T(1)=X(1)=~PS(38)

"T(2)aX(2)-PS(39)

T(3)=X(3)=PS(49)
T(a)wTS2(1,10%T(1)4T52(1,2)%T(2)4T52(153)%T(3)
TO5)mTS52(2, 1) #T(L)+T52(2,2)%T(214T752(2,3)%T(3)
T6YeT52(3,1)*T(1)+T52(3,2)%T12)4T52(3,3)4T(3)
T(14)=DATAN2(T(4)»T(5))+X(14)
T(15)=P(47)=T(14)
IF(T(15)s6T42.D0)T(15)eT(15)-6.28318530800
TI60)=T(4)*%24T(5) %2

T(7)=T(5)/T(60)

T(8)==T(4)/T(60)
TO11)=T(7)%T52(1,1)4T(3)%152(2,1)
T(12)=T(7)%T752(1,2)+T(8)*752(2,2)
T(13)=T(7)%T52(153)4T(8)%T52(2,53)

D2 100 I=1,19

TTOI+20)=ClI104T(L1)+CCT,2)#T{L2)+4CILI,3)#T(13)+C(I,14)

TI16)P (59 (T(11)#T(2L)+T(L21%T(22)+4T(13)4T(23)+4T434))4P5(36)
P{37)aT(15)/DSART(DABS(T(16)))
TIF(NABS(P(37)).6T.P(16)INF{12)=~-1

RETURN

END ‘

03/01/77. 00.39.13.PAGE.._ .1
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MEASH

~SUBROUTINE MEASG
"DOUBLE PPECISION PS,PyXsCsTsT51,T525T53

COMMON PS(72),P(T72),X(19),C(19519),T(19»19)»T51(3,3),T52(3s3),

T53(353)sNF(36)

STATION.

S T(1)=X{1)=-PS(38)

100

T(2)=X(2)-PS5(39)
T(3)=X{(3)=-P5(40)

T(4)=T52C2, 1)*TUL)#T52(L92)*T(2)+4T52(13)%T(3)

T(5)=T52(2s1)%TL1)+T52(2,2)%T{2)+T52(2,3)*T(3)
T(O)=T52(3s1)*T(L)+T52(3,2)#T(2)4T52(3,3)%T(3)

TCLO) =T L) * x24T (5)%42+T(6)%%2

Yf60)lDSQRT(T(6)‘*2*T(5)**2)
T(61)eT(10)*T(60)
T(l&)'DATANZ(T(b)sf(60))+X(15)
IFLPS(24)«LT.1.0-6)6G0 TO 100
T€100)=DSORT(T(10))

. TC101)=T(6)/T(100)

T(102)=PS(24)
T(103)=P5(25)

CALL REFRAC

T(16)=T(14)+T(105)

T(15)=P(48)-T(14)

TF(T(15)46Ts 2. DO)T(15)-'(15)-6.48318530800
T{7)ea={T(4)/T(61))%T(6)

T(8)a=(T{5)/T(61))*T(6)

T{9)=T(60)/T(12)

TOI1)eT(7)*T52(1, 1) +T(8)*T52(291)4T{9)#752(3,1)
T(12)=T(T)*T52(152)4T(3)%T52(2,2)+T{9)*T52(3,2)
T(13)-T(?)*TSZ(I:B)*T(8)‘T52(2:3)4T(9)‘T52(313)
DO 200 I=1,19

TCI+20)eCCI, L)*TL11)4C(1,2)2T(12)4C(1»3)%T(13)4C(I515)
CTL16)=P{S9)#(T(1LI#T(2L)+T(121%T(22)4T(13)*T(23)4T(35))4PSI37)__

P(3R)=T(15)/DSQRT(DABS(T(16)))
IF(DABS(P(38)eGT+P{L6)INF(L3)e-]
RETURN

END 7T

03/01/77..
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T(2)=X(2)-PS(61)
T(2)aX(3)~P5(62)

C T(11)=T{1)/T(100)}
T€12)=T(2)/T(100)

_ SUBROUTINE MEAST

A
THIS SUBROUTINE IS FOR THE RANGE MEASUREMENT, Ry FROM THE S—BAND STATION.

__SUBROUTINF MEAS? e e .. . 03701777,.00440,5684PAGE .1 .

"DOUBLE PRECISION PS:P;X;C;T;TSL;TSZ’T53
COMMON PS(T72),PUT72),X(19)»CL{19»19)5T(19,19):T51(3,3),T52(3,3),
T53(3,3)sNF(36) .- e e e e ——

T(1)=x(1)=-PS(60)

TC100)=DSORTIT(L)I*%24T(2)%42+4T(3)%%2)

T(13)=T(3)77(100)
TCa0) = (TELYSX (L) +TL2)*X(5)+T(3)*X(6))/P(19)

'T(101)-T53(3p1)*T(11)*T53(3n2)‘T(12l0753(3p3)’T(13)

T(102)=PS(44)
T(103)=PS(45)

" CALL REFRAC

100

O T(16)=PUS9)RIT(I1)*TL21)4TC12)*¥T122)+T(13)4TU23)+T(36))4P556) |

T(14)=T{100)~-T(40)+T{104)4X (15}

TE15)=P(49)-T(14)

DO 100 I=1,19

T(I420)eC I, 1)*T{21)+C(L1,2)%T(L2)+4C{I»3)4T(13)+C(I,16)

T P(39)sT(15)/DSARTIDABS(T(16)))

IF(DABS(P(39))GTePl16)INF(14)=—-]
RETURN
END

g g A1 WA e i
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_.SUBROUTINE MEASS R S e e e 032017700 004410294PAGE 1

oP=1
i o ... _-SUBROUTINE MEASS o e
2 DOURLE PRECISION PSsP,XyCpTs»T51,T52,T53
3 COMMON PSU(T2)9P{T72)5X(19)5C(195,19)5T(19519),T511(3,3),T52(3,3)»
4 A . T5313,3),NF{36) U
5 c THIS SUBROUTINE IS FOR THE X ANGLE MEASUREMENT, ALPHA Xs FROM THE S-BAND
6 o STATINN,
o Ty ex(1)-PS(60) 5 i i .
8 T(2)=Xx(2)=PS(61)
9 T(3)eX{3)=P5(62}
10 L T(a)mTS3(IsL)AT(1)4TEI(1,2)%T(2)4T53(1s3)%T(3) _ . U
11 T(5)aT5302,1)+TULI+T53(2,2)%T(2)4T53(2,3)%T(3)
12 T(6IwT53(3, L)*T(1)1+T53(3,2)%T(2)4T53(3,3)*T(3)
13 S TEI0)aTUR)*424T(5)#424T(6) %42 o N A e
16T T T T e ) wDSORTIT(4) X% 24T (5) #42)
15 T{100)=DSQRT(T(10))
16 L T(101)=T(6)/T(100) i ) o .
17 : TL102)=PS{44) :
18 T(103)=PS(45)
19 " CALL REFRAC . i . L
o T TIF(NF(1).NE.0)GO TO 100
21 T60)=T(4)#4%24T(6) %22
22 L T{16)=DATAN2(T(4)»T(62)-TCIO)I®T(4)*¥TLLIO5)/{TCOLI*T(60D}+X(LTY . . ... —_—
23 TUI=T(6Y1/T(60)
24 T(9)a=T(4)/T{60)
25 ) TA11)=T(7)%T53(1,1)4T(9)%T53(3,1) N -
26 T(L2)=T(7)*#T53{1,2)4T(9)#753(3,2)
27 TC13)eT(7I*T53(1,3)4T(9)1#T53(3,3)
28 60 TO 200 , RO —
29 100 T(A2)aT(5)%424Ti6)%%2
30 T{14)wDATAN2(~T(5) s TLO6))+TCLOVAT(5)*T(105)/(T(61)*T{62))I+X(17)
31 : T(8)e=T{6)/T(62) ) o L
327 TI9)=T(5)/T(62)
33 TCL1)=T(B)*T53(2,1)+T(9)%T53(3,1)
34 TC12)=T(9)*T53(2,2)+T(9)#T53(3,2) e
“ 35 - CT(13)=TU(B)*T53(2,3)14T(9)*T53(3,3)
36 200 T(15)=P(50)-T(14) :
37 IF{T{15Y,67.2.00)T(15)=T(15)-6,283185308D0

3g D0 "300 I=l»l9
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‘300 T(I+20)-C(Ipl)*T(ll)*C(IvZH'T(lZ)*ClIp3)“T(13H’C(I 17)

UBROUTINE  MEASSB e 03701777 00041,29.PAGE___ 2
gpP=1 .

TT(16)2P(59) 4 (T(11)#T(21)4T(12)#T(22)4T(13)#T(23)4T(37))4PS(57)
P(40)=T(15)/DSQRT{DABS(T(16)))
IF(DABS{P(40))+GT+P(16)INF(15)=-1

RETURN

END .
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SUBPOUTINE MEASQ

SUBROUTINE MEAS9 . S
DOUBLE PRECISION PSsPsXyCyTsT51,T52,T53

COMMON PS{72)sP(T72)sX(19)5C(19519)»T(1G,19),T51(3,3),T%2(353))

T53(3,3),NF(36)

THIS SUBROUTINE IS FOR THE Y ANGLE MEASUREMENT, ALPHA Y, FROM THE S=BAND

STATINN.:

T(1)eX{1)=PS(60)

TE2Y=X(2)+-PS(61)
T{3)=sX{3)1-pS5(62)
TOa)=TS3CL,10%T(1)+4T53(1,2)*T(2)+T53(1»3)%T(3)

TU5)=T5302,1)#T{1)1+4T53(2,2)4T(2)+4T53(2,3)%T(3)

TE61=T53(3,1)*T(1)+T53(3,21*T(2)+4T53(3,3)%T(3)

CTEYOYmTUO) #%24T(S5)2%2+4T(6)*%2

T(100)=DSORT(T(10))
T(101)eT(6)/T(1200)
T(102)=PS{44)

T(103)=PS{45)

CALL REFRAC
IF(NF(1).NE.O)GO TO 100

T T(60)=DSORT(T(4)*%%2+4T(6) *¥%2)

TL6L)=T(10)*T{60)
TE62)=TL5)/DSQARTIT(4)#%2+4T(5)%*2)
T(63)=T{6)/T(60)
T(14)=DATANZ{T(5)»T{6G))-T(62)*T(63)*T(205)+x(18)
T(7 e=(T(6)/T(61))*T(5)

T(8)=T(60)/T(10)
ST e={TL6V/TL61))*T(5)

1100

200

60t 7O 200

TL64)Y=DSORT(T(S)*¥2+T{6)*%2)

TL65)sT(10)*T(64)
T(66)=T(4)/DSARTIT(4)+%24T(5)%*x2)
TL6T)I=T(6)/T(64) .
TC14)=DATAN2(T(4),T(64))=-T{66)*T(6T7)*T(105)+X(18)
T(7)=T(64)/T(10)

TBI==(T(5)/T(65))%T(4)

TIYm—(T(E)/TL65))%T(4)
TOLLYaTA7)*T53(1521+T{BI*T53(2,1)+T(9)%T53(3,1)
TU12)1aT{7)*T53(1,2)4T(81#T53(2,2)+T(9)%T53(3,2)

.. 03701777, 00442.49.PAGE 1 .
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_SUBROUTINE MEAS9
gP=1

S TC13)=T{7)%T53(1,3)4T(B)*753(2,3)+T(9)*753(3,3) _

TC15)1=P(51)-T(14)

IF(T(15)46T7.2.00)T(15)=T(15)~6.28318530800

DO 300 I=1,19 S R

T(I+20)=CCI, 1)#T(211)+C(1,2)%T(L2)4C(I,3)#T(13)+C(1,18)
TE16)=P(59) ¢ (T(11)#T(21)4T(L2)#T(22)+T(13)4T(23)+T138))+PS5(58)

P{41)aT{15)/DSQRT(DABS(T(16)))

TF(DABS(P(41))eGTP(16)INF(L6)e=1 ' o T
PETURY ,
END
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S TL100)=DSARTAT(L1)*¥%24T(2)*4%2+T(3)%#+2)

CT(40) S ITOLI*X (4 )+T(2)¥X{6)+T(3)*X (7)) /P(19)

SUBROUTINE MEAS10

SUBROUTINE MEASIO C e e . ... 03701777, 00,46.06.PAGE___1_ .

DOUBLE PRECISION PS»PsXsCoTsT51,T52,T53
COMMON PS(72)9P(72),X(19)5Cl19519)5T(19529}5T51(3,3),T52(3,3),
T53(3,3),NF{36)

THIS SUBROUTINE IS FOR THE DOPPLER MEASUREMENT, N CYCLES, FROM THE S5S=BAND-
STATIMN.

T(1)=X(1V¥=-PS(60)
T(2)=X(2)-PS{61)
T(3)=X(3)-P5(62)

T(60)=PS(673/T(100)
TC1O1)=(T53(3, 1)*T({1)+4T53(3,2)%T(2)+T5313,31*T(3})/T(100)
T(102)=P5(44)

e e ' L mme o+ e e ¥ A has L Ve e —

T(103)=PS{45)
CALL REFRAC

P

T(14)=PS(63)#P(32)#P(2)~PS(6T)*(T(100)+T(104)~ T(#O))*X(IQ)
P(32)=P(32)+1.00
TU151=P(52)~-T(14)

CT(11)=-T(60)*T(1)

100

T(12)==T(60)%T(2)
T(13)==T(60)*T(3)

00 100 I=1,19
T{I420)eCUI1)*T(11)4C(1,2)%T{12)+C(1+3)¢T(13)4C{1»19)
T(16)1=3,D0*(T(11)4T(21)4T(12)*T{22)+T(13)%T(23)4T(39))+PS(59) _

" P(42)=T(15)/DSART(DABS(T(16)))

IF(DABSIP(42))sGTeP(216)INF(17)m=1
RETURN
END




13. MODIFICATION FOR THE REAL-TIME PROGRAM

NASA/JSC has made several modifications of the program outlined in this
document. Perhaps the most important modification is a change in the definition
of six of the nineteen state variables. In an effort to speed up the program,
when propagating the error covariance matrix ahead in time, the following state
variables have been changed. '

E{F is replaced with R

Rep 4T,

e . . 2
BEF is replaced with BEF ATR/2.

The new equations of motion are

- . .. 2
Rer,i = Bepyio ¥ (Rep 87Dy % (R 4T/2)4
) : 2
(RepeT), (BegsT) 'y + 2(Rep 67%/2), 4

(EEFATZ/Z)i = EXP(-AT/Ta)(EEFAT2/2)1_1

The first nine elements of the state noise vector: become

90
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(c,aT4/2) \JT = &0 (=267 5, n,,

(oaATZ/Z)\/l TeXp(2AT/5,T ngp

(0,872/2) \JT= &Xp(-28T77,) m, 5

Thus the standard deviation of the acceleration state noise is scaled by
AT2/2. Let c, = 6 m/sec2

and 4T = 0.2 second. Then the new acceleration
state noise ¢ is '

2,0 o
" 9, AT /2 = .12 mgters

1.88.1078 er

i

The injtial velocity variance is also scaled by ATZ. e had been using
an'initia1 velocity variance of (8000 m/sec)2 = 20.4 erthrz. The new initial

91



velocity variance becomes (8000 AT m)2 = (1600 m)2 = 6.3'10'8 erz.

variances are, of course, unchanged.

The position

Note also that the speed of 1light correction term in the measurement
equations, pp/c, was

ep/c = Ry/n er * Ry, ef/c

It becomes

Pe/e = Rymmer + (Byyp,gp 8T)/ (ca)

It is estimated that the new state vector will reduce the Kalman filter
cycle times by about 10%. '
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