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ABSTRACT

The Transit Improvement Program (TIP) satellite clock is
controlled by the IPS (Incrementally Programmable Synthesizer)
and flight computer subsystems. Together they provide a synthesis
of frequency offset and frequency drift that can be used to com-
pensate for such errors in the satellite crystal oscillator. To
do this, the ground software must estimate the oscillator offset
and drift and then compute the proper control parameters to be in-
jected into the satellite to steer the clock. The system provides
a resolution of control of 1 part in 1013 in frequency and 1 part
in 1013 per day in drift. Estimation of oscillator offset and
drift from high-resolution pseudo-random noise epoch measurements
is accomplished by a discrete Kalman filter, based upon a three-
state model with continuous random walks in frequency and fre-
quency drift as the driving noise in the oscillator. A ground
software program has been provided to implement the Kalman filter
and compute the control parameters required to steer the satellite
clock to the reference ground clock. The programs are written in
! Fortran IV. Complete listings of the software and operating pro-
| cedures are provided.
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1. INTRODUCTION

The Incrementally Programmable Synthesizer (IPS) subsystem
on the Transit Improvement Program (TIP) satellite series provides
a new method of satellite clock control, heretofore untried with
quartz crystal oscillators. The subsystem synthesizes a frequency
offset, the magnitude of which is programmable by digital input.
The hardware is described in Ref. 1.

The IPS is driven by the high~quality quartz oscillator
(5 MHz), and it outputs an offset frequency that is controlled by
two digital registers (A and B). If fg is the oscillator fre-
quency, the output frequency is

£-£ [1-%(1+%)] . (1)

Thus by manipulation of the A and B registers, the output fre-
quency can be controlled directly.

The hardware clock on the old navigation satellites (OSCAR's)
is maintained by counting the oscillator frequency. The traditional
method of epoch control is to selectively delete or add counts to
compensate for oscillator frequency variations. This is usually
called the "clock delete system."” The counter on the TIP satellites
is driven by the IPS output frequency rather than by the oscillator
frequency. With this system, epoch control can be maintained by
direct frequency control using the A and B registers.

(IRl B B B B —

By making small adjustments in A, the IPS output frequency
can be set slightly high or low to '"steer" the epoch error to zero
{ between settings. Also, by allowing the A register to change
! continually, the crystal aging drift and flicker noise can be com-
pensated for. It may be seen from Eq. (1) that

£
f-——g——A y (2)
A%s

Ref. 1. L. Rueger and A. G. Bates, ''Frequency Synthesizer
for Normalizing the Frequency and Time Scale of Crystal Clocks,"
28th Annual Symposium on Frequency Control, 1974, pp. 395-400.
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This relationship can be used effectively to compensate for oscil-
lator drift because of the presence on TIP of a general-purpose
flight computer.

The IPS hardware is interfaced with the flight computer so
that the computer can exercise direct control on the A and B
registers in real time. With this system, very-high-resolution
clock control can be achieved. The IPS hardware as implemented
has an inherent resolution of frequency control as large as 1 part
in 1011, set by the size of the A register (14 bits) and the mag-
nitude of the B register contents. By using the flight computer
program to manage the IPS registers in real time, the resolution
of frequency control is 1 part in 1013, and the drift control
resolution is 1 part in 10*° per day. The flight computer program
for IPS control is described in Appendix A.

Another TIP satellite subsystem provides the capability for
high-resolution clock epoch transfers to the ground. This is the
pseudorandom noise (PRN) time pulse modulation. The PRN code, con-
sisting of a special fast phase-modulation pattern either 212 o
215 chips long, 1s transmitted in synchronism with the satellite
U.T. clock. By using dual-frequency transmission to correct for
first-order ionospheric effects, the PRN modulation provides the
capability for epoch recovery with a precision of several nanosec-
onds. The accuracy of recovering the mean satellite clock epoch
for a single combined doppler-PRN pass is limited to about 20 ns
by the uncertainty of the satellite position.

The complete closed-loop system for clock control using the
IPS is shown in Fig. 1. In this typical feedback system observa-
tions are made of the epoch error and controls are applied to null
the error signal to zero. The interesting features of the system
are that the loop is closed through the ground software, and the
time constants for applying controls are rather slow compared to
most real-time feedback loops. For practical reasons that have to
do with the satellite being in view of ground stations, the con-
trols can be applied at most once per day with the current Transit
ground system. Also, for the same reason, epoch measurements can
be received only about four times per day. Therefore this loop is
quite slow by most standards.

It is assumed that the epoch measurements, 6t., input to the
filter and control program are not the raw PRN measurements. They
must be processed to the extent of providing a single-parameter,
mean-epoch error at closest approach. The parameter is estimated
by simultaneously navigating the receiver position and determining
the clock error. The navigated (rather than true) receiver posi-
tion is used to determine propagation time, since this removes the
main satellite ephemeris errors.

- e
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If PRN epoch measurements are not available, any clock mea-
surements will suffice. Also, satellite frequency estimates from
tracking runs can be input to the filter program to supplement the
clock measurements. A Kalman filter is used to estimate the state
of the satellite oscillator from the epoch and/or frequency mea-
surements. It is convenient to set up the calculation of the IPS
control parameters as a recursive estimation, where the program
is run with the latest accumulated data just prior to the time
scheduled for injecting the controls.

A good general description of all the PDP-11 ground software
for communicating the satellite is given in Ref. 2. The flight
computer software system is described in Ref. 3. The remaining
sections of this report describe the IPS filter and control pro-

gram.
Ref. 2. C. Marvin, "An Introduction to TIP-II Satellite
Digital Operations," APL/JHU SD0O-4318, January 1976.
Ref. 3. J. M. Whisnant and R. E. Jenkins, "Post Launch and

Operational Flight Computer Programs," APL/JHU SDO-4268, Vols. I
and II, May 1976.

-.10 -




THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL. MARYLAND

2. THE KALMAN FILTER

Many of the results in this section are standard results
from linear filtering theory. They are included for completeness
and to aid persons not familiar with the Kalman filter.

In the filter, we model the IPS-driven clock output as be-
ing determined by three state variables: epoch error (8t), IPS
output frequencg, and frequency drift. The satellite hardware
clock counts 213 cycles of the IPS output frequency divided by 12.
When the IPS output frequency is exactly nominal (exactly
4 999 577.60 Hz) the counter underflows precisely 6103 times in
two minutes.

We define the last two states to be relative frequency off-
set from nominal and relative frequency drift:

f - f
of = actuzl nom - (3)
nom
f = factual
f ’
nom

f = 4 999 577.60 Hz .
nom

Then the propagation equations of the state variables as a func-
tion of elapsed time, T, are

2
(Tl = To)
st =6t + GfT (T1 - ro) + fT 5 g (4)
1 0 0 0

6f. =68f +f (1.-1 , (5)

Tl TO 10 )i 0
and

£ =f : (6)

Tl 1’0

-1y -

ot L <




R

THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
LAUREL . MARYLAND

The transition matrix for the state vector

St
X = <6f €))
f
is
2
b i o= E:l——-:gl—
b 0 2
¢(Tl,r0) ={ 0 i T : (8)
0 0 1

We assume that the above system is driven by integrated
white Gaussian noise (i.e., random walks) in both frequency and
frequency drift, so that the state propagation equation for small
time intervals is given by

8t St 0
5f = ¢(tl.ro) Sf + t12(T1 - To) 9)
f f d n3(r1 - 10)
0
where the random walk values
i
n, * (rl - To) = [ V2(T) d (10)
Yo
and
3
n, ¢ (‘rl - To) - f vj('r) d'r (11)
o
S, ¢
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are the time integrals of the white driving noise in frequency and
frequency drift, respectively, over the time interval 1] - 7p.
Equation (9) is an approximate imbedding of our continuous system
in a discrete time step model. This is valid as long as the time
step is infinitesimally short. Equation (9) has been included to
make it intuitively clearer how the noise is assumed to be driving
the system. When T; - T becomes larger, the vy and vj noises mix
among the states in a more complex manner.

Since our time steps will be finite, we need a better ap-
proximation than that afforded by Eq. (9). We get this by inte-
grating Eq. (9) over a span of infinitesimal time steps. When this
is done, and using the transition property of ¢, we find that

11 0
§(11) = 6(1),1,) i(ro) +f A (1,0 [ v, ) - (12)
o v, (1)

Equation (12) is usually called the "matrix superposition integral,"
and the second term is the accumulated noise from 1y to Tj. Equa-
tion (12) describes a forced, linear, first-order system in which
the dynamics are modeled as:

0
x(t) = F(1) x(1) + v, (1) (13a)

vS(T)
where F(1) is related to ¢(r,ro) by

%; O(T,To) = F(1) ¢(r.ro) . (13b)

The covariance of the white driving noise is

0 0 0 0
a0 o (| v, J10 v, vy ha s -w| 0 o 0 (14)
vy () A
g

N ———" R A
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where 8§(A - u) 1is a Dirac delta function. The covariance matrix
of the accumulated noise after a long time step 1is

%y Ty
+
Q(TI’TO) e f dA f du ¢(TI)A) Q(xiu) ¢ (TlsU) .
o o
An explicit evaluation of Eq. (14) with At = 11 - % gives:
s an? i rand st ot ant 3 us? )
o Y 4 '8 (- 24y o (CLo o (Ciohs
2 3 3 20 2 2 3 8 3 6
(At) = |o 2 (8 t +0 2 ‘Alli o 2 (1) + 0o 2 Sélli 2 Sélli
Q 2 s @ 2 3 3 03 "3 *
3 2
2 (A1) 2 (A1) 2
_03 6 O 2 0y (a1) )

Equations (12) and (16) describe the modeled IPS output
state during the time spans between chan-es in the control parame-
ters A, B, and K.7 When these parameters change, the frequency and
frequency drift undergo sudden changes not described by the state
transition matrix. This does not represent a serious problem.
Given a state estimate at a time just before a change in the con-
trol parameters, we can obtain an estimate of the state immediately
following the change, as we will see in Section 3. 1In the process,
of course, there will be significant changes in 8£* and f*, the
estimated frequency and frequency drift. There will also be changes
in the covariance of the state estimate, I. However the changes in
the covariance matrix can be shown to be negligible and they will be
ignored in the filter.

In running the filter, we assume that we have some estimate
of the state at a time 71 following the last change in control
parameters, and based upon all previous measurements:

+K is defined in Appendix A.

w Jh o

(15)

(16)
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*

st
* - %

M=, (17)
.* L

Further, the covariance matrix of the error in this estimate is
also generated at time 1Lt

i e +
zTL 2 <(;TL* 5 ;TL)(XTL* x xTL) > ‘ )

We are given a number of measurements of the epoch error
and/or frequency offset at times T4, and we must produce an esti-
mate of the output state at some future time, T when new con-
trol parameters are to be injected into the satellite.

The measurements are corrupted by noise that we assume is

uncorrelated from measurement to measurement, so that the measured
quantities are

z =Hx + v(t,) (19)
TL Ti i

where for a time error measurement,

H=(1 0 0) (20)
and for a frequency measurement,

H=(0 1 0) . (21)

The covariance "matrix" of the scalar noise, v(ty), is the variance

2

R[v(ri)] = e

(22)

-18 =

S <
1
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* for a time measurement, or

2
R[v(ti)] =0 (23)

for a frequency offset measurement.

The optimal solution of this estimation problem is provided
by a Kalman filter, as described in Ref. 4. The filter starts with
estimates of the state and of the covariance matrix at some time
Ty» 8lven all the previous measurements up to some time Tp; that
is, we know

=" (TL|TP)
and

E(tLlTP) -

Given a measurement at time Ty We first propagate these
b estimates to the time of the measurement:

z (ryltp) = oCx, = 1)) o (r, |tp) (24)

+
D(ryltp) = oCry - 7)) (e lep) ¢ (- 1)+ Qg - 1) . (29)
We then compute the measurement residual
z z -4 26
Z(Tilfp) 7y -Hx (rilrp) (26)

and the optimal filter gain

-1
+ +
K(t)) = I(ry|tp) B[R+ H Z(riltp) H] 27)
Ref. 4. R. E. Kalman, "New Methods in Wiener Filtering,"

Proceedings of First Symposium on Engineering Applications of Ran-
dom Function Theory and Proability, J. Wiley, 1963.

- 36w
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and finally update the state estimate and covariance matrix

(gl = %7 Gyl + KRG T(r|ny) (28)

2(11[11) - 2(11|TP) - K(ti) H 2(11|1P) . (29)

This process is continued for each measurement. We note
that the matrix inversion in Eq. (27) is trivial in our case since
R and H £ Ht are scalars. Note also that the values for H and
R used to process a given measurement depend on the measurement
type (6t or 6f).

After the measurements have been processed, the state esti-
mate is propagated up to the next injection time, T,, using equa-
tions similar to (24) and (25). To do this, the next injection
time must be known; hence, the data should not be processed until
the IPS injection has been scheduled so that Ty can be input to
the program.

w1} -
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‘* 3. COMPUTATION OF CONTROL PARAMETERS

Having passed the data through the Kalman filter, we have
an estimate of the clock state at the next scheduled injection
time, t.. To compute the required control parameters for that in-
jection, we require estimates of the frequency and frequency drift
of the oscillator. These are obtained from the clock state esti-
mate at T, along with the values of A, B, and K at T7g.

We start from the values of these parameters at Ty, the
time of our previous injection. (Notice that 11 from the last
program run becomes t; for the current run.) The values are given
in their "external form," that is, the actual numbers that are
transmitted to the flight computer. In effect, these parameters
are then converted into an "internal form," and it is this inter-
nal form that occurs in the control equations (1) and (2).t The
transformation from external to internal form is given by

A+A+1 (30)
# B+B+1 (31)
K-+K - 2_31 (32)

Since K and B do not change with time once they are in-
jected, their internal values at time T; are maintained until T1-
However, A does change with time as skown in Eq. (2), and 1its
value must be propagated up to time ty. The actual time variation
in A 1is controlled by the flight computer (see Appendix A, Egs.
(A-1) to (A-3)). In the flight computer, A 1is incremented every
At by a value

2

BA = K (T%'s') (33)

where At = 128:120/6103 » 2,52 s. Hence, the difference equation
satisfied by A with 2.52-s intervals is

+This is an idiosyncrasy of the hardware. To avoid confusion we
have treated the internal form inside the software so that it can
be ignored by persons running the program.

- 18 -
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K 2
A = A + A . (34)
n+l n (128)2 n

We have been unable to solve this equation exactly. How-
ever, a similar difference equation,

Ao i A : (35)

(128)2 n n+l

should be an adequate approximation to (34) for these purposes.
This is exactly solvable as

A
A= K° (36)
1 - 3 Aon

(128)
so that our propagation equation for A is

. A(TL)

At) = . L : an
I 1 - _K—61—03-—3- A(TL) (TI - TL)

(120) (128)

The time rate of change of A 1is manifest as a drift in the
output frequency so that (see Appendix A)

£ K
-L . 610 : (38)

BAZ  (120)(128)°

.
B

>N|>°

Therefore, having the values of the control parameters at hand, we
can arrive at an estimate of the oscillator state by using Egs. (1)
and (38):

*
*

i £
° R-za+d)

(39)

- 19 -
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£t 1 (%* _ £ K (6103) ) 40)
0 1 1 B 3]
[1 -5 @+ K)] (120) (128)

Values of A, B, and K must now be chosen to correct the out-
Put to zero frequency drift and to provide an output frequency, fg,
that will steer the epoch error back to zero over some time, T:

- - (41)

To do this, we require values of A and B so that

* 1 1
£g,=f [1-3a +:)] (42)

where A and B are constrained to lie in the ranges (see Ref, 1)

6301 = A < 13 470 (43)

6669 < B < 12 428 . (44)

The algorithm for choosing these numbers is as follows. First,
compute the control constant:

f
C=Spaza+d . (45)

fo

Next, find a (noninteger) value of B so that C obtains when A
has the value 6301:

s+ (m20)(r+ lr)

- P
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Choose as candidate values of B the integers straddling this
value, computing A from

B

"I -B 42

A

where [B] is the integer either greater than or less than B.
Finally, choose the A, B pair that fits within the constraints of
(43) and (44).

The value of K 1is then chosen to compensate for the esti-
mated drift:

. %
£ 3
(128) " (120)
g =L [1 -2 a+ %)] p {1280.(120) (48)
£
0

Finally, the output state estimate is updated to the cor-
rected values at time T_:

1
* 1 1 *®
‘. -[i-2aed] g e, 49)
. .*
ft*-[l-%(1+%)] & +-§fo*——61—°3—-—3~o . (50)
1 (120) (128)

The approximate equalities in Eqs. (49) and (50) are not
exact since the control parameters have finite precision.

The external form of the new control parameter can be found
by the transformation

A+A-1 (51)

B+>B -1 (52)

R+g o 2, (53)
-] -

o s s s
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4. RUNNING THE SOFTWARE PROGRAM

The software implementation of the algorithms, written in
Fortran IV, consists of a main program and nine subroutines. The
program listings are shown in Appendix B.

The subroutine FILT implements the Kalman filter. The sub-
routine PRED propagates the state estimate up to the input injec-
tion time. These routines call matrix multiplication routines
MM3 and MMT3. Calculation of the control parameters is done by
subroutine IPS. Card input and output are performed by the rou-
tines INPUT, TASK, and OUTPUT, which were isolated to simplify
changes. For the same reason, a separate BLOCK DATA routine is
used to set the noise parameters assumed by the filter.

The program is designed to run on the IBM 360-40, and in-
puts are via punched cards in the present version. One group of
input cards (the "state" cards) is punched out by the program each
time it is run, and these cards become the input state cards for
the next run. The remaining input cards, containing the measure-
ment data, must be newly prepared before each run.

The use of cards is one area that the Naval Astronautics
Group (NAVASTROGRU) may wish to change. It may be more convenient
to use one or more disk files as the input and output stream, where
the state output card images are written by the program onto the
disk to be read by the subsequent run. Also, the data on some of
the measurement cards could come directly from the program that
processes the satellite clock data. It may eventually prove con-
venient to have this program write a disk file for the measurement
card images that would be read by the IPS control program. In
order to effect this type of change, all that is required is to
change the subroutines INPUT, TASK, or OUTPUT to read or write a
different tape number, and define the appropriate files in the JCL
setup.

The first cards in the input deck are the six state cards
that describe the previous state estimate at time T The formats
of the six cards are as follows:

CARD 1 FORMAT (Il5, F15.8) - gives the last injection time,

L
IDAYL - day number

SECL - U.T. seconds of day
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CARD 2 FORMAT (3D20.13) - gives clock state at T

DELT - epoch error {microseconds)

L

F - IPS frequency (ppm offset from 5 MHz)
FD - frequency drift (ppm per day)

CARDS 3, FORMAT (3D20.13) - gives covariance matrix at 129
4, P - 3 x 3 covariance matrix (internal units)
5
CARD 6 FORMAT (D20.13, 2I10) - gives control parameters at
T
L

A, B, K - control parameters (external form)

With the exception of the covariance matrix, all variables
on the state cards are in "external' units. Internally, epoch
error is converted to seconds, frequency to fractional offset from
the nominal frequency, frequency drift to fractional offset per
second, and A, B, and X to their internal forms as per Eqs. (30),
(31), and (32). The covariance matrix is input in these internal
units.

Following the state cards are the series of task (measure-
ment) cards with the following format:

TASK CARD FORMAT (2115, 2F15.8) - one for each measurement
MEAS - flag indicating type of measurement
IDAYM - day of measurement
SECM - measurement of time of day (seconds)

Z - value of measurement

If MEAS = 1, the card represents a time error measurement at epoch
IDAYM, SECM; and Z 18 in microseconds. If MEAS = 2, the card
represents a frequency measurement, and Z 1s in ppm offset from
5 MHz. Following all the measurements (which must be time ordered)
is a final card in which MEAS = 0, indicating that a control in-
jection 18 to take place at time IDAYM, SECM. (The 2Z value is
ignored on this card and may be blank.)

The card output from the program is the set of six state
cards to be used as input the next time it is run. The printed
output is generated by the main routine and the IPS subroutine.
Figure 2 1s an example of the output.
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1PS CNNTRNL PRCGRAM
[ 12 23222t 2R RAZ S22 2222 2 Y
INITIAL VALUES:

LASY COMPUYFD FPOCH:
DAY= 27 SECONDS= 43200.000000

ESTIMATED STATF VARTABLFS:

TIMF ERRDP = -0.949 MICRLSECCONNS
FREQUENCY= =-84,479990173 PARTS PER MILLION NFFSET
EREQUENCY DRIFT= -0.000000032 PARTS PFR MILLION CFFSET PER DAY

COVARTANCF MATRIX U«NTERNAL UNITS):

0.9994335677924D-13 0.2765126214108N-17 0.58379507404205D-23
0.2765126214108ND-17 0.92976585719320-22 0.20077820633380-27
0.5879507404205N-23 0.2007782063338D-27 0.3113140785516D-32
1PS CNANTROL PARAMETERS:

A= 6505.7391118330000 A= 11838 K= 569

CEPRE AP AR QARSI HARREP SO RIP R AR

TIME MEASUREMENT AT EPQOCH:
DAY= 28 SECONDS= 0.0
TIME EFRRQOR = -0.423 MICRNSECONDS

FILTFR GAINS:
Kl= 0.9984328415627H 00 K2= 0.1533369291097N-04 K3= 0.30544602247720-10

FILTFOED STATF ESTIMATE:

TIME ERROP= =N.423 MICRNSECONDS

FREQUENCY= —-84.479990159 PARTS.PER MILLION OFFSETY

FREQUENCY DRIFT= -0.000000027 PARTS PER MILLION OFFSET PER DAY

(22 2TR T2 S22 282 SRS T 222 R 222 L

INJECTION AT FPQOCH:
DAY= 28 HOUR= 12 MINUTFS= 0 SECONDS= 0.0

STATE FSTIMATE:

TIME FRROR= 0.002 MICROSECONDS

FREQUENCY= =-84.479990173 PARTS PER MILLION OFFSET

FRFQUENCY DRIFT= -0.000000027 PARTS PER MILLION NFFSET PER DAY

VALUES OF IPS PARAMETERS AT INJECTION TIMF:
A= 6529,3290508€40810 B= 11838 «= 569

OSCILLATOR STATE AT INJECTION TIMF:
FREQUFNCY= -0.000462241 PARTS PER MILLION OFFSET
FREQUENCY DRIFT= -0.000046925 PARTS PER MILLION OFFSCYT PER DAY

STEERING FOR 0.0 MICROSECONDS TIME FRROR
AT 86400.000 SECONDS PAST INJECTION TIME

DESIRED OUTPUT FREQUENCY:
FREQUFNCY= -84.480000022 PARTS PER MILLION OFFSFT

ONSSIALE VALUES OF IPS PARAMETERS:
A= 6524.3602224463300 A= 11838 K= 569
A= 4205.4919357869050 B= 11839 K= 569

Fig. 2 Sample Output of IPS Program
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CHOICE OF IPS PARAMFTERS:
A= 6524.3602224463300 A= 11838 K= 569

L T T T
STATF ESTIMATE AFTER INJFCTION:

LAST COMPUTED EPOCH:
DAY= 28 SECONDS= 43200.000000

ESTIMATED STATE VAR[ABLES:

TIME ERROR= 0.002 MICROSECONDS
FREQUENCY= -84.480000022 PARTS PER MILLION NFFSET
FREQUENCY DRIFT= -0.000000027 PARTS PER MILLION OFFSET PER DAY

COVARIANCE MATRIX (INTERNAL UNITS):

0.9994352589772N-13 0.2765131897983D-17 0.58795903161010-23
0.2765131897983D-17 0.9297677674777TN-22 0.2007809929062D-27
0.58795903161010-23 0.2007809929062N-27 0.31131814338360-32
IPS CONTROL PARAMETERS:

A= 6524.3602224463300 B= 11938 K= 569

SEIERP PPN ERERFCEFARSEP NI FR RS 4=4

Fig. 2 (cont’'d)
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N The BLOCK DATA subroutine contains seven parameters that
may need to be changed occasionally. They are:

Analytic

Program Notation

Name (Eq.) Definition

S2MD cfz (23) Variance of frequency measurement error
(fractional offset, squared)

S2M °6t2 (22) Variance of time measurement error (sec-
onds, squared)

Q2 022 (14) Variance of frequency driving noise (frac-
tional frequency offset, squared, over a
1-s interval)

Q3 032 (14) Variance of frequency drift driving noise
(fractional offset per second, squared,
over a l-g interval)

| FNOM f (3) Nominal output frequency (ppm offset from
| nom
| 5 MHz)

STEER — A nonzero time error to which the output
will be steered, if desired; zero other-
wise (seconds)

TAU T (41) Time in which output time error is to be

steered to STEER (seconds)

The compiled values for the listed parameters are based on
experimental runs, some with simulated data and some with a real
oscillator. Some of the values will depend on how the program
is being run, and the BLOCK DATA routine will have to be recom-

piled accordingly. The recommended values for the parameters are
described below.

With PRN recovered epoch errors, the value of S2M is
9 x 10~16. Using this value, the satellite would be injected
every day, and the program would be run once per day with a value
of TAU of 86 400.

With epoch errors recovered from the satellite fiducisl
i time in the navigation message, the value of S2M is 4 x 10-10,
In this mode, the program will need to be run less often, possibly
once per week. The required frequency of injection will be left
open to be operationally determined by NAVASTROGRU. In any case,
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the value of TAU should be compiled accordingly. The actual mea-
surements entered into the program should be the processedt clock
data, averaged over each pass. The corresponding measurement time
should then be the time of closest approach for the pass.

Bear in mind that the program runs recursively and chrono-
logically in time. This means that the program should always be
run with the new injection time later than the last measurement
time in the input deck. Also, if there are no measurements, a new
injection time must still be supplied.

If a run has to be repeated for some reason (such as the
scheduled injection not being made), the run must be restarted with
the old state cards, not with the state cards from the invalid run.
This is extremely important because the program assumes that the
IPS parameters on the state cards have actually been injected into
the satellite at ty. This is the only way it can predict the cor-
rect clock behavior to compare to the measurements. Therefore to
recover from any problem, the program run sequence must be re-
started with the state cards for the last valid injection.

If no state cards are available because they have been lost,
or if the satellite clock is reset completely because of a flight
computer failure, the state cards will have to be generated again
to restart the process. This is done by selecting any convenient
epoch and supplying the best estimate of the clock state and its
covariance matrix at that epoch. For the frequency offset and
drift, these values can be obtained by extrapolating from the last
known history as long as the oscillator has not lost power. If the
oscillator has lost power and is restarted, then a satellite orbit
fit will be needed to obtain the estimates.

In the absence of better information to start from the be-
ginning, the covariance matrix can be input as a diagonal matrix:

512 0 0
Z = 0 522 0
0 0 532

where

€ " expected error in clock epoch estimate (10-3 if clock
was just reset)

+Corrected for time delays, etc.
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1

€, = expected error in offset (10—1 if there is an offset

from orbit fit)
€4 = expected error in drift (10710 1f there 1s drift from
orbit fit).
Once the program is run with valid data, the covariance matrix will
eventually stabilize to a range of values determined by the measure-
ment errors and the assumed filter noise parameters.
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Appendix A

1.
FLIGHT COMPUTER IPS CONTROL

By the nature of its design, the TIP IPS subsystem cannot
achieve the frequency or frequency-drift resolution necessary for
high-precision time control with fixed settings in the IPS regis-
ters. This resolution problem has nothing to do with the stability,
phase drift, or temperature sensitivity of the circuitry. Bench
tests have shown that the hardware performs excellently. The reso-
lution is limited only by the lengths of the registers.

Better resolution is achieved by using the flight computer
to manipulate the IPS registers in real time. Without a great
deal of trouble, a relative frequency resolution of 10-13 and a
relative drift resolution of 10-13 per day can be obtained. This
is sufficient to maintain 10-ns accuracy with one setting a day.
Whether that accuracy can be realized in orbit depends largely on
the performance of the oscillator and the precision of the PRN
clock epoch error measurements.

Preliminary tests with the engineering model of the TIP os-
cillator showed a real potential for better than 100 ns control.
To exploit the full potential of the system, a flight computer pro-
gram to control the IPS registers has been written to produce a
resolution of 1013, The program will be loaded with new IPS con-
trol parameters periodically (once a day) via the ground station
computer. The parameters will be generated from epoch or frequency
measurements on the ground using the IPS filter and control program.

Four values are input: A, B, AF, and K. A and B are
16-bit integers. A goes directly to the IPS A register; B goes
directly to the B register. AF and K are 32-bit integers.

AF is the fractional part of A and represents the fraction
of time that the A register should hold (A + 1).

Effective IPS A = « [af]

tThis appendix is based on an internal memorandum by R. E. Jenkins,
"Flight Computer IPS Control," APL/JHU S1A-88-74, 16 December 1974,
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Out of every 128 tocks,+ the IPS A register should hold (A + 1)
for .AF x 128 tocks and should hold the value A for 128(1 - .AF)
tocks. We pick 128 for convenience since multiplication by 128
shifts the decimal point seven places in AF. This means we pick
up the first seven bits from AF as the counter for changing the A
register.

K determines the secular change in the A register to com-
pensate for crystal aging drift. Every 128 tocks, the value of AF
is permanently incremented (or decremented) by AD:

AD = KA .

Each time AD is added to AF in the active program, the carrys from
the most significant bit of AF increment or decrement A by one.

The sign of the drift correction will be carried by K. To
simplify the program, it is preferred that the value of AD does not
cause a carry in a single 128-tock interval with a reasonably high
drift rate. That is, we want the secular change to A to be less
than one count in 128 tocks, and let the accumulation of the
changes in AF carry into the IPS A register. This sets the maxi-
mum correctable drift to about 10° per day, which is more than
enough.

Also, we want the precision in drift correction to be 10-13
per day. To achieve the required precision in calculating AD over
the full range of values of A 56300 to 13 470) and B (6668 to
12 427), we need to calculate KA and hold AF in 31-bit precision.
A practical scaling to do this is

2

AD = K (-1-%) . (a-1)

With this scaling, K 18 defined as follows.

From the formula for the IPS transfer function, to correct
for a relative drift, f/fo, the required increment in A per At is

tWe have defined the unit of time in the flight computer clock as a
"tock," equal to 19.662461 ms. The flight computer maintains a
U.T. clock by counting tocks generated by a computer interrupt com-
ing from a hardware frequency counter.
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AD-—F—BA At . (A-2)

For At = 128 tocks, At = 128 x 120/6103 = 2,516795019 s. Thus

: 2
f 3 120 A
AD = - F(')' B(128) 6103 (128) : (A-3)

which defines K, a number considerably less than one.

To transmit K to the flight computer, which has 16-bit
words, we change it to a double-bit precision, 31-bit binary frac-
tion:

K= S KH KL
32 o 16 1

Therefore K= (f/£p) (B) (128)3 120/6103 x 231 and will be trans-
mitted as a right-adjusted 31-bit integer. The range of this
integer will be from 1 to about 210 000 for the worst-case drift.
A negative value for K will be carried as a double-precision
integer, with bit 32 indicating sign.

With the above scaling, the value of (A/128)? can be com-
puted and stored in single precision (16 bits), since the maximum
value of A 1s 16 272. This considerably simplifies the calcula-
tion of AD in the program.

A detailed description of the IPS management program and
how it fits into the overall flight computer software system is
given in Ref. 2. Figure A-l is a simplified flow chart of the pro-
gram. The program is re-initialized every time new IPS parameters
are injected from the ground.
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Frequency counter interrupt \PS
program

Increment tock
count (NTC)

Decrement IPS

A register
AR
Count = No
128?
! Yes
128-tock cycle Add algebraically
completed AD to AF in
double precision
Test for No K negative? Yo | Test for negative
carry into A carry from A
Y \
Increment IPS Decrement IPS
A register A register
according to carry according to carry
L ]
Re-initialize cycle I
Reset tock St
counter NTC Initialization
to0 entry

Y

Set jitter
count (ND)
to 128 x AF

!

Compute and store
ASQ = (A/128)2 in
single precision

'

Compute and store
AD = K| x ASQ in
double precision

!
Ko

Fig. A-1  Simplified Flow Chart of IPS Program
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s NaRaXeNal

[aNalel

[ Xa Ny

IPS CONTROL PROGRAM
PROGRAMMER: A. GOLDFINGER JHU/APL

DIMENSICN X(3).P(3,3)

DOUBLE PRECISION ODELT FoFCyFCoFNOMeXePy2yS52MeQ2+,Q3,STEER, TAUyA,2

DOUBLE PRECISION TLoTCoSECLoSECMy,DELDAY,TM,TI,S2MD
DCURL E PRECISION SEC
COMMON /C1/ S2MyQ2,Q3,FNOM,STEER, TAU,S2MD
10 FORYAT(20HLIPS CONTRGL PRCGRAM )
20 FCRMAT(16HOINITIAL VALUES: )
30 FORMAT(21HOLAST CCMPUTED EPOCH: )
40 FORMAT(6M DAY= L, 13,11H SECONDS= LFl2.6)
41 FORMAT(6H DAY= , [3,dH HOUR= e13,11H MINUTES= v13y
1 L1H SECONDS= 4Fl2.6)
S0 FORMAT(2THOESTIMATED STATE VARIABLES:)
60 FORMAT(13H TIME “RROR= ¢Fl03,13H MICROSECONDS)
70 FORMAT(12H FREQUENCY= 4F14.9925H PARTS PER MILLION OFFSET)
80 FORMAT(18H FREQUENCY DRIFT= 4F14.9,
1 334 PARTS PER MILLICON OFFSET PER DAY)
81 FORMAT(36H COVARIANCE MATRIX (INTERNAL UNITS): )
82 FORMAT(LH ,3020.13/1H 43020.13/1H ,3020.13)
83 FUORMAT(24M [PS CCNTROL PARAMETERS: )
B4 FORMAT(4H A= ,F20.1395H B= 416¢5H K= ,16)
90 FORMAT(20HOINJECTION AT EPOCH:)
100 FORMAT(2THOTIME MEASUREMENY AT EPCOCH:)
L10 FORMAT(22HOFREQUENCY MEASUREMENT AT EPOCH:)
120 FCRYAT(25HOF ILTERED STATE ESTIMATE:)
130 FORMATULGHOSTATE ESTIMATE 2)
140 FORMAT(32HOSTATE ©SSTIMATE AFTER INJECTION:)
150 FORMAT(ZIHOS X aax g a s se AR L AR R RS ¢S SRR EE)

READ IN DATA

CALL INPUTUICAYL,SECLDELT,FFDsP4A,18,K)
WRITE (6410)
WRITE(6,150)
WRITE(6,420)
WRITE(6430)

WRITE (6,400 [DAYL SECL
WRITE(64+50)
WRITE(6,60) DELY
WRITE(6,70) F
WRITE(6,80) FD
WRITE(6,81)
WRITE(6.82) P
WRITE(6483)
WRITE(6+84) AyI8,4K

CONVERT DATA TO INTERNAL FORM

FNOM=5,00%(]1 .06+FAOM )
X(1)=DELT*1.0=-6
X(2)=25,00%(1.06¢F )/FNOM=-1.00
XU3)=5,00*FN/ (86400 NDO*FNCM)
TLaSECL

FC=Xx(2)

TC=5ECL
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o000

[aNalgl

(g X aXal

ann

s e

200

800

FILTER MEASUREMENTS

CALL TASK(MEAS,IDAYM,SECM,2)
WRITE(64150)

IF(MCAS.EQ.0) WRITE(6,90)
IFIMEAS.EQ.1) WRITE(6,100)
IF(MEAS.EQ.2) WRITE(64110)
IF(MEAS.EQ.0) GO TO 800
WRITE(6+40) IDAYM,SECM
IF(MEAS.EQC.1) WRITE(6,60) 2
IF(McAS.£Qe2) WRITEIG,70) 2
IF(MEAS.FQ.1) 2=1%1.0-6
IF(MEAS.EQe2) 2=5.00%(1.06¢2)/FNOM-1.00
DELDAY=1DAYM-1DAYL
TM=SECM+86400.00%DELDAY

CALL FILT(TL,TMyX 4P yZ4MEAS)
WRITE(6,120)

DELT=Xx(1)=1,D6
F=FNOM*(1.00+X(2))/5.00-1.06
FO=86400.00%FNUM*X(3)/5.00
WRITE(6960) DELT

WRITE(6,70) F

WRITE(6,80) FD

TL=TM

GO TO 200

PREDICT STATE AT T1

{HR=SECM/3600.00
SEC=SECM-3600.D0* [HR
MIN=SEC/60.,00
SEC=SEC-60.00%MIN
WRITE(6941) IDAYM,IHR,MIN,,SEC
DELDAY=1DAYM-IDAYL
TI=SECM+86400.D0%DELDAY

CALL PREDI(TL,TIoX,P)

WRITE (64130)

DELT=2X(1)*1.06
F=FNOMR(]1.004X(2) )/ 5.00-1.,D06
FD=R6400.D0*FNCM%X(3)/5.00
WRITE(6,60) DELT

WRITE(6,70) F

WRITL(6,80) FD

COMPUTE 1PS PARAMETERS

OELT=X(L)

F=X(2)

FD=X(3)

CALL IPS(TCoTI,DELTyFoFDoA,18,K)
X(1)=DELT

X{2)=F

X(3)=FD

CCNVERT DATA TO EXTERNAL FORM
DELT=X(1)*1.06

F=FHOM®(1.004X(2))/5.00-1.06
FD=86400,D0*FNOM*X(3)/5.D00
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(aNalal

OUTPUT DATA

WRITE (64 150)
WRITE(64140)

WRITE (6430)
WEITF(6+40) IDAYM,SECM
WRITE(6450)
WRITE(6+.60) DELY
WRITE(6,70) F
WRITE(6,80) FO
WRITE(6481)
WRITE(6482) P

WRITE (6483)
WRITE(6,84) A IB,K
WRITE(64150)

CALL OQUTPUT(IDAYM SECM,DELTF+sFD9PyA,IByK]}
sTQP

END
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[N aKgl

(aXsXgal

OO0 o000

(g N aNal

10
20
30

100

10

10
20
30

BLOCK DATA

COMMON /C1/ S2M,Q29Q3,FNOMySTEERy TAUy S2MD
DCUBLE PRECISION S2M,Q2,Q3,FNOM,STEER TAU,S2MD
DATA S2MD/1,0D-22/

DATA S2M/ 4.0D-10/

DATA W2/ 2.00D-29/

DATA 03/ 4.0D-40/

DATA FNOM/-84.43D0/

DATA STEER/0.0D)/

DATA TAU/B8640C.00/

END

SUBROUTINE INPUT(IDAYL,SS3L,4ECT,6 6D.7 1.98 2°
DIMENSION P(343)
DOUBLE PRECISIUN DELT,F,FDyPyA,SECL

[NPUT FORMATS FOLLOW
FCRMAT(I154F15.8)
FORMAT(3D20.13)
FORMAT (LD20.13,2110)
READ IN DATA
READ(S,10) ICAYL, SECL
READ(5420) DELT4F FD
DC 100 I=1,3
READ(5+:20) Pllsl) sP(1492),PL1,3)
READIS30) A,1B,K
RETURN

END

SUBROUTINE TASK(MEAS ,IDAYMoSECM,Z)
DCUBLE PRECISION Z,SECM

INPUT FGRMAT

FORMAT(2115,2F15,.8)

READ DATA

READ(S5410) MEAS,IDAYMySECMy L

RETURN

END

SUBRQUTINE OUTPUT (IDAYWM,SECM,DELT +FFDsPyA,I1BsK)
DIMENSION P(3,3)

DOUBLE PRECISION DELToFyFDyPoAoSECM
OUTPUT FORMATS FOLLOW
FCRMAT(I15¢F15.8)

FORMAT(3D20.13)

FORMAT(D20.13,21100

WRITE QUT DATA

WRITE(T,10) ICAYM,SECM
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100

100

100

WRITE(T,20) DELT,F,yFD

DO 100 I=1,3

WRITE(T,20) P(I,10,P(1,2),P(1,3)
WRITE(T+30) AsIB,K

RETURN

END

SUBROUTINE MM3(A,B,AB)
DIMENSION A(3,3),8(3,3),A8(3,3)
DOUBLE PRECISION AyB8,AB

DO 100 I=1,3

00 100 J=1,3

AB(1,J)=0.000

DO 100 K=1,3
ABLI»JI=AB(1,J)#AL1,K)*BIK,yJ)
RETURN

END

SUBROUTINE MMT3(A,8,A8T)
DIMENSION A(3,3),8(3,3),ABT(3,3)
DCUBLE PRECISION A,B,ABT

00 100 I=1,3

0C 100 J=1,3

ABT(1 +J1=0,000

DO 100 K=1,3

ACT(I v J)=ABT(14J)#A(1oK)®B(J,yK)
RE TURN

END
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oo

[aNaNal

(aNa¥el

[aNaNal

10
20

250

270

300

SUBROUTINE FILT(TL,TM, X,P,ZyMEAS)

CCMMON /C1/52MyQ2 yG3 yFNCM,STEER,TAU,S2MD

DIMENSION X(3)sP(393),E(343)PU(3:43)43PHI(393),PX(3,3),K(3)
DOUBLE PRECISICN XePyEoPUGPHIPXyDENOMyS2M9Q2+Q3¢KeZTZ+DToFoFD
OCUGLE PRECISION FNUM,STEERyTAUGFCyTL yTMyS2MD, TDEL
FORMAT('OFILTER GAINS:®)

FORMAT(* Kl= '4020.13,* K2= ',D020.13,*' K3= ',020.13)

GET TRANSITION MATRIX

PHIt1,1)=1.00
PHI(1,2)=TM-TL
PHI(14+3)=20.500%(TM=TL)*%2
PHI(2+1)=0.000
PHI(2,2)=1.0D0
PHI(2+3)=TM-TL
PHI(3,1)=0.000
PHI(3,2)=0.0D0
PHI(3,3})=1.000

PROPAGATE OLD COVARIANCE MATRIX

CALL MMT3(P4PHI,PX)

CALL MM3(PHI 4PX4P)

TDEL=TM-TL
P(lel}=P(1,1)¢Q2*TDEL**3/3,004Q3*TDEL**5/20.00
PU1,2)=P(1,2)¢Q2%TDEL*%*2/2,004Q3*TDEL**4/8.D0
PlLle31=P(Ly31+Q3*TDEL**3/6.00
P(241)=P(2,1)¢02%TOEL*%2/2,D0¢Q3*TUEL**4/8.00
Pl2,2)=P(2,2)¢Q2*TDEL+Q3*TDEL**3/3.D0
Pl2y3)=P(2,3)4Q3*TNEL**2/2,D00
P(3+s1)=P(3,1)¢Q3%TDEL**3/6,00
P(3,2)=P(3,2)¢Q3*TDEL*%2/2,00
P(3+3)=P(3,3)+Q3*TDEL

PROPAGATE STATE

OT=X{ L)4PHI(142)*X(2)¢PHI (1,3)%X(3)
F=X(2)4PHI(2,3)%X(3)

FDax(3)

X(1)=0T7

Xt2)=F

X{3)=FD

COMPUTE FILTER GAINS

IFIMEAS.EQ.1) GO TO 250
IF(MEAS.EQ.2) GO TO 270
DENNM=S2MeP(1l,1)
K(L)=P(1ly1)/DENIM
Ki2)=P(2,1)/DENOM
K(3)=P(3, L)/DENIM

GO TO 300

DEN/IM=S2MD¢P (2,2)
K(L)=P(1,2)/0ENOM
K(2)=P(2,42)/0ENUM
K(3)=P(3,2)/DENOM
CONTINUE

- if] =
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C GET MEASUREMENT RESIOUAL

IF(MEAS.EQ.1) GO TO 350
IF(MEAS.EQ.2) GO TO 370
350 27=2-Xx(1)
GO TO 400
370 2T=2-x(2)

GET NEW STATE ESTIMATE

anoon

4CC X(1)=X(1)+K(1)*2T
X(2)=X(2)+K(2)*2T
X(3)=X(3)eK(3)%LT
WRITE (6410)
WRITE(6+20) K

UPDATE COVARIANCE MATRIX

anon

DO 600 1=1,3
0D 600 J=1,3

600 E(1+J)=0.000
E(141)=1.000
E(2,2)=1.000
€(3,31=1.000
IF (MEAS.EQ.1) GO TO 650
[F(MEAS.EQ.2) GO TO 470

; 650 E(1y1)=E(Ls1)=K(1)

. E(2,1)=E(241)-K(2)
E(3,11=E(3,1)-K(3)
GO TO 700

670 E(1,2)=F(1,2)-K(1)
E(202)2E(242)-K(2)
€03,2)=E(3,2)-K(3)

70C CALL MM3(E,P,PU)
00 800 [=1,3
00 200 J=1,3

800 PU1,J1=PU(lsJ)
RETURN
END
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SUBROUTINE PRED(TMeTIoX,P)

CCMMON /CL1/ S2MyQ29Q3,FNOM,STEERy TAU, S2MD
DIMENSION X(3)eXI1(3) ¢P(393)¢PX(343),PHI(3,3)
OOUBLE PRECISION XoeXIoPoPXyPHIsTMyTI,S2MD, TOEL
DOUBLE PRECISION S2MyQ2+Q34FNCMySTEERTAU,FC

GET TRANSITION MATRIX

(e X Xal

PHI(1l+1)=1.D00
PHI(Ll+2)=T[-TM
PHI(1+3)=0.500%(T[=TM)*s2
PHI(2+1)=0.00
PHI(2+2)=1.00
PHI(2,3)=TI-TM
PHI(3,1)=0.00
PHI(3,2)=0.D0
PHI(3,3)=1.00

PROPAGATE STATE

o000

XICL)=X(1)+PHI(Ly2)*X{2)¢PHI(1,3)*X(3)
XI(2)=X{2)¢PHI(2,3)%X(3)

X1(3)=X(3)

X(1)=xI1(1)

X(2)=x1(2)

X(3)=xI1(3)

PROPAGATE TRANSITION MATRIX

(s X2 Xg}

CALL MMT3 (PyPHI,PX)

CALL MM3(PHI 4PX,P)

TOEL=TI-TM
P(lyl)=P(1,1)4Q2*TDEL%**3/3,004Q3*TDEL**5/20.00
P(1y2)=P(142)+02%TDEL**2/2.D00+4Q3*TDEL**4/8,D0
P(le3)=P(1,3)¢Q3*TDEL**3/6,00
P(2y1)=P(2,1)¢Q2%TDEL*#*2/2,D00¢Q3*TDEL **4/8.,00
P(292)=P(2,2)¢Q2%TODEL+Q3*TDEL**3/3.00
Pl2+3)=P(2,3)¢Q3*TDEL**2/2,00
P(3,1)=P(3,1)¢03%TDEL**3/6.D0
P(3+2)=P(3,2)¢Q3%TDEL*%2/2.D0
P(3,3)=P(3,3)+Q3+TDEL

RETURN

END
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SUBROUT INE IPS(TOTI DELY FoFDoA,18,4K)
OOUBLE PRECISION DELT FoFDeFCoFNOMyS2MyQ29Q34STEER,TAU
DOUBLE PRECISION FO,FDCoFOP ¢FDOP,CIPS yByEXsEKALT 9A9AALToENINT, FOUT
DCUBLE PRECISION TO.TI«TINT ENINTFOUTP,AQ,S2M0
COMMNN /C 1/ S2MyQ2,Q3,FNOM,STEER,TAU,S2MD
10 FORMAT (464HOVALUES OF IPS PARAMETERS AT INJECTION TIME:)
15 FORMAT(36HOOSCILLATOR STATE AT INJECTION TIMER)
20 FORMAT(12H FREQUENCY= ,F14s9,25H PARTS PER MILLION OFFSEf,
30 FORMAT (18K FREQUENCY DRIFT= ,Fl4,.9,
} 334 PARTS PER MILLICON GCFFSET PER DAY)
31 FORMAT(L4HOSTEER ING FOR ,F10.3424H MICROSECONDS TIME ERRO! )
32 FORMAT(4H AT ,F11.,3,28H SECCNDS PAST INJECTION TIME)
35 FORMAT(26HODESIRED OUTPUT FREQUENCY:)
50 FCRMAT(35HOPOSSIBLE VALUES OF IPS PARAMETERS:)
60 FORMAT(4H A= ,F20.13¢5H R= 16454 K= ,16)
70 FCRMAT (26HOND AoB SOLUTIONS IN RANGE)
8C FORMAT(26HOCHOICE OF IPS PARAMETERSS)

CCNVERT DATA TO INTERNAL FORM

aono

A=A+1.000

I18=1Rel

B=I8

EX=K
EK=EK*2,000%¢(-31)

PROPAGATE A 1O T1

ann

TINT=TI=-TO
ENINT=TINT/2.516795018D0

A=A/ (1.0D0-ENINT*EK®A/16364.000)
WRITE(6,10)

AO=A-1.000

180=18~1

KOs=K

WRITE(6,60) AD,180,K0

GET OSCILLATOR FREQUENCY AT TI

CI1PS=1.000-(1.000+1.000/A)/8
FO=(F¢1.00)/CIPS~1.00
FOP=FNOM®* (1.00¢FD)/75.00-1.D06
WRITE (6,15)

WRITE(6,20) FOP

o000

GEY OSCILLATOR ORIFT

FDO=( FO-(FD*1.D0)*EKR*8103.,00/(8%120.D0¢128.00%¢3))/C1IPS
FOOP=86400.D0¢FNOMeF00/5.00
WRITE (6,30) FDO?

ann

GET DESIRED OUTPUT FREQUENCY
NOTE: DES IRED FDO=0

(g XaNal gl

STEERP=STFER®],0E6

WRITE(6¢31) STLERP

WRITE(6,32) TAUL
FOUT=(STEFR=DELTI/TAY

FOUTP sENUMS (L .DI*FOUT I/ 5,000-1.06

e DU
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WRITE(6+35)
WRITE(6,20) FOUTP

GET IPS PARAMETERS

INITIAL A AND B SC THAT FsFOUT:

[aNaNaRalal

CIPS=(FOUT+1.C0)/(FO+1.00)
8=1.00/(1.00-CIPS)
18=8+¢8/6301.N0

A=8/(18-8)

IBALT=[He1
AALT=B/(IBALT-B)

et el = —— =21 [~ 3

GET K SO THAT FDOUT=0

(o ¥aNal

EK=-FOO*18%128.00**3*120,C0/((FO+1.00)%*6103.00)#C1IPS
EKALT=-FDU*IBALT*128.00*¢3+120.00/((FO+1.00)*6103.00)*CIPS

CHOOSE A4y ByK

(g Na¥al

WRITE(6,450)
AO=A-1.00
IEO=18~-1
KN=EK=2,00%#*3]
WRITE(6460) AOQ,IBO,KO
AN=AALT-1.00
I180=1BALT -]
: KO=EKALT*2.D0%*31
i WRITE(6460) AC,I(80,K0
1=1
Ix=1
IF((ALTe6301e)e0Re(AGTL13470.)) 120
i IF((AALT LT.6301c)eO0Re(AALT.GT.13470.)) IX=0
3 IF((IBelLTo6669).0Re(IB.GCT.12428)) I=0
IFC(IEALT oLT 06669 1e0Ko(IBALTGT.12428)) IX=0
IFU(] «EQ.0) AND.(IX.EQ.O)) GC TO 200
IF((1.EQ.0) s AND.( IXs.NE.O)) GO TO 300
IF((TI oNELO) JANDL(IX.EQ.0)) GG TO 400
IFCALLYLAALT) ICH=1
IF(ALGEAALT) ICH=2
GO TO 500
200 WRITE(6,70)
GG TD 600
300 ICH=2
GO TO S00
400 ICH=1
GO TO 500
500 IF(ICH.EQ.l) GO TO 550
A=AALT

' 16={3ALT

PR &

EX=EXALT

550 WRITE(6,80)
AO=A-1.00
180=1b-1
KU=EX*2,000%¢31
WRITE(E,060) AD,IB0yKO

c GET STATE AFTER INJECTION

- 45 =
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! el

‘ CIPS=1.00-(1.00¢1.D0/A) /8

‘ EKsK0®2.000¢%(-31 )

; F=(F0+1.0009CIPS~1.00
FOSFDOSCIPS+(FU1 .00 14EK*6103.00/ (86120.006128.00863)

CONVERT DATA TO EXTERNAL FORM

[aNaNel

60C A=A-1.D0
18=1R8-1
EK=EX ¢2,.00¢*3]
K=EK
RETURN
END

-
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