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4* 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 Kalinan 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 f0 is the oscillator fre—
quency , the output frequency is

f — f
0 [l_ * (l +

~~] 
. (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.

By making small adjustmen ts in A, the IPS output frequency
can be set slightly high or low to “steer” the epoch error to zero
between setting,. 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
(2)

Ref. 1. L. Rueger and A. C. 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 thc 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 ~~rt in 1013, and the drift control
resolution is 1 part in lOt ’ 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 PEN code , con-
sisting of a special fast phase—modulation pattern either 212 or
215 chips long, is transmitted in synchronism with the satellite
IJ .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—PEN 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 tne raw PEN 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.

— 8 —
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If PEN 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 supp lement 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—ll 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.

I
I
I

I

Ref. 2. C. Marvin , “An Introduction to TIP—Il Satellite
Digital Operations,” APL/JHU SDO—43l8 , January 1976.

Ref. 3. J. M. Whisnan t and R. E. Jenkins, “Post Launch and
Operational Plight Computer Programs ,” APL/JHIJ SDO—4268 , Vols . I
and II , May 1976.

— 10 —
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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 ( ‘St), IPS
output frequency, and frequency dr i f t .  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 underf lows precisely 6103 times in
two minutes.

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

f — f
‘Sf — 

actual noni (3)
notn

— 

f
actual

A ,

nom

f 4 999 577.60 Hz
nom

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

2
— T )

‘St — ‘St + ‘Sf (t — r ) + f 1 0 (4)
t

O 
1 0 tO 2

‘Sf — ‘Sf + ~~ (T
1 

— T
0
) , (5)

1 
•
~O ~O

and

~ —~~~ . (6)•r 1 r0

— 11 —
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The transition matrix for the state vector

;-  (:;) (7)

is

/ 2
I 

_ _ _ _ _ _ _

2

0 1 — T
0 

. (8)

\o o 1

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

) — •(T 1~
tO)(I5 f)  

~(:: ::~
°: ::~) 

(9)

where the random walk values

and 

(1
1 

- t
0

) - f v
2

(t) d (10)

. (t
1 

- t
0

) - f v3
(t) d (11)

— 12 —
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are the time integrals of the white driving noise in frequency and
frequency drift, respectively, over the time interval ~r1 — r0.
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 t1 — t~~ becomes larger , the v2 and v3 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 proper ty of $, we find that

tl /~~~\- ~~(t 1
,t

0
) ~~(t

0
) +f a4(t1,X) ( v~~(A)  ) . (12)

\v3 (x) J

Equation (12) is usually called the “matrix superposition integral ,”
and the second term is the accumulated noise from to T1. Equa-
tion (12) describes a forced , linear, first—order system in which
the dynamics are modeled as:

/ 0 \
(t)  — F (r )  x( -r ) + ( v2(t) )

\\~3 t /

where F(r) is related to $(r ,t0) by

~~~~~ •(i-,r0) — F(-r) 4(r,r0
) . (l3b)

The c~variance of the white driving noise is

, / o \  \ / 0 0  o\
qQt,~i) ~ 

v2 Øt) 1(0 v2 (i~) v 3
(~)I).. ‘SOt — p) ( 0 02

2 
~ ) (14)

\\v3o~)/  / \~ 0 0
3
/

I



THE JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY

LAUREL. MARYLAj~~

where ‘S(A — 
~*) is a Dirac delta function. The covariance matrix

4 of the accumulated noise after a long time step is

T
i 

T
i

Q(t 1,t0
) — f  d)t f  d~i •( r 15 A) q(A ,p) ,

+
(T u) . (15)

to to

An explicit evaluation of Eq. (14) with M — t
1 

— t~ gives:

2 (Ar)3 
+ 0 

2 (A~)
5 2 (At) 2 

+ 
2 (At) 4 2 (At) 3

Q(AT) - 0:
2 (A;) + 0:2 (At) 4 

0:
2 (at) + 03

2 ~~~~ 
::2 

(A;) 
. (16)

0
3

2 (~~~3 
0
3 

(~~)2 
a3

2 
(AT)

Equat ions (12) and (16) describe the modeled IPS output
state during the time spans between chan as in the control parame-
ters A, 5, and L~ When these parameters change , the frequency and
frequency drif t 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 ininediately
following the change , as we will see in Section 3. In t~e process ,
of course , there will be significant changes in ‘Sf* and f*, the
estimated frequency and frequency drift. There will also be changes
in the covariance of the state estimate , E. 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 est imate
of the state at a time rL following the last change in control
parameters , and based upon all previous measurements:

I
tK is defined in Appendix A.

— 1 4 —
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/sSt
*
\

I 
~~~ — *( ‘Sf J x  . (17)

~ . *J 
tL

\ f t

Further, the covariance matrix of the error in this est imate is
also generated at time

— 

~~~
‘
~
t
L 

— 

tL
)(

~~
t
L 

— . (18)

We are given a number of measurements of the epoch error
and/or frequency offset at times Ti, and we must produce an esti-
mate of the output state at some future time, T1, 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

I quantities are

I — H + v(r
1
) (19)

where for a time error measurement,

H —  (1 0 0) (20)

I and for a frequency measurement ,

I H —  (0 1 0) . (21)

The covariance “matrix” of the acalar noise , v(l i) ,  is the variance

R [v(r ~ ) J  — (22)

I
i, I —15 —

I
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4 for a time measurement, or

R [v( r
i
) ]  — O

f
2 (23)

for a frequency offset measurement.

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

x (T
LIIP
)

and

E(T
LIr p)

Given a measurement at time ri, we first propagate these
estimates to the time of the measurement:

~~ (r ~ I.r~,) — •(I
i 

— I
L
) ~~ (T

LIIP
) (24) t

£(t
iItp) — •(-r

i 
— I

L
) 
~~

t
Llt P) •~~(Ti 

— t~~) + Q(ti 
— T

L
) (25)

We then compute the measurement residual

~ (r It ) — I — H x~ (t It~) (26)

and the optimal fil ter gain

- E(T~ lt~) H~ (R + H E( T
i
IT p) H+] (27)

S.f. 4. R. E. Kalman , “New Methods in Wiener Filtering ,”
Procsedjmgs of First Symposium on Engineerj n.~ A~,plicat iona of Ran-
dos Function Theory and Proability, J. Wiley , 1963.

— 1 6 —
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4.
and f inally update the state estimate and covariance matrix

;* (TilT i) 
~ (T

iITp) + K(Ti
) I(t~I T~) (28)

E(t~It~) — E(T
iIIp) — K(t~) H E(T1IT~

) . (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 E W~ are scalars. Note also that the values for H and
R used to process a given measurement depend on the measurement
type (‘St or ‘Sf).

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

I t ime mus t be known; hence , the data should not be processed until
the IPS injection has been scheduled so that t1 can be input to
the program.

I
I
I

•1
I
I
I
I
I 

— 1 7 —
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3. COMPUTATION OF CONTROL PARAMETERS

Having passed the data through the Xalinan filter, we have
an estimate of the clock state at the next scheduled injection
time, t

1
. To compute the required control parameters for that in-

jection, we require estimates of the frequency and frequency drif t
of the oscillator. These are obtained from the clock state esti-
mate at ~r1 along with the values of A , B, and K at

We start from the values of these parameters at rL, the
time of our previous injection. (Notice that r.1 from the last
program run becomes TL for the current rum.)  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 + l  (30)

B~~~B + l  (31)

• ~~~~ (32)

Since K and B do not change with time once they are in-
jected , their internal values at t ime TL are maintained until r1.
However, A does change with time as shown in Eq. (2), and its
value must be propagated up to time r1. The actual time variation
in A is controlled by the fl ight compz~ter (see Appendix A, Eqs.
(A—i) to (A—3)). In the flight computer, A is incremented every
At by a value

2
(33)

where At — 128.120/6103 ~ 2.52 s. Hence, the difference equation
satisfied by A with 2.52—s intervals is

I
tThi s is an idiosyncrasy of the hardware . To avoid confusion vs
have treated the internal form inside the software so that it can
be ignored by persons running the program.

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

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

A
41 

- A + 2 
A A 41

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

A
A —  0 (36)
n 1 _ _ R 

2 A0~(128)

so that our propagation equation for A is

A(t )
A (t 

~ 
— — 

.610 
L (37)

I K 3 A(t ) (t — t )
(l20)(l28)~ 

L I L

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

— 
fo A f

0
K 

• — 
6103 

~ 
(38)

A BA (120) (128)

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

f * _ f ( )

— 19 —
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• * 1 / •* f* K (6103) \ 40— 

— (1 +~ )] i~ 
— 

B (l20) (l28)~~) 
. ( )

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, f5,
that will steer the epoch error back to zero over some t ime , T:

f — f  *s nom ‘St
nom

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

f — f * [i — (1 + f ) ]  (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:

C__ .! —~~~( 1+~~) . (45)

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

_________ _______ (46)

- 2 0 —

j 
_________  ____________  ____

~

-

~

——- . — ———— ——-.~-- .-.— .~
. 
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I Choose as candidate values of B the integers straddl ing this
I value , computing A from

I B
A —  (B] — a 

(47)

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

I (43) and (44).

The value of K is then chosen to compensate for the esti—

i 
mated drif t :

I K _ . ~~~[l_ .
~~ ( l +f) ]  B (l28)~~(l20) 

. (48)

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

1
:

I 
f * 

- 
[1 

- (1 + 
1
)] 

* 
~~ (49)

I 
~ * [ 1 (l 1

)]~~~ * K f * 6103 
3~~~0 . (50)

(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 p arameter can be foun d
by the transformation

A - .A —  1 (51)

B .B — l  (52)

K 4 K •  231 
. (53)
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4. RU NNING 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 FliT 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 jthe 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 INPU T, 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 tL~ 

The formats
of the six cards are as follows :

CARD 1 FORMAT (115, P15.8) — gives the last injection time ,

IDAYL — day number
SECL — U.T. seconds of day

— 2 2 —
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CARD 2 FORMAT (3D20.l3) — gives clock state at

DELT — epoch error <microseconds)

F — IPS frequency (ppm offset from 5 MHz)
PD - frequency drif t (ppm per day )

CARD S 3 , FORMAT (3D20.l3) — gives covariance matrix at T
L

4, P — 3 x 3 covariance matrix (internal units)

5

CARD 6 FORMAT (D20.l3 , 2110) — gives control parameters at
TL

A , B , K — control. parameters (external form)

With the exception of the covariance matrix , all variables
on the state cards are Er~ “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 K 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

SE~ 1 — 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 is in microseconds. If MEAS — 2, the card
represents a frequency measurement, and Z is 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 is to take place at time IDAYM , SECH . (The Z 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 is an example of the output.

— 23 —
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I RS  COPI”Q1)I. P QC ( , R A M

5*~~* ~~~~~~~~~~~~~~~~~~

IP~IY I S1 VALUES:

L A S’ COMPUIFO FROt H:
OA Y= 27 5CCOP~~S

, 43200.000000

CSTI MA Y~ I) ST ATC VA R IABLES :
TI MF ~RRflP. —0.849 MJCRr’SECONOS
FRE QUEN (Y= —84.479990173 PARTS PEP M ILLION OFFSET
CRE3UE NCV D R I C T ~ —0.0000000 32 PAPT~ P~ R MILLION ~FFSE T P~ R DAY
COVAQ I SNCF MA TRIX I~ NTERNAL UNITSI :
0.99Q43356779240-13 0.27651262141081)—I 7 O.58795O74O42O5D—2~
O.27651262141080—17 0.92976585719321)—27 0.2007782063338D—27
O.58793074042050—23 0.20077820633380—27 0.31131407855160—32

IRS COMT RI)L PADANETERS:
A . 6505.1391118830000 8= 11838 K. 569

TIME MEASIJR!MEM~ AT EPOCH:
DAY ’ 28 SECONOS. 0.0
TINC E RROR . —0.423 MICROSECONDS

FIL T FR GAINS:
K1= 0.99843294156271) 00 K2 1).153336929l097fl—04 K3= 0.31)544602247720—10

FIL TFDEO ~TA TF ~cTI MATF :
TIME ER ROR. —0.423 MICROSECONDS
CREQtj~~?,V Y. —e4.479990159 PARTS-PER MILLION OFFSET
FREOU CMC Y OR ICY . —0.000000027 PARTS PER MILLI ON O~~~Sc T P~ P. DAY

INJEC TION AT FPOCH :
DAY’ 28 H1)(IP= 12 MINUTFS. 0 SECONDS’ 0.0

STA TE FSTIMAT F:
TI ME ERROR . 0.002 MICROSECONDS
FREQU !NCY. —84.479 990173 PARTS PER M ILLION OFFSCT
FRFOU PNC Y Q R I F Y .  —0.000000027 PARTS REP MILLION OFFSET PER DAY

VALUES OF IPS PARAMETERS AT INJECT P)N TIME :
A . 6529.3290508~ 4081O 8’ 11838 K~ 569

OSCILLATOR STATE AT INJECTION TIME :
ER EQtIE PICY. —0.000462241 PARTS PEP MILLION OFFSET
FRE QUENCY DRIFT . —0.000046925 PARTS PER MILLION OFFSET PER DAY

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

DESIRED OUTPUT FREQUENCY :
FREOIJFNCY . —84.480000022 PARTS PER MILL ION OFFSET

°1)SSIPLE VALUFE O~ 105 PA RAMETERS:
4. 6524.3602224463300 8’ 11838 K’ 569
A . 4205.4q19357869050 8. 11839 K. 569

Fig. 2 Sample Output of IPS Program
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• CHOICE OF IRS PARAM e TERS :
A . 6524.3602224463300 8. 11838 K 569

A* RE ** RE AR 5 SESREESE *5$  S

I STATE ESTI M A TE A FT ER INJFCT ION :

LAST rOM PU TFO EPOCH:
01’!’ 28 SECfh~0S 43200.000000

I EST IMA YEO STATE VARIAB LES:
TIM E E RROR . 0.002 MIC ROSE CONO S
FREQ UENCY . -84.480000022 PAR TS PER MILL I ON OFFSE T

I FREQUENCY DRIFT . —0.000000021 PARTS PER MILLION OCFSET PER DAY

I COVA R IANCE M A T R I X  (INTERNAL UNI TS):
0.99943525897720—13 0.27651318979830—17 0.58795903161010-23
0.27651318979830—17 0.9297677674177f)-22 0.20078099290620—2 7

I 0.58795903161010—23 0.2007809929062fl—27 0.31131814338360—32
T~~S CON TROL PARAMET E R S:
A’ 6524.3602224463300 8= 11938 K’ 569

••****..*. .~~~~~~~~~~~~~~.... •.•.

Fig. 2 (cont ’d)

I
I
I
I
I
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The BLOCK DATA subroutine contains seven parameters that
may need to be changed occasionally. They are :

Analytic
Program Notation
Name (Eq.) Definition

S2MD ~~~ (23) Variance of frequency measurement error
(f ract ional  o f f se t , squared)

S2M Oft
2 (22) Variance of t ime measurement error (sec-

onds , squared)

Q2 0
2 

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

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

FNOM f (3) Nominal output frequency (ppm offset from
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 recousnended values for the parameters are
described below.

With PRN recovered epoch errors, the value of S2M is
9 x ~~~~~ 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 fiducial
time in the navigation message, the value of S2M is 4 x lO~~’~.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 ,

— 26 —
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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 rL. 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:

2
/c1 

0 0

£
2 

2
0 0 £

3

where

£1 expected error in clock epoch estimate (l0~~ if clock
was just reset)

$Corrected for t ime delays , etc.

— 2 7 —
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£2 expected error in o f f se t  (10
_il 

if there Is an offset
from orbit f i t )

£ 3 — expected error in drif t (10~~6 if there is drift from
orbit f i t ) .

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.

I

I
I

- 2 8 -
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Appendix A

FLIGHT COMPUTER IPS CONT ROL

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 drif t resolution of lO 13 per day can be obtained. This
is sufficient to maintain lO—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 shoved 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 10—13. 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, Al, and K. A and B are
16—bit integers. A goes directly to the IPS A register; B goes
directly to the B register. Al and K are 32—bit integers .

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

Effective IPS A — E~J

I
IThis appendix ii based on an internal memorandimi by R. K. Jenkins ,
“Flight Computer IPS Control ,” APL/JHU S1A—88—74 , 16 December 1974.

— 3 1 —
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Out of every 128 tocks ,t 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 mean s we pick
up the first seven bits from Al 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 Al
is permanently incremented (or decremented) by AD:

AD — KA 2 
.

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

The sign of the dr i f t  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 tocke, and let the accumulation of the
changes in Al carry Into the IPS A register. This sets the maxi-
mum correctable drif t to abou t io’8 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 ~6300 to 13 470) and B (6668 to
12 427) , we need to calculate KA and hold Al in 31—bit precision.
A practical scaling to do this is

A D — K  (A )
2 

(A—l)

With this scaling, K is defined as follows.

From the formu4 for the IPS transfer function , to correct
for a relative dr i f t , f/ f 0, the required increment in A per t~t is

W . have defined the unit of time in the flight computer clock as a
“tack ,” equal to 19.662461 me . The flight computer maintains a
U.T. clock by counting tocks generated by a computer interrupt com-
ing from a hardware frequency counter.

— 3 2 —
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• AD — f- ~~~ At . (A—2)
I 0

I For At — 128 tocks, At — 128 X 120/6 103 — 2.516795019 s. Thus
I AD — — f. B( 128) 3 (A )

2 
.

which defines K, a number considerably less than one.

r To transmit K to the flight computer, which has 16—bit
t words , we change it to a double—bit precision, 31—bit binary frac—

t ion:

K - I S I  ‘~ I ~~
32 • 16 1

Therefore K (f/f0) (B) (128)~ 120/6103 x 231 and will be trans—
I 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) 2 can be corn—
puted and stored in single precision (16 bits), since the maximum

1 value of A is 16 272. This considerably simplifies the calcula-
tion of AD in the program.

I 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 —

I gram. The program is re—initialized every time new IPS parameters
are injected from the ground.

I
I
I
I
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Frequency counter interrupt

Fincrement tack I
count (NTC)

4 ____

(~~~~~

Unt 
~~~~~~~~~ 

Yes I Decrement IPS
ND~~~~j  

No ~~ 
A register

C Count =

128?I~~ 

No

Yes

128-toc k cycle I Add algebraically 1
completed t AD to AF in I

double precision

_ _ _   _ _ _

Yes I Test for negative 1Test for ~~
] No

carry into A ~~~~~~~~~~~~~~~~~~ 
~~carrv from A 

_ _ _

[ Increment II’S F Decrement IPS
A register I I A register I (according to carry J according to carry

I
II Reset tock I

Re-,nit,.Iize cycle 

~~~~~ aIuzat,onI counter NTC 4 
entry

1
10 0 I

L 
Set Jitter 1
count (ND)
to l2 8xAF J

4
1 ompute and sto~1I ASQ~~(A/128 )
[sin~Ie precision 

in J
4

‘Compute and store
IAD iX~ s ASO in I

precision

I Increment (PS
4

register

Fig. A l  Simplified Flow Chart of UPS Program
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C
C IPS CONTROL PROGR AM
C
C PROGRAMM ER: A. GOLOF INGER JNU/APL
C

DIMENSI ON X(3) ,P (3 ,3)
DOUBL E PRE C ISIO N DEL T , F , FC,Ft , FNOM,X , P , Z , S Z M , Q 2 , Q 3 , S T E E R , T A L J , A , Z
DOU8LE PW E C I  SION TI, T C , S F C L , S E C M ,DEIDA Y ,T M,T I ,S 2M O
000RI E P R E C I S I O N  SEC
COMM’JN ~C t F S2M ,Q2,Q3, FNOM ,ST E ER ,TAU, S2MD

10 FOR 4 4T (20811P5 ~OP4TROL PR C GRAM I
20 F C R M A T I 1 6 H O I P . I T IA L  VALUES : I
30 F 0RMAT(21HO1 ~~ST c(;M p u IED EPOCH : I
40 FOR ~4A T (e ~H D A V A  , 1 3 ,  till SEC OND S— ,F12 .6)
41 FORM%T(6ll ‘Ay ~ , 13 ,tt II HOUR~ .13,11)1 MINUTES— .13,

I t ill SECO NDS— ,FL2.61
50 FORMAT (2THOEST IMA TED STATE VAR IABLES :)
60 FORMAT(1 3H T IM E P~R OIt~ ,Fi0.3,13H MICROSECONDS)
70 FOlt~ AT(t2H F.~EQUE NCY~ ,F14.9,25H PARTS PER MILLION OFFSET )
80 FORMAT(1B4 F~ EOUENCY DRIFT— ,F14.9, P

I 33’4 PARTS PEP M ILLION ~IFFSET PER DAY )
81 FO RM4T (j 6 11 C O VA t  L ANCE MATR I X  (INT E RNAL UN ITS):
B2 FORM AT (1H ,3020.1311H ,3020.13flH ,3020.13)
83 FURMAT (24ll II’S CCNTIt0L. PA RA M ETERS:
$4 FOQ~ AT(4H A ,F20.13,5H 5s ,I6,5H k ,16)
90 FQ RMA T (2 01 IOI NJ ECT ION AT EPOCH: )

100 FOR~’A T ( 2 T H 0 T IME M~ AS tJR EMENT AT EPOCH: )
110 FOW~’A T(32HOFREQUENCY MEASUR EMENT AT EPOCH:)
120 FCR~ AT (25HOF!LTEREO STATE ESTIMATE :)
130 FORMAT(t~ H3STATE ESTI MATE :)
140 FQRUA T( 32 HOSTA TE ‘ESTIM A TE AFT ER INJECTION :)
150 FORMAT( 31H0***A*aI**********S**********S$I

C
C RE AD IN DA TA
C

CALL INPUT ( ICAYL ,SECL ,OELT, F,FO ,P,A ,IB,K)
MR ITE (6,1 0)
WRITE(6,t50 )
WRITE (6,20)
MR lIE (6 , 30)
W R I T E ( 6 , 4 0 )  LOAYL ,SECL
M~ ITF. I 6, 5 DI
W P 1T’~I6 ,6O) DELT
WRITE(6.70) F
WR !T~~(6 ,8O) FO
WR ITE (6 ,81)
W P I T E ( 6 , 8 2 )  P
WR ITE (6,831
WRLTE(6.84) A,I5,I(

C
C CONVE RT DATA TO INTE RNAL FORM
C

FNQM-5,00*(1 .D6+FI’iOM )
XI1 ) 0E1T S1.O—6 . 

— ,
X (2)-5.O0$ (t.065F )/FNOM—1.DO
X (3)-5.PO’Ffl/(86400.00*FNCN )
TL— SE CL
FC=x( 2)

— 3 6 —
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C
C FILTER MEASUREMENTS

L C
200 CALL TA SK (NE A S ,LDAY M ,SECM ,Z)

I. WRITE(6,150I
IF (MCAS.EQ .OI WR I TE(6,90)
IF IMEAS.EQ. 1)  WR ITE(6,IOO)
I~~(MEAS.E0 .2) WRI TE (6 ,110 )
IC IM EAS.EQ .0)  GO TO 800
W R ITEI6.401 IDA YM ,S EC M
I F I M E A S . E ( ~.t )  W RIT E(6 ,6 0 )  Z
IF(McAS. -Q.2) WR I TEIo,70) 2
I F ( M E A S . r Q . 1)  Z~ Z t .O— 6
IF (MEAS.EQ.ZI Z’5.D0*(L.06,ZUFNOM—I.DO
D E L U A Y = I D A Y M— I DA Y L
T M—S ~

CM+
~

64OJ.D04DELOAY
CALL FLLT (TL ,TM,X ,P,2 ,M EAS )
WR ITE (6 ,120 )
D E L T — X I 1 ) 1.D6
F—F NOM

~

( 1 .O0+X(2 )  1/5.00— 1.06
F0z86400.O0*FP1OM*X I 3 1/5.00
W RIT E (6,bO ) DELT
WREIE( 6,TOI F
W R IT E(6 ,80)  PD
TL—T M
GO TO 200

C
C PREDICT STATE AT TI
C

800 IHR-SECM,’3600.CO
SEC-S ECM— 3600.DO* DIR
MIN SEC/60 .OO
SEC S tC—6 0.OO~MIN
WR ITEI6,41) IDAYM ,IHR,MIN,S(C
DELDA Y ID AY M —I DA Y L
T I S E  CM . 86400. DO’DE I DAY
CALL PMFD (TL ,TI,X ,P)
W ItI TEI b ,13 3)
DELT a X ( 1)
FaFMOl~*11 .004*12) )/S.DO—1 .06
FO -R6400. UU *FNCM*X (3I/5.OO
WRITE(6 ,~ O) OELT
WRI TE( 6 ,70) F
W RI Tt (6,MU) PD

C
C COMPUTE IP$ PARAMETERS
C

O E L T— X (LI
F —Xl 2 I
FD-X (3)

~~~ CAL L IPSITC ,Tz ,DELT ,F,PO,*.iB ,II
Xl L) DELT
X 12 ) F
X 13 )  a PD

C
C CCNVER T DATA TO EXTERNAL FORM
C

DELT ~~X l 11*1.06
F FH3MS I I .DO+X (21 )/ 3 .OO—1.D6
FD-8b400.OO.FNOM*X13)/S.DO
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C
C OUTPUT DATA
C

HP LT~ I 6, 1 501
W R ITE (6 .140 )
WR ITE (6 ,30 1
W~~I TP1 6 .4O) IOAYM,$ ECM
WR II! (6,50)
WR )TEIb,6O) DELT
WPITC (6,70) F
WPITc (6,MO ) PD
W R I T E - 1 6 . 8 II
w P I T r l6 , 82) P
WRITE (6,831
W R IT E ( 6 , 8 4 )  A . IB , J (
WRITE (6,t50)
CALL OUTPtJT ( L OAY M,SECM,DELT, F ,FD.P,A, 18,k)
STOP
E N D

1

— 3 8 —
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I
BLOCII DATA

• CO MMON IC1/ S2M ,Q2 ,Q3 ,FNOM .STEER ,TAU ,S2MD
DOUBLE PRE C ISI rIN SZM ,02 ,Q3,FNOM ,STEER ,TAU,S2MD
DATA S2MD/ 1.OD—22/
D A T A  S2M/4 .OD— 10/

£ CIATA 02/ 2.OO D—29/
DATA 03/ 4.00-40/

3 DATA FHOM/—84 .4300/
DATA STEEP/0.OD’)/
DATA TAU/864~JC.0O /
END

SUBROUTINE t r ’~PUT (IDAYL,S53L,4ECT,6 60.7 1.98 2’
DI MEtd SIUI P(3 ,3 I
DOUBLE PR EC i SI ON OELT.P,FD ,P ,A,SECL

C
C INPUT FORMA tS F~ LLOW
C

10 FCIR’IAT(115,F15.8)
ZC F(~RMAT (3D20.t3)
30 FGRMAT(1t 20.13,2I10)

C
C RE AD IN DATA
C

RE AD(5,10) ICAYL ,SECI
READ (5,20) DELT,F,FD
DC 100 1—1,3

100 READ(5,20) P (L,L),P (I,ZI,P(I,3)
READ LS,30 ) A,lM.J(
RETUR N
END

SU8R)UTINE TASk(MEA5,I0Ay~ ,SEC M,Z)
OCUML E PR ECISION Z,SECM

C
C I N PUT FOR MAT
C

10 FO RMA T (2 115 ,Z F IS . 8$
C
C RE AD DAT A
C

R E A D ( 5 , L 0 )  MEAS, IOAY M,SE CM,Z
RE TUR N
END

SUBR OUTINE OUTPUT (IDAYP ,SECM ,DELT .F,FD ,P,A ,IB ,K)
DIMENS ION 9 (3 ,3)
DOUBLE PRECISION O ELT,F ,FO, P,A ,S EC M

C
C OUTPUT FORMATS FOLLOW
C

10 FCRM AT IIL 5, FL5.81
20 FOR MAT (3 020.13 )
30 FURMAT ( D20 .13 , 2 1L01

C
C W R IT E OUT DA TA
C

W~t ITt( 7 ,1 OI ICAY M ,SFCM

— 39 —
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WRITE(7,20) DELT,F,FO
DO 100 1-1,3

100 W RI TE (7 ,20) P (I ,L),P(I,2),P (h3)
WRITE(7, 30) A ,I 8,k
RETURN
END

SUBROUTINE MM3 (4,B,A8)
0IMENSION A( 3,3) ,8(3,3),AB(3.3)
DOUBLE PRECISION A,B,A8
DO 100 1=1,3
00 100 J 1,3
A 8 (I,JI— 0.ODO
DC 100 K=1, 3

100 AB *I,J )—A$(1 ,J).A(I,K)*B(k,J)
RETUR N
END

SLrnROUTINE MMT3 (A ,9,A8T)
DI MENSION A (3,31,8(3,3),ABT (3,3)
DCUJ4L E PRECISION A,B,ABT
00 100 1—1, 3
DC 100 J 1.3
A IiT(1,JI—0.000
DO 130 K 1,3

100 413T (I,JI—ABT (I,J),A(I ,I()*8 (J,k)
RE TUR N
END

— 4 0 -
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I
£ SUBROUTINE F ILT ITL ,TM ,X ,P,Z,ME AS)

I COMMON /Ct/S2M,Q2 ,03,FNCM,STEER,TAU,S2MD
3 DIMENSIO N Xl 3).P13,3) ,E(3,3) ,PU(3,3),PHI(3,3),PX(3,31,K(3)

DOUBL E PR ECISION X ,P,E,PU ,PI4 1,PX,DENOM,S2M ,Q2,Q3.K,ZT ,Z ,DT,F,F 0
OCUBL~ PRECIS ION FNOM ,ST E ER ,TAU, FC,TL ,TM ,SZMO,TQEI

I 10 Ft~R~ aT (’ O FILTI~R GAINS:’)
20 FOPMA T(’ K1 ‘.020.13,’ K2 ‘.020.13,’ 1(3. ‘.020.13 )

C
C G E T  T RA N S I T I O N  M ATR I X

I C

I PHI(1,1 )—1 .D0
PHI l I ,2) TM—TL
PHIII , 31— 3. ~O0~ (T 14—T L I
PHI(2,1) U.000

I PHII2,2)=1.ODQ
P Hh1 2. 3 IY TM— IL
PHI (3, 1)=O.000
PHI(3,2) 0.000

I PHI(3,3)=L.000
C
C PRQPAGA TL OLD COVAR I ANCE MATRIX
C

I 
CALL MMT3 IP,PHI,Px)
CALL WM3U’PiI ,PX, PI
TD EL= T M- TL
P(1,I )—P ( t,1),Q2*T0EL**3/3.D0+03*TDIL**5/20.D0
91 i,2)-P( 1,2I,Q2*TOEL**2~ 2.OO,Q3*TOEL**4/8.DOI P (L,3I=P(L,3(,Q.~*TOEL** 3I6.OO

• 
P12, 1 ) P12 ,I l.Q~~~T OEt * *2 /2 . D04Q 3*T DEL**4/8 .00
P 12 ,2 )— P 12 ,2 1e Q2 ’ TD E L+Q3 * TOEL**3/3 .D0
P1 2,3 I— P 4 2 , 3 ) + Q 3 * T O E L* * 2 F  2.00

I P l 3 , I ) ~~P l 3 , I ) , ( J 3* T OEL S* 3/ 6 .O0
P1 3,2J~ P( 3,2).(J3ST0E1**2/2.D0
P13,3)’P (3,3)iQ3*TD (L

C

I C PR OPA GA T E  S T A T E
C

D T — X l i)  +PHI( 1.2 )S X(2 I .PHI U ,3 )*~ 13)
F—X1 2 I , P H I(2 , 3 )*X (3 )
FD= X l 3)

I X (i)—D T
X12) .F
XI 3)—PD

C

I C COMPUTE F ILTER GA INS
C

I F IMEAS .EQ. 1) GO 10 250
IFI MF A S .EQ .2) GO TO 270

250 DENITM.SZM.P11,t)
I K(1)’P (I,l)/D)N )M
I 1(12) P(2,1)/OEM)M

K13) aP (3,L I/DEN JM
GO TO 300

I 270 DEN I M~ S2MO ,PI2,fl

I 1(lL) .Pll,2 )/UIN IJM
K(2) P(2, 2)/DENUM
K 1 3 ) — P( 3 ,l )/ I)€NOM

300 CONt INUE

I

I — 4 1 —
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C GET MEASUREMENT RES I DUAL
C

IF( MEAS.EQ .1) GO TO 350
IF(MEAS.E Q.2I GD TO 370

~5O ZT—Z—X(1)
60 10 400

370 ZT.L X1 2 )
C
C GET NE W STATE E S T I M A T E
C
400 X ll) X11 )+1(11) *ZT

Xl 2).X(2) .1(1 2)*LT
X1 3) Xl3)41 ((3)*LT
WR ITE (6,10)
W R I T E ( 6 , 2 0 1  (C

C
C U PDATE COVA N I ANCE MATRIX
C

DO 600 1-1,3
00 600 .) 1,3

600 El I,J (— 0.000
E 11 ,t 1.1.000
E12,2) ’ I .00 0
E ( 3.3 I—I. 000
IFIMEAS.EQ .1) GO TO 650
IF(MEA S.EQ .2) GD TO 670

650 E l L , t I E (1 , 1 I — K ( 1 )
E1 2 ,1) E (2 ,1)—K( 2)
E1 3 ,1)=E (3.1)—K(31
60 10 700

670 fI1,2)= F l 1 ,2)—KIt )
E12,2 I=ElZ.2 )—K (2I
E1 3 ,2)= F 1 3 ,2)—K (3)

700 CALL MM31E,P,PU)
00 800 1—1, 3
DO 800 J 1,3

800 P (I,JI PU(I, J)
RETU1(P4 P
END

4
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I SUBROUTINE PRED ITM ,TI,X,P)
I COMM ON /C1/ S2M,Q2 ,03 ,PNOM, STEER,TAU ,S2MD

DIMENSION X 13) ,X 1133 ,Pl3 ,3) ,PXI3,3) ,PIIJ(3,3)
DOUBL E PRECISION X,X 1,P,PX ,PHI,TM,TI , S2NO,TDEL

I DOUBL E PRECISION SZM,Q2,Q3,FNCM,STEER,TAIJ,FC
I C

C GET TRANSITION MATRIX
C

I PHI(1 ,1)*1 .DO
I PHi(1,2)—TI—TN
I PH I1I ,3 ) 0.500*ITI—TM)**2

PHII2,i)—O.O 0
PHI(2 ,21—1.D0

I PHI (2.3) T 1—TM

I PHI(3 ,11 0.D0
9(4 ((3 , 2) — 0. DO
PHI l 3, 3)— 1.00

I C
I C PRO PAGATE STATE
I C

XI(11 X (1 )+PHI( 1, 2) *X 12 )+PHI( 1, 3) *X13)

I X 1 (2 ) X (2)4PHII2 .3) X (3)
Xi (3) —XI 3)
X l i  )=x ((I)
X (2) X I1 2 )
X (3) X I1 3 )

I C

I C PROPAGATE TRAN SITION MATR IX
C

CALL MNT 3 (P ,PHI ,PX)

I C ALL MM3 (PHI ,PX,P)
TDEL.T I—T M
9(1.1 )P 1  1,1 ),Q2*TOEL**313.OO+Q3*TDEL**5/20.00
91 1,2)aP (1,2),02*TOEL**2/2.OO,Q3ST0EL**418.DO
911.3 )— Pl 1,3 )+Q3*TDIL**3/6 .OO

I Pl2,L).Pl2,1).02*TOEL**2/2.Do ,03*TOEL*.4/e.oo
9(2,2 ).P( 2,2 I,02*TOEL+03*TDEL**3,3.DO
P12 ,3 )=P (2 ,3 14 Q3*TDEL**2/2.O0
Pl3 ,L) .P(3 ,11403* TO€L**3/6.DO

I P (3 ,21—P13,2I,03*TDEL**2/2 .DQ

I PI3 .3).P (3 ,3)+U3*TOEL
R E T U R N
END

I
I
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SUB ROUTINE IPS(TO .TI .DELT ,F,FD ,A, IS,K)
DOUBLE PRECISION DEI.T ,F,F0,FC ,FNON,S2M ,Q2,03,STEEA,TAU
DOUBL E PRECISION FO,FDO ,F0P,FOOP ,CIPS ,8,E1(,EKALT ,*,AALT ,ININT,POUT
OCUBL~ PR ECISION TQ,TL,T INT ,ENINT ,FOlITP, AO ,SZMO
COMMON /C 1/ S2M,Q2,03,FNOP,STEER ,T*U,52M0

10 FORMAT I44)4OVALUES O~ IPS PARAMET ERS AT IN JECTION TIME S)
15 FOR MAT (36HOOS C ILLAT QR STATE AT INJECT ION TIME S)
20 FOR MA T( 12H FREQUENCY — ,F14 .9,25H PAR TS PER MILLION OFFSET )
30 FORMAT (18H FRFOUENC Y DRIFT ,F14 .9,

1 33(1 PA RT S PER MILLION OF FSET PER DAY )
31 F(JRMA T II 4H OS TEER I NG (~OR ,F1O.3,24H MICROSECONDS TIME ERROR I
32 FOR MAT I4H AT ,F11.3,~ 8H SECONDS PAST INJECTION TIME)
35 FORMA T I2 6HODE SIRf 0 OUTPUT FR tQU INCY E I
50 FCPMA TI 35HOPO SSIBLE VALU E S OP 19$ PARAMETERS:)
60 FONt4ATI4I$ A— ,P20. 13,SH Rs ,ib ,5H (Ca ,I 6)
70 FCPM4T (26,I’JNO A .M SOLUTIONS IN RANGE)
A C EORM A T I26HOCIIOICE OF IFS PARA M ETERS :)

C
C CC P4VE PT DAT A TO INTERNAL FORM
C

A— A . 1.000
18.16,1
B—tB

Ek.EK ’2.000**l—31)
C
C PROPAGAT E A TO TI
C

T I N T — T I — T O
EN1NTaT1NT F2.Sib7 ~ 30%33O
A—A/ I 1.000—ENINT*EK*A/16384.000)
WRITE (6,10)
AO—A—I.000
180.13— 1
(C0.k
WR ITE 16,60) *0,130,1(0

C
C GET OSCILLATOR FREQUENCY AT TI
C . 1

CI PS-I .000— I 1.000.t .000/A )/S
FO .(F.1.DO)/C IPS— 1.0O
FOP—F NOM’ Ii .O0.PO ) I3 .D O—k .06
WRITE 16,15)
W RITE ( 6 ,20 )  FOP

C
C GET OSCILLA TOR OR IP T
C

FD0.lF0— IFO.~ .DO)*IK*65O3.DO~ le*120.DO*12S.D0**3))/C~ P$
F00P 86400.DO*FNO(WFOO/5. 00
W R I T E( 6 , 3 0 )  POOP

C
C GET DESIRED OUTPUT FREQUENCY
C NOT ES DESIRED P30.0
C

STEERP .STF ( P* I .0E 6
WR I T E( 6 . 3 1 1  STLE (. P
WRUEI6,3 2 )  TAU
F O U T A * S I E I * — 0 ( L T )  /TAU
FCUTP PNUM* ( 1.1X3.FOIJT)/5.000- 1.06

.4’ .
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I
T I

MR lie (6.35)
WRI TE I6 .20) FOUTP

I C
I C GET IR S PARAMETERS
• C

C INIT iAL A AND 8 SO THAT F—POUT:
I C
I CIPS IFOUT .1.OO)/(FO41 .DO I
I B—LOO/ (I..DO—C1PS)

IB-B40/6 301. flO
A—B / I 18—B)

I IBALT —IN ’ l

I A A L T — B / I I B A L T — B )
C
C GET K SO THAT FDOUT—O

i C
EK —FOO~ I8~ 128.O0**3~ 12O.CO/ ((FO,1.DO)*61O3.0O)*CIPS
E(CAL T ——F D U* IBA LT * 128 .004* 3* 120.00/I IF 0,1.00 )*6 103.00 I ‘C IFS

C
C CHOOSE A ,Is,K
C

• W PIT E I 6,50)
AO-A—1 .0O
Ieo= 18— i

I KO—EK*2.D0’~ 3I• I wR ITE( 6,60) AO,IBO,KO
Afl sA~ L T—t.D O
1 80—I BALT— 1
KO F KALT * 2.DO**31

I W RIT E 16 ,60) *0,180,1(0
1=1
1 *—i
IF(1 A .LT.6301.).OR.l A .GT.13470.)) I— .0
I F I I AALT .LT.6301.).OR.(AALT.GT .13470.)) IX— O
IP( I IB.LT.6669).OR.(IB.GT .12 ’s 28) )  1—0
1 F 1 1 I I ~ALT .LT .6669).0R. (1BALT .GT.12428)) I X O
1F111.E Q.OI.AND .(IX.EQ.O)) GO TO 200

I IF (lI.EQ.0).AND.1 IX .NE.O) ) GO TO 300
IP (11.NF.OI.ANO.( 1X.EQ.O)) GO TO 400
I F I A . L T . A A L T )  IC H— 1
IF (A.GE .AALT ) ICHz2

I GO TO SOO
200 W RI TE I6 ,70)

GO TO 600
300 LC H—2

I 
GO TO SOO

400 ICH.1
GO TO 500

500 IFIICH .€Q. 1) GO TO 550
A — A ALT

I I6=I~3AL T
EK ‘((C ALT

550 wRITE 1 6,80)
AO ’A -l.OO
IBC l b—i
KIJ.E(C*2.000**31
wPITEI6,B0) *0,160,1(0

t C
C (SET ST AT E AFTER INJECTION

I C

1 — 4 5 — 
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I

H 3.18
CI PS’l .DO—ll .OO.i .DO/A)/S
EK’IlOSZ.000.S4—31)
F— (~ O .1.DO)’C1PS—L.D0PO—FQO’CIPS. (Fo.l .DO)sE 46103.DORS*iZo.Do.12..Do,s3)

C
C CON VERT DATA 10 EXT ERNAL FORM
C
60C A— A— i .00

115 .16—1
EK .E1( *2.OO*’31
k E K
RE TUR N
END

I
I
I

~1

-I

I

4 I
I
I
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