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SATELLITE DOPPLER DATA PROCESSING

USING A MICROCOMPUTER

P. E. Schmid
Goddard Space Flight Center

Greenbelt, Maryland 20771

J.dJ. Lynn
Old Dominion Systems, Inc,

Gaithersburg, Maryland 20760

ABSTRACT

This paper describes a microcomputer which was developed
to compute ground radio beacon position locations using satel-
lite measurements of Doppler frequency shift. Both the compu-
tational algorithms and the microcomputer hardware incorpo-
rating these algorithms are discussed. Results are presented
where this microcomputer in conjunction with the NIMBUS-6
Random Access Measurement System (RAMS) provides real-time

calculation of beacon latitude and longitude.
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SATELLITE DOPPLER DATA PROCESSING
USING A MICROCOMPUTER

1.0 INTRODUCTION

A well established application of near Earth orbiting satellites is the task
of data collection and distribution, If the data is relayed in real-time the col-
lection avea is limited to the satellite field of view. For a nominal polar
orbiting 1000 km altitude satellite such as NIMBUS-6, this corresponds to a
maximum coverage circleof approximately 6000 km in diameter. Since the or-
bital period is on the order of 110 minutes woridwide coverage is obtained atleast
every 13 orbits, If the data is stored onboard by means of a tape recorder and
“"dumped" on command {o the interrogating station, coverage is limited only by
ground beacon deployment. NIMBUS-6 can operate in both onboard storage and
real-time data relay modes. In either case the data format seen by the groﬁnd
processing computer is the same.

Ever since launch (June 12, 1975) NIMBUS-6 has been relaying Bata from a
number of platforms associatecf with meteorological monitoring balloons and
buoys (Ref. 1, 2, 3). In these applications platform location as well as platform
data (for example, temperature and pressure) are required. The microcom-
puter discussed in this paper has been evaluated by using both taped data as
well as tying in directly to equipment capable of receiving and demodulating
real-time NIMBUS~6 telemetry a.nd RAMS Doppler frequency data. The teleme~
try decommutation is rather straightforward and will not be discussed at length.
The Doppler processing for purposes of beagon position _determ-inatio‘n, is con~
“siderably rﬁore complex and it is this aspec;; of the microcomputer which will

be discussed in detail. The same computer technology is divectly applicable to



forthcoming missions such as the near Polar orbiting TIROS-N Satellite Aided
Search and Rescue demonstration. This TIROS-N demonstration, which is
scheduled to begin in early 1981, will relay the Doppler shifted signal from low
power "'distress beacons' at 121.5, 243 and 406 mHz. In a manner analogous
to the NIMBUS-6 buoy tracking, the ground based computer will combine the
Doppler information with known satellite orbit information to compute the

latitude and longitude of the "distress beacon' (Ref. 4, 5, G).

2.0 SYSTEM DESCRIPTION

The radio beacon-to-satellite geometry is as indicated in Figure 1. As will

be shown, the use of geocentric Earth fixed coordinates greatly simplifies the
computational problem. In such a cocordinate system the range R, and its time

derivative R can be expressed as:

RZ = (X~ 82+ (Y- 8)%+ (Z-8,)° (1)
E X 4 '_‘_13 Y + °R 7 = (_._.._,...._x -~ S0 X+ _______-(Y _ Sa) ¥ o+ (._._.Z "'__S_—a) : (2)
A", KV R R R Z

In practice a constant bias term must also be included in equation 2 to
account for frequency offset. This offset is solved for along with the beacon

position. The beacon coordinates Sx’ 5., S3

, are easily transformed to longitude
and geodetic latitude. The satellite coordinates X, ¥, Z and corresponding
velocity components f(, i’, 2, being "Earth' Eixed" jnherently include the effect
of Earth rotation which is on the order of 7.3 x 10-5 radians/sec.

. = the NIM”.B_US—G_ Rams system the beacon is self timed and transmits at a -

nominal 401.2 MHz once per minute for a one second period. The one second
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Figure 1. Beacon-To-Satellite Geometry




transmission includes 320 milliseconds of unmodulated carrier followed by
640 milliseconds of PSK modulated digital data at a 100-bps data rate. TFor
position location purposes NIMBUS-6 measures the uplink Doppler shifted fre-
quency associated with the unmodulated carrier, With reference again to

Figure 1, the range rate, R, is related to the one way Doppler shifted signal by:
e (3)

where for NIMBUS-6 RAMS:

fr = beacon transmit frequency = 401.2 MHz

R = beacon-to-satellite range rate -7 kim/sec < R < 7 km/sec

C = speed of light = 3 x 10° km/sec

As a consgquence of this Doppler shift and the frequency tolerance (+5 KHz)
of the platform crystal oscillators, the NIMBUS-6 receives a signal somewhere
in a band of +15 KHz. This frequency dispersion allows the RAMS system to
track up to 200 beacons during any given satellite pass. Additionally each beacon
is identified by a unigque ID. The ID uses 12 bits of the 64 bits of data trans-
mitted once per minute. Since the transmit frequency of the remote beacon is
séldem known to better tham a few KHz, the position location algorithm must -
accurately determine this frequency {or equivalently range rate) bias in order
to compute beacon latitude and 1ongit'ude. Experience has-shown that the com-
puter can recover this frequency bias to a high &egree of accuracy {i.e. to better
than a few Hz) even though data from the Dopplér curve's point of inflection is
excluded. 'Figure 2 indicates a typical NIMBUS-6 Doppler pass. The recovered

frequency bias in this particulay case was or the order of 2 KHz, The ordinate
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labeled "true zero Doppler' corresponds fo the time when the beacon-to-~gatel-
lite distance was a minimum. It should he reiterated, however, that as a con-
sequence of the least squares algorithm discussed in this paper, Doppler data
in the region of closest approach is not a requirement for frequency hias
recovery.

The overall system configuration used during the microcomputer evaluation
is shown in Figure 3. The ground terminal is a NASA prototype of a fully auto-
mated NIMBUS-6/TIROS-N data collection station. For TIROS-N tracking the
azimuth/elevation antenna drive will be directed by the same microcomputer

which provides platform position location and telemetry data readout.

3.0 COMPUTATIONAL ALGORITHMS

The algorithms presented herein apply strictly to stationary platforms,
Any platform motion will of course modify the Doppler signature and if this
motion is left unmodeled a position location error will result. For slowly
moving platforms such as drifting buoys this error is small and position deter-
minations from successive passes can be used to estimate drift velocity.

The error due to unmodeled platform motion can be shown to be
on the order of 0.2 km per km/hour of uncorrected speed. At present the
microcomputer is programmed to provide beacon latitude and longitude based
on either a single pass or two successive satellite passes of Doppler data. For
the single pass solution a minimum of 3 Doppler measurements are required
since 3 unknowns (latitude, longitude and frequency bias) are solved for. Since
the RAMS Doppler data rate is one measurement per minute, a maximum of
approximately 15 data points per pass can be expected. Any additional informa-

tion such as in situ observations of platform heading or speed, if sent back to

6\.
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the microcomputer, can be used to construct a complete time history of position
location over the pass interval,

3.1 A Priori

An "A Priori" or "first guess" of position location must be used as a
starting point for any least squares type of algorithm. The better the initial
estimate the fewer the number of iterations required to obtain a converged
solution. In many cases such as that of a drifting buoy a previous position de-
termination is the obvious choice for a first guess, However, there are cases
when no prior beacon positions are available, One such application is satellite
aided search and rescue where the beacon is associated with a downed aircraft.

In this case, one straightforward approach which works well is simply to
let the computer scan a grid of the Earth surface in view of the satellite during
the Doppler data collection interval. Each point on the grid is used successively
as a starting value for the least squares algorithm until one that gives conver-
gence is obtained. Another useful starting position is taken to lie on a great
circle on the Earth's surface perpendicular to the ground track of the satellite
at the midpoint of the pass. The point on the great circle is selected at some
arbitrary location between the ground track and the radio horizon. H data is
collected during the time of closest approach (TCA) the following equations can

be solved to obtain an estimate of beacon position:
S}+82+82 - a? _ (4)

XS, +¥S, + ZS, = XX+ YY+ 2Z (5)



XS, + YS, + ZS; =

IJ]'-'

a2+ o2 - R, ] ©)

A spherical Earth is used in this approximation with the geometry indicated
in Figure 4. The satellite coordinates are Earth fixed geocentric and hence in-
clude Earth rotation, The beacon-to-satellite range at time of closest approach

can be approximated {Ref. 7) neglecting the effect of Earth rotation by:

17

- 2R 4 R2 4
where:
a = Earth radius
V = satellite speed
h = satellite height
p =a+h
- S
R = _f i
< fT
and

f, is the slope of Doppler curve at TCA (i.e. maximum slope of Doppler

curve)

Inspection of equations 4, 5, and 6 indicate the intersection of two planes (a
straight line) in turn intersecting a sphere, The two single pass solutions thus
obtained are approximations to the true and to the so called "image" solution.
In the shsence of Earth rotation the two solutions would he indistinguishablé.
Separation of these two solutions on the basis of Earth rotation effects is dis-

cussed in the next section entitled "ambiguity resoiution',
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Finally there are other more accurate but more complex approximations
which directly solve the range-rate observational equation independent of the
relative beacon-to-satellite g;amiwtry. Such schemes include the fitting of a
high order polynomial to the data or fitting portions Qf the data with segments
of parabolas. However, experience to date indicates that even a crude estimate,
in error by several thousand km, will for most cases result in a converged
least squares solution in 5 iterations or less. The time for computing a typical
10 peint Doppler solution using 5 iterations on the present microcomputer is on

the order of 2 minutes.

3.2 Ambiguity Resolution

For any given satellite pass and beacon-to-satellite geometry there will be
two locations, each at the same orthoginal distance from the ground trace, where
the range-rate (and hence Doppler shift) will be zero at TCA, While these 2
" Doppler characteristic curves go through zero at the same time, because of -
Barth rotation the shape of the two characteristics will be slightly ditferent.
Hence the measured Doppler data witl be best fitted by the calculated Doppler
corresponding to the side of the true location. On asingle satellite pass the true
!.cﬁcatimi can then be su'pm'a‘t?ed from the image location bby comparing the RMS
observed — minus-calculated residuals for each side. Simulations have shown
that in the absence of data noise and in thé presence of. a well distfiimtad daﬁa
'sut this distinction is emsil&r made. If two or more satellite passes of data are
available this so called mmxbig_liity is resolved six_hply 'fronu geometric caln'sidéra-
tions. Some insight intd how Earth rotation affects the dep_ler chal*ncteristlcs
can be obtainéd by writing equations' m ﬁer:ﬁs of beaédn hnitudaﬁ, J_\ , and loﬁgi—

tude, \. As a further simplification assume a spherical Earth or radius 'a’

11



"and a Polar orbiting satellite at height, h. The range-rate can then be ex-

pressed (Ref. 8) as:

. +h | ,
E = &%_2..1_{2_% {(“"s + w,) cos ¢ sin [('ws *ow,) t.+r\]
+ (wy = w,) cos ¢ sin [(w,s “w )t - ?\]' = 2w, sin¢ cos w, t}
where: ’ L
w, = Earth rot_al:i’on rate = 7.3 x 10 -5 radians/ sec
w; = Satellite angular rate = 10‘3 radlans/sec _

beacon—to-satelhte slant ranze

o
Il

‘The effect of Earth rotatlon is nearly orthogmal to aatelllte velocity at the

_ eqeator and nearly collmear with satellite veloclty at the poles. The difference

_ between the image and true Doppler charactemsties is thus a mlmmum at the

| equater and mammlzed at the poles. Equation 8 can be used to obtain an approxi-
o matve-ana_l__ytte -express;op_for-_t_h;e Doppler (range __re_te_)- _el;ax:aetem_:et;e difference,
Bﬁ, at t_he.eq,u:al:ell‘whex.'eep = 0and a ,eircular pel-ar..prbi§ is again assumed with
A referenced to a TCA overhead satellite equator crossing at 0° longitude: -

2a(a+h)w w t2 sm?x -

3R = - 7 ,_ 9)
[a +(a+h)2-2a(a+h) cosh cos w t] : :

where:

A = beacon: long1tude

;t'l time relatlve to TCA

A

true mmus unage characterxstzc
' and all other symbols are as pre\nously defmed -



As per equation (3) the frequency characteristic difference will depend on
the beacon transmission frequency. A somewhat more general approach was
taken via computer simulation and many computer plots of this effect for various
'satellite inclmations -(i.e. includi_ng cther than polar), latitudes of TCA, and o
beacon-to-satellite TCA elevation angles have been obtained. Figures 5,6, and

7 indicate typical 'cccl'puter'ploteovf‘tho--rarigef' rate difference due to Earth rota- - -

tion for a satellite at 1000 km altitude, circular orbit and 80-°'inCIination-,.and'_eiee N

vation angle at "?fCA"of"éc°' ‘at latitudes of 0°, 30° and 60°, 1t should be noted that
at the equator the maximum excursion is on the order of 25 meters/sec (33 Hz
at 401 2 MHz) u.nd at latitude 60" lt is 140 meters/sec (190 Hz at 401.2 MHz).
| The times indicated in Figures 5 6 and 7 are relative to TCA and run to the
radio hDI‘l.Z.OIl for the given sateliite pass Since the observed Doppler noise on
the 401 2 MHz RAMS system is typicaliy 0 5 Hz, Earth rotation Signatures are
observable | e -
However, it should be pointed out that the degree of observabiiity is also a
function of the quantlty of data collected For exa.mple 3 Doppler data poants at
__a one per mmute rate near the begmning of the pass may be msufficient to aliow
image discrimmation o ‘ 7 -
-The real tcst m tbe absence of a complete data span, is to generate 8

simulated "noisy" data eet for one snde of the pass and compute both soiutions

- using the least squares algorithm and compare observed-mmus caiculated

, resxduals A number of such sunuiations have been run and indications are that

L even: under somewhat marginal conditions of geometry and data qnantity the true 3_" . '

locatmn can generally be separated from the ambiguous location ona single ._ , L

pass. -

13-
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3.3 Atmosphervic Effects

As the signal from the beacon to the satellite traverses the Earth's atmo-
sphere the Doppler frequency measurement will be altered. The atimosphere,
for purposes of radiowave propagation, can be separated into two parts: the
troposphere (sea level to 30 km) and the ionosphere (85 km to 1000 km). Tropo-
sphere refraction effects are generally frequency independent up to about 30 GHz.
Ionospherice refraction is frequency dependent varying inversely as the square
of the operating frequency. The atmospheric bias on Doppler results from a
scanning by the ray path through media where the index of refraction is other
than unity. This atmospheric bias is a function of index of refraction along the

path, clevation angic and elevation angle rate,

TROPOSPHERE

If left uncorrected the maximum tropospherice induced range rate error is
on the order of 10 cm/sec (0,13 Hz at 401.2 MHz) for a 1000 km altitude circu-
lar orbit satellite. This maximum effect will occur at low elevation angles tor
near overhead passes where elevation angle rates are highest. For systems
such as the RAMS where RMS frequency noisc is on the order of 0.5 Hz, this
biasing eflect is small in comparison. However cven a rather simple algorithm
can remove most of this tropospheric bias at elevation angles above 10° {Ret. 9).
An estimate of range rate bias can be obtained using a series of well established
approximations (Retfs, 10, 11), In the troposphere the group and phase velocities
are equal in magnitude and of the same sign, The range rate bias estimate can
thus be obtained by ditferentinting the expression for range bias with respect to
time. If an exponential atmosphere is assumed the resultant range rate bias

estimates cun be quickly derived. Thal is —

17



30 KM -6
. 10—6 . Ns 10
AR, N e~¥hdh * —— 10

t sinEjo & k sinE (10)

Where:
n, = 1+ N_ (10-°) surface index of refraction

N, = 350

E - line-of-sight elevation angle beacon-to-satellite

i = decay factor = 1.6 x 10-% meters-!

and

JAMR AR E _[Ns(lf)'ﬁ) Los E]E a1
k sin?E

Now the elevation rate corrvesponding to an overhead circular pass can be
written as;

tws

m-

N (12}

bl L_‘
2ah t h*
1 + ——a—
Y .
a® sin? E

X - elevation rate (positive sign for increasing elevation)

l...

where

h - satellite height = 1000 km

a = earth radius = 6378 km

Wy o satellite angular rate = 10-3 radisns/sec
For the values indicated the elevation angle rate is 1,4 (10‘3) radians/sec at
10° elevation and as previously stated using cquation 11 the range rate bias is
seen to be approximately -10 em/sec. As the elevation angle approaches 90°

{(i.e. directly overhead) the tropusphere range rate bias tends to zero.

is



IONOSPHERE
A similar approximation can also be derived tor the ionospheric Doppler
effect (Ref. 12). For frequencies above about 100 Mliz the index of refraction

within the ionosphere can be expressed as:

. Noes \’ / 40.3N,
X - 1= —— (13
¢ o M t-
where:
N_ = Electron density (electrons ‘meter?)

" v ~ 10

e - Electron charge - 1.602 ~ 107" coulombs
- - S

m - Electron mass - 9.11~ 107" kKilograms

£q - Free space dielectric constant

o

$.855 ~ 1077 farads meter
w2 e (radians - sec)

It should be noted that within the ionosphere the index of refraction is leoss
than unity and during a given satellite pass this results in a Doppler bias of
opposite sign relative to tropospheric bias. The following expression includes
& correction tor horizontal gradient cffects (¢.g. Jday-to-night transitions) if
information regarding the change in veortical electron content, I, is available in
terms of the local clevation angle, E*, at the height of electron density maxi-
mum, h .

HORIZONTAL
GRADIENT
. 40.31\, vos B . i 1 l'I\‘
L et B Kl Tt EY s ] meters see (14}

Sl e s
£ sin 2E* v JEF
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where:

1000 KM
I =I N, dh (Electrons/meter?)
BS5 KM

f = frequency of transmission (Hz)
E* = local elevation angle of line-of-sight at height of maximum density
E* = local elevation angle rate of line~of-sight at height of maximum

density (radians/sec)

and from geometric considerations

a
3 =
E arccos [a T E] (15)
where:
a = Earth radius (or sphercid radius of curvature if available —
appendix A2,2)
h, = height of maximum electron density = 350 km
E = elevation angle at beacon
E* = local elevation angle at h
S aEsinE 1
B — an
- a 2
[l (a n hm) cos E]
where:
E = elevation angle rate as chserved at beacon
E* = elevation angle rate at h,

20



The vertical integrated electron content can vary between 10'® and 10%%
electrons/meter? depending on geographical location, season, time of day, sun
spot cycle and so on. The continuously updated NASA world ionospheric model
developed for providing ionospheric corrections to NASA tracking data is one
source of integrated content values for offline corrections to heacon data. The
expression given by equation 14 can be used to provide estimates of maximum
ionospheric effects, For purposes of comparison with tropospheric effects a
ground elevation, E, of 10° is again assumed along with a ground elevation rate,
F.:, of 1.40x103 radians/sec. A typical daytime vertical integrated content of 3x10!7
electrons/meter ? with no horizontal gradient is also assumed. Using the fore-
going, this results in 2 maximum 401.2 MHz range-rate bias of 35 cm/sec
(Doppler bias -0. 5 Hz). At 100 MHz this bias increases to 6 meters/sec
(Doppler bias ~2 Hz).

Since system frequency measurement resolution will typically be 1 Hz or
better, an ionospheric cerrection in the 100 MHz region is imperative. At
400 MHz and above, such a correction is optional but should be included if full
system capability is to be realized. While the atmospheric effect has been re-
ferred to as a bias, it actually has a time varying characteristie over the full
satellite pass. It therefore cannot be as easily solved for as, for example, the
oscillator frequency offset which is nearly constant over the satellite pass.

Using beacon frequencies higher than 400 MHz will further reduce iono-
spheric Doppler effects. However, if simple low gain (and hence broadbeam)
antennas are used at both satellite and beacon to optimize coverage (Ref. 13), a

nominal link frequency of 400 MHz is probably a good choice.

21



3.4 Orbit Update Procedure

Accurate recovery of the unknown beacon's coordinates is directly dependent
on the accuracy of the reference orbit. In practice it is found that the absolute
accuracy of the reference orbit deteriorates with time resulting in a corre-
sponding degradation in the accuracy of the recovered beacon coordinates. The
most significant error in the reference orbit is the one associated with the
"along track' error. This error may be thought of as an error in the mean
anomaly ov alternatively, as an error in the epoch time of the reference orbit.
Using Doppler dats. from a beacon of known position the orbit update procedure
solves for this "along track' error and corrects the reference orbits epoch
time accordingly. Each range rate (Doppler) observation is considered to be a
function of the reference orbit's epoch time T, and the range rate bias B. The

linearized observational equation is then given by,
R -R - EB AT + B
. 51 ST 7

where,

R° = observed range rate

R = "computed'' range rate — based on reference epoch T, and beacon
position
.
:jfi,{- = partial derivative of '""computed" range rate with respect to epoch

time T.
AT = correction to epoch time T
AB = correction to range rate bias
As a practical matter the partial derivative is computed numerically as a

first difference, — that is,

22



R(T + AT) - R(T)
AT

R
ST (18)
Experience has shown that for the geometries considered in this paper, a value
of AT equal to ene second is a satisfactory interval when using the approxima-
tions indicated by equations 17 and 18, The guantities AT and AB are then
solved for using the method of least squares, FEach data point is processed for
inclusion in a set of normal equations designed to yield the updated orbit solu-
tion. Let N represent the 2 by 2 normal matrix with elements N, i The four
matrix elements are evaluated (e.g. Ref. 24) as follows:

n S\ 2
Ny, = ). /;-f)

m=1 m

|

" (3R (19)
Niyo = Ny 7 Z (5'1')
m=1 "
N,, * number of data points = n
and,
Nyt Npa
N =
Nzp  Nao

similarly the 2 by 1 matrix
C = [oel

is evaluated as:

23



ty * 1n

Y
. \ ! 120 A ' - D \ ! .‘u - ’
¢, (R I\ " g ¢y (R R)m (20}
m* 1 m w1

Again all sums are carvied over all ndata points since 1 separate lincarized
cquation exists at vach measurement time,
The least squares solution is obtained by solving this normal system of

linpar vquations and {s given by,

.
N-1C

and tinally, T T, ¢ ATand B B+ B

represent the currvent sohution values (1) and B, bomg initial values) which are
used as starting values lov the next iteration, This iterative process is con-
siderad Lo have L‘(')l\\'t.‘l.‘;.‘,'i.‘\{ when the absolute value of the VE and S8 corvections
ave aceeplubly small,

This newly solved for value of orbit epoch time U, is then used (o update the
reference ovhit on all subseguent selutions for unknown beacon loeations, A
definite improvement in the recovery of beacon coordinates vesults (U this pro-
coedure is used on cach orbital pass, This requires thal at least one refervnce
beacon be available on each pass, The procedure itself is automatic, the only
information needed is the identification number of the surveyved in relorence
beacon which as o mutter of convenionee can be tocated at the site receiving the

satellite relayed Doppler data,



3.8 Frror Sources

The securaey of begeon position location computations will be influenced by
Doppler data quality and quantity; beacon=to-satellite geometrey; and accuracy of
satellite ophemeris, Means for upgrading the satellite ephemeris were dis-
cussed in the previous sceetion,  Excopt tor the near overhead pass case, satel-
lite pusition errors couple approxinutely into cquivalent beacon position crrors,
That ix if the orbit is well determined (knewn within tens of motors) the contri-
ation to position location error witl bo in the tens of meters,  Error stulies
(v Roll 1) imdicate, however, {or the near overbead case position loeation
crrors become as barge as ten times the satellite position error.

Doppler diatn processing oxperience has shown that Tor the single puass case,
beacon height above the geoid is generatly not obsceevable, Ut cun be shown that
this crror transhites into a position crror approximately equal to the height
uncortainty multiplied by 1an B, where B is the beacon-to-satellite elovation
angle. o more than one pass of data is available from g stationary beacon,
height can be solved for along with latitude, longitude and froqueney bias, The
minimum number of data points requiral for o posttion determination will of
course cqual the number of unhnowns being solved for,

The data quality is governed by such fagtors as time tag accuracy and
frogqueney stability throughout the system. Time tag errors couple in d'reetly
and are indistinguishable from along track orbit ervors. For example, a

0.1 sccond Hime ervor is eguivalend in offect to an 700 meter along track vrror



since the spacecridt velocity is approximately 7 km-see. The NIMBUS-6
TWERLE/RAMS svstem was designed for a 25 km o single pass position accuracy
and henee a time tag accuracy of 10,1 scconds was adeguate, The TIROS-N
time tag for an equivalent Doppler tracking system will be 10,010 seconds,
Another important factor is the overall frequencey stability including beacon
transmitter and all hetrodyning oscillators up through the average frequencey
measurement. Genorvally the RAMS system provides sufficiont data (e, 10 or
more Doppler points at a one per minute rate) such that the noise (typically
1.5 Hz at 401.2 Miiz) and the solved for bias offset (typically several KHz) are
of little or no conscegquence in terms of tocation accuracy. The noise is averaged
by the least squares fitting technigque and the bias is casily extracted to within
system resolution values (11 Hz), However long term oscillator drift, which
changes the slope of the Doppler curve, will introduce position errovs. Both
simulations and error analyses indicate that the RAMS sensitivity to froqueney
drift for a full Doppler data span can be estimated by a simple expression de-

duced from an approxtmute differentintion of equation (7 namely:
o (Y H) B ) CoeN 0% "
A8 bl i s meters 21
IN (l-r cos B fpvos B s (

position crror (meters)

where;

AR
cos I,

AS
AR - beacon-to-satellite crror (meters)
¢ - speed of light (melers/sec)

f.. Goacon nominal frequency (H)

AL frequeney drift (Hz/sec)

I beavon-to-satellite elevation
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Vo osatellite speed 7,35 X100 moters see

1 typieal maximum acceloration - 25 meters /soc?

By observing changes in froquency bias on consecutive passos, Af has been
obscerved to be typically 1 Hy por 1000 seconds for the BAMS system. The ox-
peeted position error corrvesponding to such a drift at 401, 2 Mz for a TCA ole-
vation of 457 will therefore be on the order of 100 meters. AL a TCA elevation
of 307 this crror would increase to 100 meters,

The effect of the atmosphere is to change the slope of the Doppler curve and
in this sense introduces an error in position locatton very similar o that due to
{requency dreift,  For example, as indicated in the provious section, an iono-
spherie execursion of &2 e gt 100 MUz ean casily be expected for a near over-
hoead pass, i this change oceurs over g typieal 1000 second pass an "equiva-
tent drift' of 0, 004 Nz see is exporienced,  Putting this value into equation 21
and assuming o TCA elovation of 307 indicates an expected position error of 6 km,
At 4002 Mtz this effect for an uncorrected daytime tonosphore (Mequivalent
it of 0,001 Hr “seet amd the sanme geometry would be on the order of ¢4 k.
Hooven a nominal correction i made based upon equation 14 this ervor can be
voduced to 30 of the uncorrecteod value, A two frequeney scheme such as
associated with the Navy Transit systom ean be employed to provide real-time
fonospherie corrvections which evon during high solar activity reduce this errvor
to a value on the order of 10 meters (Ref. 153, 10 only a portion of the Doppler
curve i used tor position determination the evvor due to frequeney drift is re-
Jueod. However in this case the position errvor due to data noise increases to
the extent that froquencey noise often becomes the prodominant system error

souree.,



4.0 MICROCOMPUTER DESCRIPTION

Ever since the 1975 NIMBUS-G Taunch, the computations required tor posi-
tion location of buoys, meteorotogical balloons, and other experimental platforms
using the NIMBUS-6 RAMS system have been successfully carvied out using a
contrally located conventional general purpose computer. Doppler position
location systems similar to the NIMBUS-6 scheme will be carried by one or
more of the forthcoming sevies of TIROS-N spacecraft. The TIROS-N platform
monitoring and pogition location system will be applied to both user community
platforms and "distress beacon” loeations during the Satellite Aided Seaveh amd
Rescue Demonstration. Much interest has been expressed by the NASA user
community in being able to set up low cost terminals capable of veceiving and
processing NIMBUS-6 and TIROS-N telemetry and Doppler data divectly at the
usor's site, It is indireet response to this user need that the prototype micro -
comptter deseribed in this paper was developed. The required low cost, com-
pact, and reliable computer facility suitable for a sell contained user terminal
has boen made possible through the advent of nrge-scate integration (18D
microclectrenic circaits (Rel. 16) whore thousands of ¢ivcuit elements are in-
tegrated in one chip. For exawple typical Random-Access Memory (RAA) chips
measuring 3 by 5 wmillimeters provide an equivalent of over 16,000 transistors
where vach "transistor celt” is capable of storing one binary bit of information
(Ref, 17).

In such chips the time vequived to write one bit in an avbiteavy
loeation or to read it out is about 200 nanoseconds.  Fhe vremainder of this see-
tion will discuss how such 181 chips were interconnected and programmed to

perform the specific task of computing beacon latitude and longitude using



satellite observed Doppler frequency data and the known satellite orbit as input.
Microcomputer alphanumeric output has been obtained using either a standard
teletype printer or a cathode ray tube readout. The microcomputer input has
been successfully interfaced and accepted data in a variety of ways including:
paper tape via the teletype terminal; teletype keyboard; American Standard Code
for Information Interchange (ASCII) keyboard for direct manual entry; cas-
sette tape recorder output; and direct real time tie in to a NIMBUS-6 telemetry
receiver. The next few sections will discuss the Central Processing Unit,
Memory, and Input-Output Peripherals of the NIMBUS-6/TIROS-N position loca-
tion microcomputer. The total power requirement for this microcomputer is
on the order of 7 watts (+6 V at 1.2 A and +12 V at 0.1 A).

The basic block diagram of the microcomputer and interface is shown in

Figure 8.

4.1 Central Processing Unit

Every computer reguires some type of central processing unit (CPU) where
the actual computing is carried out. The CPU usually controls all the operations
of the computer. Computers designed as recently as ten years ago used CPUs
consisting of rows of printed circuit boards requiring a fairly large enclosure
to house all CPU related components, Today the entire CPU can reside on a
single LS1 microprocessor chip {Ref. 18). At present there are over 50 different
microprocessor chips on the market (Ref. 19). In the position location micro-
computer the particular LSI chip incorporated is the 40 pin MOS Technology,
Inc. type MCS 6502 which incorporates an 8 bit data bus (Ref. 20). This chip
provides a 16 pin address bus and therefore is capable of addressing up to 2'6

or 65,536 bytes of memory where a byte by definition consists of 8 bits. The
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term '"bit" refers to anything that can be assigned a binary value of 0 or 1. The
MCS6502 has the basic timing oscillater and clock driver on chip, thus elimi-
nating the need for an external high level two-phase clock generator, This CPU
chip can be used with an externally generated time base consisting of either a
transistor-transistor logic (TTL) level single-phase clock, erystal oscillator,
or RC network. In this application an external time base consisting of a 1 MHz
crystal oscillator is used to generate the required two phase clock pulses.
Nominal clock pulse width is 430 nsec. As in most microcomputer systems,
the timing of all data transfers is controlled by the system clock., The clock
itself is actually two non-overlapping square wavas, This "two-phase” clock
system essentially provides two consecutive positive going switching pulses
where the address lines and road-write commands are set up during the first
pulse and data is transferred (cither read or write) during the second pulse,

There are also two interrupt input lines to the microprocessor. The pri-
aary purpose of these lines is to permit a made of operation which minimizes
the computer time spent in interrogating input peripheral devices and reading
out via output peripheral devices except during times of specitic interest.

The internal organization of the processor can be split into two sections.
In general, the instructions obtained from program memory are executed by
implementing a series of dala transfers in the "register section™ of the chip.
The control lines which actually cause the data transfers to take place are
generated in the 'control section'.

Instructions enter the processor on the data bus, are latched into the in-
struction register, and ave then decoded along with timing signals to generate

the register control signals.
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The timiﬁg control unit keeps track of the specific cycle being executed.

Each data transfer which takes place in the register section is caused by
decoding the contents of both the instruction register and the timing counter.
Additional control lines which affect the execution of the instructions are derived
from the Interrupt logic and from the Processor Status register. The Interrupt
logic controls the jrocessor interface to the interrupt inputs to assure proper
tiining, enabling, sequencing, etc, which the processor recognizes and services.

The Processor Status register contains a set of latches which serve to con-
trol certain aspects of the processor operation, to indicate the results of pro-
ceésor arithmetic and logic operations, and to indicate the status of data either
generated by the processor or transferred into the processor from outside.

The real work in the microprocessor is carried out in the register section
of the chip. At 1 MHz, the data ~oming into the processor from the program
memory, the data memory, or from peripheral devices, appears on the data bus
during the iast 100 nanoseconds of the second (or phase two) positive clock pulse.
No attempt is made to actually operate on the data during this short period. In-
stead, it is simply transferred into the input data latch for use during the next
eycle. The data latch serves to trap the data on the data bus during each Phase
Two pulse. It can then be transferred onto one of the internal busses and from
there into one of the internal registers. For example, data being transferred
from memory iato the "accumulator' will be placed on the internal data bus and
will then be transferred from the internal data bus into the accumulator. If an
arithmetic or logic operation is to be performed using the data from memory
and the contents of the accumulator, data in the input data latch will be trans-

ferred onto the internal data bus as before. From there it will be transferred
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into the "arithmetic logic unit" (ALU). At the same time the contents of the
accumulator will be transferred onto a bus in the register section and from
there into the second input to the ALU. The results of the arithmetic or logic
operation will be transferred back to the accumulator on the next cycle by trans-
ferring first onto the bus and then into the accumulator, All of these dafa trans-
fers take place during the Phase One clock puise. There is also a "program
counter'’ whiek provides the addresses which sequentially step the processor
through instructions in the program which resides in memory.

The accumulator is a general purpose 8-bit register which sorts the results
of most arithmetic and logic operations, In addition, the accumulator usually
contains one of the two data words used in these operations,

All logic and arithmetic operations take place in the ALU. However, the
ALU cannot store data for more than one cycle. If data is placed on the inputs
to the ALU at the beginning of one cycle, the result is always gated into one of
the storage registers or to external memory during the next cyele, Each bit of
the ALU has two inputs. These inputs can be tied to various internal busses or
to a logic zero; the ALU then generates the SUM, AND, OR, etc. function using
the data on the two inputs. The ''stack pointer' and the two "index registers"
each consist of 8 simple latches. These registers store data which is to be used
in calculating addresses in data memory. The address bus buffers consist of a
set of latches and TTL ecompatible drivers. These latches store the addresses
which are ﬁsed in accessing the peripheral devices (ROM, RAM, and INPUT/
OUTPUT).

| The micropfocessor accesses position of memory for program instructions

and ¢ 1 to perform the overall computer function,
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4.2 Data and Program Memory
DATA

The memory section of the microcomputer is in two distinct segments. The
data which consists of the Doppler measurements performed by the satellite as
it pasée'd ovef the radio béacon is stored lh 4 k bytes of Random Access Memory
(RAM). The term ''random access" meansrthat any word in the memory may be
accessed without having to go through all the other words to get to it. The only
drawback of RAM memory is that when power is lost from the chip all memory
content is 'loét. | |

The Dopplér data is loaded into the computer in any of a number of ways
including: punched paper tape via the teletype, m#gnetlc tape, real time NIMBUS-6
receiver tie in or manual enfry via the keyboard, Also stored in this memory
bank are the coordinates and velocﬁ:y of the satellite at some epoch time near
~ the time of data collection. As indicated in section 3.4 the microcomputer has
the .capability of refining this orbit if Doppler data from one or more reference
beacons is available. The satellite position and velocity over the Doppler pass
are computed at the time of each data point and the memory need only store the
6 numbers representing the sateliiie state vector at one point in time. In addi-
tion to this '"data storage' the RAM also provides a certain amount of "working
storage". This is required for such things as storage of intermediate results in
arithmetic operations and peripheral output data storage. The RAM of the posi-
tipn location microcomputer discussed in this paper consists of 32 type 2102

RAM chips, where each chip has 1024 bits of memory.
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PROGRAM

Prograni algorithms are those discussed in the body of the paper and the
appendix, Originally as the position location least squares program evolved,
it was loaded into RAM using a cassetie type magnetic tape, After the program
design was achieved it was loaded into Read Only Memory (ROM) chips or more
correctly into an Erasable Programmable Bead Only Memory (EPROM)., These
particular chips are permanently programmed by means of a "PROM Pregrammer
Unit". The memory can only be erased after a several minute exposure under a
special high inteusity ultraviolet light, Once erased, the chips can be reprogram-
med, This particular program memory consists of eight type 2708 EPROMs
where each EPROM chip contains 1024 bytes of storage for a total program
storage of 8192 bytes,

It should be mentioned that a complete floating point math pack of subrou-
tines is included in the EPROM to allow evaluations of all arithmetic algorithms
including multiplication, division, trigonometric and exponential functions.

The overall floating point microcomputer precision is 12 decimal digits which
is more than adequate for this particular application,
4,3 Input~-Qutput Peripherals

As already suggested a wide variety of peripherals can be interfaced with

the microcomputer, Figure 9 shows the microcomputer interfaced with a key-

board and CRT video display. Figure 10 shows a close up of the printed circuit
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Figure 9. Position Location Microcomputer
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cards which make up the microcomputer along with the required d.c. power
supply. One important consequence of this position location microcomputer
development is a demonstration of the relative ease with which such a computer
can be interfaced with the "outside world'., The controlled transfer of data and
program information between the processor and numerous peripheral devices
(i.e. "handshaking'') has been carried out. In fact, a Cross Assembler was

used where output from a3 DEC PDP 11-40 directly programmed the EPROM in
the microcompuier, Whenever changes were to be evaluated, 2 new EPROM
was plugged in and programmed., When the program was considered obsolete
the EPROM was erased using ultraviolet light and hence made ready for future
programming. Of course, certain portions of the programming such as the
""math pack', once checked out required no further modification. The computa-
tion time for a typical Doppler pass of 156 data points over a 10 minute observa-
tion interval is typically 20 seconds per least squares iteration. Usually 3
iterations are sufficient to provide a converged or final solution. The computer
recognizes the platform identification I-D) (as contained in the telemetry) of each
platform and sequentially stores the data in RAM as it comes. As many as 50
platforms may be tracked at any given time by NIMBUS-6. Once the data is
collected the operator '"punches up' the I-D of those platforms he is interested
in computing positions for. The microcomputer then scans the data po_rtion.of
the RAM for one particular I-D and at each data time computes the satellite
position and velocity as well as the partial derivatives required for the least
squares solution (see appendix). Once all the partials and satellite vectors have
been computed for a given beacon the solution is obtained and printed out in

2lphanumerics either on teletype or CRT. Then the computer goes on to the
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next I-D and so on. Experience has shown that given the same Doppler data set
and orbit information the microcomputer computes the same (to 8 significant
figures) position as much larger general purpose machines such as the IBM 360-
95 or the DEC PDP11-40. Finally, if the input data is stored on punched paper
tape, an optical reader has been shown to be an ideal low cost way to rapidly
read in information to the microcomputer RAM. In this mode the data is read

in as fast as the tape moves under an illuminating lamp.

5.0 NIMBUS-6 RESULTS

Numerous RAMS type beacon location computations have been performed
using the pbsition location microcomputer. Also along track corrections to the
nominal NIMBUS-6 orbit have been made using the reference 401.2 MHz beacon
located at GSFC, Greenbelt, Maryland. The NIMBUS~-6 spacecraft is tracked by
the NASA Minitrack interferometer tracking network. The "definitive orbits"
using this angle tracking data are provided about two weeks after the data is
taken and are accurate to better than a few hundred meters. Long term (one
month or more ) orbit predictions for antenna pointing and data acquisition pur-
poses will be significantly less accurate. In either case real time orbit im-
provements can be realized using one or more reference beacons. In fact, if
several such reference beacons are deployed, a real time geometric sclution
can be made and the need for orbit data is obviated,

Figure 11 presents some typical beacon .location results using the NIMBUS-6
RAMS system and position location microcomputer. These particular passes
were handled in real time — that is, as soon as the data was recorded the posi-

tion location computations were performed. It has been observed that the .
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Dopplet data nolse as determined from the RMS residuals of observed minus
computed Doppler (see appendix) is typleally loss than 2 Hy at 4012 MUy, This
iz consistent with the RAMS frequency resolution of 1 He corresponding to a

vange-rate resolution of 11,3 metors/see.

6.0 CONCLUSIONS

A low cost, aceurate and reliable speeial purpose wicrocomputer {ov the
real time computation of pesition loeations of radio beoacons observed by satel-
Hte has Loen succoastully doveloped and testad,  This basic microcomputer
dosign will be tpcorporated n two NASA NIMBUS-6/TIROS- N low cost Local
Usor Terminals (LUT) currently being assembled for demonstration purposes,
'_l‘ho. LUPE will be totally sutomatic with the azimuth=clevation antenna drive in-
tormation also p.vn\'idm by the mierecomputer, The position location of beacons
will automatioally .bo providedd on g single pass and Lwo consevutive pass basis,
This allows for improvad aceuracy of fixed bencons and position change com-
putation ol deilting boneons (.o, buoys), The position computation accurvacy {s
depondent on orbit aceuracy atd Dopplor dati quality uader vatious geometeries.
The microcomputer compuatational accuracy is consisteont with that obtained with
much laeger general purpose computers to 8 decimal digits in floating point

arithmetiv,



APPENDIX
LEAST-SQUAR  MICROCOMPUTER ALGORITHM

The following relationships are programmed along with the "math package"
in sectors of the microcomputer EPROM and are called up as required. The
pavticular mathomatical relation ealled up will feopend on the type input being
proviied, For oxample il the satellite orbit information is already given in
goocentric Bavth fixed voordinates the Earth rotation matrix computation will
net be used amd so on. The desired beacon position is always in Earth fixed
coordinates {i.e, latitude and tongitude) and once the satellite position and
volovily ave exprossed in Earth {ixed coordinates the time varying range vate
{(Noppler) between beacon and satellite is eastly expressed (e.g. ogquation 2),
Conventional coondinate transformations (Ref, 21) are incorporatod in the
wicrocomputer. A least squares (Rets, 22, 23, 24) technigue is applied tn the

data roduction to assure maximum position location accuracy.



Al COORDINATE SYSTEMS

ALl Geoventrie Inertial of Date (Cartesian)

This system has its ovigin at the conter of the Earth. The uw and v axes lie
in the equatorial ptane with the u axis towards the vernal equinox of date. The
w axis is positive through the novth pole, and the v axis in a direction such that

a right handed coordinate system i3 formed,

ALZ Geoventrie Earth Fixed (Cartesian)

The origin of this systom is also at the conter of the Earth, As in the
Geocentric nertial systom the x and vy axes lie in the equatorial plane however
the x axis passes through the Greenwich meridian. The positive & divection is
again direeted towards the north pole and the divection of the v axis is con-

sistent with s vight handed coordinate system.

A2 COORDINATE TRANSFORMATIONS

A2.1 Geocentrie Inertial to Geoventrie Earth Fixed

The transformation is given by:

N u
¥ TOAGNY | v A~
z W

Where © is the angle botween the line formed from the center of the Earth to
the free vernal equinax and the Geocentrie Earth fixed x axis,

s usuadly available as:

Tallte) ot -ty
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and 2, is the angle at

to = 0 hours GMT of the epoch day and
t = epoch time GMT
& = Earth rotation rate

The Earth fixed velocities are given by:

X u u
vl = A v AB)] v A-2
z W w
in all of the above:
cas sin & 0
AWy = |=sin® coscd 0 A-3
0 0 1
sin & - o8 7 0
;\(8) = =8 | cos @ sin & 0 A-4
0 0 0



A.2.2 Geodetic Latitude and Longitude to Geocentric Earth Fixed
The Earth shape and beacon location parameters are as follows:

a = equatorial radius of Earth reference spheroid

e = reference spheroid eccentricity

¢ = geodetic latitude of beacon (positive north)
A\ = longitude of beacon (positive east)

h = height of beacon above reference spheroid

Let : represent the magnitude of the radius of curvature in the plane of the

prime vertical then;

a

, b
(1= e?sin?y)

and the beacon's geocentric coordinates are given by:

8, © (¢t h)cosy cos
S; F (¢ t h)cos¢ sin\ A-5
8 ~© [‘»’(1 - o)+ h] sin &

A.2.3 CGeocentric Earth fixed to Local Elevation
The atmospheric corrections (section 3.3) require computation of local
elevation, B, and local elevation angle rate, E E and E are obtained as follows:

for the local topocentric Earth fixed cartesian coordinate system Ppr by i

E = tan PP 02+ 027 A-6
. AE . JE . JE
E-sm b s B AT
1 - "3



where x, y, z and §,, §,, S;, are Geocentric Earth fixed coordinates corre~
sponding to the satellite and beacon respectively. And the rotation matrix M is

given by:

=sin A cos A 0
M = - sin¢ cos A - sin ¢ sin \ cos ¢ A-9
oS  COS A cos P sin\ sin

alsoe since the beacon is Earth fixed:

b, | = M|y A-10
(s 2

which permits £ to be computed as:

iD= 1500 8+ £y 1)

- R e A-11
RYME2 + 12) .

where the slant range, R, is computed from
R? = (x-S + (y -8+ (z- 8¢ A-12

The atmospheric corrections are not applied until after the first least squares
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iterative beacon solution for S,, S,, 83, (or equivalently ", \) to assure proper

convergence,
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AJd LINEAR LEAST SQUARES SOLUTION FOR BEACON LONGITUDE

AND GEODETIC LATITUDE

The least squares approach incorporated in the microcomputer is conven-
tional in that the equation of chservation (equation 2 of text plus a constant bias
term) is linearized. The result is a set of linear equations equal to the number
of Doppler data points. In general the number of points (hence, equations) will
exceed the number of unknowns which in this case is three (latitude, longitude
and range rate bias). The procedure outlined in the following indicates how this
set of linear equations are reduced to a new set, namely; the normal eguations,
where the number of eguations equals the number of unknowns. The solution of
the normal equations in the microcomputer is achieved in a predetermined
number of iterations (usually 3). The resultant least squares solution is con-
sidered to have converged when successive iterations alter the result by an
amount less than that attributable to data noise,

By expanding the equation of observations in a Taylor's series about the
a priori position and neglecting higher order terms:

‘)ﬁ q- '\.

P

. . Y < X ‘-'R R
R® = R(ep\eBy) + S’;: (0= )t FYN (A = \g) t T{E (B - By) A-13

where
ﬁ“ = the observed range rate (Doppier)
R =

computed range rate based on current estimate (a priori) of beacon

(see section 3.1)

A

1

iy = initial geodetic latitude
\, = initial longitude
B, = initial estimate of range rate bias
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On the first iteration values of ., and A, are generally available to within a
few hundred km based on prior knowledge obtained in such ways as erude

a priori calculation, satellite field of view and so on, Also on the first iteration
the initial guess of the bias B, is taken to be zero, The new values of ¢, A and
B obtained after the first iteration are then used as a priori $,, A\, and B, for
the second iteration. This process is repeated until the solution has converged.
The foregoing equations can be rewritten in terms of the 3 variables Ay, A)

and A B. That is —

: AR 2R 3R
AR = — dp+ — AN+ — A -
R P P a}\L)\ BBLB A-14
where
AR = Re - R or residuals which will be minimized as the fit improves
Ap = ¢ - ¢, = computed adjustment to a priori geodetic latitude
AN = A=), = eomputed adjustment to longitude

AB = B - B, = computed adjustment to range rate bias (B, taken fo be zero
on first iteration)
In the above R is computed on each iteration based on the current estimate

as obtained from the previous iteration — that is,

(x =S+ (y=8))y+(z-8y)z
- N ” + B A-15
[(x -8, 7+ v =80+ 2 -8
as before x, y, z and %, ¥, Z, are the satellite Earth fixed geocentric parameters

and 8,, 8,, 8, are current beacon coordinates. The first part of the computa-

tional problem thus becomes the evaluation of partial derivatives —2—3—, —;%—-
and :1};{ which must be computed at the time of each data point collection to

[
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form the overdetermined set of linear equations. In this regard —

R _ ek %S ek %8 sk 08,
¢ 38, 9¢ 9§, 3¢ = 28, 3¢

A-16

3R 5 oS b oS
. SR T%r B3R "™ A-17

EYN 38, an 2§, o
3R 10
== = L A-18

The parts of A-16, A-17, and A-18 which are not a function of the data are:

aSl .

*B-‘;S- = ~p sing cosA A-19
98, |

_2 . . . -20
5% v sin¢ sin A A-2
a8; |

—_— = - g2 4

5% v (1 - e)cosp A-21
a8,

> 0 T h) cos ¢ sinA = -8, A-22
38,

SZ' = (v +h)cosdoosAr =5, A-23

The parts of A-16, A-~17, and A-18 which must be computed at each data time

are:

R . R(x -8 t—l‘|
L I BN A-24

S, | R IR
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-y + _ - 958

'S, y R R A-25
R l'?(z -5 ) 1

Rojepr L A~26
38, R R

In this manner eguations A-16, A-17, and A-18 are evaluated at each data time
and are used as the basic input to the normal equations which can be written

as:

— ; A U
a1 412 alﬂ 1*' A

H ! . [
; i I 1 w
%321 P 323} A = Ca A-2T7
| . |
| : . H t
a a Baq | AB Sy
L3 32 Sk S B L3

or symbolically
Ad - C
dh 7 ATIC

where for n data points:

. v [DRY [3RY
a1 4, (;\) (3‘?. T8y, A-28
1=1 1 i
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3.22 3"}:’
i=1 i
azy ~ 1 = n
i1
n DR
A3 ~ Z'“\'“ T Ay

also

3

As the microcomputer steps through the data, which has first been stored
in RAM, it pauses at each data ...e and computes the partial derivatives and
range rate residuals and places the result in temporary storage. Each data

point requires less than 1 second of computation time. Once the microcomputer
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has processed all data it computes the swms indieated in A-28 which corrvospond
to the scalar constants 1, through 2, and ¢ 0 00 of A=270 Fguation A-27
ts then solved for Mo, AL and M B thus obtaining a solution fov beacen lacation
and frequeney (range vate) bins, This takes less than 10 secomds. The new
silunes of o, v ad Boare then usad as an a priovi for the next iteration and so
on. Although (b~ particular micrecomputer was programmed e detormine
tatitude and tongitude of stationary or slowly moving beacons using one or two
Doppler data spansg, the extension to moving beacons and hetght vecovery is also
being investigated, i o sullicient quantity of Doppler data is avaitable it is in

principle a simple step to maodifly the foregoing equations to hudle additional

unkunowns.,



ACKNOWLEDGEMENT

The authors wish to thank P, D. Argentiero, R. Garza-Robles, D, W,
Koch, E, R. Lancaster, and J, W, Marini of the NASA-GSFC Measurements
Evaluation Branch, who provided invaluable assistance in the form of supporting
analysis and critical review regarding the algorithms discussed in this paper.
Also greatfully acknowledged is the complete cooperation of C, P, Ashcraft and
C. 1. Vermillion of the NASA-GSF'C Sensor Evaluation Branch, who made
available their NIMBUS-6 telemetry receiving station for use during the real-

time phase of the microcomputer position location tests,



REFERENCES

1. Groen, T., "Satellite Doppior Data Processing for Platform Navigation”, IEEE
Transactions on Geoselance Flectronies, Vol. GE~13, No, 1, January 1975,

2, Coates, J. L., "The NIMBUS-F Random Accoss Measuromeont Systom
(RAMS)", IEEE Transactions on Geoscience Bloctronics, Vol GE-13, Nv. 1,
January 1975,

3. Cote, ., and P, Julian, "The Tropieal Wind Enorgy Convorsion and Refor-
ence Lovel Exporiment {(TWERLE)" as presonted in "The NIMBUS-6 User's
Guide! NASA-GSFC Fobruavy 1875,

4. Schmiid, P. K., d.d, Lyon, and B, OO0 Vonbun, "Single Pass Doppler Posi-
tioning for Search and Rescue Misstons”, Proccodings of IRKE 1976 Posi-
tion Location and Navigation Sympesium, 1-3 November 1076,

5. Brandel, D, L., P, E. Schmid, and 3.0, Tradetl, "lmprovements in Seareh
amt Roscue Distross Alerting and Loceating Using Satollites”, IKEE WESCON,
Sept. 14-17, 1976,

6. Lamn, J.J, and P, E Schmid, "Rewmote Beacon Location from a Single
Satellite Pass', COSRPAR Tel-Aviv, lsracel, T-18 June 1977,

7. Murini, J. WL, "loitial Position Bstimates for Satellite~Atded Search and
Rosoue'', NASA-GSEPC X-932-T6-245, October 1976,
8. Filipowsky, R F, and E. L Muchldort, "Space Communications Systewms',
p. 42-49, Preatice Hall, Englowood Cliffs, NoJ,, 1965,
9. Marini, J. W., "Tropospheric Range-Rate Tracking Data Correction”,
NASA-GSFC X-B51-T2-277, August 1972,
10, Saxton, 4. A, "Advancos in Radio Researvch”, Vol 1, Academic Press, New

York, 1964,



11!

12,

Bean, B R, and E. J. Datton, "R:\dio I\!o(wmlw,\*" Nali«m \l lmroam ul‘

“Standavds i\lunmwnph RN l‘)(sh.

Sohmid, P, E., R. B. Bout, 5 l\. Ilv\\'vlhn. h. Neatm‘mmi\ md R anga-

swanw. "N.\S.\%\Sl- !unosplu.\z‘io (‘m‘rv.wtmns to we\nm 'l‘rtml\in;., Dat.i.”

1.

I8,

NASA-GSIC \-S‘llw?.w“sl l)wmnbm- 111 ‘3
"%eimud‘ P ".. "’i‘ht\ I‘wmibmtv ol a I)u‘wt Hvlay t:A ;\patlu bp'wvvm{t Data
Via ‘\ Cm\m\mimtim\ hz\tv!hto“ NA“‘\‘\ 'l‘N i)--io-l Aumxst 1967, -

'l\m*h. I) \\‘.. "l m-m- \mﬂ\”‘sib tm: bnmlhto *\idm:l \u‘u'ch and Rosvue" |

NASA-GSFC '\‘:»0““-?()»\1\. .mgm 1% b,___

' lwrshnm‘ 1\‘ B.. f‘Thn I)npp'tm' L‘mwupl .md the Operational Navy Naviga-.

tion System®, n m-“l iu \atu!liw mpplor l>mmuning Val. 1, Proceedings -
Into.mmtwtml tmn_civlic b,\-‘mpusium, Las Cruves, New Mesico, Qetobor 1976,

Ilolum, \\ C., "’1 lw ,‘mgov-\c«llo lntegr‘ttimx ol l\hcvmiectr«mm 26 wcmt»;" :

“ 'neh.\ptikw American, po 820 4 spectal fasue on "Mictoelectronies” s Sope

17.

mmher 1') 7T

llnd_“t‘b, n. a\.. "\hcnmleou‘m\w Moemories™, p. 180-115, ‘-acim\mw 4\\\\@1‘&'

u-m. spm‘lt\! iwuu on ”i\iicrwlec( mnies”. wptn\mbu‘- T.

18,

1,

-\ X

Htlbm*n, J L. and Py M, Julich, "Microcomputer 'fi\lii?mpmmw\m' v Hand-

_\\‘.M‘t" Suft\\%\‘;\ and Apptiu-\tm\ s Prentice~-Hall, me. Exx;ﬁié\\*csnvti t‘fnt‘.t‘éa,

1\.J.. 1976,

“ ‘\iio '\1. amd M l*tmim\ “I\lxm*nmmpmter Pmmvr". Hnwm\i \\ 8 ‘una &

- (‘o. o ~umpnlis, Incdiamy, 1976,
vMD\ 1‘¢vhnolngy Ine.;. “ML‘%SOG Mkmoump\nvr iiﬁiﬂ&Vf}ﬁ\i“d‘\\;i‘l‘i’.t‘. i\'l.iixiii::‘ll"'j‘, o

_Jmmar\' W%,




21, Kaula, W. M., ""Theory of Salellite Geodesy"™, Chapter 4, Geometry of

22.

23.

24.

Satellite Observations, Blaisdell Publishing Co., Waltham, Massachusetls,
1966,

Argentiero, P. and R. Garza-Robles, "Efficient Estimation Algorithms for
a Satollite-Aided Scarch and Rescue Mission”, NASA-GSTC X-932-77-194,
August 1977

Hartwell, J. G., F. M, Loveiess, (i. K. Morduch, "A Photogrammetric and
Tracking Network Analysis Program', ETL-CR-73-17, Qctober 1973, Old
Dominion Systems, Inc., prepared for U.S, Army Engincer Topographic
Laboratories, Fort Belvoir, Virginia,

Wylie, C. R. Jr., "Advanced Engincering Mathematies", p. 527-541,

MceGraw-Hill, New York, 1981,



BIBLIOGRAPHIC DATA SHEEY

TM78046

1. Report No. 2. Government Accession No.

3. Racipient’s Catalog No.

4. Title and Subtitle

Using A Microcomputer

Satellite Doppler Data Processing

5. Report Date
December 1977

6. Performing Organization Code

7. Author{s}

P. E. Schmid and J. J. Lynn

B. Pertorming Crganization Report No.

Greenbelt, Maryland 2077

9. Performing Organization Name and Address

NASA-Goddard Space Flight Center

10. Work Unit No,

11. Cortract or Grant No.

N/A

12. Sponsoring Agency Name and Addrass

13. Type of Report and Period Covered

Toechnical Memorandum
December 1077

14, Sponsoring Agency Code

15

Supplementary Notes

To be published in IEEE Transactions on Acrospace and Flectronie Systems (AFS)

16. Abstract

and longitude,

This paper describes a microcomputer which was developed to compute ground
‘adio beacon position locations using satellite measurements of Doppler fre-
quency shitt. Both the computational algorithms and the microcomputer hard-
ware incorporating these algorithms are discussed. Results are presented
where this microcomputer in conjunction with the NIMBUS~6 Random Access
Measurement System (RAMS) provides real-time caleulation of beacon {atitude

17. Key Words {Selected by Author(s))

Microcomputer, Satellite
Doppler, Position Location

18. Distnibution Statement

U

19, Security Classif. {of thisreport) | 20. Security Classif. (of this page)

1!

21. No. ot Pages | 22. Price”

*For sale by the National Techmcal information Seivice. Springhield, Virgma 22151,

GSFC 2544 (10 77)



