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. ABETRRCT

™is repart presects s method for the deterntoatcton of the arbital
elements of & ssiallite by cheerving, im the course of a single peas,
tie Deppler shift in the frequescy of & redfo stgwl whfch Ir efther
tranamt tted or reflected frow the satelltte. The metiod of solotfox
conststs of applyfing & serles of ELfferentis] corrections to & compsit-
ble st of spproxtmatfons for the inttial posfifonr and veloctty compoments.
Tecintqgues for determtntng these sprrostastions with suffictent scouracy
tammmmmmw

The methol was developed S the DOFLOC tracking system wrfch employs
s nsrrow bemdwidtir, pimee-lochked, trmcking fflter. The Istber lms beem
desgnat to xtnfatise racdor errors in Doppler frequency mesencoeits de-
ritved from weak signals tramemttted ower exireme canges.

Uhe i1s also mnde of satellite Doppler detu to determiae the total
electras cortent Ix tie fovesphere. L tecmiqe for measuri. g the dfs~
perzive wgpler effect is described. Hesults of congats’ one etk sctuml
fleld dutin sre pressxfied.



A method has been developefi. for the determination of a complete set
of orbital parameters froa a fev minutes of Doppler data recorded in the
course of a single pass of a satellite. The source of the signal may be
a trangmitter in the satellite or a ground-based transmitter reflecting
a signal from the satellite. The latter transmitting system requires
more costly and complex equipment but offers reliability, an accurately
¥nown transmitter frequency, and a stronger geametry for & more accurate
orbital computation vhen the number of receiving stations is limited.

Since it was desired to develop a rapid, reliable, and moderately
accurate method of determining the orbital parameters of a satellite
- tracked ty a Doppler system employing a minimum of receiving statioms,
ewphias.s was piaced on the develomment of a solution from single pass
observations recorded at from one to three receiving sites. The single
pass limitation vus consildzicd to present a challenging and worthy
problem for vhich there vould be numerous spplications if a reasonable
solution cou.j.d be developed.

In the past, Doppler data have been used primarily to measure the
slope and time of inflection of the frequency-time curve to obtain slant
range and time-of-closest-approach information. This is considered to
be only an elemental use of the information in the Doppler data. Single
pass observations from cne receilver have been demonstrated to contain
sufficient information for satellite orbital determinatioms of suffi~ieat
accuracy for many applicaticms. |

For exsaple, it may be desirable to know the orbital parameters as
quickly as possible after launching a satellite. The orbital parameters
of & newly launched satellite could be computed within wiiuics after the
beginning of its free flight. Again, after attempting to deflect or
steer a satellite into a different orbit, it may be desirable to lmcv
the new crbital paiameters within a matter of minutes.

The fcllowving sections will discugas “he pru.ctica.l:{.ty of orbit ds-
terminations from Dopplsi dsta slone wnd will indicate limitatioms as
vell as the obvious advantages for this conceptually simple techmique.
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DESCRIPTICN OF TRACKING EQUIPMENT AXD UATA

Doppler observations cunsist of recordings of Doppler frequency, as
a function of time. Here the Doppler frvquency is defined to be the fre-
quency obtained by heteroéyning a locally generated signal against the
pignal received from the satellite follcwed by a correction for the fre-
quency bias introduced as a result of the difference between the frequency
of the local oscillator and that of the signal source. In tanis report,
the Doppler frequency is defined to be negative when the patellite is
approaching the receiving site and positive when it ia receding. If the
Doppler frequency, as defined, 1s plotted as a function of time, one
obtains a curve of the form shown in Figure 1, usually referred to as an
"g".curve. The agymaetry of the curve is typical for a tracking system
with a ground-based transmitter and a receiver separated by an appreciable
distance. Only for a satellite whose orbital plane bisects the base line
will the Doppler data produce a symmetrical "S" curve with a reflection
system. With a satellite-borne transmitter, the "8" curve is very nearly
symmetrical, being modified slightly by the Earth's rotation and the
refractive effect of the ionosphere. If continuous observations are made
and sampled at frequent intervals, such as on: per second, Figure 1 (a)
11lustrates an analog plot of the data avail..le for computer input. .
However, with a ground based tranamitter it may be necessary to limit the :
number of cbservaticns in order to minimize equipment cost and complexity.
For example, it is possible to use only three antenna beams and proﬁde
three sections of the "8" curve as shown in Figure 1 {b). Ancther possi-
bility is the use of a scanuning antenna beam to provide discrest observations
at regular intervals ca shown in Figure 1 (c). Such data could be obtained
by an antenna with a thin, fan-shaped beam which scanned the sky repeti-
tively.

The data in any of the forms suggested above may be used readily as
input for the computing procedure. Whenever possible, this input con-
sists of the total Dvppler cycle count over a varisble time interwml re* .
than the Doppler frequency itself (i.e. the are2 “wic. the curves or arcs
of curves presented in Figure 1 (a) and 1 (b)).




_TIME

(c)
Fig. 1—Doppler frequency-time curves.
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 In order to handle the Doppler dats rapidly and sccurately, the .
Doppler frequency is sutomatically counted and digitized a% the receiving
pites. Mgure 2 shows a simplified blockx diagram of a DOPLOC reéeiving
system. Automatic, real-time counting cf the Doppler frequemncy requires
a signal of high quality, that is one with very small random errors intro-
duced by rolse. Doppler data, which are essentially noise free, are made
possible in the DOPIOC system by use of a.very narrow bandwidth, phase-
locked, tracking filter (ref. 1) fullowing the receiver. gignificant
improvements in the signal-to-noise ratlc of noisy received signals are
realized by extreme reduction of the system bandwidth through the use of
the filter. Bandwidths adjustable from 1 to 100 cycles per sz2cond are
available. The filter is capable of phase-locked operation vhen a signal
ia as weak as 36 decibels below the noise, (i.e. a noise-to-signal power
ratio o2 4000). The filtering action 1s obtained by use of a frequency-
controlled osciihtor that is correlated or phase-locked to the input
signal. The basic block diagram of the tracking servo loop 1:11 shown in
Figure 3. Tracking is accamplished with an electronic servo system designed
to force the frequency-controlled oscillator to follow the variations of
frequency and phase of the input signal. Correlation 1s maintained with
respect to input signal phase, frequency, first time derivative of frequency,
and with a finite but mmall phase error, the second time derivative of
frequency. This is done by a cross-correlation detector cousisting of the
phase detector and filter, or agualizer netvork. Under dynamic comditioms,
the control voltage to the oscillator is slo filtered in the equalirer net~
wvork that tracking faithfully reproduces the rate of change of the input
frequency. An inherent festure of this design is an effective acceleration -
memory which provides smooth tracking and extrapolation through signal
dropouts. Experience with signal reception from Earth satellites has borne
out the necessity for this mamory feature, since the recsivud signal ampli-
tude may vary widely and rapidly. The filter wor¥s through signal null
periods very erfectively without losing lo~k. In addition, this memc 4
provides effective tracking of the desired Doppler signsl in the p-esence
of interfering signals when several sateili*es are within receiving range
at the same time.
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The signsl-to-noise power imprevement furnished by the tracking
fllter is equal to the ratlio of tue irput source noisc bepdwidth to
the filter bandwidth. The internai noise generated by the filter 1is
negligibly small at 21l bandwidths. The relation between input and
output eignal-to-noise is shown in Figures 4 and 5. In a typlcal cage
wi.h a receiver bandwidth of 10 kc and a filter bandwidth of 5 cps, a
signel buried 27 db down in the noise will appear at the filter cutput
with a 6 db signal-to-noise ratfo. An experimental investigation
(ref. 2) has been made of the relation between signal-to-noise ratio
and the uncertainty or randam error in measuring the rrequéncy of a
Doppler signal. The test results showing R.M.8. frequency error as a
function of signal-to-noise ratio and tracking filter bandwidths are
shown in Pigure 6. For the example cited previously, e signal 27 db
down ln the noise can be read to an accuracy of 0.15 cps. An integration
time or counting time interval of one second was used for these measure-
ments.

The tracking filter can be equirped with a signal search and automa-
tic lock-on system. Signals 30 db down ir *the noise at typical Doppler
frequencies, fram 2 to lb ke, can be detected within a fraction of a
second and the filter phase-locked to the signal. With this equipment,
signal acquisition and lock-on have become routine in field operatiocns.

The DOPLOC system has been used extensively for satellite tracking.
The inherent high senaitivity of the receiving system to signals of very
1ow energy (2 x 10720 wvatts, - 197 dbw, or 0.001 microrolts across " ohms
for a threshold signal at 1 cps bandwidth) has permitted the use of con-
ventional, low gain, wide coverage, antennas to achieve horizon to ‘hori-
zon tracking at great ranges. It has been found to be practical to change
bandwidths over the selectable range of 1 to 100 cps in accerdance with
the information content of the signal and thus achieve maximmm signal-to-
noise ratio. Since the key to successful determination of orbits lies in
obtaining data with small vmlues of random anl systematic error, t:¢ high
quality dets on'2ut of the DOPLOC system has been an importas* Teature.
An orbital solution, develuped specifica.ly for this asyetem, has ylelded
relatively accurate results with a swprisingly small number cf DOPIOC
tracking cbservations.
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[ INPUT SIGNAL TO NOISE RATIO
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THE ORBITAL SOLUTION

The method of solution consists of a curve-fitting procedure, in
which a compatible set of approximations for the orbital perameters,
are improved by successive differential corrections. The latter are
ocbtained from a least-squares treatment of an over-determined system
of equations of condition. The imposed limitation of single pass
detection permits several assumptirns which considerably simplify the
computing procedure. Among these is the assumption that the Earth
may be treated dynamically as a sphere vhile geometricully regarding
it as an ellipsoid. In addition, it is assumed that no serious loss
iz accuracy will result if drag is neglected as a dyramic force. With
these agsumptions, it is apparent that the satellite may he regarded
as moviig in a Keplerian orbit. An additional eimplification in the
reduction of the tracking data is warranted if the frequency of the
system exceeds 100 megacycles; for it then becomes feasible to neg-
lect both the atmospheric and ionospheric refraction of the transmitted

-

signas.

In formulating the problem matiematically, it is helpful to regard
the instrumentation as an interferometer. In this sense, the total ‘
number of Doppler cycles observed within any time interval will provide a
measure of the change in ‘sla.nt range from the receiver to the satellite
1f the transmitter is air-borae, or in the sum of the slant ranges from
both the transmittsr and receiver to the setellite if the signal origi-
nates on the ground and is either reflected or retransmitted by the
satellite. Assuming the latter for the discussion which follows, let
8, (t) be defined as the change in the sum of the two slant ranges.

It follows frum Figure 7 that -

BJ (tl2) - (T82 + 332) - (Tﬂl + Rﬂl) ’ (1)

vhere T is the position of the transmitting sit:, R, the location or <ie

th receiver, 8 ‘.2z position of the satellile at time t., and A the
Y 1 .

15
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position af *ime t,. g 3 (t12) is th= chenge in the sum of the nlant
ranges from the sateliite to the transritter and to the jth receiver
in the time interval from tl to t2. It is worth noting that, if
this time interval 1s equal to one second and ) is the wavelength of
the transmitted signal, [sJ (_tlg)_] $ A is equivalent to the Doppler
frequency for the Jth recelver at the time, (tl + 0.5 sec.).

The mathematical development of the computing ﬁmcedu.re has been
presented in reference 3 and will not be repeated here. Rather, we
wiil confine our remarks to a summary of the more important phases of
the method. The solution conasists of improving a set of position and
velocity components which have been approximated for a specific time.

" The latter will be defined as to and in general, will be within the

time interval over which observations have been recorded. The com-
puting procedure “is outlined in Figure 8. Initial approximstions for
position and velocity uniquely define a Keplerian orbit which may be
described in tevms of the following orbital ~>ters:

& semi-major axis,

=, eccentricity, '

& mean anamaly at epoch,

= inclination,

= right ascension of the ascending node,
a argument of perigee.

E © = a o ¢

After these parameters have been determined, the position of tuc
satellite, and then g 3 (t), may readily be computed es a function of
time. Comparing the ccmputed values of g 3 (t} with the observed values
of the same quantity and assuming more than six observations, a set
of differential corrections for the initial approximatisn~ o~ rosition

© and velocity may then be cbtained from a standard least-squares treatment

of the resulting over-determined system of equations. The correctione

are applied to the initial approximations and thc computation is ite.ated

until convergence 1s achieved.

17
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This camputing procedure esseclisily determiliies only those sege
ments of the orbit confined within the Iintervals of cbservaticn. By
constraining the satellite to Keplerian moticn, the parameters a, e, o,
i, 9, and w are likewise determined in the course of the computation;
and these serve to provide an estimate of motion over the entire orbit.
On the other hand, it has been found Impractical to fit an entire ellipse
to the obvaem;tions by solving fc~ the oirbital parameters directly.

19




INTTTAL ORBITAL APPROXIMATIONS

Convergence of the computation rests primarily upon the adequzcy
of‘ {;he initial approximations for position and velocity. It has been
established that, for a system consisting ci a single receiver and an
earth-bound transmitter at opposite ends of a 4LOO mile base line, con-
vergence is assured when the error in each coordinate of the initial
estimate is not in excess of 50 to 7Y miles and the velocity components
are correct to wvithin 1/2 to 1 mile per second. When the signal source
is carried by the satellite a unique solution is impossible with cbser-
vations from a single receiver. However, if single pass measurements
are avallable from two or more receivers, with either a ground-based or
an air-borne transmitter, the system geometry is greatly stréngthened.
Convez;gence cnin then be expected vhen the initial approximations are
withia 150 to 200 miles of *he correct value in each coordinate and
1 to 2 miles per second in each velocity component. larger errors may
occasionally be tolerated, but the figures presented are intended to
specify limits within vhick convergence may be reasonably assured.

Therefore, it has been necessary to develop a supporting cmﬁuta.-
tion to provide relatively accurate initial approximations to position
and velocity for the primary computation. Several successful methods
have been developed for this phase of the problem; but discussion will
be confined to a fev applications of a differential equation derived,
in reference 3, to approximately relate the motion of the satellite to
the tracking observations. If the transmitter is earth-bound, this
equation Is of the form
, A- ‘51'2 A-d 0
€ = . + 5y | (2)

vhere the slant ranges from the transmitter and the receiver to the
satellite are respectively Pp and p 5 g s is the second time derivative
of *he functiocn defined by equation (1). In deriving equation (2),

1t was assumed that: -

20




1) in e.ngu.lar measurement, the entullite 1s within ten degrees
of the instrumentation site,

2) the Earth ie not rotating,

5) the satellite moves in a circular orbit.

With these assumptions, A may be shown to be approximately equal to
v’*/ (GR) apd hence, constant for a circular orbit since R is the
Earth's radius, v 1s the velocity cf the satellite, and G 18 the mean
gravitational constant. '

The first application to be considered will be for a system ia
which the transmitter is carried by the satellite. For the Jth receiver
in such a system, equation (2) reduces simply to

A-p°
B = ___L . . ‘ (3)
4 Py

If measurements of the rate of change of the Doppler frequency, fJ ,' are
made for two different times, to and t., and Doppler frequencies, fj’

are observed at regular intervals betvi;n t, and t,, ve note that
By () = A2y (t),
b (%) = 2 £, (t,), ,
By (t,) = gy (8), (%)
By (ty) = aEy (%)), £
py (ty) = oy (£ ) + xtf £, (¥) at,

o]

-

vhere ) 1s the wavelength of the signal and, p (tl) and p, (t.) are the
only unknowns. Combining equations (4) with equation (3) ;.elds

[f (tJ E (t] + [¢, (H]f £, (t)*t .

(t)-. -~
ot | f(t,~f(t

21




vhich with the last relation of equations {4) determines slant range

4s a fimcticn of time. These results muy b2 used vith equatiax (2) to
establish a value for A from vhich an excellent approximation of the
velocity of the satellite oay be obtained. No additional information can
be extracted when cbservations are limited to those from a single receiver.
However, if measurements from three or more receivers overlap in time,

a set of approximations to the position and velocity components may be
determined by a straightforward triangulation procedure. When data from
only two receivers are available, an estimfe of position and velocity
may atill be obtained for a time vhich lies within the interval of obser-
vation of both receivers, if the results of the computation described by
equation (5) are cambined wiik the assumption of circular motion. For an
epoch time, selected so that the satellite is near the zenith of the
instrumentsiion site, we may safely assume that the vertical c&npa:ent

of velocity 1s small and can well be approximated by zero. Using the
regults of the camputing procedure described above, slant ranges for the
epoch time may be computed for cach receiver; and in the process, dn
estimate for the velocity of the satellite will be obtained. Cambining
these three results with the Doppler frequency meagurements from the tvo
receivers for epoch time, we may readily determine the remaining wvelocity
camponents and all three position coo~dinates. In this development, no
account has been taken of the difference in frequency between the tranas-
mitter in the satellite and the reference o.cilhtoi on the'mmd. hi o
both are stable, a constant frequency error, or bias, will be introduced.
In general, this error is 50 large that 1t must be corrected before applying
the above procedure. Most methods, for determining the bias, assume
sysmetry about the inf ection point and use this characteristic of the "8"
curve to determine the inflection time as accurately as possible. Since
the latter is also the time of clcsest tp]:rc.gh of the satellive to the
receiver, the Doppler frequency should be sero. Therefore, the bias 1is
simply the observed frequency at the inflectiom time. '

22



The second application conaiders a aystem in which the trans-
mitter is earth-bound so that the signal travels fram the Zaiih's
‘ surface to the satellite and back to onme or more recelvers on the
Earth's surface. For this problem, equation (2) applies. Let us
define a right-hand rectangular coordinate system as shown in Figure
9 with the origin at the transmitter and the Z-axis positive in the
direction of the vertical. The y-axis is formed by the intersection
of the tangent plane at the tranamiiter with the plane determined by
the transmitter, the jth receiver, and the Earth's center. The re-
ceiver will then be &t the known peint (O, ¥y zJ). If the variable
point (x, y, z) indicates the position of the satellite, the slant
rarges from the transmitter and the jth receiver are respectively

given by
I/e 2 2
Pp- = /X +Yy +2 s

> (6)

py = /e + (v - 9%+ (z- 2%,
from wbich it follows that
s x% Yy + z¢
Pp Ap :
(n

A xx+(.v-y1)y+(z-zd)i
3 pJ .

In the three-beam mode of operstion, the satellite will be approximately
in the yz-plane at to, which is defined as the time halfway between the
initiation and termination of tracking in the center beam. Let the
satellite's poasition and velocity at this time be defined as (xj, Yo zo)
and (:’:0, }"o, to) » respectively, Obviously, x may be approximated by zero
eud as before, i may also be set equal to zero. Eguations (7) then reduce
to
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. (8)
(YO'YJ) 5'0

) 2 \2
,/(yo-yj) + (ZO-ZJ

Let £ 1o and f Jo be the Doppler frequency and rate of change of frequency
for the jth receiver at to. It follows that

1l

50 * % (bTo + bjo) : (9)
From equation (2), we conclude
A-(3 ) a-(p, )
£ - To + - (__JO) . (lo)
Jo Mg "°Jo

Expressing equations (9) and {10) in terms of the position coordinates
and velocity compcnents of the satellite at time, to, yields

ot rT—-gy° * Fo o Yy : (32}
(¢}
LAREN l/(ypfyd)z + (zo-zj)z
. 2
.. (v =990 ¥,
' \e
r - + -2
) N L it I
Jo z 3
MWy + 2, Yoy + (2 0zy)

Let us assume a specific orbital inclination. With our previocus
assumption of circular motion, :}o may readily be camputed as a fution

of y, and z . Then equations (11) and (12) will likewise provide fJo
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and ? o 88 functions of position in the vz-plane. Thus, for a given
i{nclination, families of curves may be computed and plotted in the
yz-plane for both f ° and f 1o Figure 10 presents such a plot, for an
inclination of 800, with the transmitter aazd receiver separated by ‘
434 miles and with both located 35° off the equator. To attain symmetry
and simplify the construction of such charts, z'J was assuped to be zero,
which 1s a reasonable appruximation for this approach to the problem.

If similar charts are prepared for a number of inclinations, satisfactory
initizl approximations may be rather quickly and easily obtained by the
fellowing operations:

1) Assume an inclination. This, of course, is equivalent to
selecting a chart. Accuracy is not ecsential at this stage
8ince the estimate may be in error by 15° without preventing
convergence.

2) Enter the chart with the observed values of £,, and ?Jo to
determine an appropriate position within the yz-plane.

3) Approximate the velocity components. These should be consistent
with the assumption of circular motion, the height determined
in step 2), and the assumed inclination.

4) Determine the position and velocity components in the coordi-
nate system for the primary solution by an appropriate
coordinate transformation.

In addition to the graphical method, a digital solution has been
devised for equations (11) and (12). As in the previous development,
ve have two measurements available and desire to determine three unknowns.
In this approach, cme wnknown is determined by establishing an upper bound
and assuming a value which 1s a fixed distance from this bound. The
distance has been selected to place the variable between its upper and
lover bounds in a position which is favorsble for convergence of the
primary compuiation. In this method, we chose to start by approxiuating
z,- It may be observed in'Figure 10 that, for larger values of fJo’ +he
maximum value of z,, occurs above either the trausmitter or receiver whiie,
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for smaller values uf t 10° the maximm value of z, occurs over the mid-
point of the base lire. The first step i» the computation is +o determine
a maximun value for z . To this end, y_ is ellatnated from equations (11)
and (12) to yield an expressicn which varies aonly in ¥, and z,- A appears
in this expression, but it is also a function »f these variables. The
_resulting equation may be solved by numerical methods for zo with Y, = 0
and then, solved a second time for z with y_ = 1/2 Yy The larger of
these results 13 to be used as a value faor ( zo)M vhich is defined to be
the maximum possible value of Z . Assuning the altitudes of all satellites
to be in excess of 75 milea, ve may conclude from the general characteristics
of the family of curves for }J ° in Pigure 10, that the satellite’s altitude
will differ from ( zo)M by no more than 100 miles. Since an error of 50
miles may bc tolerated in the approximation for wach coordinate,

Bz o)M - 50 ir a suitable value for z, With the altitude thus determined,
ve may golve equations (11) and (12) for ¥, and io. In the process A, and
hence the velocity, will he determined. With io assumed as zero, io may be
readily evaluated to complete the initial approximations which consist of
the position (0, y,, z ) and thc velocity (x , 7,» 0). It is worth noting
that there is a pair of sclutions for Yy and Sro. Further, the method does
not determine the sign of :‘co. If, in addition, we accept the possibility
of negative altitudes for the mathemstical model, we arrive at eight
. pessible sets of initisl conditions vhich are approximately symmetrical
vith respect to the base line and its vertical bisector, It is an interssting
fact “hat all cight, when used as input for the primary computation, lead
to convergent solutions which exhidit the same type of symsetry as the
'ipproxiutionl themselves. Of course, it 1s trivial to eliminate the four
false solutions which place the orbit underground. Further, two additiopal
solutions may be eliminated by noting that the order in which the satellite
passes through the three antenna beams determines the sign of x ~ . -b the
twvo remaining possibilities, ;"o is observed to have opposite signs. Since
the y-axis of the DOPLOC system has been oriented fram vest to east, the
final ambiguity may be rerolved by assiraing an eastward compcnent of
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velocity for the satellite - certalnly a valid assumpticn to date. In
any event, all ambiguity may be removed iram the solution by the addition
of cne other receiver. Moreover, this would significantly improve the
geometry of the system and thereby strengthen the solution.

The first method presented in this section is intended for use with
a satellite which carries its own transmitter. These data are generally
recorded continuously as in Figure la. 'n:c other two methods have been
developed for a system which provides observations of the type displayed
in Figure 1b vhere the signal source is on the Earth's surface. The plot
shown in Figure lc is also for a system with an earth-bound transmitter;
and the laat two methods may be applied to such data if minor modifications
are made in the procedures. Indeed, with any tracking system that provides
observaticas of satellite velocity components, equation (2) furnishes an
adequate base for establishing an approximate orbit to serve as an initial
solution which may be refined by more sophisticated methods.




RESULTS OF ORBITAL COMPUTATIUN

Numerous convergent solutions have been obtalned with actual field
data from a system consisting ot a transmitter a: Fort Sill, Okh.ham.,
and a single receiver at Forrest City, Arkansas. This system complex
provides a hase line of 43k miles. In addition, several orbits have been
established from field data for satellites which carried the signal source.
For the latter mode of operation, receivers were svailable at both Forrest
City, Ariansas, and Aberdeen Proving Ground, Maryland, providing a base
line of 863 miles. Results will be presented for both types of tracking.

The initial successful reduction for the Fort Sill, Forrest City
sy5tem was achieved for Revolution 9937 of Sputnik III. The DOFLOC obser-
vations, as well az the results, are presented in Figure 11l. Measurements
were recorded for 28 seconds in the south antenna beam, 7 seconds in the
center beam, and 12 seconds in the north beam, with two gaps in the data
of 75 seconds. Thus, observations were recorded for a total of 47 seconds
within a time interval of 3 minutes and 17 seconds. Using the graphical
method described in the previous section to obtain initial approximations,
convergence was achieved in three iterations on the first pass through
the computing machine. It will be noted, in the comparison of DOPLOC and
Space Track results, that there is good agreement in a, e, i, and Q, par-
ticularly for the latter two. This is characteristic of the single pass
solution when the eccentriclty is small and the camputational input is:
limited to Doppler frequency. Since the ordit is very close to being
circular, both ¢ and @ are difficult for either the DOPLOC System or Space
Track to determine accurately. However, as a result of the small eccen-
‘tricity, (o + 7) is & good approximation of the angular distance along the
crbit from the equator to the position of the satellite at epoch tire .ud
as such provides a basis of comparison between the two nyntm._ A compari-
son of this quantity is included in Figure 1l. To summarize, vhen limited
to single pass, single-receiver cbservations, the DOPLUC System provides
an excellert deterrinati-m -,r the orientation of the orbital plane, a
good determination of tle shape of the orbit, and » “~ir-to-poor determi.
nation of the orientation of the ellipse vithin the orbital plane.

30




PO MR OE N 00I0P00 $9: e0I VE W3 M 0S80 MBI 01 W6 bR W POIN00 3. OV ML 93 SIISEe
O NYR I - WL 2
—_— I - e e ._SIS40 $2_ 3408 .
WNNIUINY  HLNOS \
—_— - — - . et . e R - - -
T
S : ol e Ll L e -
$d2 000'000'80! Y3LLINSNVHL “
- - Sd2 000 °200 ‘801 048 i or
SSWJ N-§ "SYNNILNV HINMON - YILNID - HINOS “
) INS id 1SVI SIUN 2LE "SINN 08! IGALILIY y
Z 2¥90 Q310103¥d ‘Z 00:£¥90 GQINNSYIN H bt
‘ ! .
| ooue
1
m . [ ]
__..u_ 7] LT 7] i ‘92
! [}
“ _ “ 2 ons
| o o
| n LN
|
$/8d2 68 3401S| .
VNNIINY ¥3IN3D | T e
I o
“ ey S
— . H\ L L e —— e M - —— -~
«lO'E- ! «92°0¢ £L'€E~- 4200 «l€0 £2000 (wge . 30N3Y¥34.Q )
- -oR4'Se “ "sBLLG3  oS6°LEl  L432BLI  «90'C9 0L100 L ENEE 2 S -NOVHLE -FWdS ——eses———
«99°2¢ | «P0'882 29001 H2BL  JLECY  £CI00 (w (32} ) o906
'I’l"ﬂ!‘ul—“ I.:I-*lo l,|-nb e - ’ - - q PO . - ‘ ‘:.‘1 _ ‘d.v _—— e e ‘!llllo
|
- “ : wl - e e —onm-
|
[ .
- . ] o
= SVSNVI¥Y “ALID 1S3¥N04 1£66 A3¥ VI130 8%
. i -
SRS 73 CYTEE . _____.___40 QHOD3Y H314d0Q 90140 THS - WY
. . VNNILWY  HidoN
m H _..%I.LI —— - - — o




Altnough o and w have been sccurately i2termined ¢u cccasion, the
interim DOPLOC system with its limitations fails to provide consistently
good results for these two quantities. Therefore, only a, e, i, and a.
will be considered in presenting the remaining DOPI.OC reductions. The
observations recarded for the Fort Sill, Forrest City complex are plotte-
1n ¥igure 12 for six revolutions cf Discoverer XI including 172, the las.
known revolution of this satellite. The DOPLOC determined position for
this pass indicated an altitude of 82 miles as the satellite crossed the
base line 55 miles vest of Forrest City. A comparison of the Space Track
results with the DOPLOC reductions for these observations is presented
in Plgures 13 through 16. In addition, DOPLOC reductions have been
included for three revolutions in which the receivers at Forrest City and
Aberdeen Frovinug Ground tracxed the air-borne transmitter in the satellite.
In Pigures 17 through 20 a similar comparison is presented for six separate
passes of mzt'u. In these, all observations consist of data obtained
by receivers at Forrest City and Aberdeen Proving Ground while tracking
the an-board transmitter. '

Finally, in Figure 21, results are tabui=ted for a reduction based
on only seven frequency obqemtiona. These have been extracted from the
complete set of observations previously presented for Sputnik III. They
vere selescted to serve as a crude example of the type of reduction required
for the proposed DOPLOC scanning-beam system. The example shovs that the
method is quite feasible for use with periodic, discrete measurements of
- frequency. Of course, the proposed system would normally yleld several
more observations than were available in the example.

It is noteworthy that numerous solutions have been obtained with
field data from a single recgiver during a single pass of a setellite.
Purther, these measurements have been confined to three short reriods of
observation within a two to three minute interval. Additional receivers
spreud over greater distances would, of course, considersbly enhance the
accuracy of the results. For example, a system with two receivers and a
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&ground transmitter would reduce srror Dropagation in
to sppraximately & tenth of that to be cxpected for &
slngle receiver. Removing the restriction
would further emhance the accuracy

“he computations
aystem vith a

of single pess determination
of *the results,

Convergent
on the Ballistic Research
Which requires the coding to include floating decims)
modern machines, such as the BRLESC, nov under con-
the Ballistic Reseerch laboratories, will perform the same
computation in 2 to 4 minutes. Hence, 1t 1s realistic to claim that the
‘8ystem potentially has the capability of orbit determination within five
mZnutes of the observation time. In conclusicn, the method is feneral

azd, therefore, need be confined to neither Doppler frequencies nor

Keplerian orbits. In Particular, if the limitation of Keplerian motion

laboraturtes' ORDVAC
sub~routineg. More
struction at
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IONOSPHERIC MEASUREMFNTS

Oue of the methods used for studying the ionosphere is derived
from the measurement of 1ts efrect on radio waves propagated throcugh 1it.
One effect observed is the increase in propagation phase velocity above
that occurring in free space (i.e. the wavelength is longer in the medium
than in free space). At the frequencies used, 30 to 300 mc., the index
of retractiou ean be cxprossed as

u'tl-——-z—-—', (13)

where "e is the electron density in electrons rer cubic meter and fo is
the tranamittsd frequency. Thus, the index of refraction is less than
unity in an ionized medium and the amount by which the index of refraction
1s changed is inversely proporticnal to the square of thes frequency.

Use 1s made of the dependence of the refractive index cm frequency to
determine icuosphere electron content. Data vith vhich to make the electron
content computation are obtained by measuring the Doppler frequency shift
on two harmonically related signal frequencies transmitted from a satellite.
The Doppler frequency, superimposed upcn the lower of the two frequencies,
is muitiplied by the ratio of the two signal frequencies employed; and then
the result is subtracted from the Doppler cbservaticns of the higher fre-
quency signal to yleld dispersive Doppler data. The Aispersive Doppler
frequency 1is proportional to the time rate of change of ihe total clectyr~
content along the propagation path,

a r .
th O j; N ar : (14)
where J:rnedr is the total electron content along the propsgaiion peathk, r:
Thuas a measure of the change in electron content, over a time interval of
interest, is obtained by integration of the dispersive Doppler frequenc:;,
vhich is simply & cyc):> count over the specified interval.




Instrumentation has been develcped for measuring and recording
disperscive Doppler frequency. Satellites carrying radio trmﬁsmttters
whose frequencies are harmonically reiated serve as signal .sources. In
order to receive signals Ircm satellites st great distances and provide
output data of high quality it is necessary tc usc extremely sensitive
receiving systems. Narrow bandwidth, phase-locked, tracking filters are
used to provide essentially noise-free Loppler frequency data. Two
channels are used to receive the tvwo ‘.nmonical.lj related signals. The
multiplication of the Doppler frequency on the lover frequency signal takes
place at the output of the tracking filter so as not to degrade the signal-
to-noise ratio. Frequency multiplication prior to the final narrow-band-
widti filter would seriously degrade the signal-to-noise ratio of the
Doppler signal. A special broadband frequercy multiplier (ref. 4) has been
developed ror multiplying audio frequencies. The 'bechnique developed is
unique in that it achieves multiplication of an sudio frequency Doppler
signal, vhich varies many octaves, but maintainc a sinusoidal output wave-
fomv. The multiplication factor can be any product of two's and three's
(1.e. 2, 3, 4, 6, 8, 9, ===.). This frequency multiplier is basically a
combinaticn of an aperiodic frequency doubler, push-push, circuit and a
bridge configuration tripler circuit. Awxiliary circuits with functions
of automatic gain control; clipping, differentiation and phase-locked
tracking filtering make possible & sinusoidal output waveform.

Figure 22 shows a block diag:um of a receiving-aysten for ionospheric
measurements using the broadband frequency multiplier'(rer. 5). Dispersive
Doppler, Farsday rotation and satellite rotation effects on the signal can
be separated automatically and directly recorded as shown in Figure 23.
This 1s a portion of a record from an upper amospheré sounding rocket
flight in which a two frcquency transmicter was carried.

Dispersive Doppler data recorded in a form similar tc thuat showm in
Figure 23 can be counted to an accuracy of foa cycle. The total electroa
content can be expressed in terms of dispersive Dupvnler cycles as

ks




S ANnGEg

RVUSVIO NOOTE NOILVLS ONNONS = 380N JUINIONOI - nneg

TR IR T 14030000

_

————— YN ONY NN IR P —
¥ § 0wt
atas £ ADNINOINs ONVE QVONS by
- y3gav 1O NN AYSYYW) 3 4300V
UoMdl ‘ROl ivevew) §=
LA T ey Uon4e o100
v * mee) ? g oy ¢ meni
s o NN
N
AVOTIVA = AVOTYN ¢ AT = . *
e WANIND4410 e prpite WiRIVI i .y
334900 Midens 30008 "ot
e M "o me mee ™e W
[ 3 IRIF] Y344 [ } I\ P i
NIV ONIN2YNL NINDYNY L A E T
VIMIOWN cu!uoucu_ VA3 YINOWN
m k-1 [/ m §- I y
NN LR} ] I iR}
L BT T - BFF} L] NN LuDiy [ L Y]]

B




£2 IunNo14

P ,._...&qou 1040

villl.lIA -+t TR

01 LV10Y 3+ N
‘ww N I

.o!sn zQ...&.ox >¢a<¢<.._oz

.

w7




wn

Ndr = (B-1)) —p——— , (15)
€ T - 1) 138 x 1070

where (¢:, - K¢l) is the integrated dispersive Doppler frequency, F, is

the lover transmission frequency, F, is the higher, K is the ratio FE/FJ.‘
Consider the Transit satellite (1960 Eta), vhere Fl = 5{& me and F, = 324 me.
The incremental change in total electron ccntent for each dispersive

. Doppler cycle 1s )

8

3.2k x 10 ‘ 13 electrons
Nédr = [(32’*)? ‘ _8 - 6.9 x 10 s—-——m . (16) .
—EE - ] x 12.4 x 10 R .

Therefore. ti.e counting accuracy of : 0.1 cycle represents a meagur~ing
sensitivity to the change in iocnosphere electron content of 6.9 x 10+?
electrona/ square meter. This sensitivity is high enough to detect small
irregularities in the ionosphere. A plot of dispersive Doppler data and
integrated dispersive Doppler frequency is shown in Pigure 2k for a pass
of the Transit satellite (1960 Eta) on 17 November 1960. Irregular hori-
zoutal gradients in the ionosphere are clearly shown ‘by the variations in
the dispersive Doppler frequency that are evident during the second half
of the satellite pass. This curve pnormaliy has a relatively smooth "3"
shape under undisturbed geomagnetic conditions. It is of considerable
interest to note that this record was made following the period of an
extremely severe geomagnetic disturbance. Severely digturbed mdio coun-
ditions existed from November 12 through 18. Ome of the most aciilve solar
regions obaerved in recent years was reported by the North Atlantic Radio
Warning Service of the National Bureau of Standards. The A-index (a
measure of geomagnetic activity) on November 13 was 280, the hirLiest recorded .
in this solar cycle. An A-index of 25 is considered a disturbed conditiom,
therefore 280 represents an extremely disturbed condition. An uausually
high magnetic field intensity was recorded at the Jellistic Research
Labcratorins magietc ocer station on Novesmber 12 and 13 which s »* /m ‘v
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Flgure 75. Thus the qualitative agreeucnt between the irregulariy shaped
dispersive Doppler curve in Figure 24 and the disturbed ionosphere is well
established.

The Faraday rotation effect can aiso be used to determine total
ionosphere content. Techniques have been developed for éepa.ra.ting Faraday
rotation effects from satellite rotation effects by the use of opposing
circularly polarized antenna. and a sequence of electronic mixers as shown
in Figure 22. When the satellite spins very slowly, a simpler method of
determining Faraday rotation cycles by counting received signal smplitude
nulls can be used. A linearly polarized receiving antenna is used in this
case. A plot of ionospheric electron content is shown in Figure 26, obtained
by using received signal amplitude null data from a pass of the Transit
satellite (1960 Eta). The computation methods of Bowhill (ref. 6) and
Garriott (ref. 7) were used in the earliest studies. A comgplete ray
tracing program based on that of Little and lawrence (ref. 8) ia in prepa-
ration to provide more accuracy and to eliminate several assumptions and
reestrictions of the early methods.
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CONCLUSIONS

The information on the {omosphere, ¢' tained by the meihods des-
2ribed, makes it possible to correct refra:tion errors and obtain more
accurate orbital parameters fram Doppler :lata. An interesting example ~7
the {onospheric effect on orbital accuracy was ooserved in the camputation
of the orbital parsmeters shown in Figures 17, 18, 19, and 20. The
computation was first attempted using the complete "S" curve including
the relatively constant frequency limbs. The limbs represent data ob-
tained during the emergence of the satellite from the horizon and recession
into the horizon. The orbit cbtained was appreciably different from that
published by Space Track. Ancther computation was made uging only the
center purtion of the "S" curve, while disregarding the limbs. The so-
lution vas zreatly improved and the results agreed very well with Space
Track data. This points out the large refractive effect the ionosphere
iutroduces al lov elevation angles of transmission. PFortunately, an
orbital asolution can be camputec from Doppler date ottained at quite high
elevation angles, thereby minimizing the refractive crro. '

A prograa has been initiated to combine Doappler frequeacy observations
with electron content data in an iterative computing process to increage
the accuracy of tac wrbital determination. The computation will be intti-
ated by determining an ordvit fros the uncorrected Doppler observations.

The electron comtent data and this approximate orbit will be combined te

campute corrections for the original Doppler frequency measurements.
Using the latter, the process will be iterated until the refractive error

haz been minimized in the Doppler data and hence, in the computed orbital
paraneters ag well.

F B Futts, s
R. B, PATTON, JRY
Uba U RRerl

V. W, RICUARD
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