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ITH THE ADVENT of ballistic mis-
W siles, satellites, and space vehicles,
the tracking problem has changed.

Formerly, the total flight of tracked
bodies was powered and under a form of
guidance that allowed the tracking sta-
tion no real a priori knowledge of the
flight path. Vehicle maneuverability was
high and position determination had to
be instantaneous; wideband systems
were required. Because of motive power
limitations in the tracked body, tracking
distances were not extreme.

Now, in the missile and space era, the
percentage of powered flight to non-
powered flight has decreased radically.
In the case of a ballistic missile, the
powered flight may be only 20 percent
of the total flight. With satellite and
space vehicles, the powered flight time
is insignificant. Yet, the requirement for
tracking distance has become tremen-
dous—ranges are measured in tens of
thousands of miles, as compared to the
tens of miles in the old era.

TRACKING PROBLEM SOLUTIONS

Fortunately the two current problems
can be compatible. The unpowered flight
allows for an analytic problem formula-
tion leading to the use of only narrow-
bandwidth information, which produces
the tracking distance through the use of
compatible receivers and space-vehicle-
mounted transmitters. Because of their
inherent simplicity (again due to nar-
row information bandwidth) the space-
vehicle-mounted transmitters have
acceptable (to space-vehicle designers)
weight and power-drain characteristics.

The angle-damped doppler system:

1) takes advantage of a priori infor-
mation to formulate the tracking
problem such that all narrow-
bandwidth information can be
best used;

2) gathers all available beacon-

transmitted narrow-bandwidth in-
formation for use in the solution
to the tracking problem;

3) presents a problem solution, using
all of the gathered information, in
nearly real time.

COMPUTER EQUATIONS

The outputs of the sensor portion of the
angle damped doppler system are range
rate 7, azimuth A4, and elevation E. These
quantities form the computer input.

The sensor outputs are written as
functions of the orbital parameters
(Fig. 1) :

r=G(a,e,i,0,Q 1)

A=H (a,e,i,0,Q,7) (1)

E=1(a,ei,0Q,7)
Equations 1 are linearized by expand-

ing them in Taylor’s series form and
retaining only first order terms:
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Solutions for Aa, . . . A7 are found by

minimizing the weighted sums of squares
of the differences hetween the left and
right hand sides of equations 1 and 2.
This leads to the normal equations:
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Where: B, to B, contain the observed
values of #, A, E. The computer solves
these equations, as follows:

Fig. 1—Orbital parameters; a = semimajor axis

= AC; e = eccentricity = [1 — (DC/AC)*]"2; i
inclination angle; @ = argument of perigee;
right ascension of ascending node; T = time
perigee passage; O == center of earth; OX

direction of vernal equinox.
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1) An initial estimate of the orbital
elements @ . . . 7 is made.

2) From the initial estimates com-
puted vales, r.,, A, and E, are
determined (equations 1).

3) At each measurement instant, the
terms Ar = r, — 1., etc. are
formed (equations 2). Subscript
m denotes measured values.

4) The values of the coefficients A,
++»+and B, - - - are computed.

5) The equations 3 are solved for Aa
» » « A7, the corrections to initial
estimates of orbital elements.

6) The procedure is repeated until
the Aa « +» + Ar corrections are
below some desired value. During
the repetitive procedure, the angle
data is given progressively less
weight, finally being used only to
damp the computation. The name,
angle-damped doppler system, de-
rives from this procedure.

Observation of the results of extensive
digital simulation show that the compu-
tation system is analogous to a linear
servo. Drawing on the linear-servo
theory, the computation system and dual
properties are shown in Fig. 2.

MEASUREMENT SUBSYSTEM

The specification of the measurement
subsystem can be carried through many
levels of technical detail. One usually
starts with a final accuracy specification
from the customer and proceeds from
that point to define the allowable output
errors in the measurement device.
Further specification of the system to
meet tracking distance and dynamics
requirements leads to choice of beacon
power, receiver sensitivity, antenna
gains and tracking loop configurations.
The following deals only with the
customer accuracy requirements and the
steps taken to translate them into allow-
able measurement-system output errors.
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Customer Specification

The customer specification for a given
missile tracking application is:

1) Data-taking span limit to be
chosen by contractor.

2) System rms error over the data
taking span: range < 400 feet,
azimuth < 0.05°, and elevation <
0.05°.

3) Output in real time starting at
500-mile slant ranges measured
from impact point.

4) Site within 25 miles of impact.

5) ICBM trajectory as given in Fig. 3.

6) Frequency, 215 to 265 Mec.

Derivation of Allowable Data Span

Critical to meeting the customer output
requirements is the allowable data-tak-
ing span, since the computation is a
curve-fitting process; hence, the more
data, the better the curve fit. The first
part of the investigation is then con-
cerned with the trajectory of the body
to be tracked. From Fig. 3, a knowledge
of the computation time requirements,
and the 500-mile slant-range specifica-
tion, the lower limit of the data-taking
time span can be pinned down. The
computation time has previously been
determined to be about 3 minutes for
thirty data points and 90-percent compu-
tation convergence to final values. The
500-mile and three-minute computation
time is noted on Fig. 3. To determine
the upper limit for data taking, the ef-
fects of propagation as related to track-
ing elevation angles must be considered.
A conservative lower limit on the track-
ing elevation angle from a propagation
standpoint is 15°. That is, for a reason-
able choice of tracking device, the accu-
racy of the device will not be changed to
a first order by refraction and multipath
at elevation angles greater than 15°. The
15° angle is plotted on Fig. 3 and its
intersection with the trajectory gives the
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Fig. 3—Target geometry.
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Fig. 4—System simulation.

starting point of the data-taking interval.
This interval is then found to be about
3 minutes in extent. To allow for a safety
factor in time, a 150-second data span is
chosen for simulation purposes, giving a
30-second margin in the design of the
real system. This margin can be used
for search, tracking, or computation.

Tracking Subsystem Output Requirements

To determine the tracking subsystem
output requirements, a band of values
for angle and range-rate accuracy is
chosen and used in a digital simulation.
The simulation (Fig. 4) is carried out in
the following steps:

1) A set of orbital parameters is fitted
to the customer-specified missile
trajectory (Fig. 3).

2) The orbital parameters are con-
verted to values of range rate, azi-
muth and elevation as seen at the
impact point.

3) Noise is added to the values of
step two.

4) A set of initial values of orbital
elements are chosen that corre-
spond to missile impact approxi-
mately 100 miles from the true
impact.

5) The noise values of step three,
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plus the estimated initial elements
of step four, are used in the orbital
calculation to see how closely the
set of true orbital elements of step
one can be recovered.

6) The process is carried for three
cycles of iterations and the rms
range, azimuth, and elevation er-
rors between the computed trajec-
tory and the trajectory of step two
are computed (Fig. 5).

7) The curves of step six are used to
define the output requirements.

From the curves of Fig. 5 and the cus-
tomer’s specification, the tracking sub-
system output requirements are seen to
be: range-rate accuracy, <3 ips; and
angle accuracy, <0.25°,

CONCLUSIONS

Excepting the realization of the range
rate accuracy, which requires some spe-
cial attention due to the customer’s
choice of frequency, the tracking sub-
system requirements are modest and
lead to very simple instrumentation.
Thus, by proper use of a priori informa-
tion and the proper combination of avail-
able measurements, quite respectable
tracking accuracy can be achieved with
unsophisticated devices.
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