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ABSTRACT

A precision ionospheric ray-tracing technique has been
developed to predict in detail the distribution of earth backscatter
measured by a high-frequency over-the-horizon radar. A first-
generation version of this technique was reported in NRL Report
6731. By making use of observed earth-backscatter distributions,
in conjunction with ionospheric sounding data, it has been possible
to refine the ray-tracing technique and improve its performance
in predicting signatures of over-the-horizon rocket launches. In
particular, it has been possible to predict the time of signature
onset more precisely with these improvements.

This ray-tracing technique could be used in an operational
over-the-horizon radar to provide, in near real time, estimates of
trajectory parameters for actual hostile missile launches. Imple-
mentation of this capability in an operational radar would require
the use of a sophisticated hybrid (digital/analog) computer as an
integral part of the radar controller and signal processor.

PROBLEM STATUS

This is an interim report on one phase of a continuing problem.
Work is proceeding on this and several allied subjects.

AUTHORIZATION

NRL Problem R02-23
USAF MIPR FD2310-7-0016

Manuscript submitted December 4, 1968.
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Fig. 1 - Elevated rotatable antenna for the Madre radar and
a fixed broadside array for the Madre radar
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IONOSPHERIC EARTH BACKSCATTER SIMULATION
APPLIED TO OVER-THE-HORIZON RADAR

INTRODUCTION

The Madre Research Radar

The Madre research radar is an advanced, coherent-pulse-doppler ionospheric
research device, which has been developed by NRL in a continuous evolution which began
in the mid-1950's. At the early stages of its development this radar was used primarily
for investigating whether sophisticated signal-storage and coherent bandwidth-narrowing
could extract below-noise-level echoes from small, distant radar targets. Over-the-
horizon radar was an obvious embodiment of these techniques, and shortly after its
inception Madre was given the tasks of applying them to the detection of over-the-horizon
rocket launches and high-altitude nuclear explosions as well as remote aircraft targets.
Over the past decade the Madre research radar has grown and evolved in pursuit of these
tasks, with advancements in signal-processing techniques introduced to cope with the
increasing complexity of radar data from the accelerating, diffuse, often fleeting targets
represented by these objects. Improvements in radio-frequency power transmission
and hf antenna array design have also been incorporated in the Madre research radar
during its growth. An extensive continuing program of experimental and theoretical
research in ionospheric propagation has accompanied the development of apparatus.
At its present stage of evolution the Madre research radar is a unique tool for investi-
gating ionospheric perturbation phenomena of all types, with emphasis upon spectrum
analysis as a principal analytical technique. For the purposes of this report, it is im-
portant that its characteristics as a coherent-pulse-doppler radar be understood; hence
a short description of these characteristics follows:

In its earlier configuration, when the studies to be reported here were begun,
the Madre signal processor relied upon a rotating magnetic drum for storage of up to
420 seconds of range-gated signal data in an undetected video format. These data were
made available to a scanning doppler filter which provided doppler resolution of about
1 Hz in the configuration used for this study, although the resolution could be changed
by changing scanning filter bandwidths. The principal point here is that coherent band-
width narrowing of signal information was employed to yield a 1-Hz-resolution bandwidth
display of data from a selected range bin for a period as long as 420 seconds. For the
data described in this report a 180-second storage period was used, along with an effective
range-gate width of 670 fsec. The data were displayed as doppler shift vs time.

Because this report is involved with propagation, it is important that the antenna
used in this study be described. The antenna is the elevated one at the right in Fig. 1,
photographed from the north. The center of this antenna is 205 feet above the cleared
surface, within gently rolling forested land, which forms the reflecting surface at most
azimuthal positions, including the direction of the Eastern Test Range at Cape Kennedy,
and is 315 feet above the surface of the Chesapeake Bay, which forms the reflecting
surface for easterly propagation. The antenna consists of a pair of horizontal dipole
elements in a 90-by-70-foot-aperture corner reflector, and it may be positioned to any
azimuth. To the left and below the rotatable antenna in Fig. 1 is a broadside array used
for studies of over-the-horizon aircraft and radar and radio astronomy experiments.
Figure 2 is a measured elevation-plane pattern for the rotatable antenna near midband,
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Fig. 2 - Measured elevation-plane patternof
rotatable antenna at 15.6MHz, with the an-
tenna oriented in southerly direction (U)

showing the excellent coverage at this frequency in the 2 to 7 degree elevation region
which is important for F-layer transmission to the Eastern Test Range. This pattern,
as well as similar data at two frequencies near the lower and upper extremes of the
Madre radar's operating bandwidth, was acquired with a specially instrumented KC-135
aircraft from Rome Air Development Center, which flew a series of pattern flights for
NRL in spring, 1966. These data have been important factors in the ionospheric ray-
tracing program utilized in the signature analysis presented below.

An additional feature of the Madre research radar which permits its high sensi-
tivity is the provision for removal of the overwhelmingly large ground clutter (or ground-
backscatter) return which seriously impairs the effectiveness of noncoherent ionospheric
radars. A series of crystal comb rejection filters attenuates by 70 to 80 dB the large
clutter signal (whose spectrum is normally concentrated within 1 or 2 Hz of the center
frequency and prf-associated harmonics) without degrading moving-target echoes whose
doppler-shifts do not fall within the rejection notches.

Following is a list of the important parameters of the Madre research radar as
it has been used in studies of ballistic missile launches from the Eastern Test Range:

Frequency band,

Average power,

Peak power,

Antenna gain (including estimated 5-dB imperfect
ground enhancement),

Pulse length (at -20-dB points),

Pulse repetition frequencies,

Automatic on-line coherent integration:
Storage time,

Predetection filter bandwidths,

13.5 to 27.0 MHz,

100 kW,

4.6 MW,

15 to 20 dB,

250 to 950 4sec,

45, 60, 90, and
180 pps,

10 to 420 sec,

1, 1/3, or 1/10 Hz.
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Purpose of the Ray-Tracing Study

The overall objective of the series of related investigations described in this
report is to apply diagnostic ionospheric propagation techniques such as computer-
assisted ray tracing to the understanding of ionospheric phenomena as manifested upon
over-the-horizon radar. In the present stage of these investigations a digital-computer
ray-tracing program has been developed which enables the user to perform analyses of
the radar signal data due to moving targets at single-hop range from the radar site.
This program has been used for the purposes of this report to analyze radar data from
several submarine-launched Polaris A2 and A3 ballistic missiles launched on the
Eastern Test Range from Cape Kennedy.

The coherent-pulse-doppler feature of the radar signal processor permits a
direct measurement of vehicle doppler shift, or velocity, and the spectral dispersion
of the radar signal permits an analysis to be made of the character of the target as a
reflector, combined with the effects of turbulence in the intervening medium. The use
of ionospheric soundings from points along the radar propagation path allows a model
of electron density to be constructed from which propagation paths (or rays) may be
calculated between the radar and two regions of interest: the region of the earth from
which ground-backscatter emanates and the position of the vehicle moving along its
trajectory. This ray trace may be used in conjunction with measured ground-backscatter
to refine the model of ionospheric electron density that was constructed. With these
preliminary "controls" achieved, the simulated propagation path may be used with radar
data from the vehicle itself to carry out an analysis of the target signature. It is hoped
that, ultimately, this technique will be developed to a degree where the variation of a
target's echoing cross section and the behavior of its echo spectrum can be used to
deduce the effects of the vehicle upon its environment from their manifestations upon
ionospheric radar signals.

It is proposed also to apply these ray-tracing analysis techniques in determining
the extent to which ground-backscatter information may be used as a diagnostic device
for assessment of over-the-horizon radar target area illumination.

The Ray-Tracing Program

A detailed description of the digital-computer ray-tracing program and a sub-
routine which uses this program for the synthesis of ground-backscatter profiles appear
in Ref. 1. The program is constructed to make use of vertical ionospheric soundings,
or of true-height profiles which may be determined from soundings, to synthesize a
spherically symmetric ionospheric layer structure. Rays are calculated on the basis
of a simple Snell's law treatment in a spherically stratified medium of varying index
of refraction, exclusive of the effects of the geomagnetic field. The stratification is at
present arbitrarily constrained to yield strata at a constant thickness of 1 km, except that
for regions where electron density changes rapidly with height a provision is included
for permitting a variable stratum thickness in order to increase the precision of the
refraction treatment. Simple reflection of each ray about a vertical axis through path
midpoint is assumed for the downward portion of its trajectory. Rays may be calculated
for any elevation separation, although a separation of 0.05 to 0.1 degree is chosen for
most calculations. To aid in calculating path absorption, ground and target illumination,
and received signal amplitude from both earth backscatter and other targets, antenna
parameters in azimuth and elevation are inserted into the program. For earth backscatter
calculations an integration is performed over the azimuthal pattern, whereas for small-
target echo amplitude calculations antenna gain only in the target direction is considered.
For display purposes, the spacing of ray trajectory lines is weighted on the ray plot in
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inverse proportion to the power density radiated in the appropriate direction by the
antenna. For cases in which ground backscatter alone is treated, this display represents
a vertical cut of the propagation geometry taken in the plane of the antenna beam center.
For cases in which a missile launch is treated (into which class all of the examples in
this report fall) the display represents a collapsed ensemble, presented in a single plane,
of ray paths computed in a fan-shaped series of vertical planes which each contain the
radar site and the missile position at a different point along its trajectory. Figure 3 is
a perspective drawing of three such planes of radar site and missile position. The three
ray trajectories in Fig. 3 would appear undistorted on a ray plot at their appropriate
elevation positions, and the points P1, P 2, P 3 would be joined on this presentation in a
much-distorted facsimile of the missile trajectory that would be faithful only in showing
the correct vehicle position along each ray path.

Fig. 3 - Perspective view of three adjacent vertical planes
upon which ray trajectories are shown emanating from the
radar site and intersecting the missile trajectory

In calculating the ground-backscatter amplitude expected from a selected
ionospheric model a full set of ray trajectories is calculated from the radar site to the
illuminated region of the earth at one-hop distance. Path absorption is calculated on the
basis of an empirical formula determined by Lucas and Haydon (2). In the scattering
model used the proportion of power available for diffuse scattering is determined arbi-
trarily (and a provision is made for an iterative procedure by which this proportion may
be adjusted to fit the actual amplitude of the received ground-backscatter echo). A
dependence of diffuse scattering amplitude versus elevation angle also is assumed (with
a provision for subsequent adjustment to fit the measured ground-backscatter variation
in time delay). Rays then are repropagated from incremental areas of the illuminated
region, using the same propagation geometry from each area as was used for the initial
ray trace to the illuminated region, and the contributions along all possible paths to the
radar site from all incremental areas in the illuminated region are summed and displayed
as amplitude versus path time delay. Examples of this presentation will be presented
in comparison with received ground-backscatter signals in the Data and Analysis section.

The propagation analysis also is used to determine predicted doppler shift and
range to the position of a target with a known trajectory in the region illuminated. Doppler
shift is calculated on the basis of rate of change of phase path and is presented versus
time after launch in a graphical display. Examples of this presentation will be presented
in comparison with actual radar data in a similar format in the Data and Analysis section.
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Objective of This Report

This report contains analyses of several Polaris A2 and A3 launches on the
Eastern Test Range from application of the techniques described. The principal effort
in these analyses has been to determine the efficacy of the ionospheric propagation
simulation in predicting:

e Illumination of the single-hop region from which the launches took place,

* Onset and loss time of target signature,

e Doppler shift of target echoes, and

e Intermittency of target echoes as caused by antenna parameters and
propagation constraints.

It should be borne in mind that these analyses are not presented as an
exhaustive treatment of Polaris missile signature characteristics. They represent
the results of one stage of a continuously evolving program in ionospheric propagation
analysis and should be expected to be augmented by additional information and to be
refined themselves as this program continues to develop. A thorough treatment of ten
Polaris missiles by the techniques described appears in Ref. 1. This earlier work has
been directed at using unrefined ionospheric sounding data to synthesize earth back-
scatter profiles for comparison with actual observed data and also to synthesize missile
signature data for comparison with observed signatures. It has been found that ionospheric
soundings alone could be used with substantial success in both endeavors and in fact that
many characteristics of the earth backscatter echo and missile signature for a particular
illumination situation and corresponding missile launch could be predicted with remark-
able regularity. The following is a list of the successes of this "first-iteration" ray-
tracing and earth backscatter simulation process:

Prediction Successes of Ref. 1 for Earth Backscatter Characteristics

"* Location and extent of regions of the earth illuminated.

"* Location and relative intensity of localized illumination peaks within
these regions.

"* Positions of illumination nulls and their attribution to either ionospheric
layer structure or antenna pattern effects.

Prediction Successes of Ref. 1 for Missile Signature Characteristics

"* Onset and loss times.

"* Doppler shift.

"* Temporary losses due to illumination voids.

Certain consistent failures of the technique involved cases in which local ionospheric
layer pecularities, such as sporadic-E, made the spherically symmetric ionospheric
approximation invalid. Their effects normally have degraded the precision of signature
onset and early signature doppler shift predictions.
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The particular purpose of this report is to describe a second-iteration procedure
which has been begun in an attempt to refine the ionospheric sounding data and match
predicted earth backscatter distribution to actually observed data. In general, the pro-
cedure which has been followed begins with the first-step earth backscatter synthesis
treated in Ref. 1 and described briefly above. Positions of predicted local peaks within
the illuminated region are compared with observed data. Such localized peaks can be
attributed in part to layer focusing effects and in part to the radiation pattern of the
antenna. The focusing effects manifest themselves in stationary points on curves of
time delay versus elevation takeoff angle, that is, points where time delay remains con-
stant over a finite increment of elevation. These time-delay-focusing peaks may be
associated, in a parametric sense, with the slope of an ionospheric electron-density
versus altitude plot. Thus they may be intensified or attenuated, and moved about in
time delay, by manipulating the slope of an ionospheric true-height profile; hence they
may be in effect matched to observed profiles of earth backscatter versus time delay.
The second iteration implied by this technique has been applied to three of the earth
backscatter and Polaris missile signature cases treated in Ref. 1. Because the pro-
cedure followed is devoted to exploring the possibilities of this technique, some freedom
has been exercised in manipulating the ionospheric density profiles. The major constraints
which have been obeyed have been the purely subjective ones of (a) refraining from changing
the profiles in any way which makes them inconsistent with normal ionospheric structure,
(b) attempting to change profiles at appropriate positions to conform to the true indicated layer
structure, and (c) avoiding wholesale changes which would result in large alterations in the
structure of the simulated ionosphere at any height. In addition, it has been attempted where
possible to constrain changes so that the resultant simulated profiles are bounded by the
extremes indicated by measured prof iles from sounding stations along the propagation path.

DATA AND ANALYSIS

The pertinent launch and radar data for Eastern Test Range (ETR) launch 0303,
of January 26, 1964, which is the first example treated, are as follows:

Missile type, Polaris A2,

Launch time, 1459:06 EST,

Radar frequency, 13.56 MHz,

PRF, 90 pps,

Pulse length (-20-dB points), 700 /sec,

Average power, 100 kW,

Illumination mode, E and F layers.

Figure 4 is a photograph of the earth echo acquired with the Madre radar. This illustra-
tion is a display of received echo amplitude versus time delay, and was photographed at
the first receiver intermediate frequency (500 kHz) stage with no bandwidth-narrowing
or detection. A time exposure of several seconds was made to smooth out the typical 2-
to 3-sec fading period of earth backscatter and hence to eliminate as nearly as possible
the sampling effect of this type of presentation. A sequence of calibration pulses at
approximately 1 mV peak-to-peak amplitude appears on this photograph, with a spacing
of approximately 5.5 msec. It is apparent from Fig. 4 that the earth backscatter echo
begins as close as 6 msec and extends approximately to 16 msec in time delay, with peaks
in amplitude at about 10 and 12 msec.
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Fig. 4 - Observed ground backscatter distribution
(near launch time), Jan. 26, 1964, ETR launch
0303
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Fig. 5 - Ionospheric true-height pro- 300
files used in the first step (short-
da she d curve), second step (long- 200
dashed curve), and third s t e p (solid -
curve) of the backscatter-matching
procedure, ETR launch 0303
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Figure 5 is a collection of three ionospheric true height profiles, which repre-
sent different stages in the performance of the earth-backscatter matching procedure
and are included here to demonstrate in detail the technique used. The short-dashed
curve in Fig. 5 is a direct tracing of an ionogram from Grand Bahama Island, which was
used for the first step of this analysis. The long-dashed curve and solid curve represent
the second and third steps, respectively, in the process. Figure 5 illustrates the small
(5 to 10 km) changes in height of the entire profile which were necessary to make the
simulated backscatter match the leading edge of the observed echo. The various rates
of curvature and critical frequencies of the Fl- and F2-layer contributions illustrate the
slope alterations which were introduced to move the amplitude peaks about in time delay
and thus match the observed peak and null positions.

Figure 6 is a collection of graphs showing the variation in time-delay behavior
of the earth backscatter distribution which was accomplished by the ionospheric profile
changes. Time-delay focusing occurs at the maxima and mimima of these curves, that is,
at points where a significant change in the elevation takeoff angle corresponds to no sig-
nificant change in the time delay. The progression from the short-dashed curve, cor-
responding to the Grand Bahama Island ionogram, to the solid curve, which represents
the third step in the process, is apparent. The short-dashed curve, which continues
below the horizontal axis to a sharp point and hence contributes no substantial focusing
effect, is blunted to form an E-layer-focusing peak at 10 to 11 msec. The initial F-layer-
focusing peak at 9 msec (indicated by the valley at 12 degrees elevation in Fig. 6) is
drawn out to 12 msec to contribute the largest peak in the earth backscatter profile, while
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the high-angle F-laver peak is drawn out to make a contribution at 12 msec also. The
short notch at 13.5 msec time delay is a consequence of an attempt to add energy along
the declining tail of Fig. 4, which extends from 12 to 15 or 16 msec. This notch does
contribute a slight focusing peak.

Figure 7 is a collection of the simulated earth backscatter profiles which re-
sulted from these three steps, with the solid curve representing the third step. The
emergence of large peaks near 10 and 12 msec is evident, as is an enhancement of the
echo between 12 and 16 msec time delay.

Figure 8 contains tracings of true-height profiles from Grand Bahama Island
(GB) and Cape Kennedy (CK), together with the simulated ionospheric true height profile
which resulted from a fourth, and final, step of the iteration. The existence of the lo-
calized, blanketing E layer at Cape Kennedy shown in Fig. 8 is not apparent in the ob-
served earth backscatter data, which can be seen from the dashed curve in Fig. 8 to be
best synthesized by an ionosphere similar to that measured at GB, but slightly raised.

Figure 9 contains graphs of the ionospheric earth backscatter profile which
resulted from the final step of the iteration plus (transcribed from Fig. 4) a short-
dashed curve sketched in to indicate the envelope of the observed earth backscatter echo
for comparison. The long-dashed and solid curves illustrate the effect of introducing
into the ray tracing procedure the antenna elevation plane radiation pattern. The long-
dashed curve represents the earth backscatter profile to be expected from an isotropic
radiator provided with enough power to equal the radiation density at the lobe peak of the
true, ground-dependent radiator, whose effects are represented by the solid curve.
Antenna pattern effects sharpen the leading edge of the echo and deepen the nulls at 11
and 14.5 msec time delay. The final version of the simulated earth backscatter echo
matches the observed one in the position of the major peak (within 0.3 msec), two of the
secondary peaks (within 0.5 msec), and in general appearance. A further step in the
iteration could possibly draw the leading edge inward to match the first observed peak
and might permit an additional peak to be inserted in an intermediate position. It is
believed, however, that the remaining discrepancy between the observed and simulated
versions in Fig. 9 arises from a geographical asymmetry in the ionosphere. The GB
and CK ionograms in Fig. 8 illustrate that the E layer, to which this remaining discrepancy
may be ascribed, displays a marked geographical variation.

Figure 10 is a plot of the ray profile which was obtained from the final version
of the simulated ionosphere for ETR launch 0303. As mentioned, the ray density in ele-
vation is proportional to the radiated power in the indicated directions, permitting a
graphical representation of the antenna radiation pattern. It should be noted that the
height scale of Fig. 10 and of other ray plots that will follow is expanded by a factor of
two relative to the range scale. This expedient was introduced to permit closely spaced
rays to be discerned. The missile trajectory is indicated by the curved line rising from
a range of 1170 km, the position of the Eastern Test Range. Both E- and F-layer
contributions are evident at all ranges in Fig. 10; the former contributes the earliest
missile trajectory illumination, and the latter continues the illumination to an altitude of
about 165 kin, with very low amplitude illumination up to 185 km. The void in the ray
pattern at 120 to 150 km altitude and slightly closer in range than the missile trajectory
is a common phenomenon caused by a combination of an antenna pattern null and E-layer
cutoff. Under some conditions, this type of void can fall on a missile trajectory and will
then give rise to a temporary signature loss.

Figure 11 is the simulated signature of ETR launch 0303 showing a predicted
signal onset at 35 seconds after launch, and continuous reception from that time until
more than 150 seconds after launch. This illustration is composed so that all data fall
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Fig. 6 - Path time delay versus radia-
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into the 0 to 45 Hz doppler-shift band. The Madre radar, like all pulse-doppler devices,
is limited in unambiguous doppler sensitivity by its pulse-repetition frequency (prf). For
the 90 pulse-per-second (pps) rate which was used during this launch the available un-
ambiguous doppler interval extends from 0 to 45 Hz; all data below zero (i.e., all negative
doppler shifts, or receding targets) are "reflected" into this interval, as are all data for
the several contiguous 45-Hz intervals through which an accelerating missile's doppler
shift passes. A multiplicity of paths is seen to contribute to the signature in Fig. 11 dur-
ing much of its duration. Figure 12 is the observed version of the missile signature,
with superimposed upon it a line corresponding to the simulated signature from Fig. 11.
The changes of the line between white and black are of no significance other than to
enhance its visibility. There is in Fig. 12 a likely error in the doppler-shift scale of the
observed signature. A high-pass filter in the signal processor normally limits the data
displayed to a band between 5 and 45 Hz, but in this case traces appear as low as 2.5 Hz,
and it may be surmised that the entire display should be raised by 2.5 Hz relative to the
scale baseline. Finally, there appear on Fig. 12 a number of short horizontal traces
between 8 and 30 Hz which are simply manifestations of an interfering radio signal and
should be ignored. This interference must be recognized as a contaminant of the data,
however, whose chief effect here was probably to lower overall radar sensitivity. In all
likelihood the absence of missile signature data after the first, intense E-layer contri-
bution (20 to 105 sec after launch) is partially a symptom of this degraded sensitivity.
The simulated and measured signatures may be seen to match extremely well from the
observed onset time of 20 sec after launch until loss of the signal at about 105 sec after
launch. Absence of the signal after this time, neglecting for the moment the degraded
system sensitivity due to interference, indicates that the F-layer illumination actually
achieved may have been a great deal less intense than predicted, a situation which could
stem from more intense E-layer blanketing than was predicted. The pronounced, early
signature displayed in Fig. 12 suggests that the possibility of E-layer blanketing is,
indeed, a strong one.

30---

30--

LA_

a.

10

6 0 1 20 8
TIME AFTER LAUN4CH (SECONDS)

Fig. 12 - Observed signature for ETR launch 0303,
with backs catter -matched simulation from Fig. 11
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The improvement in earth backscatter simulation and in signature prediction
which has been accomplished by the backscatter matching procedure can be seen by
comparison with the results of the one-step prediction method described in Ref. 1.
Figure 13 is a predicted earth backscatter profile acquired by using unmodified ionosonde
data from GB, together with a representation (dashed curve) of the observed earth back-
scatter profile. The improvement in several aspects of the backscatter simulation of
Fig. 9, the resultant of the backscatter-matching procedure, is evident. (Note that Figs.
9 and 13 are to slightly different horizontal scales.) The simulated backscatter curve in
Fig. 9 (with the antenna pattern included) matches the rising and falling portions of the
measured version (short-dashed curve in each figure) much more accurately than does
the predicted curve in Fig. 13. In addition, the large, central peak in the former is much
closer in time delay to that actually observed than in the latter. This improvement mani-
fests itself slightly in the predicted missile signature for this case. Figure 14 contains
a simulated signature from the single-step prediction method superimposed on the same
observed signature as appears in Fig. 12. It is clear from comparison of the simulated
signature in Fig. 14 with that in Fig. 12 that the latter is more faithful to the measured
data along the rising-doppler portion of the curve, from 55 to 100 sec, in the rapid
decline which terminates at 102 sec, and in the loss of signal which occurs there. The
simulated signature in Fig. 12 does predict reappearance of the signature at 120 sec,
an event which does not occur, but degraded system sensitivity or a blanketing E layer
could be at fault.

Eastern Test Range launch 2955, of May 25, 1964, is a second example of the
application of this backscatter-matching procedure to a missile-launch signature. The
important launch and radar data for this operation are as follows:

Missile type, Polaris A3,

Launch time, 1415:03 EST,

Radar frequency, 15.595 MHz,

PRF, 90 pps,

Pulse length (at -20-dB points), 700 1-sec,

Average power, 100 kW,

Illumination modes, E and F layers.

Figure 15 contains tracings of the ionospheric true-height profiles (solid lines) determined
from ionograms taken at Grand Bahama Island (GB) and San Salvador (SS) near the time of
of launch, together with the final version (dashed) of the backscatter matching procedure.
In this case it may be seen that the latter falls neatly into place between the two observed
curves. Figure 16 contains a curve of simulated earth backscatter amplitude versus
time delay for the backscatter-matched ionosphere, together with a dashed curve marking
the observed earth-backscatter data. It is evident that the beginning and end of each of
the two distributions, plus the number and placement of the largest local illumination
peaks, are matched quite well. The relative amplitudes of the peaks are not well simu-
lated, however.

Figure 17 is the ray plot determined from the simulated ionosphere, showing in
this case no substantial void in illumination coverage of the missile trajectory, but a
good deal of ray focusing at several elevation angle positions. These focused bundles of
rays are, of course, associated with the multiple-peaked earth backscatter distribution
in Fig. 14. Termination of the missile trajectory in the midst of the ray plot occurs
simply because range tracking data ended at that point.
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Fig. 14 - Observed signature for ETR launch
0303 compared with the unmatched simulation
from Ref. 1

PLASMA FREQUENCY (MHz)

Fig. 15 - Ionospheric true-height profiles from
Grand Bahama Island (GB) and San Salvador (SS)
together with the final backscatter-matched
version, ETR launch 2955
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Fig. 16 - Earth backscatter ver-
sus time delay for the final iono-
spheric profile (solid curve) com-
pared with observed data (dashed
curve), ETR launch 2955
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Figure 18 is the simulated doppler-shift versus time display calculated with the
aid of the ray trace. The discontinuous character of Fig. 18, particularly along the early
portion of the trace, is due in this case to the sampled nature of the ray trace and to the
limited accuracy of the computer operations. The latter portion of the signature, between
125 and i45 sec after launch, appears scattered in doppler shift because of multipath
illumination, as may be seen on Fig. 17 to be prevalent above about 120 km.

Figure 19 is a photograph of doppler shift versus time after launch measured
with the Madre radar during the Polaris launch whose simulated signature appears in
Fig. 18. The reader should be cautioned in interpreting this illustration that its format
is not identical to that in Fig. 18, because the doppler-shift data are projected (or
reflected) here not into the 0 to 45 Hz frequency interval, but into the -22.5 to +22.5 Hz
frequency interval. For convenience in effecting a comparison between Figs. 18 and 19,
the doppler-shift data from the former are overlaid on the latter in the appropriate format.
Also included in Fig. 19, at a doppler shift of approximately +17 Hz, is a row of blobs at
0, 20, 60, 120, and 180 sec after launch. These blobs are simply timing marks.

One final remark is pertinent to the circumstances of the comparison between
the simulated doppler-versus-time behavior and the observed behavior in Fig. 19. The
uncertainty in actual launch time (up to 1 sec possible error), plus whatever operator
error may occur in the placement of the timing marks, all add to the effects of possible
motions in the ionospheric reflection region (which would be undetectable to the radar)
and combine to prevent precise placement of the simulated doppler-versus-time display
upon the measured version. Approximately 3 sec leeway from the nominal launch time
has been used in view of these uncertainties to permit a strikingly complementary orien-
tation of the two plots. The signature onset at approximately 80 sec, its subsequent
downward curvature and steep decline to -17.5 Hz, and the final downward trend of the
observed signal at 130 to 140 sec, all agree with the simulated version. The brief absence
of a signal between 120 and 130 sec, when the superimposed simulation rises from +5 to
+22.5 Hz and back down to +7 Hz in Fig. 19, corresponds to the portion of Fig. 17 where
the missile trajectory has just passed the initial (high-angle) bundle of focused F-layer
rays and is traversing a region of low illumination density. The temporary loss of the
observed signal thus is not inconsistent with the postulated ionospheric ray trace, and
in fact represents a confirmation of the predicted illumination pattern. That the observed
signature continues beyond the simulated one is of no significance, because the simulated
signature ends when the range data end, and as may be seen in Fig. 17 this point falls
amidst a strongly focused bunch of rays.

Figure 20 is a plot of predicted earth backscatter from an unaltered ionospheric
profile determined from GB ionosonde data, together with a representation (dashed curve)
of observed data. It may be seen by comparison with the backscatter-matched version
in Fig. 16 that the iteration procedure has resulted in a large improvement in the posi-
tion of the leading edge of the predicted earth backscatter profile as well as in the num-
ber and distribution of local focusing peaks. Figure 21 is a simulated signature from the
single-step prediction method superimposed on observed data. In this case, the improve-
ment of Fig. 19 over Fig. 21 rests principally in the predicted signature onset time. In
the former, onset is predicted at 60 sec, about 20 sec before the signal is actually
received, but in the latter it is predicted an additional 22 sec earlier. Thus more than
half of the onset time inaccuracy of the single-step signature prediction process has
been eliminated. Although substantial differences between Figs. 19 and 21 also occur
between 110 and 140 sec, there is no obvious indication of which is more faithful to the
observed data.

A third example of the computer simulation compared with actually measured
ground backscatter and signature data of submarine-launched ballistic missiles is the

16
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0.0 100.0 200.0
TIME. AFTER LAUNCH (SEC)

Fig. 18 - Simulated signature for ETR launch 2955

Fig. 19 - Observed signature for ETR launch 2955
compared with the backscatter-matched simulation
of Fig. 18
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Fig. 21 - Observed signature for ETRlaunch 2955 com-
paredwith the unmatched simulation from Ref. 1

treatment of ETR launch 3670, of July 30, 1964. The pertinent launch and illumination
data are as follows:

Missile type, Polaris A3,

Launch time, 1130:03 EST,

Radar frequency, 18.036 MHz,

PRF, 90 pps,

Pulse length (at -20-dB points), 700 /,tsec,

Average power, 100 kW,

Illumination modes, E and F layers.

Figure 22 contains the usual tracings of ionosonde data, together with the final
version of the backscatter-matched ionospheric true height profile. In this case, the best
match to the F-layer earth backscatter contribution (the F-layer component was stressed
over that from the E layer to illustrate the importance of the former in the late-time
portion of the missile signature) arose from a simulated true height profile which fell
between the measured ones. Figure 23 is the curve of simulated earth backscatter with
superimposed upon it a dashed curve representing the observed data. The simulation is
successful in predicting most aspects of the observed data beyond 12 msec, but does not
properly treat the leading edge. The feature of Fig. 23 which is of most interest is that
it does show agreement between the predicted and observed earth backscatter data at
time delays between 12 and 20 msec; the interval from 16 to 18 msec, where a shallow
null in coverage appears, can be seen on the ray trace of Fig. 24 (with a small amount
of imagination) to represent a void in earth illumination between E- and F-layer coverage.
That this layer cutoff effect leads to a concomitant void in illumination of the missile
trajectory is also evident from Fig. 24.

19
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Fig. 22 - Ionospheric true-height profiles from
Cape Kennedy (CK) and Grand Bahama Island(GB)
together with the final F-layer backs catter-matched
version, ETR launch 3670
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Fig. 23 -Earth backscatter versus time delay for
the final, F-layer matched ionospheric profile
compared with observed data (dashed curve) ETR
launch 3670

Figure 25 is the simulated version of the missile signature. The early part of
this graph, from signature onset at about 90 see until a temporary loss of signal at about
118 see after launch, corresponds to E-layer illumination. The steeply sloped line be-
tween 122 see and 136 see after launch can be attributed to F-layer illumination.

Figure 26 is the observed signature from ETR launch 3670, with superimposed
upon it the simulated version. Agreement may be seen to exist in onset time (within
about 15 see) and in the detailed behavior of the E- and F-layer portions of the signature.
The absence of a signal between 90 and 110 sec after launch is a somewhat exaggerated
reflection of the E-layer cutoff illumination void predicted by the ray trace. Very close
agreement between the simulated and observed signatures is also found in their ultimate
loss at 135 to 140 see, and it is this late-time signature behavior which has been the
chief object of the simulation in this attempt.

An effort has been made, in a second backsc atter -matching process, to stress
the leading edge portion of the earth backscatter, somewhat at the expense of the later
time-delay, F-layer contribution, to more accurately predict the initial appearance of
the missile signature. Figure 27 contains the ionosonde data, together with (dashed)
the final version of the backsc atter -matched ionospheric true height profile for this case.
The dashed curve may be seen to be closer to the GB version than in Fig. 22, with a
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Fig. 25 - Simulated signature (F-layer matched)
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launch 3670 compared with the (F-layer
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Fig. 27 - Ionospheric true-height profiles from
Cape Kennedy (CK) and Grand Bahama Island (GB)
t o g e t h e r with the final, E-layer backscatter-
matched version, ETR launch 3670

similar slight elevation but lesser alterations in curvature than in the earlier simulation.
Figure 28 is the curve of simulated backscatter, with the dashed curve superimposed to
represent observed data (a discrepancy exists in the amplitude scale between Figs. 28
and 23, but each is properly scaled relative to the observed data shown). Both the leading
and trailing edges of the major earth backscatter contribution and the relative spacing
of the two principal peaks are simulated to within 0.6 msec. The relative heights of these
peaks is also predicted rather well. Figure 29 is the ray trace for this case, showing a
good deal less F-layer illumination but somewhat more E-layer illumination than Fig. 24.

Figure 30 is the simulated version of the missile signature, showing earlier
acquisition and earlier loss than the simulated version in Fig. 25. Figure 31 is the
observed signature once more, with the latest simulated version superimposed upon it.
The agreement in onset time has been improved to within 5 sec, but an error has been
introduced into the time of signal loss.

This treatment of ETR launch 3670 has involved efforts to synthesize, in separate
attempts, the earth backscatter which best matches the farther extreme of the path and
the earth backscatter which best matches the closest portion of the path. Thus the profile
in Fig. 23 fails to match the E-layer contribution fully, and that in Fig. 28 fails to match
the later portion of F-layer coverage. Figure 32 contains a curve of earth backscatter
versus time delay which was determined in Ref. 1 by treating E- and F-layer propagation
separately and plotting the predicted backscatter profiles on the same axes. The large
hump between 9 and 17 msec on Fig. 32 arises principally from E-layer illumination,
and the smaller contribution between 19 and 24 msec arises from F-layer illumination.
The dashed line represents measured data and at first glance suggests that the separate
E- and F-layer treatments permit a superior match to observed data than the single
profile manipulations which yielded the results shown in Figs. 23 and 28. However, the
artificiality inherent in the former betrays itself when an attempt is made to predict a
missile signature from the illumination simulated by this two-ionosphere superposition.
Figure 33 displays the predicted signature appropriate to this dual ionosphere super-
imposed upon the observed signature. The E-layer contribution, shown as a solid line,
begins at about 45 sec and continues until 120 sec after launch. The (dashed) F-layer
contribution begins immediately thereafter, and continues until 135 sec. When this
illustration is compared with the results of the backscatter-matched profile, shown in
Figs. 26 and 31, the advantages of the procedure are evident. Not only does backscatter
matching permit a much more precise determination of signal onset, but it yields a large
improvement in doppler-shift measurement during the life of the signature. Indeed, the
simulated signature in Fig. 26 departs from the observed one only in that it predicts
onset about 15 sec later than was experienced. This failure can be attributed directly to

Ann
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Fig. 30 - Simulated signature (E-layer matched)
for ETR launch 3670

Fig. 31 - Observed signature for ETR
launch 3670 compared with the E-layer
matched simulation of Fig. 30

the near-range E-layer echo, which may have resulted from a patchy or semitransparent
layer structure, and is not satisfactorily treated by the ray tracing process. It is of
interest that closer attention to the leading edge of the earth-backscatter echo, resulting
in the simulated signature in Fig. 31, improved the predicted time of onset by 10 sec.

The introduction of an artificial E layer, as was attempted in Ref. 1 to yield the
predicted backscatter profile of Fig. 32, has resulted in a gross error in prediction of
signature onset. The attempt to use a single-backscatter-matched ionospheric profile
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has reduced this error but has not removed it completely except at the expense of pre-
cision in later-time missile signature prediction. That errors in missile signature
prediction cannot be completely removed by these means when ionospheric layer patchi-
ness or other local effects exist is to be expected. The improvement in signature synthe-
sis which results from this procedure is evident, however.

CONCLUSIONS

All in all, the backscatter-matching procedure described in this report can be
seen to improve the first-iteration procedure described in Ref. 1. The evidence pre-
sented here suggests that it is of value in predicting signature onset more precisely than
the former method. However, a major deficiency of this technique is its inability to
account fully for local inhemogeneities in the layer structure. The occurrence of
sporadic-E patches is an evident corruptor of the procedure described in this report.
This type of insufficiency is an inevitable result of the use of diagnostic data which are
integrated over a large volume of ionosphere to predict the behavior of a series of
essentially point-to-point paths within that volume. Some improvement can be achieved
by using a wide-aperture antenna for radar illumination of both the backscattering region
of the earth and the target of interest. Additional improvement may be expected from
the use of a larger sample of ionospheric sounding data along the path, together with a
more sophisticated, two- or three-dimensional ray tracing approach. However, this
additional improvement not only is expensive but cannot be expected to be accomplished
on a real-time basis so that it may be included in an operational system.

Several suggestions for the use of a near-real-time ionospheric ray tracing
technique in conjunction with an operational over-the-horizon radar appear in Ref. 1.
Modern signal-processing, automatic data-handling, and automatic radar and ionosonde
control techniques can be used to perform a continuously updated ionospheric ray tracing
and backscatter-matching process, whose result could be used with known performance
characteristics of the expected missile targets to generate expected missile signatures.
These synthesized signatures could be compared with observed missile-launch radar
data to acquire estimates of trajectory parameters.

Figure 34 illustrates an arrangement by which a rapid version of the ray tracing
procedure described in this report might be used to perform this function. Earth back-
scatter data from an over-the-horizon radar, together with ionospheric sounding data

HF RADAR •ONOSONDE

RADAR RECEIVERS a OO DSIGNAL PROCESSOR RaCIVNOSONDE Fig. 34 - Possible implementation
ARGET ECHOES PROCESSOR CKSCof backscatter-matching and mis-

TAGT ECOE EARTH BACKSCATTER

I ONOSPHERIC RAY- IONOSPHERIC sile signature simulation as a near -
RADAR TRACE AND EARTH * I PROFILES real-time process for an opera-
DISPLAY BACKSCATTER MATCH tional over -the-horizon radar (16)
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from ionosondes located along the propagation path, would be processed by a computer
to synthesize an earth backscatter distribution, compare it to an observed version, and
construct a corrected ionospheric electron density profile. A hybrid computer could be
used, with digital input, output, and control functions, to accomplish this time-consuming
portion of the task most rapidly. The ray trace which results could be updated as often
as changes in ionospheric conditions dictate, although it might be expected that each
version would remain usable for some tens of minutes on the average.

A catalog containing known performance characteristics of likely hostile targets
could be used in a second step of the process, together with observed target data from
the radar itself, to match an observed signature with a prediction based upon the stored
ray-trace and variable trajectory parameters. The particular parameters required to
achieve this match would then represent an estimate of the trajectory itself, from which
estimates of likely launch and target regions, time of flight, and other useful quantities
can be made.
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