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EVALUATION

1. This report is the Final Report on Contract F19628-72-C-0203.

It summarizes the research done during the period from April 1972
through September 1976. The objectives of the research were to
investigate multiple-frequency method of target identifications

based on pole-zero representations of the natural electromagnetic
resonances of the radar targets and to investigate the possibilities
of controlling nonspecular radar cross sections of extended reflectors
by impedance loading methods. The results that are summarized in the
report have shown that aircraft recognition is possible using as few
as three harmonically related frequencies, and that the lowest resonances
are aspect invariant. They also show that a control range of over
20dB can be obtained over significant angular intervals in the leading
and trailing edge directions of wing=like structures. This work was
part of a research effort aimed at developing new alternative methods
of radar target identification.

2. The above work is of value because it provides basic knowledge
and concepts on which different and advantageous methods of radar
target identification can be based.
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I.  INTRODUCTION

Very significant progress on two problems of major interest to
the Air Force, identification of radar targets and control of nonspecular
scattering, has been achieved during this contract period. This report
summarizes these results, citing reports and publications where appro-
priate and giving more detailed discussions of latest as yet un-
published results.

The radar target identification problem has been approached from
a fundamental point of view. That is, the impulse response concept
was used to define that response waveform, the ramp response waveform,
most intimately associated with the gross physical (size, shape, and
composition) properties of the target. This also dictated the proper
spectral range for the interrogating radar signal. It was recognized
that for times after the interrogating signal moved beyond the object,
the waveforms were amenable to approximation by finite exponential
sums. This established the dominant complex natural resonances of the
target as an excitation invariant set of target descriptors. Using the
natural resonances, target discrimination was conclusively demonstrated
for both simple shapes and realistic models of the F-4, F-104 and MIG-19
aircraft.

It should be noted that the approach to the target identification
problem described above is in direct contrast to an approach which starts
with data obtainable by presently operational radars. This latter
approach has been notably unsuccessful for the identification problem.
Assuming that the dominant resonances of an object can be obtained,
and this appears to be reasonably well in hand, two general problems
can be identified in considering implementation of our discrimination
scheme. Discrete multiple frequency scattering data are needed and
the required frequencies are relatively low. Most recent efforts
have been directed toward methods for reducing the complexity of the
required radar data. As detailed herein some progress in this direction
has been made. In addition, a suggestion for drastically raising the
interrogating radar spectrum is outlined in the recommendations section.
The effect of noise on the discrimination process has been studied
using a very simple model. On the basis of these results changes in
the discrimination process to reduce the effects of noise have been
made. The changes also yield a more easily interpretable dis-
crimination test.
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The suppression of scattering is a camouflage problem, but over
the years the development of techniques for the reduction of specular
contributions has received most attention. Although the specular
contributions tend to be restricted in the aspect angles for which
they occur, they dominate the net return whenever they are present.
However, the specular echoes are amenable to suppression using radar
absorbents. On the other hand, nonspecular scattering is more pervasive.
Even if all specular echoes are suppressed, the non-specular scattering
still can generate radar returns of unacceptable magnitude. In fact,
modern aerospace vehicles are seldom seen at specular aspects in a
tactical environment. But the nonspecular radar cross section can
still reach levels that increases the probability of detection. It
is therefore important to study the backscatter reduction in non-
specular aspects.

The earlier studies have involved the study of scattering from
the trailing edge of square flat plates and 2-D wing foil geometries [11].
The square flat plate involved the use of a loaded slot to control the
back scattered fields from the trailing edge for polarization per-
pendicular to the edge. At this time, it would appear that this result
could be improved if a longer slot had been used so that its length is
comparable to that of the edge whose radar cross section is to be
reduced. The 2-D wing foil was analyzed using strips of surface
impedance for echo area control. To obtain accurate results, a
novel form of a hybrid moment method solution was introduced involving
an additional term cf the form
C]e-JkT

Ir

where r is the distance from the edge and Cy is an unknown constant.
The study of diffraction, from the leading edge, the dominant component
for g75a11e1 polarization required an additional term proportional to

(r)- power be included [12]. Further, for grazing incidence on the strip
an unknown constant term was needed [6].

Finally a folded dipole geometry was introduced [13,14]. This
geometry included two impedance loads, one at the terminals and another
at the end which when transformed to terminals would represent an open
circuit in so far as the transmission line mode is concerned. The
research in the last year focussed on optimizing the RCS reduction
achieved with this type of impedance loading. The results were
certainly encouraging.




IT. TARGET IDENTIFICATION

At the beginning of this contract it was known that the dominant
natural resonances of a radar target, modeled as simple poles., formed
an excitation invariant set of target descriptors. That is, the poles
are independent of the target orientation or radar polarization.

It was also known that a synthetically produced ramp response waveform,
intimately related to the gross physical properties of the target,

was one appropriate identification signal. An identification scheme,
predictor-correlator processing, had been successfully tested using

the known poles of conducting spheres and slender prolate spheroids [1].

A number of problems remained to be addressed. The most serious
of these was the lack of a good procedure of locating the dominant
poles of an arbitrary structure. Rational function fits of real
multiple frequency scattering data had shown promise but were not
precise [2]. A second problem which had not been studied was tne
effects of noise on the identification process. Thirdly only simple
| classical shapes had been identified, the extension to realistic target
\ geometries remained. As summarized below, substantial progress has been
achieved in all of these problem areas.

Three methods for obtaining the complex natural resonances of

radar targets have now been successfully tested. The first method

| applies an iterative search procedure to an integral equation formu-
lation of the target as a radiator. As examples, the dominant natural
resonances of simple models of straight and swept wing aircraft are
shown as open circles in Figures 1 and 2 respectively. The crosses are

by another method to be discussed. These results are given in [3,4]

f as are the poles of tent and configurations of perpendicularly crossed

‘ wires. - The iterative search procedure has the advantage that it

] always correctly identifies the dominant poles of the structure.

F However, the method requires that a wire grid model of the scatterer

3 be formulated via an integral equation. For complex structures such as

A aircraft [5], where many wire segments are required, the iterative
search procedure becomes prohibitively lengthy. In addition the search

1 procedure is somewhat cumbersome if good first estimates of all the
dominant poles cannot be made.

Backscatter calculations (amplitude and phase) for L/*=0.05(0.05)0.5
were made on both the straight and swept wing models for (Figure 1)
¢ polarization in the 0=n/2 plane for ¢=-90°(15°)90° and 6 polarization
in the ¢=n/2 plane for 6=0°(15°)180°. Discrimination tests using these
data are completely reported in [3] and representative results given in
[4]. The discrimination test, unity minus the normalized squared error
between a measured and calculated waveform, is described completely in
[3] and [4]. Successful discrimination was achieved at all aspects and
polarizations except near nose-on and tail-on. Failure in these regions
was due to the lack of excitation of the wing and horizontal stabilizers,
i.e., higher frequency data were needed. Examples are shown in Figures
3 and 4. Note that threshold levels could be set in each case.
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A second method of determining dominant natural resonances of a
structure is via Prony's method. Prony's method is an algorithm for
fitting a finite sum of exponentials to a transient response waveform.
Thus the method is applicable in principle to transient response wave-
forms obtained experimentally or numerically. The poles of the straight
and swept wing aircraft as obtained from synthesized ramp response
waveforms are shown as crosses in Figures 1 and 2. Note that agreement
is obtained for only one pole. The reason for this is that the higher
poles as obtained by numerical search are not excited by the scattering
data used to synthesize the ramp response waveforms. This points out
one weakness of the Prony method. The number of poles to be extracted
must be specified in advance. In addition to the simple aircraft,
Prony's method has also been applied to conducting spheres, prolate
spheroids, and realistic models of the F-4, F-104 and MIG-19
aircraft [5]. These pole results are completely reported in [6] and :
representative results given in [7]. The poles of the F-4, F-104
and MIG-19 aircraft are given in Tables 1, 2 and 3. These tables
illustrate a problem which arises with the Prony method. For the
orientation data given in the tables, the aircraft fuselage is along
the z axis with the nose in the plus z direction and the wings are
along the y axis. For changes in the aircraft orientation the poles
obtained do not remain precisely invariant. Those marked as (d) had
dominant residues. This means that averages must be used. Similar
results have been obtained (on a related Grant AFOSR 69-1710A) on five
additional aircraft. Thus while the Prony method can be used to ;
obtain pole locations, a certain amount of trial and error is involved. |

Using the poles obtained by Prony's method, discrimination tests
were made on both the simple and realistic aircraft models. Successful
discrimination was achieved for both types of targets. These are
reported completely in [6] and the realistic aircraft results are
given in [7]. It is noted that for the stick models better dis-
crimination was achieved using the Prony poles and, in fact, failure
in the nose-on and tail-on regions disappeared. Examples of dis-
crimination for the realistic aircraft models are shown in Figures 5,

6 and 7.

A comparison of results on the simple aircraft models using the
Prony and iterative search poles shows that for the iterative search
poles, discrimination was based almost entirely on one pole location
(and its complex conjugate), that with lowest oscillatory frequency
in Figures 1 and 2. This further explains why it was possible to
delete amplitude and phase scattering data at the four lowest harmonics
and phase data at the fifth, sixth and seventh harmonics and still
achieve discrimination. When a similar attempt at data deletion was
attempted for the realistic aircraft models it was found that only
the first two harmonics could be deleted. This is not necessarily a
negative result. The transients used to test discrimination were
produced synthetically from scattering data at 2(2)20.0 MHz. It is
clear from Tables 1, 2 and 3 that all the poles shown as dominant

I ——




0=90, ¢=0 =90, ¢=0 6=¢=90 6=¢=0
6 polarization | ¢ polarization |6 polarization |¢ polarization | average
(x10%) (x10%) (x10%) (x10) (x108)
: -6.33%i91.7 -19.8%i93.8(d)| -23.2+%i89.2 -19.6%194.2(d) | -19.7%i94.0
i -7.09%146.9(d) -8.88%i44.4 -6.947i46.8(d)| -4.26%i45.3 - 7.01%i46.8
-2.7931131 -3.48%1131 -.328%131 -4.28%i131 -3.5%i131
Table 1. Natural Resonance of F-104 Aircraft Model.
| 6=90,4=0 =90, ¢=0
j 6 polarization ¢ polarization average
(x10°) (x106) (x10%)
-13.25i63.3 ~16.4%i66.0(d) -16.4%i66.0
i -10.9%i43.7(d) -9.08%i42.7 -10.9%i43.7
‘ -18.6%i131 -1.23%4130 - 9.9%§130 7
1
) Table 2. Natural Resonances of F-4 Aircraft Model. ‘
. 0=90, 4=45 6=90, ¢=45 8=0, ¢=45 6=0, ¢=45
o polarization ¢ polarization |4 polarization 8 polarization average
(x108) (x10%) (x10%) (x109) (x10°)
-8.15%i79.0(d) -2.72%i80.8 -9.30%179.7(d) -8.72%i79.3
-6.56%155.6(d) -3.08%i47.0 [-6.56-155.6
-9.81%i66.8(d) -8.04%i64.7(d -10.2%i67.1(d)-9.35%i66.2
054131 -5.26%i120 -.5%4132 -1.44%132 -2.40%1130
Table 3. Natural Resonances of MIG-19 Aircraft Model.
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are excited on this span of excitation frequencies. However if the
excitation frequencies had been concentrated near the oscillatory
part of one resonance, say 130x106/2r Hz, good discrimination may
have been possible. This suggests that with the dominant poles of
a class of radar targets known, it may be possible to tailor the in-
terrogating signal waveform to exploit only certain of the pole
locations. This would have certain disadvantages in terms of re-
stricting the target orientations and radar polarizations for which
the scheme will work. The interrogating signal however could be
much simpler. This type of restricted target identification needs
to be studied.

It was found (see Appendix) that when noise is added to the
scattering data changes in the processing procedure were needed.
First the discrimination quantity, unity minus the normalized squared
error, was renormalized such that nominally only values between zero
and one are obtained. The reason for this change is that with sub-
stantial noise even the desired curve became negative and un-
interpretable. The simplified noise analysis described in the Appendix
shows that the signal to noise ratio is most critical at the lowest
harmonics. For this reason the ramp weighting was discarded and an
inverse three-halfs weighting used instead. In addition, doubling
of the signal to noise ratio at the first two harmonics was added. It
can also be shown that when the difference equation, which is the heart
of the predictor-correlator processor, always is used to predict
future values from prior values then noise effects are magnified
because the difference coefficients can become quite large. However,
if the difference equation is normalized by the magnitude of the largest
coefficient then the largest coefficient is unity. In this way a
predicted value comes, in general, from both prior and future values.
The effects of these various changes are illustrated in Figures 8, 9,
10 and 11 for realistic models of the F-4 and F-104 aircraft. In |
Figure 8 the aircraft are being viewed broadside to the bottom with |
polarization parallel to the wings, and the F-104 is the desired
target. Two results are shaown corresponding to noise to signal power
ratios of 0.0 and 0.04. In Figure 8, a ramp weighting is still being
used and the signal transmitter power is the same at each harmonic.
Note that a sample increment of 0.048 seems to optimize the scheme in
the presence of noise. In Figure 9 the configuration of Figure 8 is
repeated but this time a three-halves weighting of the interrogating
signal is used and the signal to noise power is doubled at the first
two harmonics. Here, noise to signal powers of 0.0, 0.04 and 0.16
are shown. In Figure 9 it is seen that the optimum sample intervals
of 0.048 remains and that increasing the noise to signal power by a
factor of four has little effect. In each case good discrimination
is achieved. In Figure 10, the scheme of Figure 9 is repeated but
this time for polarization parallel to the fuselage of the aircraft.

13
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weigh§ing, (S/N) doubled at harmonics 1, 2.
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The optimum sample interval remains the same and increased noise
power has very little effect. In Figure 11 the process is reversed
for the same target orientation as Figure 10 and the F-4 aircraft is
the desired target. Here we see that while the optimum sample
interval is the same, increased noise power appears to begin to
negate the discrimination scheme. This is not unexpected. The
target discrimination scheme is target orientation dependent and

3 at particular target orientations may be more noise sensitive than

b . at others. The results in Figures 8 through 11 are extremely

: encouraging. The ability to fix the sample interval for a given
target and an indication of insensitivity to noise are very im-
portant results.

It has also been demonstrated that a rational function fit of
scattering and/or admittance data at a regular grid (in the complex
frequency plane) of real and complex frequencies can be used to extract
the target poles. The process is not precise as inexact pole locations
are sometimes obtained, but no evidence of the erroneous poles some- ]
, times given by the Prony method have been obtained. For complicated E
l target geometries the rational function fit could be used first to

provide starting points for the iterative search procedure. This

procedure has no application to measured data.
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ITI. CONTROL OF NONSPECULAR ELECTROMAGNETIC SCATTERING

The GTD diffraction coefficients can be used to demonstrate
that edge diffraction scattering is largest for the trailing (leading)
edge when the incident wave is vertically (horizontally) polarized.
Using this concept as a guide we proceeded to study techniques for
the reduction of RCS caused by edge diffraction.

A. Trailing Edge RCS Reduction for Vertically
Polarized Waves

First, attention was focussed on the trailing edge and is reported
in detail in [11]. A number of wedge geometries, strip geometries and
wing foils were considered. The means of loading these 2-D geometries
consisted of inserting a strip (or strips) of surface impedance on the
conducting surfaces. As observed in the introduction, mathematical
modeling of these 2-D geometries involved conventional moment method
(mm), Geometrical Theory of Diffraction (GTD) and a new hybrid solution.
It was indeed demonstrated that the back scattered fields from the
trailing edge could be controlled by such surface impedance strips.

One of the original goals of this research was to use an antenna
with a properly designed impedance at its terminals. For the trailing
edge the antenna took the form of a slot placed near the trailing
edge. This was modeled using a wire grid moment method solution as
shown in Figure 12 where the slot terminals are indicated by abc.

The echo area reduction achieved for this flat plate is given in

Figures 13 and 14. For Figure 13, the length L = 0.6)x and it is observed
that several orders of magnitude reduction have been obtained for the
trailing edge condition, i.e., for 6 > 90°. Figure 14 shows the same
result for the case where L = A (labeled open circuit one slot). When

a second slot is introduced on the other side of the plate RCS reduction
is achieved for the complete pattern. Thus demonstrating that the slot
near the trailing edge can effectively reduce the nonspecular scatter
from edge diffraction for vertical polarization. This is effective

over at least a two to one frequency band. This band could be increased
if the slot length was made equal to the length of the edge of the
plate. Further it is hypothesized that the slot need not be cut into
the plate but could be simply an insulated wire placed over the load.
The important factor should be the means in which the load impedance

is introduced. If it is connected as in Figure 12 then the slot case
occurs. The case for a different load position results in a folded
dipole configuration to be discussed later. The impedance required

for optimum RCS reduction for the case of Figure 12 is shown in

Figure 15. This is probably not a physically realizable load but

the same techniques outlined in the next section should be applicable

to this slot geometry. This has not been verified however at this

time.




Figure 12. Conducting wire grid model of a half-wavelength
long slot in a one wavelength square conducting

plate.

B. Leading Edge RCS Reduction for Horizontally
Polarized Waves

As in the case just discussed, a substantial research effort
focussed on the reduction of RCS caused by leading edge diffraction
for horizontal polarization using 2-D geometries. In particular, wing
foil geometries were of prime interest. The details are reported in
References [12,13]. This then lead to consideration of the folded
dipole geometry.

C. Control of Nonspecular Electromagnetic Scattering

As shown in Figure 16, a thin square conducting plate slotted on
one side is modeled with a wire-grid structure. Lumped impedances of
values Zj and Z2 are inserted on the slotted side. The purpose here
is to optimize the impedances Z1 and Z such that significant reduction
of the backscatter from the slotted plate can be achieved at near
grazing incidence with electric field polarized parallel to the slot.
Although there are three lumped impedances (Zy, Zp, Z»), the formulas
for the case of two Tumped impedances derived in the previous section
can still be used if the symmetry property of the structure is employed.
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Figure 13. Use of a loaded slot for reduction of an edge diffracted
field from a flat plate.
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Figure 16. Wire grid model of folded dipole geometry.

From folded dipole theory, Z7 is chosen to be pure reactive.
However, Z1 can have res1stance We first calculate the antenna
impedances Z31 (o, o), Za1(0,2%), Zaz Zf 0) and the backscattered fields
E(o,0), E(o, Zz) (z¥,0), % 2 using a computer program developed
by Richmond [5]. Then vary1ng the values of Zy and Zp and calculating
the backscattered field E(Z7,Z2) using the formulas derived in the
previous section, we obtain a figure of merit as the sum of the echo ]
areas at ¢=0°, 10°, 20°, 30°, 40°. The computer is programmed to select
the load impedances yielding the smallest figures of merit. The optimal
values of Zy and Z are then determined. Typical results are shown
in Figures ]7 18 and 19. For low frequencies (below that frequency
for which an edge is of the order of A/2), reduction for the complete
pattern is obtained. For higher frequencies substantial reduction is

24




————— UNSLOTTED
—2f~ == — Z,51600 +} 12500
Ze* | 42

- 12}

- 14}—

10 LOG (o /)2)

[ S S
N N N -
H N O @
SR R
T
~
\
/
7
”~
yd

1 - 26—

- 28— L/x-o_s

—32

L1

. —34

/
. /
5 —30}— |
|
|
|

-—36—-\\ |
R O R e N L

O 20 40 60 80 100 120 140 160 180
¢ (DEGREES)

Figure 17. Backscatter reduction for parallel polarization.

25




18

16—
14—
. ol <~ UNsLoTTED
k.. ——— 2, 150 + | 582
10— Z.--l 383
88—

10 LOG (9/)\%)

- - |
—'GW ’I
; -8\ ,

~gobdbal b b 3 1 1 |

O 20 40 60 80 100 120 140 160 180
¢ (DEGREES)

Figure 18. Backscatter reduction for parallel polarization.

26




10 LOG (97)\E)

s
—14}— |
l

l

16— —— JNSLO TTED
— e 7,296 + 176
L Ze | 9056

B : Lol \J
|

\/

Salbpal E e Ty

Figure 19.

O 20 40 60 80 100 120 140 160 180

¢ (DEGREES)

Backscatter reduction for parallel polarization.

27

————



achieved up to almost 50° from grazing incidence. One exception

occurs for the frequency where the edge length is 0.9\. Here almost

no reduction in RCS is obtained but the endfire RCS is already low.

Both echo areas for unslotted plates and slotted plates with optimal

Z1 and Z2 are presented. The reduction of backscatter at near

grazing incidence can be achieved for plate sizes ranging from L/x = .1
to L/x=1.4. The size of L/A=1.4 is not a restriction on the target size
but merely one introduced by the core of the computer being used to

make these computations. The optimal impedances Zj and Zp for minimizing
the backscatter at near grazing incidence are summarized in Figures 20
and 21. The problem of how to implement the impedances is not dealt with
at this time. However it is observed that Z2 is the impedance required
to reflect an open circuit across the antenna for the asymmetrical
current mode at the position of the input terminals of the folded dipole.
This could be realized at a single frequency by placing a short

circuit (shorted diode) across the antenna at the proper place. The
impedance Z1 would appear to be physically realizable over most of the
frequency band. Thus, the echo reduction suggested can be achieved

using an adaptive system where the frequency of the incoming radar is
sensed and the appropriate diode would be activated.

With optimal impedance loading which reduces the backscatter at
grazing incidence we expect that the induced current will redistribute
itself on the plate. As shown in Figures 22 and 23, the current on an
unslotted square plate of size L/A=.2 induced by a plane wave of
parallel polarization at grazing incidence is compared to that induced
on a plate of the same size with optimal impedance Toading. The change
of the induced current at the leading edge (slotted edge) is large.

The total current in the z-direction is reduced when the plate is loaded
with optimal impedances.

Impedance loading may find applications in the study of target
discrimination. Target discrimination using the natural resonances
of a target as important parameters has been discussed earlier. Here
it is interesting to ask if impedance loading of a target will alter
the natural resonances of the target drastically. For the square plate
studied in this section the dominant natural resonances can be obtained
as follows. With the unslotted plate Prony's method is applied to the
endfire backscattered ramp response obtained via Fourier synthesis
and the dominant natural resonances are found to be (-.515%3j1.91)c/L
where c¢ is the velocity of light (Figure 24). Next the plate is slotted
and a fixed impedance Z1=2002 is inserted at the slotted edge. A
slight change in the dominant natural resonances is found (Figure 25).
At the dominant natural resonances of the unslotted plate the size of
the plate is approximately L/x=.3. If optimal impedances are obtained
at this frequency which, from Figure 17, are found to be Zl=1600+j12500,
17=j42 which can be made of some values of resistance and inductance,
and if the values of resistance and inductance are kept constant, then
the endfire backscattered ramp response is as shown in Figure 26.
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Figure 24. Endfire backscattered ramp response of a square plate.

& The dominant natural resonances have a much larger change from those
of an unslotted plate. It should be noted that the ramp responses as
shown in Figures 24 through 26 must be divided by the factor (FF) to
obtain the true ramp responses. For comparison, the corresponding

| broadside backscattered ramp responses are shown in Figures 27 through
29. Comparing the first negative swing in Figures 27 through 29, it
is seen that impedance loading has little effect on the specular scat-
tering. This brief investigation is by no means complete, but does
. show that impedance loading technique for controlling nonspecular
scattering may also find applications in target discrimination.

Substantial reduction of the scattered fields from a leading
edge for an incident horizontally polarized wave has been achieved
theoretically over a broad frequency band using an impedance loaded
folded dipole concept. There are a series of additional steps that
could be implemented to extend these results to convert them from a
basic concept to a practical result. These are listed below:
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1. Parameters of Loaded Slots and Folded Dipoles

The previous studies have shown good reduction of RCS for
trailing edges using loaded slots over a reasonable band, but such
reduction over a very broad band was obtained using the loaded
folded dipole. It is believed that the bandwidth for RCS
reduction can be increased by increasing the slot length to cor-
respond to the length of the edge. At this time, there should be
some improvement by further studying all of the parameters of both
the slot and the folded dipole to optimize both the RCS reduction,
and bandwidth and to minimize any problems inherent in the design
of the impedance loads. This could be done using the flat plate
model in conjunction with the existing moment method solutions.




2. Flat Plate Models of Aircraft

To date in these studies simple square flat plates have been
used to model the edges. It is desirable to better model an
actual aircraft and this is to be done using a flat plate version
of an aircraft. A moment method solution for such an aircraft
model is to be obtained with our loaded antenna geometries placed
parallel to the edges of the wings. In the low frequency regime this
model is a valid representation to the aircraft. This is true as
long as the wing thickness is small in terms of wavelength. For
higher frequencies, a better model of the aircraft may become
important and the first important change in dimension would be the
length of the wing. This may be appropriately treated by multiple
loading as is to be discussed in the next section. Also a model of
the aircraft that would include wing thickness, etc., may be introduced
composed of a wire grid representation of the aircraft surface.

3. Multiple Antenna Loading

In our previous studies, we have used loaded slot and loaded
folded dipoles for RCS control. The question now being raised is
can multiple loading be introduced to combine both the loaded slots
and loaded folded dipoles in one structure since the terminals of
the folded dipole are taken across the conductor forming one
component of the folded dipole whereas the terminals of the slot
are taken across the slot. Thus, while both sets of terminals
occur at the same position, the loading would be in series and in
shunt, and the shunt load would have no control on the symmetrical
folded dipole antenna currents, etc.

In addition, a multiple set of terminals spaced along the length
of the antenna should be considered. This should make it practical
to use these impedance loading concepts on longer structures or at
higher frequencies than is thus far contemplated. The method of
approach parallels that already used. We could modify the moment
method solution for the analysis of elongated plates in lieu of the
present square plate and introduce the load impedance at the
appropriate points.

4. Experimental Verification

A1l of our results to date have been based on computations.

It is important to seek further techniques for reducing this procedure
to practice. Because of the difficulty of constructing impedances at
microwave frequencies where our radar systems now operate, it would be
beneficial to consider implementing this impedance loading concept at
lower frequencies which in turn would also be more compatible with
practical operation. Therefore we envision combining the concept of

a transmission line radar range with short pulse techniques. We have
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at present in operation broad band balanced systems that could be used
to launch a pulse on a parallel line transmission line. A sampling
oscilloscope would act as a receiver. The only major task would be

to protect the sampling diodes from the incident pulse and there are
several ways to achieve this type of operation. The means of operation
would consist of gating the received scattered pulse and using existing
FFT routines on our computers to obtain the back scattered field through
the desired region of the spectrum. For the transmission line excited
in the balanced TEM mode, the fields in the region between the lines
will closely resemble a plane wave. This should be a valid representation
for plate structures at near grazing incidence.

5. Synthesis of Impedance Load Z, and Z,

This topic item in addition to the generation of data for 3-D
aircraft models using the moment method solution will be pursued
pending available time and funds. The experimental verification will
be achieved for impedance values z] and z2 at specific frequencies.

We now would consider synthesizing these impedances to make the RCS
reduction operable over a broad frequency band. From a preliminary
examination, the impedance z] has all of the properties of a physically
realizable structure. We would now attempt the synthesis of that load
and examine potential practical techniques for constructing it. The
impedance z is not physically realizable. However as we have noted
earlier it can be obtained at any single frequency simply by shorting

a diode placed across the two conductors of the "folded dipole" at

the appropriate position. Thus an adaptive technique could be
introduced. First, the system senses the frequency of the radar and
then fires the appropriate diode. The goal of this part of the research
would be to evaluate the number of diodes to be positioned along the
"folded dipole" to obtain the needed RCS reduction over the band when
operated in this adaptive mode.
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IV. CONCLUSIONS AND RECOMMENDATIONS

The dominant complex natural resonances of radar targets form a
minimal set of target descriptors which are excitation invariant. Methods
for locating the dominant natural resonances of a target from measured
or calculated real-frequency scattering data have not yet been fully
optimized. However, the dominant resonances can usually be found provided
several target orientations and radar polarizations are tested.

Predictor-correlator processing of a measured transient response
from an unknown target provides a target discrimination capability. The
method is particularly attractive in that neither the target orientation
nor radar polarization need be known. Also, resonances are not extracted
from the measured transient response waveform. Experience has shown that
present techniques for extracting resonances are not effective with noisy
data. Methods for making the prediction-correlation process less sus-
ceptable to noise and more easily interpreted have been demonstrated. A
very simplified noise analysis has demonstrated basic difficulties and
methods for correcting these have been obtained. In short, much has been
accomplished but a great deal remains to be done.

There is a basic need to obtain higher frequency scattering data
to test how far the concept of nondecayed transients can be pushed.
In this regard frequencies selected to exploit substructure resonances
such as the vertical or horizontal tail stabilizers on aircraft need to
be tested.

Certain of the uncorrected difficulties with Prony's method need
to be studied. It is apparent that when pole excitations begin at
significantly different times then one exponential approximation
starting at the same time will have difficulties. A z-transform
version of Prony's method might improve performance and should be
tested.

There is evidence that the use of interrogating signals tailored
to a particular pole or poles of a given target deserve to be studied.
The use of such signals might place certain restrictions on the
discrimination range but be much more realizable from a practical
viewpoint.

Use of a folded dipole concept for reducing the contribution
to RCS caused by the leading conducting edge for a horizontally
polarized wave has been considered. This supplements earlier
studies for reducing the contribution to the RCS for the trailing
edge (for a vertically polarized wave). The technique has been
demonstrated to be viable over more than a 10:1 frequency band
provided the impedance can be synthesized. It appears that one of
these is physically realizable and the other can be achieved by
means of an adaptive process. Ste?s have been suggested in the
test that could lead to a practical implementation of these concepts
both for the loaded slot for vertically polarized RCS reduction and
the loaded folded dipole for horizontally polarized RCS reduction.
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APPENDIX - NOISE ANALYSIS

Most of the testing of predictor-correlator processing for target
discrimination has used the ramp response waveform as the transient
signal received from the unknown target. In References [3,4] however,
it was demonstrated that other transient response waveforms could be
used. This corresponds to arbitrarily deleting scattering amplitudes
and/or phases at certain harmonics. This can be done because the
Corrington difference equation holds for any transient response. A
major unanswered question at this time is precisely how many and which
harmonic scattering data are needed to provide a reasonable discrimination
capability. Studies to answer this question are in progresss. This is
essentially equivalent to asking which transient scattering signal is
best suited for predictor-correlator discrimination. In this regard it
will be seen that the ramp weighting (n-2) is not ideal when noise is
present. Other weightings such as n-3/2, n-7/4 etc. are clearly possible.
In this appendix ramp waveforms are used exclusively because most of our
previous noise-free results were under that condition.

In this initial study it is assumed that the multiple frequency
radar supplying the scattering data from the unknown target uses the
same transmitter power at each frequency. Because, in the spectral range
of interest, the scattered power from the target generally increases with
frequency and a ramp weighting is used the signal to noise power at the
first two or three harmonics becomes very critical. Therefore the
effects of noise shown here should be viewed as a worst possible case.
Obviously, with the above knowledge, the system designer would arrange
to transmit higher power at the Tower harmonics. Provided the noise is
not target generated, this would alleviate many of the problems. Studies
of these more practical problems are presently in progress. The results
obtained in this study are nevertheless of interest, but must be examined
within the framework of the above discussion.

When noise is included in the ramp responses of radar targets,
the waveform becomes

Fa(t) = Fa(t) + X(t) (A1)

where Fp(t) is the noise-corrupted ramp response, Fp(t) the noise-free
ramp response and X(t) the random noise. A complete analysis of the
noise sources will not be attempted here. Only additive noise of a
zero-mean stationary normal process will be considered.

Because the postulated radar system synthesizes the ramp response
of radar targets from measurements at 10 discrete frequencies, the
overall random noise is assumed to be a zero-mean, stationary, normal
process having an impulse power spectrum at the 10 discrete frequencies,
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where the constants are selected such that o is the standard deviation
of the random noise as will be shown later. In Equation (A2), the
factor 1/n* is due to the ramp weighting. Because the radar system has
a certain bandwidth centered at each of the 10 harmonics, one would
like to replace the impulse functions in Equation (A2) by square pulse
functions. However this will oniy complicate the analysis and should
not bring out new significant results. Therefore the representation

of Equation (A2) seems adequate in this study. The autocorrelation
fu?c§ion of the noise is defined as the inverse Fourier transform of
Sx(w),

v
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By using the identity [8]
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Equation (A3) can be simplified with negligible error as

Re() = o201 - 30921 - 12L)2), oclelar. (5)

It follows that the total noise power is

Rx(0) = 3= r Sx(w) du = o2 (A6)

It is well-known that the total power of a zero-mean, stationary normal
process is equal to the variance of the process. Thus o is the standard
deviation of the random noise as was noted earlier.

It has been noted previously that when the fundamental period of
the interrogating waveform is sufficiently long, the synthesized ramp
waveform will assume a constant value over a portion of the period.
To simplify the notation, this constant term will be dropped in the
following discussion. The total signal-to-noise power ratio of the
ramp response waveform is
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If Prony's method is applied to the noise-corrupted ramp responses
of radar targets, the quantities all become random variables. Theo-
retically- the probability density functions of these quantities can
be found and their means and variances calculated. However, to
actually carry out the calculations constitutes a very tedious if not
impossible task. For example, if five poles are to be extracted,
calculation of the means involving integration over at least 10 variables
are encountered. Thus it is unwise to proceed in this direction. Suffice
to say that because the autocorrelation function Rx(t) does not vanish
for t# 0, sampled values of the ramp response are correlated and there-
fore the expected values of the poles and the residues are different
from the corresponding noise-free values. The amount of change will
depend on the signal to noise power ratio and on the location of the
resonance in the complex plane. From Equation (A2) it is seen that most
of the noise power is concentrated at the first harmonic in contrast to
the signal power which is distributed nearly evenly over the 10 harmonics.
Therefore if the period T is chosen such that the frequency of the first
harmonic is much Tower than that of the first resonance of the target,
one can anticipate that the noise will have only a small effect on the
extracted dominant natural resonances.

In the presence of noise, detection and discrimination capabilities
of any scheme will be degraded. The predictor-correlator processing is
no exception. The value of p' may be substantially lower than unity
even if the measured ramp response waveform is that of the target
being sought.

To simplify the analysis, assume that Fp_, the calculated wave-
form, is noise-free and Fp = Fpy + Xs where 8uantit1es with the
notation v are random variables. Thée assumption of Fg. being noise-
free is justified as follows. By using the poles of radar targets
(which include a dc pole) one first uses Prony's method to calculate
the residues from the measured ramp response through the least squares
method. Because the noise power in the measured ramp response
concentrates at the first harmonic, the calculated residues will have
only small errors except the constant term. However because the
constant term can be found from Rayleigh theory and an integration of
the synthesized response, the error in the constant term can then be
removed. Therefore the calculated ramp response Fg. essentially will
contain no noise in a sense that the noise containe% in FRre is much
Tess than that in FRm.
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By retaining low order terms of x one obtained for the normalized
error

£x% I(Fp -z'Fp )x ZFp X
el s e Pt ) - 2 - ] (8)
i ZFR ZFR ZFR

m m m

If the calculated ramp response FR. is obtained using the natural
resonances of the target, Fp % Fp- and the noise-free value of ¢' is
very close to 1. Then c =

sz

o =pl(] = 2)- (Ag)

IF
Rn

The expected value of Equation (A9) is
E(z') = ¢'(1 - N/S), (A10)

where the noise-to-signal power ratio N/S is different from NR/SR of
Equation (A7) for the reason to be given later.

The standard deviation of p' is

9, = a p' N/S (A11)

where the value of a depends on the autocorrelation fuiction but is
approximately equal to unity. Even if FR. is obtained using natural
resonances different from those of the target, the second term in
Equation (A8) is small because of cancellation of positive and negative
values. Therefore Equation (A9) is generally true independent of thre
natural resonances.

Equation (A10) shows that the capability of discriminating radar
targets using predictor-correlator processing is degraded by a factor
of (1 - N/S). The threshold value of z' to accept the desired target
and reject others must be lowered according to the noise-to-signal
power ratio. This result would have to be considered a low-noise
model .

One can define another noise-to-signal power ratio of the 10
harmonics (without 1/n% weighting)

90002

N :
. th 21
NofSo = Ea 1 g L 615 )12l (A12)




which is much less than Np/Sg. Even for small values of Ng/Sq, the
noise-to-signal power ratios in the lowest harmonic may be larger
than 1. Thus the predictor-correlator processing will discriminate
radar targets only if No/Sy is very small. This severe condition can
be relaxed in the following way. Because the noise-to-~signal power
ratios in the higher harmonics are lower than those in the lower
harmonics, (in the Rayleigh region) then by replacing the measured
scattering data of the lower harmonics with values obtained by extrap-
olating the scattering data of the higher harmonics, the ratio N/S of
Equation (A-10) becomes Tess than NR/SR and the predictor-correlator
processing can tolerate more noise.

One method of studying the noise effect is to simulate the problem
using computer generated random numbers (Monte Carlo method). Reference
on computer generated random numbers can be found in Reference [9]. The
random numbers generated via a computer using arithmetical methods are
uncorrelated. Therefore the random noise process of which the auto-
correlation function is given by Equation (A5) can not be generated
directly. Digital filters must be used. However, design of digital
filters often is a problem. To circumvent this difficulty one takes
the following different approach.

If the autocorrelation function of a stationary random process is
periodic with period T, i.e.,

21In
m L
RX(T) = z e s (A.,3)
v n:-oo n
where
T i 14t
a =1 jo Rx(c) e 8t (A14)

x(t)= ] ae ; (A15)

where the coefficients 3 given by

T .21n
ol 2
J é(t) e dt, (A16)
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are uncorrelated and orthogonal random variables. It can be shown

that
! E(Qn) = E{é(t)}sno’ (A17)
E(gka;) ik 6nk’ (A18)

where 8j; is the Kronecker delta. These formulas can be applied to
the random noise process with autocorrelation function given by
Equation (A3). One then finds that

2
a =% n=_10, -9, --r, -1, 1, --+, 9,10, = 0 otherwise

n H4n4

(A19)
Introducing new random variables
\ g

! Bh =20 * 3o (A20)
: Sp = (2, - a3 (A21)

Because the random process é(t) is zero-mean and normal, so are the :
uncorrelated random variables Rn and Cn- The standard deviations of >

Rn and En are given by

£ cbn T, AoE /2an ; (A22)

The random process

1
21In . ,20n
Rn cos(—f— t) + Cn 51n(—Tr-t) (A23)

0
)

x(t) =
b n=1

ﬁ is to be used in Equation (A1) which can be rewritten as
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Fa(t) = Y A[- : ; 5 |G(]2¥n )| cos 6, + Rn] cos(gﬂ%E )
= “n

IIn

Because bp and cp are uncorrelated, Equation (A24) can be simulated
with computer generated random numbers directly. The statistical
properties of Equation (A24) can then be found. Initial tests on the
F-4, F-104 and MIG-19 aircraft using computer generated noise were
reported in the quarterly letter dated 12 November 1975. The more
pertinent tests with the weighting changed as well as the use of

the predictor equation are given in the text of this report. The
same process was used to generate the noise data.
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