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PREFACE
— 

One need only be mildl y optimistic to forecast that future gen-
erations of radar systems will routinely provide a great deal of target
information beyond the usual range, elevation, azimuth and velocity.
At the very least these new systems will provide par~netr1c targetV data for diagnostics and the other extreme will be fully automated
target Identification. The key to this new sophistication will be

— the exploitation of broadband complex scattering data spanning several
octaves. The ElectroScience Laboratory of The Ohio State University ’s
Electrical Engineering Department has pioneered the interpretation
and utilization of multiple frequency complex scattering data for
numerous purposes including radar target identification. The extrap-
olation of these results to new generations of radar systems is the
logical next step. In the Interim preceding these developments it
is meaningful to explore what can be accomplished if the basic broad-
band - premise is deliberately distorted to more nearly accommodate
existing radar systems. Much of the subject matter of this report
is directed to this question.
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EVALUATION 
S

The experimental and theoretical work done on this contract

shows that aircraft of similar size and/or different models of the

same aircraft (examples are F104 and F1O4N) can be uniquely identified

by processing a radar signal which contains a number of frequencies.

The techniques developed use the resonances of the aircraft which

are invariant with respect to the aspect angle, however their ampl itude

do vary wi th aspect. The resonances are translated into mathematical

pole-zero representations for each aircraft and stored as data in a

library to compare with the data received from an unknown aircraft.

This work is in support of TPO R2B. Al though the frequencies used

in this effort are lower than the present radars use, the technique

may possibly be used at higher frequencies to detect smaller resonant

parts of aircraft that are unique to each aircraft.

01110 E. KERR
Project Engineer
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INTRODUCTION

The subject matter of this report is the discrimination of radar
targets; specifically aircraft targets of the jet fighter class. Disc-

S rimlnation* rather than identification is used here to denote that
the techniques to be described distinguish targets within a given
class. Targets not in the class can at best be categorized as being
outside the class and possibly looking most like a particular target

— 
S 

in the class. It is not intended to imply from the above that tar-
gets of disportionate size as, e.g., bombers and light aircraft , can-

S 
— not be discriminated. This in fact Is a simp le discrimination , task.

Conversely, the discrimination of targets of nearly equal size and
similar shape is a most difficult task. It is this difficult task
which is addressed in this report.

— 

Active radar interrogation , regardless of the particular radar
system, bas ical ly involves the interaction of electromagnetic waves

— and material objects. From a system viewpoint the radar cross section

S 
of a target is a statistical quantity. However, to ach ieve an insi ght

— into the Identification problem it is necessary to return to a fun-
damental deterministic model . The scattered electromagnetic field

— from an object is.controlled by the parameters listed in Table I.
Only the parameters at the left in Table I are at the disgression
of the system designers. To achieve a target detection and identi-
fication capability therefore requires a systematic processing of
selected parametric variations available to the designer. To select

— the appropriate parameters, however, requires a fundamental under-
standing of how each of the target characteristics at the ri ght in

— Table I affects the scattered field. It is interesting to observe
S that the above remarks could just as easily be applied to radar cross 

S

section control if one interchanges the controllable and noncontroll able
parameters.

— 
*Hereafter the words Identification and discr imination are- used inter-
changeably.

1
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- Table I

— S Frequency Target Size
Time Target Shape

— Radar Polarization Target Composition 
S

Pulse Shape and length Target Orientation

— 

- Pulse Repetition Frequency Target Velocity

- 
Source-Receiver Separation Component Target Motion

— Scattering Parameters

— Radar practitioners will immediately observe that the last three
S i tems on the right in Table I, orientation , velocity and component

motion, can and are exploited as a basis for target identification .
For example, a combination velocity pattern and heading usually in-

— 
dicates a particular mission and consequently a particular vehicle.
Component motion such as the rotor blades on helicopters place a par-
ticular modulation on the radar signal. Other mechanisms yield modu-
latlons of the signal or perturbations of the doppler spectrum. We
do not pursue such mechanisms because they are not fundamental to

— the electromagnetic Interactions of the basic target. That is, a
modulation induced by a small antenna on a spherical object may In-
deed be recognizable but the relationship to the basic spherical ob-
ject Is secondary. By the same token , a given complex target ~nay

~xh1blt particular modulation or doppler characteristics but the re- S

lationship to the object is secondary. Such characteristics would
also appear to be easily camouflaged or distorted. Conversely, the

— 

Identification parameters pursued on this contract are fundamental
to either the overall physical properties of the radar targets or
a projected subset of them. The use of Identification; friend , foe
or neutral (IFFN) techniques with transponders have also been Ignored.

— It is unlikely that unfriendly targets will be cooperative and respond a

to interrogation overtures. Even friendly targets may find It unwise

- -  

2 
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to respond because of tactical considerations . The identification
S procedures pursued on this contract do not require the cooperation

of the target.

- The first three parameters at the left in Table I are the most
fundamental quantities in terms of eliciting physical properties of
the target. This insight has been achieved via the impulse response

• 
concept1’2 as applied to electromagnetic scattering problems. One

— 
of the first things that became apparent was that the gross physical
properties (size, shape and composition) of the target were most in-
timatel y related to its scattering characteristics at low frequencies.

— In fact, at the hi ghest frequency of interest the maximum linear di-
mension of the target is only one and one—half to two wavelengths.

- — That is, maximum gross physical property information is contained
in this frequency range. From the viewpoint of ease of imp lementation

S 

obviously higher frequencies are of interest. One must recognize

however that the use of such higher frequencies necessarily entails

— 
some loss of fundamental identification potential. The scattering
characteristics of the target at hi gher frequencies are related to
Isolated features of the target rather than the target as a whole.

S 
1 

— 

This is the reason why approaches to the target identification prob l em
using modulated short pulse radars have general ly failed. One indeed

— isolates the flare spots by this approach but how these fit together
to form the total target is most di ff icult  if not impossible in most

— cases to answer. A bistatic angle for the radar is clearl y a designer-
controlled parameter. In fact, if several receivers are employed

- — 
then tracking of the flare spot variations with target orientation

~ has been postulated as a modulated short pulse radar identification
process. The intent here is not to evaluate this or any other iden-

— 
tification techni que, and over the years various exotic schemes for
coded variations of the controlable parameters have been proposed.

j 1 We note however that as the class of targets to be i dentified grows
larger the training set for identification by this approach could

—v quickly become unwieldy.

3
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It is customary in almost any diagnostic or Identification prob-
lem to utilize all of the available observables. The approach adopted
here however minimizes the parameters used to characterize the target.

— Each target , even for such complicated structures as aircraft , is
uniquely characterized by a small finite st~ of numbers. These num-

— 
bers are the difference coefficients of a difference equation asso-
ciated with the dominant complex natural resonances of the target
or (with latest research) possibly less dominant substructure reso-

— 

nances. In effect, the singularties in the target transfer function
are modelled as simple poles and are exci tation I nvari ant. That

— is, the poles are independent of the orientation of the target wi th
respect to the radar and of the polarization of the interrogating 

-

— radar si gnal3’4. It follows that the difference equation and the
difference coefficients have the same properties.

—

Processing for detection or identification consists of comparing

— 
a measured transient response from an unknown target with a calculated

- 
transient response produced using the coefficients of a known target.
Several things are involved. F irst , the measured transient response

— is produced synthetically from multiple frequency scattering data
which with substructures can perhaps be ichirp a -type signals. Second,

— the calculated transient response is obtained using a linear difference
equation 5 and the coefficients of a given target. Thus the approach

— assumes that the poles or coefficients for a class of target shapes
of Interest have previously been obtained. The fact that our Identi-

— 
fication process does not extract resonances from the response wave-
form of an unknown target turns out to be a distinct advantage. The
extraction of complex natural resonances from calcula ted or measured

— 
scattering or radiation data is neither a simp le nor exact task.
The resonances can be found, but procedures which empiricall y remove

— anomalous resonances must be employed. Data from a single object
orientation and a fixed polarization are not sufficient. The result

— is that resonance extraction is not a real time process. Fortunately

4 
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wi th our Identification process preparation of the target library
is a separate task and not directly part of the scheme. Therefore
our method does yield a real t ime capability. Note also that the

— 
basic question is if the target response approximately satisfies a
l inear, homogeneous difference equation.

THE BASI CS

— S The impulse response concept has been detailed in a tutorial
2paper . For our purpose here, it suffices to note that the transform

pair -

G(e,
~
,p,jw) = J~~ 

F1(e ,~,;,t)e
_3wtdt

— 0-

S 

— 

F1(9,$,p,t) = ~~ I G(O~~~p,jw)eJ+Wtdw (1~

relate the normalized scattered field , G, from the target to the im-
— pulse response wave form, F1, of the target. The triplet 9, ~~, 

p

denotes the spatial and polarization dependence. Our main interest

— in the past was in the ramp response waveform

H - 

— 

- FR(8,~
,p,t) = 

1 
~ 

G(O,$,p~jw)e 3Wtdw 
. (2 )

- ; (jw)

In Equation ( 2 ) ,  noting that G can at most increase as jw , it is
— 

clear that the ramp response waveform emphasizes the low frequency

scattering characteristics of the target. It is also clear from (2 )
that information on that target’s gross phyical properties is con—
tairied in the ramp response waveform. The diagnostic features in-

S 

— herent in the impulse response waveform of a target should not be
overl ooked. At a fixed orientation and polarizat ion, one real time-

S
, — 

dependent waveform sums up the scattering properties of the object

at any frequency. Via convolution , the response to any arbitrary

— 

interrogat ing si gnal can be quickly obtained. All of the features

5
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— 
Illuminated by spectral limited asymptotic and moment methods are
contained in this waveform and can be separately identif led. The
proper testing procedure for any postulated identification scheme

— - is via the canonical (impulse, step and ramp) response waveforms of 5’

the object. Radar imagery features, i .e., actual ly producing iso-
— metric three-dimensional pictures of the target from radar data, are

most basically considered in the time domain. We will elaborate on

— this point later.

Using Fourier synthesis, the ramp response waveform can be ap-

F 

— 

- proximated as: 

2N—1 1 -. 
-

- FR (t) = I ~- 

~G(9,d ,p,jr~w0
) cos ( r~w0t+~(ry~i0) )

(3)

S 
- or as

— 

2N ~G(9,4,,p,jrxo )
~ 

-
- FR ( t )  = - -~~~~ - 2 ~ cos(i 0t+~(~~0)), (4)

- — 
- o n=1

where

1 Itm G(e,,,,jnw )} 1
r( ) =f  I — 0 (5)

0 an LRe[G(0,$,p,jnw0j ~
For al- i but the most perverse targets (those with jump discontinuities

— tn the ramp response) an upper summation limit of eight or ten provides
a good estimate of the ramp response waveform. Thus discrete scat-
tering data at five odd harmonics, (3), or ten even and - odd harmonics
(4) , suffice to determine the ramp response waveform. Strictly speak-
Ing , the fundamental should come from Shannon ’s sampling theorem but

— - ~ve generally will not know the effective duration of the response.
The response, of course, decays exponential ly hut we take the effec-

— tive duration of the waveform to be the time to decay to roughly two
percent of its peak magnitude. A general rule of thumb is that at

6
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the fundamental, the maximum linear dimension of the target should
be approximately one—fifth of a wavelength. The imagery possibilities

S 

follow directly from the ramp response waveform. It has been shown2

— 
that the magnitude of the ramp response waveform is directly propor-

v tional to the cross sectional area of the target along the line of
sight, rigorously to the shadow boundary and approximately beyond.
Thus image production consists of relating one or more cross sectional
areas or profile functions to an object geometry18. This can be ex-

— pressed in very elegant mathematical terms but the end result is the
same. Note particularly that there is a limitation in that at certain

— of the interrogating frequencies the object is electrically small.
Higher frequencies can obviousl y sharpen the image but without at

- I — 
least synthetic low frequency information there is no image. We stress
this limitation because difference equation identification , which 

S

started with essentially the same scattering data needed for the ramp
— 

response, does appear capable of using somewhat hi gher fre quenc ies
alone, I.e., without the use of very low frequency information.

— The term “ image” as used here refers specifically to a three-dimen-
sional estimate of the target geometry obtained from an interpretation

— of cross sectional area (transverse to the radar line of sight) in-
formation. The cross sectional area information comes directly from

— 
the forced portion of the target’s ramp response waveform. It follows
that aliasing errors caused by a l ack of low frequency information
negate the image production unless special procedures are postulated.

- 

— 

In any event the fundamental appears vital.

- 

— The impulse , step and ramp response waveforms of a conducting
spherical scatterer for backscatter are shown in Figure 1. The wave-

— forms shown were produced synthetically from Mie series calculations
using respectivel y M, 40 and tO harmonics with a fundamental sphere

circumference of 0.25 wavelengths. We repea t these waveform s In an
attempt to make this report as self contained as possible. Earlier

S 
— 

specular and creeplnq wave contributions are easil y discerriable in.
7
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S

the impulse response waveform as has been discussed elsewhere2. Note

- - 
— 

carefully that deformations of the spherical geometry beyond the shadow
f boundary can only alter the impulse response waveform for times greater S

than one delay time. This type of diagnostic potentIal has been little
exploi ted in time domain studies. The ramp response waveform, shown
In Figure 1 for the sphere, has been studied extensively for many

— targets for three principal reasons:

— 
5 1) It can be produced synthetically from measurements at a

very few frequencies therefore making ramp response radars
- — 

feasible, if not state of the art.

5 
.

5 2) The forced portion of the response is directly proportional -

— to the target’ s cross sectional area and therefore radar
imaging via ramp response radars is a demonstrated capability 13.

3) The transient portion of the ramp response can be wel l approxi-
9 -

S

— mated by a finite exponential sum , mean ing that exc itat ion
invariant dominant complex natural resonances can be used

— 
to characterize the target8’15’t7.

It is interesting to observe that an exponential sum approximation
of the Impulse response waveform of the sphere for transit times greater
than one would appear to require many terms to approach a reasonable
estimate. -

— LOCATION OF THE TARGET POLES

— 
First efforts at effecting target classification via excitation

~ Invar iant parameters viewed the dominant complex natural resonance
(poles) as the fundamental elements. In fact, recent studies on Prony ’s S

—
, method and its variations continue to view the poles as the desired

end result. It now appears that a more meaning ful characterization
—
. should perhaps be couched In terms of the difference coefficients

9
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of a linear difference equation. The reason for this and the relation-
— ship between the poles and difference coefficients will be discussed

later. In the following we first describe the methods and procedures
for locating the dominant poles of a target. Subsequently, the dif- - 

S

ference coefficient approach Is discussed.

— 

If one makes the approximation that

N
— FR(’

~
,$,p, t) = ~ A (O ,$,p)e ‘~ , (6)

n
~
1

— or equivalently

0-1
— ) C ~~~~~~~~~r

G (9 ,~ ,p,j w) a ‘ 
(7)

~~o (jw)~— q

then in Equation (6),

- 
5~~= — a ~~±~~~

’1 i (8)

are the complex natural resonances of the target and are the roots

— of

-- 
a (j w )~ = 0 . (9)

q~0 q

What we have in fact done Is to assume that at low frequencies the
electromagnetic scattering problem, truly a problem involving a dis-
tributed parameter system, can be modelled as a lumped circuit . We

— note that the concept expressed in (6) and (7) was first suggested
lv~ 

1O~52, several years in advance of the so-called singularity ex-
— panslon iiethod~. We stress again the approximation Involved.

10
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For spheres and infinite circular cylinders, the poles can be

— obtained via solutions of transcendental equations, given by Stratton7

S for spherical targets. For an arbitrary target geometry other tech-
- 

— 
niques must -be utilized. The first attempt to locate the dominant

: poles of an arbitrary structure was by rational function fits (7)
of calculated or measured multiple real-frequency scattering data. 

S

That is, a system of simultaenous linear equations

1 0 1 Q—l A
S 

G(9,4,p,Jw i) I’ + 
~: 

D (,~A ) ) ~ 1 + )
~ Cr(O,$,p)(jcL)l )

r - 
(10)

- I q=1~~ -‘ r=1

[ — was solved for the Dq and Cr coefficients and then the roots of the
polynomials were extracted. Equation (tO) was applied to various

— 
target orientations to test the excitation invariance of the poles8.
It was found that while the poles did not display the precise invar-
iance predicted, the results were sufficientl y successfu l to warrant

— further study. The rational approx imant approach was temporarily

abandoned with the advent of an iterative search procedure applied
— to an integral equation formulation of the scattering or radiation

problem3’6.

Details of a reaction integral equation formulation for the radi-

— 
atlon or scattering by thin-wire structures have been given9. For
arbitrary wire structures it is somewhat simpler to obtain the poles
us ing a radiation approach. It should be understood that one must

I — 

assure that all of the dominant poles of the structure have been ex-
cited. This is done by using several asymmetrically located gener-

— ators on the structure. The integral equation is reduced to the fi-
ni te matr i x equa ti on S

- Z(s) is an n x r~ open circuit impedance matrix whose size is dictated

S 

~~~ 
[Z (s )J EI (s)] = [v(s)] . (11)

—
. 

by the number of wire segments used, [l(s)1 and [V(s)] are current

11
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— and voltage column vectors and (s) is complex frequency. Formally,
the poles are given by the solutions of

- 

I [Z(s)]I = 0. - (12)

* Numerically it is somewhat simpler to find the peak magn itude of the
admittance Y(s ) at the generator terminals. If S

1 Is a complex fre-
— quency starting point then

— 
- Z (s 1)

S S
1 Z(s) 

~ 
(13).

— 
- S J s = s 1

is applied iteratively (s - S
1 a small step) until furt~er changes - 

S

— do not occur. The numerical search procedure is attractive in the
sense that it will , when applied correctly, always lead to a set of

— poles. However, It has some serious disadvantages. Modelling of
the target structure by a wire grid configuration can become quite

— 
elaborate for complex structures such as aircraft9. Calculations
at complex frequencies using Richmond’s programt° are normally quite

- efficient but the Iterative search procedure is horrendously inef-
— 

fic-fent. If more than just the dominant poles are needed, the prob-
lem s are magnified because more wire segments are needed to model
the target at higher real frequencies. At this t ime there is also

S 

an upper freauency limit based on the electrical size of the struc-
— ture.

-- 
A third method of locating the poles utilizes what is known as

Prony ’s method11’4. Prony’s method linearizes the process of obtain-.
- ing an approx imate fit of a waveform by a finite sum of exponentials

‘Equation (6)), and is adequately explained in the literature. A
less restrictive method, termed an elgenanalysis solution ’9, can also
be applied. Both can be explained as an N term difference equation
fit to sampled (st) data yielding

5 12
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x f (t~ — nM) =c , 
-

_ n m

m 1,2,...M. (14)
—

. 
where e~ a minimum is desired. This can be put in a quadradic form
as

—~ 

[ ]  [A] [x) , (15)

- — where [A) Is a syninetric square matrix (NxN) and

M
a41, = a1,4 = 

~~ f 4 (t — k~t)f,,(t - j~t) . (16)
‘~‘~ ‘

~~ 11=1 ~ m m

The Prony and eigenanalysis methods are two ways for finding the corn-
— ponents of [x]. With the Prony method, the x0 coefficient is set

to unity and the squared error minimum obtained with this constraint. 
S

— The elgenanalysis approach chooses the components of [x] as those
of the elgenvector of the minimum elgenvalue of the symmetric matrix

— ~~ The two methods lead to different squared ~~~~~~ indicating
that the constraint Imposed in the Prony approach is real , i.e., some
generality is lost. It has recently been shown25 that there are

- 

— 

really N~2 least squared error solutions for the coefficients If inter-
polation methods are included.

The Prony and elgenanalysis methods have the advantage that they
can be applied to either measured or calculated transient response
waveforms. Our normal procedure has been to obtain a ramp response S

- 
— 

waveform via Fourier systhesis using (3) or (4) and either calculated
or measured data. Both methods, however, do have some problems.
It Is necessary to apply them over different later (after the exci-
tation is gone) time portions of the waveform until a best fit is
obtained. It does not necessarily follow that the poles obtained

13
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— 
via these methods will be the s ame as those obtained using the in-
tegral equation approach. An example of this will be given in another
sect ion of the text. Both methods yield almost amazing ly good fits S

— to the intermediate and late t ime portions of transient signals but

no physics is associated with the algorithm. Thus, occas ionall y,
— right half-plane poles crop up as do poles which give an excellent

fit to the waveform but are anomalous. When the target orientation
and radar polarization are such that a pole is only very weakly ex-

- cited , the methods seem to extract the imaginary part of the pole

— 
correctly but large errors can occur In the real part. This also S

occurs when the data are noisy19. It is our experience that best
results are obtained using the methods when all of the desired poles
are extracted simultaneously. Procedures which suggest systematically
working toward earlier times, i.e., increasing the t ime span covered

— and correspondingly increasing the number of poles extracted may work
wel l with ideal data but are not effective for real world data where

— the errors are cumulative.

— 
-Recen tly the rational approximant approach to target pole lo-

cations has been applied to admittance calculations at real and corn—
plex frequencies. That is, the region of the complex frequency plane

— 

of interest is spanned by a regular grid of frequencies. The data
were then utilized as described by (10) and the subsequent discussion .
As could be anticipated , poles extracted via this approach were in
very good agreement with those previously obtained via Interactive
search or the Prony and eigenanalysls methods’2. The Improvement
over results previously obtained using only real-frequency data was

— 
dramatic. This approach to target pole extraction has two principal
disadvantages . First, it ~s not applicable to measured data and second,

— 

for a target whose poles are completely unknown, the requi ’ed density
of comp lex frequency calculations may preclude use of the method on
complicated target structures. In any event, the calculations will
have to be computationally efficient.

14
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4 EXAMPLES OF DOMINANT TARGET POLES

In this section we will present dominant target poles f or a
number of structures, both simple and complex. Examples will be given
of poles found by certain of the methods discussed in the previous

L 
- 

section. We concern ourselves here with relationships which can be
—

- 
found between the target size and shape and the pole locations. The

S reader should note that In every case only the second quadrant poles
- are shown. There are of course complex conjugate poles in the third 

S

quadrant. Also, the poles are plotted in the complex wavenumber length
plane and sometimes with an additional p1 normalization.

Figure 2 shows the first four dominant pole loc i of a thin wire
(length to diameter ratio 0 002) as it is bent about its midpo int
The resonance at lowest frequency in Figure 2 is identified as the

S - -
- — first even resonance because at this frequency the current distri-

bution on the wire is even with respect to the center of the wire

— with no current nulls except at the endpoints of the wire. For the -

55 first four modes the current distributions resemble respectively one-

— 
half cosine, one cycle sine, one and one—half cycle cosine and two H
cycle sine. With this in mind one can anticipate that as the wire
is bent nearly double the even modes will migrate to the imaginary

— axis to become nonradiating or energy storage modes because they can-
not exist on a wire one-half the length of the original wire. This —

S -— is seen in the loci of Fi gure 2. Conversely, the odd modes will ml -
grate to take up new positions as respectively first even and first

S odd modes on the new wire length. These loc i terminations are shown
as crosses in Figure 2. There is one additional lesson to be learned S

S 

— 
from Figure 2. Proximity of the pole to the imaginary axis does not

S necessarily Indicate a strong resonance, one must also know the resi-
due of the pole. S::

- 

-S - - S-S
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The loci shown In Fi gure 2 were found using the iterative search
S procedure with one or more generators located at asymmetrical points

on the wire. As we progress to more complex structures, several gen-
erator locations will have to be used in an attempt to locate all
of the dominant poles. With the simplified search procedure described
in the previous section there is no way to guarantee that all the

— poles have been found. One could of course use Cauchy ’s residue the-
orem by systemati cally numer ical ly integrating around contours in

— 
- the compl ex plane hut this would be expensive and time consuming and

S 

- the search procedure is already inefficient. As w i ll be seen la ter,
one can usuall y detect an absent pole by applying the discrimination

— 

test for several target orientations.

Figures 3 and 4 show the poles of two perpendicularl y crossed
wires. rn Fi gure 3 the wires are crossed at their centers and ~n

t — Figure 4 they are crossed at one-third the length of one wire. The
S Dole nearest the imaginary axis in Figures 3 and 4 corresponds to

— 
a bent or L-tyoe current mode on the wires. The poles in Fi gures

2 ( 
~ 

= gQO) 3 and 4 show a reassuring self-consistency in that the

— 

poles corresponding to the first and second even modes are undist’irbed ,
as should be the case. The poles in Figures 3 and 4 were also found

using the interative search procedure. The poles of two simple stick
models of straight and swept wing aircraft are shown respectively

S 
in Figures 5 and 6. Again , the interative search procedure was used

- 
— to find the poles indicated by circles. The poles shown as crosses

will be discussed shortly. Note here however that only one pole is
significantly different for the two aircraft. We shall return to
this ooint later.

S The ~r~mi’1ait poles of a conducting circular thin ~lisk of radius
a are shown in Flaure 7. These poles were found by a metbo~ suoqested

—. by BernI
1
~ , whic~’ is essential ly equivalent to Prony ’s metbor4 . The

ooles were extracted from transient waveforms oroduced syntheticall y
S — from calculated frequency domain scattering data14. The results in

S 

— 17
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FIgure 7 show one basic weakness of the Prony method. The poles shown S

— 
as crossed are the actual poles found. However, f or the regular disk
geometry one would anticipate a string of poles similar to those for
a wire or sphere. The imaginary part of the poles show this type - 

5

of behavior but certain of the real parts do not. The proper loca-
tions for these poles are indicated by circles. That these positions

— were correct was confirmed by comparing transients calculated using
the poles to the transients obtained synthetically from the calculated S

— - frequency domain data. It has been our experience that when the Prony
method fails it first yields incorrect real parts for the extracted

— 
poles. The Prony results in Figures 5 and 6, which differ from the
Interative search poles except for one pole, were not the result of
failure of the Prony method. In this particular case the frequency

— 
domain scattering data used to synthesize the transient response only

spanned wi/u C = 0.1 (0.711 .0. Clearly the frequencies were much
— too low to excite the other poles found via interative search. This

does Illustrate another type of difficulty wi th the Prony method.

— The number of poles to be extracted must he specified, and it is not

always clear from the residues which poles are anomalous.

The dominant pole locations for eight ai rcraft have been gi ven20.
These poles were obtained via Prony’s method applied to transient

— 

scattered waveforms from the aircraft. It is emphasized that the

S 
transient waveforms were produced from good electromagnetic models

— of the aircraft9. That is, calculated backscatter data agreed well
with experimental model measurements. To date, most of the identi-

— fication studies using predictor-correlator processing has concen—
trated on the F-4, F-1O4 and MIG-19 aircraft. The poles for these

- 
— 

targets are given in Table I!.

—
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— TABLE !!

— Aircraf t a(x10 6
~ jw x 1O 6

— F-104 -19.7 t 94.00 5

- 7.01 t 46.8
S 

— 
- 3.5 ±131.0

F-4 -16.4 t 66.0
— 

- -10.9 ± 43.7
- 9.9 ±130.0

MIG-19 — 8.72 t 79.3 -

— - 6.cf5 ±
- - o.v

- p.40 ±110.0

Dominant Natural Resonances of F_104, F-4 
S

and MIG-19 Aircraft. S

— It should be noted in passing that once the complex natural reso- S
nances of a class of targets are known, there are a number of ways
one might postulate exploiting them for Identification . Note however
that wi th present resonance extraction methods it is not feasible
to suggest real time extraction of the resonances from a si gnal ob—
tam ed from an unknown target. Using the impulse response, the re-
sponse to an arbitrary interrogating signal , Ei( t )  is

5 

— FS(t) = f F1(t- ~r1E 1(r )dr (17)

- 24
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A method of rapidly calculating this convolution has been given2.

— 
To visualize the possibilities, approximate the impulse response as
an infinite sunm~ation, then

~~~~y ( t- T) .

F5(t) = ~ A,~ f e E 1(r)dr . (18)
— n=1 0

If certain of the resonances (
~~

) are known then various forms of
S the Interrogating signal might be used to exploit this knowledge.

— 
This Is perhaps best seen in the frequency domain recalling that only S

a finite number of poles need be excited

A
= 

~ ~ 
%[Et (t)] ( 1 0 )

— n=1

SUBSTRUCTURE COMPLEX NATURAL RESONANCES S

S It has long been recognized that a major problem associated with

— 
the successfully demonstrated dominant complex natural resonance ap-
proach to identification developed at this laboratory is the spectral
radar data required. The requirement of mult i-ple frequency complex

— 

coherent radar data, while severe, is within the state of the art.
Moreover , it has been shown that certain of the frequencies and phases

— can be deleted3. However, the fact that the required sampling fre-
auenc ies are low, e.g., roughly 2.0 to 20.0 MHz for fighter-type air-

- 
— craf t, is much more difficult to circumvent. There are obvious beam-

width and other problems although It should be noted that If a l ong
ranae capability were sought these frequencies for an over the horizon
system are not unrealistic. In this case there are other problems
such as coherency for the bounce path which would require study. In

any event it is doubtful that an airbourne Identification radar which

— 

exploits dominant complex natural resonances of targets is feasible

25
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— 
except on large airfr~nes unless a synthetic aperture approach were
employed. For this reason methods have been sought whereby the ex-
ploitation of target complex natural resonances for identification S

is retained but the required interrogation frequencies are raised
significantly.

Any finite three-dimensional object has an infinite number of

— singu larities in its transfer function, I.e., that function which S
transforms the incident field Into the scattered field at a great S

distance from the object. Thus in principle there are an Infinite
S number of complex natural resonances (it does not necessarily follow

that all of these singularities can be modeled as poles of son~e finite
order). These resonances are basical ly of two types if we view the
second quadrant of the complex frequency plane as horizontal layers

— bounded by zero and some constant values of oscillatory frequency.
There are 1) multiples of the dominant complex natural resonances

— and, as the upper bound (nonzero constant jw) increases, 2) the be-
ginning of new strings of resonances as smaller geometrical features

— 
of the object reach complex resonance proportions. If the l ayers

- (two constant values of jw) are thought of as strips of constant width
then it follows that the density of resonance locations within a strip
increases as jw increases. A primary objective of this research pro—

-~ 
- gram was to determine if target identification could be achieved using

complex natural resonances associated with smaller geometric features
of the object. This choice as opposed to multiple resonances was

— made because it is known that multiples of a dominant resonance have S
an ever-increasing damping with respect to multiplicity, i.e., the
resonances become like low-Q structures.

For aircraft the two most logical substructure resonance features
are combinations of the vertical and horizontal tail stabilizers and
the Intake cavities of the jet engines. In this research progr~~
both features have been studied. The approach is experimental because

26
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detailed computations which must necessarily include the Influence
of the supporting airframe would be a study In itself. Even experi-

— mentally the study is complicated by the fact that for these features
estimates of the appropriate spectral region where the feature will
be most influential are most difficult. This is particularly true

• for the stabilizers since both (horizontal and vertical) must be con-

— 
sidered as suDportlng certain basic modes. The philosophy behind

- the measurement program and the results of that measurement program
are given in a separate report74. For six 1/72 scale models of fighter

— aircraft and one pencil-type model containing a vertical stahilizer
and a shorted cavity , swept frequency amplitude and phase measure-

— ments were made in appropriate spectral ranges. From these data syn-
thetic pulse response waveforms were qenerated. From these results
It is possible to conclude that for certain aircraft both the sug-
gested substructure features have at least partially dominating in-

— 
fluence in the approximate full scale range of 28.0 to 100 MHz. How-
ever, a high-Q type resonance effect was not observed. The processing
of these data and the results are reported here. The basic question

- now being if an excitation invariant linear , homogeneous difference
S 

equation can be found for at least one target, the implication 5eing
— others can be simi l arly treated.

— A final point needs to be made, particularl y since only very
limi ted results are reported. The basic interrogating frequency range

— 
for i dentification continues to be that span where the max imum linear
dimension of the target is at most a wavelength . !t is this span
of freauencles which elicit the fundamental physical properties of

— 

the taroet. It follows therefore that if the interrogatino frequencies S

are raised above the fundamental span as is suggested here, one can
anticipate a possible corresponding degradation in target Identification
results. Identification results using measured noisy data In the

S 

— fundamental range were excellent4. Therefore good identification
may still be possible using substructure features but some possible

— 27
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loss of potential may ensue. As noted earlier, It was found experl-
mentally24 that a response from the tail region dominated the return
from the aircraft in the 30.0 to 56.0 MHz region but the characteris-

— tics of a high-Q resonance were not observed. In many cases only S

a single reflected pulse is seen. We seek here to use the envelope
of this pulse response beyond the peak of the pulse to characterize
the target via a difference equation. It follows that “poles” ob—
tam ed from the resulting difference coefficients will not have a

S 
physical interpretation in terms of the stabilizers. This, however,

— 
dOes not preclude using the coefficients for identification.

PROCESS ING*

With the type of analysis involved , the basis question is if
— a portion of a discretized transient record approximately satisfies

S a linear homogeneous difference equation
— N

n~O 
fN+m_nan 

=

; m~O,1,2,... M; M+1 > N+1 . (20)

where

— 

f 1 = f(i~t) (21~

are the data samples taken at the sample Interval ~t. The are
— the errors, assumed small , and the an are the unknown coefficients.

The equations in (TO) can he put in matr ix form as

(F)(A) * (s),

— *Certajn of the Ideas sunmiarized here were obtained from research
on another program25.
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where (F) is an (M+1)x(N+1) data matrix , (A) an N+1 component column
S 

— 

vector and (c) an M+i component error vector. The total squared error
Is

EZ flT( )  (23)

— where (dT denotes transpose. The total squared error is

— E~ (A)T(F)T(F)(A), (24)

— 

where the right side of (24) is a standard quadratic form. Define

- 

(R)  = (F)
T(F), (25)

S 
then -

— 

EZ = (A)T(R)(A), (26)

-
5

- 
where (R) is a real syninetric (N+1)x(N+1 ) matrix. There are N+2 di-f-

S ferent minimum total squared error solutions for the coefficients.
The most general in that it imposed no restrictions on any one of

• 

- the coeff icients i s that of eigenanalysis19. Since (RI is real and

S 

— symmetr ic

— E~~ 
= (M T (P) T (A) ( P.s (A l , ~2’)

— where (!~) is a diagonal matrix of the eigenvalues of (A). Then with
the transformat ion

— 

(Y)  = (P) (A) , (281

—
. and

E~ = (Y) T(i~)(Y) .  (29)

— 29
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— With the restriction

— f l A i l  = 1, (30)

The ei genvalues, Ni-I in number, are minimum squared errors and the S
min imum eigenvalue is the minimum squared error. The remaining eigen-
values are minimum squared errors wi th additional (in addition to S

— (30)) constraints in terms of inner products of the associated eigen- -
S

vectors. The eiger,analysis approach was also formulated in the z-
— transform domain . Based on this a general optimization procedure

was tested on another program’9. Despite the fact that a z domain
approach seems ideal for discrete data, no particular advantage could
be found with this method. Accordingly, further study of z-domain

— 
methods are abandoned. The roots of the characteristic equation ob-
tam ed from the coefficients are excitation invariant and it follows
that the coefficients are excitation invariant. This suggests that
data records corresponding to several aspects and/or polarizations
for a given taraet can he combined. Assume that we have 

S

a = 1 ,7,•••(~, (11. )

targets and for each target we have S

*
= i ,2 ,...L  , (32)

S records, For each record and target a real symmetric matrix

— 

(R~t)) = (F~
t))T ~~~~~ (33)

*Clearly In general L=Lq and M=Mq•

30

S 

- fl’-- - 
~~~~~

—-- —-— --—-— — 5 5 5 5- 55 L



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S_~~ S ~~~~~~~~~~~~~~~~~~~~ !~ ~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~ ~~~~ i~— -—--
~~ — ~ - -

Is obtained. Now define

~
= 

~ 
(P 4~ ) 

‘ (34 )
- Z R !  ‘1

S and (R L ) can be used for (R) in (26). Since the individual recordsq .  -

— 
can have different effective S/N ratios a weighting of the ‘ Is
also possible. This modified eigenanalysls approach has been used
for the data obtained on this contract.

The remaining N+1 methods for finding the coefficients consist
— of normalizing (26) by one of the coefficients S

— ~~~~~ (M T (R) (A )~~— , - (35)
- a~ v v

- 

— 
where v Is an integer (see (GO)) and

— 

0 < v < N ,

S 

Then
— 

E ”~/a
2

S 
= j  

5 
(37)

j

is used to obtain the normal equations. For example, for Prony’s
S 

— 
method (20) becomes

— 

F~÷ 
5~~ 

~ 
~~~ = , (38)

m=O, 1,. . . M
where the normalization by a0 is usually absorbed. In general

N a
f + ~ 

n c m
N+m-v n~O 

N+m-n 1
S 

—
. n#v

(3°)
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For proper v, the squared error obtained with Prony’s method can be
— 

reduced by almost a factor of ten. A general v approach is being
studied on another program26. The general v approach was suggested
however because of identification using prediction-correlation. As-
sume Prony’s method is used to find the coefficients and one has S

+ 
n~i ~N+m-n a~ = 0, (40)

where the normalization has been absorbed and zero error now assumed.

— 
With the coefficients known, (40) is a predictor, i.e., 

~~~ 
can he

predicted from N previous samples. But if the samples are noisy then
(40) should not be used as -Is because low S/N samples can be multiplied

— 

by large numbers (coefficients). Instead if a Is the largest coef- Sy
f-tc lent then (4fl) is normalized as

— 
S

_ _  N a— — + N+m-y + 
~ ~N~~ n ~~ = (41)

S y ay
— 

The predictor equation becomes

f - ~N+m 
N

N+in-y - - 

a ~ i ~N+m-n ~.Q 
. (42)

S y a~ 
-

— 
Now note that in general (42) is an interpolation , i.e., comes
from both prior and future samples. The equivalent expression if
the coefficients are found by eigenanalysis is - 

-

N a
N-y = - 

n~=O 
N—n . (4~)y

In both (42) and (43), all of the coefficients multiplying noisy data
have been reduced in magnitude . The next section of this report dis-
cusses the general identification problem.
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IDENTIFICATION

The target characterization parameters are the excitation in-
— variant coefficients of the linear homogeneous difference equation

which Is satisfied by scattered data from the target. Equivalently
one could say that the characterization parameters are the excitation
invariant complex natural resonances of the target or that the target
Is characterized by the excitation invariant difference equation.

— The target is also characterized by the excitation dependent residues
in (6) and (7). Use of the residues however would require much l arger

— storage l ibraries and a pattern recognition-type learning procedure.
S We have consistently advocated a procedure which does not require

S parameter extraction from an unknown (source) waveform response.

S Let f (t~1 be samples of the response from an unknown target and
S 

— f~ C) 
be a calculated waveform. First, the calculated waveform is

obtained using (43) which for general m is

f(C) = - ~ f(t) fl (44) 
5

-

N+m-y n=O N+m-n S

— n/y
m=O,1,.. .M.

— 

Thus a calculated waveform is obtained using the coefficients of a

S known waveform (from the characterization library) and sampl es of
— 

an unknown waveform. This is prediction. One can now calculate

S — ~ ,f(t ••c• ~~~~ ‘ Ni-i - ‘Ni-i
x = 1  — (45)

S 
— 

i=0 ~~~~~ 
+ 2

which Is unity minus the normalized squared error between the test
and calculated waveforms for the fixed value of the sampling interval.
The characteristic equation associated with (0) is
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a 5N—n 
= 0, (46)

n*0 ~

the roots of which are

• y~~t S

= e , i=0,...N. (47)

— Thus the comp lex natural resonances are

— 

~i 
= ~~ ln (s ). (48)

— 
Equating ~46) and a factored form of (46)

N
- 

— 
- )

~ ~~~~ 
= a0 ~ (s+e ~ ) (4q)

n=O i~1

— yields how the coefficients must change wi th ~t. Finally

= 
~~ 1 — x(~t), (

~0)
—

is the identification function. If the test waveform is from the target
— whose coefficients have been used then values - of p” near unity are

obtained. Low values of p” indicate a mi smatch between the test wave-
— form and target coefficients. - S

— There are of course a number of other methods whereby the pa-
raineters discussed above might be used in identification. However,

— 
the prediction-correlation shown has performed satisfactorily. For
our present purpose the major question is the feasibility of obtaining
reasonably stahie parameters using data associated with substructure

— 

features hut not resonances of the target. The actual processing
results obtained for pulse response of aircraft via (~4) are discussed
in a later section of this report. . I

—
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EIGENANALYSIS APPLIED TO MEASURED DATA

Another report on this contract24 describes methods of obtaining
measured spectral and temporal scattering data in some detail . Bas-

S ically, sampled frequency domain data (magnitude and phase) were rneas-
— ured in two spectral regions; 2.2-4.0 GHz, and 4.O-7.~ GHz for several

aircraft models and a pencil—type cavity structure. Each spectral
— hand was spanned by 901 evenly spaced points (200 intervals). Althoug h

data from both frequency bands were reported on Reference 24, eiqen-

— 
analysis was only performed on the ~.2-4.O GHz data. Time did not
permit more than a cursory examination of the higher frequency results.

— 
In prev ious work on identification at this Laboratory, transient S

time waveforms were simp ly obtained from ten frequency harmonicall y
— related data. Using hi gher and more realistic frequencies on this

contract necess it ated a new tec hnique for obtaining a suitable time
— domain waveform. The approach employed was to consider the 2.7-4.0

GHz data to be modulated , i.e., effective demodulation of the data

— 
from -1.8 to 1.8 GHz and conversion to the time domain via Fourier
Series yielded what was considered to be the “envelope” of a short

- S pulse return. These time domain pulse returns are given in the data
— 

report24 and discussed there. In this report the time responses are
considered as the data hank to which the eiqenanalysis method was

— applied.

- 
— One additional note on the data processing is made. After the

frequency domain data were shifted down to be centered at zero fre- 
S

S auency a f i lter, soec if ically a cos ~ window, was applied .

The cos ~ window can be expressed as 
S

w (n) = cos a n = - ,...,-1,O ,I ,..., ~ (51)
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The value of a in (51) can be an integer23, but in our application the
value of a = 25/46 was used. S

Method

Equation (90) given earlier views the general process in terms

— 
of the difference equation for a constant sample interval. More de-
tail must be given at this t ime as a slightly different procedure

S 
was used to form the data matrix referred to as (F) in Equation (2?).
Rewriting (20) as a function of time

— 

n~O 
f(tN+m t-n t)a~ C~ (52)

S - — ; m=O,1,...M; (Mi-i) >  (Ni-i).

S 

— 
It is seen that as long as the t ime increment , At, multiplying n in
(52) is constant in all equations, the difference equation method
holds. The At multiplying m need not be equal to the At multiplying

— 

n. The situation can be seen in Figure 8. Forcing the two At’s to
he equal -Is the situation depicted in (8a); no overlapping occurs.
In ~~~~ however, the At multiplying m is smaller , the At’s overlao ,
and more use can be made of the appropriate part of the waveform.

— Calling the smallest increment between samples At, Equation (52) can
he rewritten as

Y f(tN+m~
t_nAt

~
a = C . (53)

n=0 n m

Obviousl y,

At L~~t; L an Integer > 0.

— Then

J0 f(t N+m6t - nL~t ) a~ C
m 
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Figure 8. Nonoverlapping (a) and overlapping (b) subintervals.
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- Any given value of m still gives one dtfference equation formulation 
S

with a constant At; the At ’ s in all equations are equal. We have
the same situation in Equation (54 ) as in (52) but, again, the critical

— 

portion of the waveform is possibly employed more efficiently.

Rewriting (54) as in Equation (20) we have

— 

n~O ~
N+m-nL an Cm

— m = 0,l,2,...,M; (Mi-I) > (Ni-i).

— 
I an integer > 0 (55)

- where the time increment is now 6t.

The formulat ion of the data matrix (F) as given by Equation (~fl)
is (allowing At to be equal to L)

~N+mL-nL 
a~ Cm~ (56)

and

— 

~N ~N-L ~N-2L 
‘ 

~N-NL 

-

— ~N+I ~N ~N-L 
‘ 1 N+L-NI(F) 

~~+‘L ~N+L ~N ‘ ‘  
~N+’L—NL

— rN+ML ~N+M1-L ~N+ML-2 L ’  ~N~M1-NL
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S The formulation for Equation (55) is

~N-2L 
1 N—NL

~N+1 ~N+1-L ~N+I-2L 
•
~~ ~~+i-~~(F) 

~N+2 ~N+2—I ~N+2-2I ~~
.. 

~N+2-NL 
(cR)

S 
— 

~N+L ~ ~
‘N-L ~~ ~N+L-NL 

(1+1)—h row 
S

S 

- ~N÷M ~N+M-L ~N+M-2L ~~ ~N+M-NL

These two formulations are not simply expressed but the important
feature Is that the (Li-i) row in the second method is the same as

~ the 2nd row in the first method. Again it is seen that more informa-
S 

— tion can possibly be obtained from the important portion of the wave-

— 

form.

The new procedure exploited in this study was the use of infor-
mat-ion f rom two data records (i.e., two aspect angles) In forming

— 

the data matrix (F). In practice, (F) was actually formed from two
submatrices. Consider one target and a time domain curve F’(t) from
each of two aspect angles. Ca l l them F1 and F2. Several constra ints

- exist i n forming the new data matrix namely; At must be the same for
I 

— both curves, the number of terms in the desired difference equation
S must be the same for both curves and the number of rows of (F) must

— he greater than or equal to the number of columns. This last constraint
reflects the least square procedure in Equations (23) through (30)

— 
with reqard to the (Mi-i) > (N+i) condition of Equations (20) and (55).
An N term dIfference equation (F) could be composed of Ml rows of

S 5 information from F’ and M2 rows from F2. As stated above
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VM 1 + 1)+(M2+l.) .~~ N+1 (59)

but note that Ml is not necessarily equal to M2. We now represent
the data matrix for the following difference equation system . 

S

N S

— 

~ ~~~~~ 
an Cm

; m 0,i,...,Ml
fl0 (60)

— 

- J0 ~~~~~ an = cm; m=(ml+l), (M1+2),...,(M1+M2+2).

as

— 
S ~1 ci 1. F1r N U N L  FN_2L 

~~
“ N-NI

ci I?1 1 F1
— 

rN_i r N_ i_ I FN+l..,L N+t-NL
(F) . 

(ci.)

1 1 1 F1 S

— 

FN+M, FM_Mt_I FN+Mi_,L N+M1—NL S

2 2 2 2
— 

FM FM_I FN_?L ... F~_1~1
2 2 r2
Ni-I P4+1-I r N_i 21 ~~~~~ Ni-i-NI

— 

F2 F2 F2 F2N+M2 N+M2-L N+M2-21 N+M2-NL

The formulation given by (60) is for two data records. In fact ,
the method could be applied to an arbitrary number of data records.

- The examples given in this report were restricted to two aspect angles.

S — In applying Equation (60) to our measured radar data, several -

parameters had to be varied. They are:
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1. N, the number of terms In the difference equation.

2. 1, the At in the difference equation.

— 

3. Ml , the number- of rows of information from data record F~. 
S

— 4. P42, the number of rows of information from data record F2.

— In general , another variable exists. The portion of the wave-
form over which the data is sampled can be changed. In this study,

— 
this variable was in effect removed. Examination of (58) reveals S

that the sample corresponding to the earliest point in time is in
the upper right hand corner, FM_NI. On the synthesized pulse

— 

responses to which this method was applied , FM_NI was always considered

S to be the maximum point on the waveform. (See discussion on pulse S

— responses In section on substructure resonances.) The sampled “win -
dow” of the waveform was always the max imum point and points to the

— ri ght of -it corresponding to longer times. Some variation in the
sampled “window” occurred as N and I.. (or At) were changed. As L was

H 
— 

increased for a given N, samples corresponding to longer times were
included . Increasing N, the number of terms in the difference eq-
uation, also forced Inclusion of more data points. Increasing M,

— 

the number of rows in the data matrix corresponding to a gi ven record
S also changes the size of the “window”. The starting point, however ,

was always the maximum point on the waveform. It was always Included

in this study.

As these variables were adjusted the characteristic being observed
was the stability of the difference equation coefficients, the ~~

S in Equation (60). By stability here we mean invariance to changes.
In this application for a given number of terms in the difference

S 
—
. equation N, and a fixed At, Mi and M2 were varied and the coefficients

examined for stability. Obviously, a chanqe In At or N will yield

JI 
- 
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- totally different sets of coefficients. The actual procedure used
then was to pick a value of N, pick a value of &t, and allow Ml and P42

— 
to vary. 

S

Results of this application to several waveforms are given in
— the next section.

— Results

— As stated earlier, the goal of this portion of the effort was
cons idered to be stability of the coefficients for a given number

— 
of terms in the difference equation and a given At as more information
was added to the data matrix (F). Again , changing information in
(F) corresponds to adding rows of elements as defined by a given value

— 

of m in Equation (55) for either of the two aspect angles. Equation
(60) defines the process for two aspect angles. It is seen that there S

— are MM1 rows of data from aspect angle 1 and I’J12 rows of data from
aspect angle 2. The following discussion considers NM to te the number

— of terms in the difference equation and JOT to be At. The “error ”
discussed refers to the total squared error as defined by (20), (i.e.,

— 
the smallest elgenvalue), divided by the trace of (R) where CR) was 

S

defined In Equation (25), and the trace of this real sy-metric matrix

— 

is the sum of the diagonal elements. This weighting permits a fair
comparison between errors of different size matrices.

Application of this procedure proved time consuming because a
systemic procedure was not developed for this test. Searchinq f or

— stable coefficients initially involved lengthy computer printouts
and visual examination. Figure 9 shows a semi-automated method where
the coefficient values are plotted as functions of their coefficient
numbers. In fact, the computer program has the capability of pro-

— 
ducing these plots on a CR1 screen. This greatly aids examination
of the output data.

42
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S 
- Figure 9 shows difference equation coefficients plotted when

— the procedure was applied to the time waveforms of Figure 10. (A
pencil shape target with a vertical tail stabilizer as described in

— 

Reference 24.) As shown, seven coefficients were sought with 101=4.
Mote that as MMl and MM2 are varied (the size of the data matrix changed),

- 
the coefficients vary somewhat, i.e., are not stable. Actually, vari-
ations were larger than this plot indicates. Figure ~ shows only
those cases where the first coefficient was positive. Figure ii. shows

S 
— the coefficients olotted with six terms in the difference equation

and 1DT 4 for the same pulse response. Again , stability is not in-
- dicated. The case of seven terms in the difference equation and IDT=3
- is shown in Figure 12. For these ten values of MM1 and MM2 stability

— 
is clearly achieved. In fact, there were more than ten cases wh ich

S would have shown this stability . Figure 12 also reveals, however, S

that the first coefficient is very near zero. This indicated that
S 

perhaps only six terms are actually needed in the difference equation.
S 

Indeed Figure 13 for NN=6 and IDT=3 indicates stability comparable
— to Figure 12 with no near-zero term. The resulting difference eq—

uation indicated by Figure 13 which best fit the two curves of Fig-
— ure lO is

S 

— 
- .182 Fi (t_A)+ .flq75F I (t_2~t)_ .O25~F

i(t_3At)

+ .495F1(t-4At)— .722F1(t—5At)+ .354F ’(t-fAt~ = 0 (~2)

where

At = 3•6 3x0.139 = .417 ns

.139 ns spacing between t ime samples

iRl ,2 refers to the two data sets.
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Figure 10. Pulse responses of pencil target 2 inch tail stabilizer.
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This procedure has been applied to several other waveforms but it

— is interesting here to examine the waveforms of FIgure 14. These S

waveforms correspond to the same pent shaped target on Figure 10 with S
the exception that the vertical tail fin is slightly longer. Figure
15 shows a stable set of coefficients with five terms and 101=4. Fig-
ure 16 shows a sli ghtly better fit with regard to the total squared
error. The difference equation for the target of Fi gure 14 would
be

.718F1 (t—At)- .289F’ (t—2At)— .186F1(t—3At )

-.451F 1 (t—4At)+ .404F1 (t-5At) = 0 (63)

— 

These two examples are used (compare Equations (62) and (63)
to show that two very similar targets, differing or~iy in a sing le

- 

- 

— substructure dimension , yield two vastly differing, yet stable , dif-
ference equations. Past experience with a pole or difference coef-

— ficient discriminator as in Equation (45)3~4 indicates that discrimi-
nation can be achieved using these coefficients.

- D ISC U~~!~~1 AND CONCLUSIONS

S — 

The early sections of this report were devoted to a sijnrary of
a basic method of target identification developed over the course

— of several contracts. These developments are translated here to a S

set of conclusions addressed specificall y to modern fighter aircraft .

1. Scattering data in the spectral range of 2.0 to 24.0 MHz
— contain the most basic information concerning the overall

size and shape of the aircraft.

- S 
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2. Transient response waveforms can be produced from ten dis-

crete frequency samples of the complex ecPio signal In the
— ~.0 to 74.0 MHz range which are relatively simple in shaoe

and yet characteristic of the aircraft.

3. The transient response waveforms produced from samples in

— 
the 2.0 to 24.0 MHz frequency range display substantial
ringing indicative of the presence of one or more hIgh-Q
complex natural resonances.

4. excitation Invariant comp lex natural resonances can be ex-
— tracted from transient response waveforms produced from

complex scattering data in the frequency range 7.0 to 24.0
— MHz. These dominant complex natural resonances are finite

in number (usually no more than five of six) and are phys- S

— 
ically related to large structures such as the wings and
fuselage of the aircraft. The dominant resonance set for
a given aircraft are distinct, i.e., sets for other al”-

— 

craft, while similar , are different.

— 
~~. A prediction-correlation processing based on the complex

natural resonances of a given aircraft can be used to Iden- 
S

— tify all aircraft whose parameters (dominant complex natural
resonances) are known a priori.

6. Prediction—correlation processing of echo signal data for
Identification of aircraft is relatively insensitive to

— 

modest amounts of noise and does not require the extraction
o~ complex natural resonances from an unknown (target) tran-— sient signal. The processing therefore Is applicable to -
real time Identification of fighter aircraft. In this ftc-

-
~ 

— quency range minor substructure changes of the aircraft
will not negate the identification.
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Based on the above one can conclude that the identification of S

— 
modern fighter aircraft Is In-hand provided that discrete samples
of the complex echo signal spanning the frequency range ~.0 to 24.0

— 

MHz can be obtained. Obviously this identification method Is not
S a retrofit adjustment of existing radar systems. It Is stressed,

however, that the above requirements for the radar are specifically
S dictated by the identification task. Stated another way, given com-

plex echo data harmonically spanning the 2.0 to 24.0 MHz frequency
f — band modern fighter aircraft can be identified .

— A major task of the present contracts was to determine if modern
fighter aircraft could be identified using similar methods if the

— 
onl y available complex echo data were from a si gnificantly hi qher
frequency band , I .e., frequencies above 24 MHz. From a comp lex na tura l
resonance viewpoint the logical such substructure resonances are those

— 

possibly associated with the stabilizer resonances -in the 30.0 MHz S

to ~6.0 MHz range and cavity resonances nearer the upper end of the
— band. Neither calculated nor measured comDlex echo data are avail - 

S

able for fighter aircraft in the 30.0 MHz to 700 MHz frequency region.
— Furthermore , existing experimental facilities which measure complex

echo data at harmonics of some given fundamental frequency are not

— 
useful because the frequency increment is too l arge. To obtain the

requisite scattering data several tasks were completed.

— 

7. Prel iminary hand-operated stepped frequency complex echo
measurements were made in the 30 MHz to 50 MHz region using

— 1/72 scale models of the F-104, F-4 and MIG—21 aircraft.
Frequency Increment for these data was 5.0 MHz and a bistatic

— angle of 30° an d vert ical (perpen di cular to the p l ane of
f l i ght) polarization were used. The measurements were made

— 
over a range of aspect angles in the plane of flight. Back-

S 
ground subtraction at each discrete frequency was used.
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R. From the measured echo data contour plots of the magnitude
— - of the echo signal for frequencies from 30.0 to 50.0 MHz

and aspect angles from 00 to 1800 were prepared.* Both
the prel iminary measured data and the contour maps indicated
that 30.0 MHz to 56.0 MHz was the frequency region where

— 
stabilizer resonances were probable. S

9. An automated stepped-frequency measurement range was in-
— 

strumented. The facility is capable of rapidly measuring
and calibrating complex echo signals at stepped frequencies

— from (model frequencies) 1.0 6Hz to 12.0 6Hz. The system
has a variable b-Istatic angle and a variable frequency in- S

— crement between the measured stepped frequencies. Vector

S background subtraction is used at each measured frequency.

— 
Accuracy of the measurements is estimated as tl dB In ampli-

S tude and ti.00 in phase at each frequency.

‘0. Complex echo signal data In the frequency range 30.0 MHz
to 56.0 MHz were measured for six aircraft (F—104, F-4,
Fic, MIG-21., F-!04N, F-105) and one pencil-type shape with

- an adjustable cavity length. Certain measurements were
— also made in the frequency range from 56.0 MHz to 1.06 MHz.

Vertical polarizati on (perpendicular to the plane of flight)

— 
were used for transmitter and receiver.

11. Pulse response waveforms with sufficient resolution to Isolate
— 

substructure features of the aircraft and pencil targets
were produced from the stepped frequency data.**

— *The contour maps were presented in a Quarterly letter dated
13 September 1977.

S 
~~

- **The measured datd and detailed descriptions of the targets are given
in Reference 24. The pulse response waveforms are also given in

S 

— Reference 24.
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As stated in the footnote, a much more detailed discussion of
the measurement system, the measured data, the simulated pulse response
waveforms and the targets is given in a data report24. We concentrate

— here, however, on certain conclusions most pertinent to the aircraft
Identification problem.

12. In the frequency range from 30.0 MHz to 56.0 MHz for ver-
tical polarization of transmitter and receiver, the dominant
contributor to the echo si gnal from modern fighter aircraft S

Is the vertical tail stabilizer. For the pencil target
— 

at frequencies above 56.0 MHz where the rectangular cavity
is above cutoff, the cavity and the position of a short with -

— In the cavity are clearly visable in the echo signal. 
S

— 11. Pulse response waveforms from aircraft simulated from meas-
ured complex echo signal measurements in the 30.0 MHz to

— 
c6.O MHz range did not demonstrate the stabilizer assembly
has a hi gh-O complex na tural resonance i n th i s frequency

S range. A similar conclusion can be drawn regarding the
— 

cavity at frequencies from 56.0 MHz to 106.0 MHz but is
more tentative because the measured data were less extensive.

14. In most cases, the dominance of the vertical stabilizer
— manifested itself in the pulse responses as a sing le pulse

In the response waveform for a wide variation of aspect
— 

angles.

The fact that the stabilizer assembly on fighter aircraft does

-- 

— 

not have a substructure hlgh—Q complex natural resonance In the fre-
quency range 30.0 MHz to 56.0 MHz was unexpected, and at some variance
to earlier pulse responses obtained from echo signals at frequencies
below ‘~.0 MHz. A completely satisfactory explanation of why the

— tail stabilizer does not have a high—Q type natural resonance In this

S 

frequency range cannot be given at this time.
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15~ A method for combining sampled data records of pulse response S

waveforms from an arbitrary number of target aspects has

— 
been developed. As a result it is possible to find that
single homogeneous difference equation which best satisfies
the transient records of a target for a variety of aspects.

16. It has been demonstrated that an elgenanalysis solution
— for the coefficients of a linear homogeneous difference

equation Is more versatile than Prony’s method in that no
a priori assumptions concerning any of the coefficients
Is necessary .

The fact that only a single isolated pulse is seen in the tran-
sient response of aircraft as simul ated from complex echo data in

— 

the 30.0 MHz to 56.0 MHz range does not necessarily preclude use of
predictor-correlation processing for identification of the aircraft.
A difference equation processing can be applied to the tail (portions

- occuring later in time than the peak) of the pulse response related
— to the stabilizer. A simi lar coninent can be made concerning the tail

of the oencil target. In this regard one can just as easily work
with the envelope of the pulse response since it Is not anticipated
that the complex natural resonances deduced from the coefficients
have any physical significance. A physical significance for the coef-

— 

ficlent is a convenient but not necessary condition for identification
of the target.

17. It has been demonstrated that a set of excitation invariant
— difference coefficients can be found for the pencil target

using pulse responses from various aspects as simulated
— 

— 
from echo signal data in the 30.0 MHz to 56 MHz range. It
has also been shown that a minor structure change in the

S — 

vertical stabilizer yields a different set of excitation
Invariant coefficients. It follows that aircraft with rela-
tively simi lar stabilizer geometries can still be separately
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Identified. In fact, for the F-105 aircraft model , a set —

— of difference equation coefficients with stability comparable
to the pen target cases has been found.

Exploitation of the developed measurement facility and processing S

of data obtained from this facility has been consistent with the time
and funds of the contract. Fundamental questions concerning the use
of frequencies above 24 MHz for the identification of modern fighter

5 a i rcra ft have been answered. Certain apparent misconceptions con-
S cerning complex natural resonances of substructure of the aircraft

— in the frequency range 30.0 MHz to 56.0 MHz have been corrected. Fi-
nally a scheme of identification of fighter aircraft using frequencies

— 
in the 30,0 MHz to 56.0 MHz range has been postulated and certain

= requisites of the scheme demonstrated.

— 

- It is also apparent that processing tests of measured data already S
- - 

obtained have been far from exhausted and that many new measurements
— and tests have been suggested by the present results. It is strongly

recomended that research programs of this type, which explore the
— echo signal s of modern fighter aircraft at frequencies above 24 MHz,

he continued.
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