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1. INTRODUCTION

In this report, we are concerned with input-output data

associated with a transient electromagnetic process. The

input is defined as a component of the electromagnetic field

generated by the experimenter. An example is the vertical

electric field at point P in the absence of a scattering

object. The output is defined as a component of the elec-

tromagnetic field scattered by the scattering object. An

example is the vertical electric field at the same point P

obtained in the presence of the scatterer by subtracting the

total field from the incident field. The goal of the elec-

tromagnetic experiment is, given the input-output data,

determine characteristics of the scattering object.

In a previous report (Dudley, 1984a), we considered

parametric models. We defined models whose parameters can

be varied so as to make the output from the model "close" in

some sense to the output from the actual electromagnetic

experiment. This procedure is called the "system identifi-

cation problem." Following the identification, we con-

sidered the possibility of determining physical characteris-

tics of the electromagnetic process from the parameters

identified during the identification process. This proce-

dure is called the "classification problem."

The results reported in Dudley (1984a) were based prin-

p'
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* cipally on complex resonance identification techniques.

Through use of the non-linear least squares algorithm NLS

(Goodman, 1983), successful identification and classifica-

tion procedures were carried out on simulated data obtained

*from solving forward problems associated with several canon-

-. ical structures. Difficulties arose, however, in making the

transition from identification to classification except

under the following restrictions. First, the complex reso-

nances must contain only small damping. Second, the

resonances must be distinctly separated. Third, the signal-

to-noise ratio must be high.

In order to appreciate the significance of these limi-
tations to complex resonance modeling, it is crucial to

understand the distinction between identification and clas-

sification. Using the NLS algorithm on simulated data, we

have been able to match the output from our model to the

output from the electromagnetic process, usually to within

better than one part in 10- 4. The poles thus obtained are

accurate poles of the data. Their physical significance,

however, is another matter. Our conclusions have been that

there is little chance of relating the data poles to the

natural resonances of the object except under the above

three restrictions.

In addition to the three restrictions mentioned above,

Dudley (1984a) has discussed the fact that there is more

-.4, ' ' , ' o . " - . ' -. • / " , . / ." . - " -. . . ' - -, , .' , • .- .' - / - " " - [
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information available in the transient wave than that con-

tained in the complex resonance model. Indeed, for per-

fectly conducting scatterers, it has been shown (Marin,

1973; Pearson, 1984; Morgan, 1984) that the scattering con-

sists, in the complex frequency domain, of a series over

comp.Lex poles plus an entire function. The inverse Laplace

transform yields a complex exponential series, arising from

the pole series, plus an additional term, arising from the

entire function. As discussed by Dudley (1985), the complex

exponential series is parametrized by the complex poles and

residues, but the entire function is not parametrized at

all. The complex exponential model does not contain the

entire function term and thereby treats it as noise in the

noise minimization process leading to the identification of

the coefficients in the complex exponential series. This is

unfortunate, because there is information available in the

entire function that is being ignored.

There has been some discussion during meetings of the

International Union of Radio Science concerning the possi-

bilities of utilizing the time-limited characteristic of the

entire function (Morgan, 1984) to determine a point in the

time signature beyond which a pure complex exponential model

is appropriate. We shall consider the merits of this point

of view subsequently.

In this report, we continue with our studies of complex

" " " * " " ".* *A***.> *. *% ,* * * - - ;- . *-- -*..i.. .' .,,
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exponential modeling. We report further studies with simu-

lated data and follow with results with actual data,

obtained on the NOSC and Lawrence Livermore National Labora-

* tory (LLNL) transient ranges. In order to begin to under-

stand information not utilized in the complex exponential

'- model, we describe some experimental models constructed to

study local feature scattering. We show some preliminary

results from scattering experiments on these models per-

formed at NOSC. The report concludes with a discussion of

results and some recommendations for further research.

2. COMPLEX RESONANCE IDENTIFICATION

In this section, we begin by describing results with

simulated data obtain from scattering from a hard acoustic

sphere. We include these results to dramatize difficulties

* Iwith objects displaying large radiation damping. We next

describe backscatter experiments on aluminum plates, experi-

ments performed at both NOSC and LLNL. We conclude the

section with some definitive statements concerning the fu-

ture of complex exponential modeling in target identifica-

tion.

2.1 The Hard Acoustic Sphere, Simulated Data

In our previous report (Dudley, 1984a), we identified

the complex resonances from dielectric slabs. We were able

to make the bridge between identifying the complex resonan-

IL
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ces in the data (system identification) and calculation of

the thickness and dielectric constant of the slabs (classi-

fication), so long as the data was characterized by a high

signal-to-noise ratio. The slab problem, however, contained

no radiation damping in the scattered field. Such an ideal

situation cannot be anticipated in practice. Indeed, the

sphere is a canonical example containing severe radiation

damping. In addition, the sphere contains an early time

contribution, due to the entire function, that is not in-

cluded in the complex resonance model. We limit ourselves

to the acoustic case because it is simpler and yet still

provides the insight we seek.

Consider acoustical backscatter from a hard sphere

(Neumann boundary conditions). We solve this problem in the

frequency domain by summing the well-known Mie-series (Bow-

man, et. al., 1969). We next multiply the solution by the

spectrum of the incident pulse and take the inverse Fourier

transform numerically by Filon's method (Dudley, 1975). We

use the input-output time-domain data so obtained as simu-

lated data for the NLS algorithm.

Consider the specific case of backscatter from a sphere

of radius 1 meter with observation point at 10 meters. The

input signal (Fig. 1) is selected to give a bandpass charac-

teristic in the frequency domain (Fig. 2). Its selection is

part of an ongoing effort to shape the input spectrum to the
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identification problem at hand. The reponse to this input

at r = 10 meters (Fig. 3) is characterized by an initial

response, followed by the first creeping wave. By the time

the second creeping wave is due, the radiation damping has9'

eliminated its appearance in the waveform. The Fourier

transform of the output signal (Fig. 4) exhibits several

resonances that we shall attempt to identify. We low-pass

filter the data at 300 hertz and then decimate to avoid

oversampling. The resulting input (Fig. 5) and output (Fig.

6) consist of 200 sample points. We next do an identifica-

tion of the complex resonances using the NLS algorithm.

The location of the identified poles (x) in the complex

s-plane are displayed (Fig. 7) for a 17th order model, along

with the theoretical poles (+). The process is repeated

(Fig. 8) for a 40th order model. The number of poles within

the passband of the filter is approximately 13, with the

energy concentrated about 150 hertz. Note that there is

little correspondence between the 17th order identified

poles and their theoretical counterparts, despite the fact

that the model output and the simulated output agree

throughout the waveform to one part in 5000. For the 40th

order model (Fig. 8), the situation is not much better,

despite model and simulated output agreement to one part in

100,000.

It is clear that complex resonance identification has



FINAL REPORT, N00019-83-C-0362 PAGE 7

been performed very accurately. That is, there is excellent

agreement between the model and simulated output. There is,

however, little agreement between the theoretical and iden-

tified poles. The classification process has therefore

failed. The poles are poles of the data and not poles of

the scatterer. We understand why this happens. The fault

is not with the algorithm. Indeed, it has produced an

excellent match to the data. The fault is in our complex

exponential model. The early time return (0 < t < 0.012)

contains a large contribution from the entire function that

is not modeled correctly by our algorithm. In addition, the

radiation damping prevents us from observing returns later

than the first creeping wave. We therefore are unable to

observe multiple returns from successive waves as they cir-

cumnavigate the object. If we eliminate the entire function

U in early time by time windowing, we eliminate all possi-

bility of characterizing body resonances. The reason why

this is true is that we destroy the time reference that

measures time around the object. If we could observe at

least the first and second creeping wave, the time windowing

procedure could be attempted. Indeed, such a procedure has

been successfully demonstrated for the dielectric slab,

where there is no radiation damping. In the case of the

sphere, however, the radiation damping drives the second

creeping wave and all subsequent ones into the noise.

Unfortunately, most targets of interest display large radia-



FINAL REPORT, N00019-83-C-0362 PAGE 8

tion damping effects.

2.2 The Conducting Plate, Transient Range Data

Although we have previously reported plate scattering

* data taken on the NOSC transient range (Dudley, 1984b), we

have since repeated these measurements on the transient

range at LLNL. Recent modifications at the LLNL range have

dramatically decreased the noise level, to the point where

we can obtain more accurate identifications.

The LLNL range (Fig. 9) consists of an IKOR pulser

feeding a half-bicone antenna erected on a ground plane.

The pulser produces a pulse with less than a .1 nanosecond

rise time and a 1 kilovolt peak amplitude. The pulse width

is less than 0.15 nanosecond and is transmitted at a 250

hertz repetition rate. Such a pulse has a spectrum flat to

* Rwithin plus or minus 2 db from 1 megahertz to 1 gigahertz.

The pulser triggers a Tektronix 7408 Sampling Oscilloscope.

The data collected is fed to an LSI-11/23 computer and

supplied off-line on floppy discs (RT format) to a

VAX11/750. The bicone antenna transmitted signal is re-

ceived by a d-dot sensor mounted on the ground plane. "In-

put" data means data taken with the d-dot sensor in the

absence of the scattering plate. "Output" data means data

taken with the d-dot sensor in the presence of the plate.

Data has been taken and reduced for three rectangular

e[

. .".

. ..
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aluminum plates of differing sizes. We shall describe a

typical result with a plate 30 centimeters high and 60

centimeters wide. The polarization on the range is verti-

cal. All data taken is backscatter with the d-dot probe

located 58.7 inches from the apex of the bicone and the

plate located 2 feet behind the d-dot probe. (In Fig. 9,

a = 58.7 inches, b = 2 feet.) The experiment has the fol-

lowing objectives:

1. Obtain the natural resonances of the plate

2. Compare the resonances with Pearson (1976)

3. Obtain the transfer function of the plate

4. Compare the transfer function with the Patch Code,

which gives a numerical solution.

We shall describe results applicable to the first three

objectives. The fourth objective is awaiting results from

* W. A. Johnson, Sandia National Laboratories. He has been

supplied with our data.

The raw input and output data consists of 1024 points

with a sampling interval of 1.953 x 10- 11 seconds. All

waveforms are averaged over 100 shots before recording.

Both x-axis and y-axis zero references are set by visual

observation of the oscilloscope. Since signals through the

d-dot sensor cannot have a dc component, we remove the mean

from both the input and output (Fig. 10). Note the low

noise level in the input signal. In the output, we comment

. . -
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that our clear time is limited by the artifact return vis-

able at 15.2 nanoseconds. This signal is the scattered

pulse from the plate after it has been re-reflected from the

apex of the bicone. We next align the input and output and

subtract input from output to produce the scattered field

(Fig. 11). Note the small residual precursor remaining in

the scattered field caused by small difference in successive

shots. Since we next front-cut the scattered data, we are

in effect ignoring this small error. We next realign the

input and output, filter at 2.5 gigahertz and decimate to

128 points (Fig. 12). The resulting input and output spec-

trum (Fig. 13) appear to have a number of resonances.

-i
We begin the analysis of the preprocessed data by

obtaining the bandlimited delta function response (Fig. 14)

by Weiner filtering (Dudley, 1983). The impulse response

• exhibits a number of successive interference-type returns.

We attribute these to returns caused by interactions between

the plate edges. The bandlimited transfer function is ob-4-
tained by taking the transform of Figure 14. The result

(Fig. 15) shows an increasing amplitude as a function of

increasing frequency, plus several resonances. We are

awaiting comparison with numerical data from Sandia National

Laboratories.

We next process the input-output data (Fig. 12) through

* . the NLS algorithm. We use a 45th order model and obtain a
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match (Fig. 16) between the model output and the scattered

field. Note the relatively high order model necessary in

this case. This non-parsimonious model is caused by the

necessity of matching a complex exponential series to data

that exhibits a burst response followed by relaxation, fol-

lowed by another burst, and so forth. We compare the first

few of our poles (low frequency, low damping) with Pearson

(1976). Note (Fig. 17) that for the first two pole pairs

there is good agreement in the imagninary parts but poor

agreement in the real parts. This result is consistent

with known relative sensitivity analyses (Dudley, 1979). We

have identified the real frequency of the resonance, but not

r the damping.

2.3 Conclusions

We have examined in this section and in Dudley (1984a)

complex resonance identification with both simulated and

experimental data. We find that, though use of an effective

signal processing algorithm (SIG) and an interactive non-

linear optimizer (NLS), we can perform efficient, accurate

identification on a large variety of data. By accurate

identification, we mean the adjustment of model parameters

such that the output from the model matches the output from

the electromagnetic process throughout the range of the

signal to within a specified tolerance. Classification is

another matter. We find that relating the complex reso-

*- * - A[-.- - -
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nances of the data to the natural resonances of the object

r is an exercise in frustration for all but high-Q resonances

in a high signal-to-noise environment.

0 3. RAY-OPTIC IDENTIFICATION

In this section, we begin by describing experimental

models constructed for early time signature tests on the

- NOSC transient range. We follow with a description of the

range. Next, we compare scattering signatures for a variety

of cylindrical objects and end by indicating some observa-

tions about the future of early time modeling.

3.1 Model Construction

£ For study on the transient range, we constructed a

number of circular and parabolic cylinders. The circular

cylinders (Fig. 18) are aluminum tubing. We constructed

3three models, all 3 feet high. The three have radii of 2,

3, and 4 inches. We also constructed three models with a

height of 6 feet and the same radii as above. The parabolic

cylinders (Fig. 19) were constructed with aluminum screen

stretched over a wooden frame. We constructed two models,

both 6 feet high. The first has a radius of curvature of 2

inches; the second, 4 inches. (The radius of curvature of a

" parabolic cylinder is one half the focal length.) All

models were mounted, one at a time, on the NOSC transient

range with the cylindrical axis vertical (parallel to the

- transmitted electric field.)

L.1



FINAL REPORT, N00019-83-C-0362 PAGE 13

5 3.2 The NOSC Transient Range

The transient range at NOSC (Fig. 20) is a bounded wave

simulator 45 feet in length. Its principal attribute is its

physical size, which makes possible measurements requiring

extensive clear time. All of our measurements were per-

formed near the center of the turntable. The results we

shall discuss are for backscatter, measured with a d-dot

probe of identical design to the probe at the LLNL range.

3.3 Measurements of Cylindrical Structures

Scattering measurements were performed on all models

discussed above. Although we have taken and stored a large

amount of data, we shall only report results on certain|N
representative members of the total ensemble. We consider

backscatter measurements for the following 6-foot high

models: The parabolic cylinder with 4 inch radius of curva-

ture (called the 4 inch parabola); the parabolic cylinder

with 2 inch radius of curvature; the circular cylinder with

4 inch radius of curvature (called the 4 inch pipe). All

scattered data presented is backscatter at 2 feet from the

cylinder surface.

As a representative set of the raw data, consider the

free field and total field for the 4 inch parabola (Fig.

21). Typically, the scattered field is produced by subtrac-

ting the free field from the total field (Fig. 22). Note

the precursor caused by shot-to-shot variations. This pre-
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cursor is more noticable on the NOSC range than the LLNL

range and must be considered a source of error in the re-

sults. Indeed, we proceed by front-cutting the scattered

field data thereby eliminating the precursor.

We next compare the scattered fields from the 4 inch

parabola with the 4 inch pipe (Fig. 23). Note the almost

perfect match in the time history until the scattering from

the back edge of the parabola enters the measurement at 4.7

nanoseconds. We display a similar result for the 4 inch

parabola and the 2 inch parabola (Fig. 24). Although, the

differences are slightly more pronounced, we still note

great difficulty in distinguishing two different objects

(parabolic cylinder and circular cylinder) with the same

radius of curvature and two objects of the same type (both

parabolic cylinders) with different radii of curvature.

3.4 Conclusions

As we begin to investigate early time scattering, we

are faced with some serious difficulties, illustrated by the

similarities in the scattering signatures of different

objects. It is already clear that we must begin to examine

object features that are more dramatic than radius of

curvature at a single point.

4. DISCUSSION

Our experience with both simulated and transient range
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data has pointed up some serious limitations in existing

methods for parametric classification. We discuss complex

resonance methods and ray optic methods and follow with some

recommendations.

Over the past decade, there has been a concentrated

effort by many researchers to classify with complex reso-

nances. We believe, based on both theory and experimental

modeling, that the following definitive statements can be

made concerning complex resonance modeling:

(1) Identification with complex resonances can be

accomplished with a high degree of accuracy

through use of a signal processing algorithm,

such as SIG, and an efficient non-linear optimi-

zer, such as NLS. In other words, the output

from the parametric model can be adjusted to

match the output from the transient electromag-

netic process to high accuracy. There is little

need for further work in this subject area.

(2) The complex resonances obtained in the procedure

in (1) are not guaranteed to bear any resemblance

to the natural resonances of. the scatterer.

There are two difficulties. First, the complex

exponential series is a series with very few good

mathematical properties. Second, the complex

resonance description of the scattered field is



FINAL REPORT, N00019-83-C-0362 PAGE 16

incomplete; the entire function is missing. Our

tests show that sucessful transition from poles

of the data to poles of the object can only be

made in high-Q, low noise situations. These

situations rarely occur with objects of practical

interest in target identification. We view with

extreme pessimism any further attempts to do

target natural resonance classification with

complex exponential models.

(3) If the entire function is included to make a

better model, there is at present no way to

parametrize it. The complex exponential series

is parametrized by the poles and residues; the

entire function is not parametrizeed at all. As

matters now stand, the addition of the entire
function to the model has only conceptual signif-

icance and does not aid in improvement in iden-

tification and classification.

(4) Parametrizing the entire function (Dudley, 1985)

is the key to further progress in producing a

parametric inverse model containing complex reso-

nances. This subject area is an important candi-

date for continued research.

Studies in ray-optic identification and classification
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3 are just beginning. Already, however, we have noted some

difficulties. We find that there is very little difference

in backscatter signatures from smooth bodies with the same

radii of curvature. We also have difficulties with two

bodies of identical form but radii of curvature that differ

by a factor of 2. These results are expected when one

examines the asymptotic series associate with scattering

from smooth bodies (Bowman, et. al., 1969).

System identifaction is a well-developed science that

has produced many sophisticated algorithms, including one

specifically designed for transients (Goodman, 1983). There

is little need for electromagnetic researchers in

further identification algorithm development. What is

needed are better models.

The principal characteristic in transient scattering

from targets of interest seems to be successive returns set

up by interferences among localized features. These are

precisly the features that, when viewed overall, combine to

produce the object resonances. Such a combination, however,

is often an inefficient descriptor (Felsen, 1985). Our

studies with the dielectric slab point out that the local

interferences give more efficient information directly in

the time domain than their total combination in terms of the

complex resonances.

.. .. .. .
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It is recommended that research be directed towards the

development of parametric models whose parameters describe

both local and global features within a single model struc-

ture. Without such a model, a satisfactory parametric

inverse method remains elusive.
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