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1. Introduction

This is the final report on the research program on "Radar Waveform Synthesis
for Target Identification" supported by the Naval Air Systems Command under
Contract NO0019-84-C-0190, and it reports the progress for the period of
July 31, 1984 to August 31, 1985.

The purpose of this research is to develop a new scheme of radar discrimination

and identification. The new scheme is based on the natural frequencies of the

target. It consists of synthesizing aspect-independent discriminant signals,

called Extinction-pulses (E-pulses*) and single-mode extraction signals which,
when convolved numerically with the late-time transient response of an expected
target, lead to zero or single-mode responses. When the synthesized, discriminant
signals for an expected target are convolved with the radar return from a
different target, the resulting signal will be significantly different from the
expected zero or single-mode responses, thus, the differing targets can be
discriminated.

The complex natural resonant frequencies of a radar target are aspect
independent features of its transient electromagnetic response. A number of
researchers have recently attempted to discriminate among various targets by
extracting those natural frequencies from late-time transient radar returns.
Since extraction of natural frequencies from late-time target responses is
an inherently ill-conditioned numerical procedure, very large S-N ratios are
required in the transient return. [t has therefore been concluded that this

method for the direct discrimination of differing target {s impractical.

*
The E-pulse is similar to the K-pulse studied by other workers [1-2].
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Qur discrimination scheme differs significantly. Synthesis of the discriminant
signals requires only knowledge of the natural frequencies of various expected
targets. The latter natural frequencies are measured in the laboratory where
they are extracted from the late-time pulse responses of target scale models.
The numerically ill-conditioned natural frequency extraction procedure need
therefore be applied only to target responses measured in a controlled S-N
environment. Synthesized discriminant signals based upon those laboratory
measurements are stored as computer data files, and subsequently convolved
numerically with actual transient target radar returns. Since the latter
convolution operation is numerically well conditioned (a smoothing integral
operator), the S-N requirements for the actual radar return are significantly
relaxed.

Another observation made in the course of our study is worth noting.

It is common thinking among many researchers that radar detection utilizing the
late-time transient radar reutrn may not be practical because it contains little
energy; most energy is associated with the early-time part of that return. This
thinking may be true for very low-Q targets. Fortunately, for most space
vehicles, such as rockets and aircrafts, these targets are not exactly low-Q
structures. There is sufficient energy contained in the late-time returns of
such targets, as can be evidenced from our measured responses of complex targets
as discussed in Section 3.

Under the sponsorship of Naval Air Sygtems Command, the research program
has progressed steadily over the past few years and so far we have a good
understanding of the basic principle and have demonstrated the feasibility and
applicability of our scheme in discriminating between complex radar targets
(3-6]. It appears that.this scheme has a good potential to be a useful and

practical method for radar detection in the future.
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In this report we outline the progress made over the past year. In Section 2,

i TR TR A -

the basic theory on E-pulse and single-mode extraction signals is outlined based

L3

~

on the time-domain and the frequency-domain analysis. In Section 3, experimental ﬁ
results of the scheme when applied to complex targets are given. In Section 4, ~:
shaping extraction signals by proper choice of basis functions is discussed. Al
~

In Section 5, new methods for extracting the natural frequencies of a complex ::

»

~

target from its measured pulse response are presented. The future plans are 52
given in Section 6. Two recent papers published by us are included in Appendices. %
;:‘ 8

2. Theory on E-Pulses and Single-Mode Extraction Signals Ej‘
..-:

Basic theory on E-pulses and single-mode extraction signals is briefly A

R

outlined in this section. <
2.1. Time domain analysis E
Assume that the measured time-domain scattered field response waveform of a f;
conducting radar target can be written during the late-time period (t > Tz) as N
e

a sum of damped sinusoids "
(_\

N oot m S

r(t) = ¢ ae cos(wnt + ¢n) t>T, -

n=1 -

where a and ¢, are the aspect dependent amplitude and phase of the n'th mode, fi'
Sn * 9y * jwn is the aspect independent natural frequency of the n'th mode, and ;1_
~

only N modes are assumed to be excited by the incident field waveform. Then, .
the convolution of an E-pulse waveform e(t) with the measured response waveform ;i
becomes S}
Te v

c(t) = e(t)*r(t) = ‘[. e(t')r(t - t')dt' LR

0 :f

Q.

P aen (2) 7

. n£] ae " [Acos(ut +¢) +Bsin(ut+o)] A

A

= e
.:',

3 p
Y
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(e -cnt' ™
A = e(t')e cosw_t'dt’
0 n

’Te -ont'
B = e(t')e
JO

sinw t'dt
n J

and Te is the finite duration of e(t).
Two interesting waveforms are now considered. Constructing e(t) to result

inc(t) =0, t > TL’ requires
A =B =0 1 <n<N (4)

In addition, e(t) can also be constructed so that c(t) is composed of just a
single mode. In this case e(t) is termed a "singie mode extraction waveform".
If the phase of c(t) is unimportant, e(t) can be constructed by demanding

A, =8 =0 l<n<N, ngm (5)

to excite the m'th natural mode. QOn the other hand, requiring

An = Br = 0 T <n <N, n¢gm
B (6)
Am = (
results in
cmt
c(t) = a e Bmsin(umt + om) (7
and requiring
A =8 =0 V1 <n<N, n¢m
Bm =
yields
:mt
c(t) = a e Amcos(~mt . zm) (9;
4
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The E-pulse resulting from (5) is termed a "sin/cos" single mode extraction
waveform, since it excites both sine and cosine components in c(t), while (6)
results in a "sine" and (8) in a “cosine" single mode extraction waveform. With

the proper normalizations of e(t) (giving A, = B,). the convolved waveforms

(7) and (9) can be combined to yield the frequency of the m'th mode, Sp * O * Ju_.

m

2.2. Frequency domain analysis
The convolution of the E-pulse waveform with the measured response waveform

can also be written in the form

N g t
= | ‘e N .
c(t) R an,E(sn),e cos(wnt + wn) t > TL (10)
where

T
e -st

E(s) =L%e(t)} = e(t)e > dt (1)
0

is the Laplace transform of the E-pulse waveform, and

1 3

- in
v = ¢_ + tan - (12)
n n Ern
where
Eyp = IME(s,)) Enpy = Re(E(s )} (13)

Mow, c(t) = 0 for t > TL requires

E,..=E =0 1 <n<N (18)

in rn
or, equivalently,

E(s ) = E(s;) = 0 1

n n<N (15)

A

In addition, a sin/cos single mode extraction waveform can be constructed via

E(sn) = E(s;) =0 T<n<N, n¢m (16)

while a sine single mode extraction waveform requires

-
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A
=
-

E(sn) = E(s;) = ( 1 ngm

_" *
E(sm) = t\sm)
and a cosine single mode extraction waveform requires

E(s ) = E(s*) =0 1<n<N, m¢m

E(sm) = E(s;)

It is easily shown that the frequency domain and time domain requirements
for synthesizing an E-pulse are identical. By expanding the exponential in
(11), one can show that (16), (17), and (18) are equivalent to (5), (6), and
(8), respectively.

One benefit of using a frequency domain approach comes via the increased
intuition allowed by equation (10). When an E-pulse waveform is convolved with
the measured response of an unexpected target, the amplitudes of the resulting
natural mode components are determined by evaluating the magnitude of the
spectrum of e(t) at the natural frequencies of the target (a result of the
Cauchy residue theorem). Thus, the E-pulse spectrum becomes the key tool in
predicting the success of E-pulse discrimination.

2.3. E-pulse synthesis (using Frequency Domain Analysis)
To implement the E-pulse requirements it becomes necessary to represent the

waveform mathematically. Let e(t) be composed of two components
e(t) = ef(t) + e%(t) (19)

Here ef(t) is a forcing component which excites the target, and e®(t) is an
extinction component which extinguishes the response due to ef(t). The forcing

component is a free choice, while the extinction component is determined by

first expanding in a set of basis functions
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e M
e (t) = m§1 amfm(t) (20)

and then employing the E-pulse conditions. Using (15) results in the matrix

equation
(Fi(s) Fyls) e Fysp] [ay ] [€fisp ]
%2 .
Filsy)  Folsy) Fy(sy) £ (sy)
F(sp) Fy(st) Fylst) ATy
s R e R L ] LT )
where

Fo(s) = 2(f (1))
£7(s) =il ()
and M = 2N is chosen to make the matrix square.

Two types_of E-pulses are now easily identified. When ef(t) t 0, the forcing
vector on the right hand side of (21) is nonzero, and solutions for the basis
function amplitudes exist for any choice of E-pulse duration, Te’ which does
not cause the matrix to be singular. In contrast, when ef(t) = 0 the matrix
equation becomes.homogeneous, and solutions for ee(t) exist only for specific
durations Te which are calculated by solving for zeros of the determinantal
equation. The former type of E-pulse is termed "forced" and the latter

"natural”. Since a natural E-pulse has no forcing component, it is viewed as

extinguishing its own excited field.
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A very useful application of the frequency domain approach results from using

pulses as the basis functions in (20). Let

g{t - [m - 1)s) (m-1)2 <t <m
fm(t) = (23!
0 elsewhere

where g(t) is an arbitrary function, and 2 is the pulse width. Then

T
Fols) = ‘[ ) g(t - [m - 1)a)e 3tat
0
. F1(S)ESA -sma (24)

and the matrix equation (21) can be written for the case of the natural E-pulse

as
r 2 2N-1 7 7
1 Z] Z] Z1 (a.'
%2
2 2N-1
LI P Iy
= 0 (25)
1o (z;)z. (z;r)z"'1
2 2N-1
O ()™ oo @R Leen]
where
-SnA
Zn = @ (26)

Equation (25) is homogeneous, and thus has solutions only when the

| .
determinant of the matrix is zero. As the determinant is of the Vandermonde fﬁ
. '{
type, the condition for a singular matrix can be calculated easily as iﬁ
N
l\.

A

s = B2 p=1,2,3,... 1<k<N (27) !
“k -
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Thus, the duration of natural f-pulse depends merely on the imaginary cart of one
of tne natural freguencies. «ith . determined, the basis function amplitudes

can be calculated using Cramer's rule and the theory of determinants as

= /_yMm
5 P oy L e 1 (23"

where Dj-j is the sum of the products n - i at a time, without repetitions, of
the juantities 21, Z;. ZZ""'Zi‘

Note that g(t; does not appear in this analysis, and thus the resulting pulse .
amplitudes are independent of the individual pulse shapes. However, when
discriminating between different targets, g(t) manifests quite importantly
through the term F](s).

The synthesis of single-mode extraction signals can be carried out similarly
based on (16), (17) or (18). The only difference from the E-pulse synthesis
is that the number of basis functions M should be chosen to match the number

of equations presented by (18), (17}, or (18).

IR

It is also noted that the E-pulse synthesis based on the time domain analysis

-
has been published recently [3] (see Appendix 1). ES
3. Experimental Results on Complex Radar Targets S{‘

In the preceding section, the E-pulse and single-mode extraction signals were iz
synthesized based on the prior knowledge of target's natural frequencies. In the ;3
case of complex radar targets, this information is difficult to obtain, and the :ﬁ
synthesis of the discriminant signals can only be carried out by a combined éé

-
¥

experimental and theoretical technique.
Over the past few years, we have developed the techniques (which can be
refined further) for synthesizing the E-pulses and single-mode extraction

signals for complex targets based on measured pulse responses of their scale

models. Through the convolution of these synthesized discriminant signals with the
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measured radar responses of the targets, we have definitely demonstrated the

capability of our scheme to discriminate between complex targets.

The following steps are used in synthesizing the discriminant signals for the
complex targets: _ A
(1) Measure the pulse response of the scale model of the target at various

aspect angles.

(2) Use the Fast Fourier Transform to obtain approximate values of natural
frequencies from the measured pulse response.

(3) Employ the continuation method [ 7 ] and the natural frequencies obtained from
FFT as the initial guesses to calculate accurate values of natural frequencies
of the target. At each step of the algorithm, the condition number of the
regularized problem is checked.

(4) With the natural frequencies of the target determined, the theoretical
technique described in Section 2 is then applied to synthesize the
discriminant signals. o .

After the discriminant signals of a complex target were synthesized, they were
convolved with the measured radar responses of the target at various aspect
angles to check the workability of the scheme.

For the purpose of demonstration, two complex targets, scale mcdels of
McDonnel-Douglas F-18 airplane and Boeing 707 airplane which have similar sizes
but different geometries, are used here.

Figures 1 and 2 show the measured pulse response of the 707 and the F-17
scale models, respectively. Each model is constructed of aluminum and has a
geometry as indicated in the figures. Also shown are the dominant natural
frequencies extracted from the late time portion of the response using the
continuation method. These frequencies can then be used to construct natural

E-pulse and single-mode extraction signals.

10




Relative Mpiitude

Yy 0 T T W R R R A TR TR T W W WA T el T

©
Q—W
— Q n X 10'9
2 D - L
v 1 -0.2 + J2.55
2 +0.09 + j5.03
| | 3 -0.14 + }J7.%2
> — Ba@ T 4 -0+ J9.%2
~ S -0.79 + J13.1
[e»]
o T |n
\ ) -0.7 + jl4.1
7 -0.08 + j18.8
c
C:.—«
(e}
-
e
©
]
"—* late-time
S
e T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0
Time in Nanosecs
Fig. 1. teosured response of a Boeing 707 aircraft rodel and seven daminont

natural frequencies.



| 0
K 1
| 2 QI+ 7R
— m5a 3 0.4+ J9.39
| _ 4 0.2+ J14.6
2 5  -0.16 + J16.5
<]

Relative frplitude
0.0
j
T

",. ~0

1
i
-

}——— late-time

{ LI
0.0 2.0 4.0 6.0 8.0 10.0
Time in Nanosecs

.0

-3

Fig. 2. leasured response of @ McDonnell Douwglas F-18 gircroft model and
five daninont matural frequencies.

A e ettt ety
AR YA R EANE SRR SO
Ry Ay AN A <




Pulse basis function natural E-pulses of minimum duration considered for each %
of the two targets are shown in Figs. 3 and 4. The cosine first-mode and the
sine first-mode extraction signals for the 707 airplane are shown in Fig. 5.
Other single-mode extraction signals for these two airplanes are not shown
here for brevity.

Synthesized E-pulses and single-mode extraction signals for these two
airplanes are then convolved with their measured pulse responses shown in
Figs. 1 and 2. The convolved results are depicted in the following figures.

Figure 6 shows the convolution of the E-pulse for the F-18 plane with the
measured radar response of the F-18 plane. The convolved output shows a
strong early-time response followed by a "extinguished" (almost zero) late-
time response as expected. Figure 7 shows the convolved output of the E-pulse
for the 707 plane with the measured radar response of the F-18 plane. This

convolved output shows a significant, "unextinguished" late-time response

implying that the 707 E-pulse was convolvéd with the radar response of a wrong

target other than the 707 plane. Figure 8 shows the convolution of the E-

oo
b
I~
A
DS )

\o

pulse for the 707 plane with tiie measured radar response of the 707 plane.

-
[

The convolved output shows a nearly “"extinguished" late-time response because
it is the right target for that E-pulse. Figure 9 indicates the convolved
result of the E-pulse for the F-18 plane with the measured radar response of
the 707 plane. As expected, the convolved result shows a significant
"unextinguished" late-time response. The results of Figs. 6 to 9 clearly show

the capability of target discrimination using the E-pulses of the targets.

To enhance the certainty of the target discrimination, the single-mode
extraction signals of the target were used to convolve with the measured radar
responses of the right target and the wrong targets. Figure 10 shows the

convolved results of the measured radar response of the 707 plane with the

13
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first-mode extraction signal for the 707 plane. The left figure of Fig. 10 shows
the angular frequency line extracted from the complex convolved output. Since
this line is almost parallel to the w,t line (of the 707) in the late-time
period, it implies that the measured radar recponse is from the right target of
the 707 plane. The right figure of Fig. 10 shows the damping coefficient 1ine
extracted from the complex convolved output. This line is closely parallel with

the =,t line {(of the 707) in the late-time period, implying the target is the

]
707 plane. Figure 11 shows the convolved results of the measured radar response
of the 707 plane with the fourth-mode extraction signal for the 707 plane. In
this figure, the extracted angular frequency line is almost parallel to the

-4t line {of the 707) and the extracted damping coefficient line closely

parallel to the :4t line (of the 707) in the late-time period. This implies

that the radar response belongs to the right target of tne 707 plane. When the
measured response of the F-18 plane is convolved with the first-mode extraction
signal of the 707 plane, the results are snown in Fig. 12. The extracted angular
frequency line is not parallel to the -t line (of the 707) and the extracted
damping coefficient line deviates from the It line (of the 707) in the late-
time period. This indicates that the measured radar response comes from a

wrong target other than the 707 plane. Figure 13 shows the convolved results of
the measured radar response of the F-18 plane with the fourth-mode extraction
signal of the 707 plane. The extracted anqgular freguency line and the damping
coefficient line deviate from the .,t line (qf the 707) and the :,t line (of the
707, respectively, in the late-time period, implying that the radar response
belongs to a wrong target other than the 707 plane.

Results depicted in Figs. 6 tc 13 definitely confirm the capability of the

target discrimination provided by the method based on the concept of the E-pulses

and single-mode extract on signals.
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It is important to demonstrate that the E-pulse and single-mode extraction

signals of a target are aspect-independent. The following examples are given

for this purpose. §:
Fig. 14 shows the convolved outputs of the E-pulse of F-18 model with the EE
pulse responses of F-18 model measured at (a) 0° aspect angle, (b) 30° aspect v
angle, (c) 45° aspect angle and (d) 60° aspect angle. In each case the 3-
convolved output gives an insignificant response in the late-time periods. This ;i
implies that natural modes of the target were extinguished by its E-pulses and 2
the pulse responses used in the convolution belonged to the F-18 model. E}
Figure 15 shows the convolved outputs of the E-pulse of F-18 model with the Ei
pulse responses of B707 model measured at (a) o° aspect angle, (b) 30° aspect N
angle, (c) 90° aspect angle and (d) 180° aspect angle. It is observed that the E:
convolved outputs give large late-time responses in all four aspect angles. EE:
This indicate that the F-18 E-pulse was convolved with the pulse response of 3:
a different target.
Figure 16 shows the convolved outputs of the E-pulse of B707 model with the
pulse responses of B707 model measured at (a) 0° aspect angle, (b) 30° aspect
angle, (c) 90° aspect angle and (d) 180° aspect angle. It is observed that the "
convalved outputs give small late-time responses.in all four aspect angles as
expected. This implies that B707 E-pulse was convolved with the pulse responses
of the same target. ;~
Figure 17 shows the convolved outputs of B707 E-pulse with the pulse responses }\
of F-18 model measured at (a) 0% aspect angle, (b) 45% aspect angle, (c) 90° ;\
aspect angle and (d) 180° aspect angle. Large late-time responses are obtained f’

in the convolved outputs for all four aspect angles, signifying that the pulse

responses used in the convolution belonged to a target different from B707 model.
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Fig. 14 Convolved outputs of F-18 E-pulse with gu1se responses of F-lg model
measured at (a) 0° aspect angle, (b) 30° aspect angie, (c) 45
aspect angle and (d) 60° aspect angle. In each case, a small response
was obtained in the late-time period.
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The results of Figs. 14-17 confirm the aspect independency of the E-pulse

of a complex target and the feasibility of its use in the target discrimination.

4. Shaping Extraction Signals by Proper Choice of Basis functions

In the synthesis of a single-mode extraction signal, it is important for
the spectrum of a single-mode extraction waveform to have a large magnitude at
the frequency of the mode to be extracted, in comparison to that at the
frequencies to be eliminated. This is due to the practical problem of the presence
of errors in the measured natural frequencies used to construct the single mode
extraction signals. Because of this error, the modes which should be eliminated
will actually be extracted. The amplitudes of these modes are, of course,
determined by the amount of energy in the extraction signal spectrum at the modal
frequencies. Now, if there is a relatively small amount of energy at the
frequency to be extracted, these extraneous modes may make a relatively large
contribution to the late-time portion of the convolved response, so that the
expected target might not be properly identified. This is especially trouble-
some for the case of higher mode extraction, where the smaller damping
coefficients of the lower order modes to be eliminated allow them to dominate
the expected higher order mode in the latter part of the late-time region.

Assume that we wish to extract a single mode with frequency @ =5+ jf.

Consider using the damped sinusoid functions for the basis functions,

3t
f(t) =e n cos(Z t + ) (29)
with the transforms
‘ ! Te ) Te Te
ejom (Sp-s) “%' sinh(5; - s) — o Im (3%-5) —5| sinh(sy - s) —
fmis) = =T e £ "7 f (5 s
(30)
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where Em = 3, * iT,. The choice of 5 and 3m determines the usefu'ness of this

set of basis functions. Alone, each Fm(s‘ has 3 peak a'ong a ''ne Re s = constant

o

near . = Tm. Thus, choosing :m = for each m should result 'n an f-pulse with 2

~

spectrum peaked near ..
As a simple numerical example, Fig. 18 shows the reconstrucs'on ¢ *ne
measured pulse response of a McDonnel DJouglas F-18 aircraft mode’ lee “°'; .

The three dominant modes are used in the reconstruct'on  s. =[-: 261 .

[}
el
—
-
[
a

s, (0126 + §7.32)x 107, and sy =(-0.48 + 19.89)x 127 sadec tc s
reconstructed response is 10 dB of random noise. “he nolse :ar De . ewe? 1
perturbing the natural freguencies in tne response. “-jure "3 3"Ows e *°r €7
sine/cns waveforms constructed to excite the second mode 2 *he 2 Iretr . te?
response. The first waveform is synthesized Jsi1ng rectangu’ ar . se =as* . ° -
with a forcing function chosen to be anctner rectanqu'ar :-.' se Tre 38T T an.e
form is constructed from damped sinusgrd functions w'th "me ‘el er e, an1
phases given in the figure. Here, the forcing function s "mcser 3. ar "re-
damped sinusoid.

Figure 20 shows the spectra (magnitude' of the two extra ® = . ,ra
plotted at Re(s) = 3y While the spectrum of the pulse funct ar .oy se
seen to have its signal energy concentrated near . = J, the spectrum 1% *re
damped sinusoid based E-pulse has a majority of its signa’ energy near ‘ne
frequency to be excited. The result of this energy concentration can de seer
in Fig. 21, which shows the convolutions of the two E-pulses with the noiseless
reconstructed response. As expected, each results in a single damped sinusoid
in the late-time, but the late-time response due to the damped sinusoid based
E-pulse is seen to be relatively much larger. More importantly, Fig, 22

shows the result of convolving each E-pulse with the noisy response of Fig. 18.

[t is easily seen that the late-time -onvo'.ed rescarse “rorm *me lampen

29
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Fig. 18. Reconstruction of measured late-time scattered field response of

McDonne! Douglas F-18 aircraft model, using first three natyral
modes, with 10 dB8 of random noise added.
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—_— damped sinusoid based E-pulse

Relative Amplitude
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Fig. 19. Pulse function based and damped sinusoid based forced sin/cos
single-mode E-pulses synthesized to eliminate first and third
modes of reconstructed response, while exciting the second.
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Fig. 20.

relative magnitude of spectrum |E(s)|

---- pulse function based E-pulse
damped sinusoid based E-pulse

e
"1
”~ -9 o~
n 5,10 %
] 13 +37.32 0
o | 2 - 13+ 37,32 -n/2
™o 3 A3+ §7.32 0
Y\ 4 3+ 37.32 -nj2
\ ) 0+ 37.32 -n/4
‘\
\
ol
~ '
]
\
\
)
1
|}
3
- \ excite
¥
\]
(= N
o T ' T T 1
0.0 6.0 10.0 16.0 20.0

radian frequency w X 1077

Spectra of pulse function and damped sinusoid based single-

mode E-pulses, plotted at o = -.13 x 109. Note peak near

w=7.32 x 109 for damped sinusoid based E-pulses.
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sinusoid based E-pulse has been affected much less by the perturbing of the
natural frequencies of the reconstructed target response.

There is a need to study the uniqueness of E-pulses and the possiblity of
minimizing the duration of the E-pulse. The frequency spectrum of an E-pulse
may be controlled by a proper choice of basis functions. Further study on the
E-pulse may make it more insensitive to noise. These problems will receive
attention in the future.

5. New Methods for Extracting the Natural Frequencies of a Complex Target

from its Measured Pulse Response

In our scheme, we need to find the natural frequencies of a complex target
from its measured pulse response before the E-pulse and single-mode extraction
signals of the target can be synthesized. Since the classical Prony's method
is known to be extremely sensitive to noise, it is important to develop other
methods for this purpose. The first technique developed by us is the Continuation
Method which has been published 7] (see Appendix 2) and is being used. This
method is not optimal yet and we plan to develop other different methods. Some
preliminary results on our three new methods are given below.

The measured scattered field or surface current response, r(t) of a target
to a transient pulse waveform is assumed to be composed of a finite number of
natural oscillation modes in the late-time period, t > Tz' The following
three techniques attempt to extract the natural frequencies from the sampled
representation of r(t).

A. E-Pulse Method
The convolution of an excitation signal with the measured response can be

written as

q(t) = e(t) * r(t) (31)
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The natural frequencies contained in r(t) can be extracted by constructing e(t)
as an E-pulse. Then, if r(t) is indeed a sum of natural modes, q(t) will be
identically zero in the late-time of the convolved response, t > TE. To the
extent that r(t) will be contaminated by various types of noise, an estimate
of the natural frequencies can be obtained by minimizing the norm of the late-

time convolved response
m
q(t) 2 e z fa(t)]? (32)

with respect to the parameters Oyseves =y used to construct the E€-pulse waveform,
where M discrete points are chosen at which to evaluate the norm. The natural
frequencies contained in r(t) are taken to be Oyoecss wy at the minimum point.

The benefit of the E-pulse method over the continuation method is that no
initial guesses are needed for the phases and amplitudes of the modes, since
they are not involved in constructing an E-pulse. This a]so.means that the
number of parameters involved in the minimization is reduced by 1/2.
B. Discrete Late-time Minimization

Rather than performing a minimization with respect to the complex frequencies
used to construct e(t), this method performs the minimization of (32) with respect
to the amplitudes of the basis functions comprising e(t). Extraction of the
natural frequencies in r(t) then becomes a two step process. The minimization
first provides an estimate of the E-pulse waveform, and then it becomes necessary
to determine the complex frequencies that the E-pulse eliminates. This is
accomplished by locating the zeroces of the E-pulse spectrum.

If a rectangular pulse function basis set is used to construct the E-pulse,
the location of the zeroes of the spectrum is quite simple. The spectrum of the

E-pulse becomes
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E(s) =2e(t)} = Fl(s)eSA (33)

where F1(s) is the Laplace transform of the first pulse function, » is the
pulse width, and an is the amplitude of the n'th pulse basis function. Setting
(33) equal to zero gives
2 ane-sna =0 (34)
n=1
which is just a polynomial equation, the roots of which give the complex
frequencies eliminated by the E-pulse. These are then taken as an estimate
} of the natural frequencies contained in r(t).
The benefit of this method over the continuation method is the same as
| that of the E-pulse method -- half the number of parameters are involved in the
| minimization, and there is no need for initial guesses of modal amplitude and
| phase. An initial guess for the basis function amplituces is provided by
choosing initial guesses for the natural frequencies and constructing an
E-pulse from them. However, this is the only time at which an E-pulse needs
to be constructed, which should represent a considerable savings in execution
time over the E-pulse method.
C. Moment Method Approach
This technique is also a two step process, first sovling for an E-pulse
using the method of moments to solve the integral equation created by setting
the late-time convolved response to zero, and then extracting the frequencies
from the E-pulse. ’
Writing the convolved response (31) in integral form, and assuming that
e(t) is an E-pulse results in

T
e
q(t) = Jfo e(t')r(t - t')dt' =0 t>Te (35)



where Te is the E-pulse duration. The waveform which solves this integral

TN LXK

equation can be calculated by using the moment method. First expand e(t) in a

set of basis functions

e(t) =
2

AL | (36)

n o
o]

“hen rather than forcing (35) to be satisfied at all time t > T it s

nultiplied by a set of M weighting functions wm(t) and the moments are taken

T

W (t), o, f : fz(t')r(t - t')dt' =0 m=1,2,...,M (37)
1 0

m

Wy

2
«nere the angle bracket represents the usual inner product.

The integral equation has now been reduced to a homogeneous matrix equation,
where M is chosen to be equal to the number of basis functions used to construct
e(t). A solution to this equation demands that the determinant of the
coefficient matrix be ;ero. This results in discrete solutions for the E-pulse
duration Te' Although a search is required for these durations, the amount of
complexity involved is much less than that of either the E-pulse method or the
direct late-time minimization method, since now only one parameter is involved.

Once the E-pulse waveform is determined, the complex frequencies eliminated
by the E-pulse are taken as estimates of the natural frequencies in r(t). If
e(t) is constructed using pulse basis functions, then the detrmination of
these complex frequencies proceeds exactly as in the direct late-time
minimization method, by the solution to a polynomial equation.

Two choices of weighting function Nm(t) used in (37) have been investiated.
Jsing delta functions is equivalent to point matching, and requires that
equation (35) hold at discrete points in the late-time. Using rectangular

oulse functions requires that an average value of the late-time convolved

38
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response be zero, and should provide improved ~esul®s f r't, 15 contaminated

by random noise.

The benefit of “he moment metnod approach aver *he continuation method is

)

that no minimization is required. [t is only necessary to repeatedly solve a

Y

system of linear equations, which snould be much less time consuming.

[t is important tc orove tne reliabil 'ty of eacn of these methods under two
important conditions: 1in the presence of random noise, ard w~1th the number of
modes present underestimated. [f the routines w~ork w~ell when the number of
modes is underestimated, it 1s possible to begin by assuming very few modes,

and then slowly increasing the number wri'e Jsing the Drevious results as

oA, sy

initial guesses.
To test the performance of the metnhods, assume an r't, composed of three
modes plus a OC level

-C.2601t

r(t) =07+ 1e c05(2.906t » 1 + 3.5 03808

cos/6.007t + 2.,

. .3 g-0-4684

c0s!9.360t « 3 (38)
The natural frequencies used in constrycting rit, are just the first three

of the thin cylinder target, and the amplitudes have been chosen to accentuate
the lower frequency modes. This response is then sampled at 500 equally

spaced points between t = 0 and t = 10. Tables ! and 2 show the results of

using the described methods in the presence of various amounts of random

noise and ~ith the number of modes present underest'mated. Shown ‘or
comparison are tne resyits from using the.Zont:nyation metnod and stratjht-
forward Prony's metnod. =ere nclse nas heen Createl D, certurd'ng each sampled
point in the response by a random amount nCct exceed:ing 3 certad'n percentage

of the maximum ‘absolute value 20f *he resoorse. 5'nce %tne resylts for the

direct late-t:me TInim z3%'nr method ard tre f.oyu'se method are near', “dert'ca’

those for the Z-2u 38 %ecnrs  ue "ase neor ~rttos from kg sanTag Fop mep e
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It is obvious that each new method performs quite will both in the presence
of random noise and when the number of modes present is underestimated. As
expected, Prony's method fails under both circumstances.

We will apply these three new methods to the measured pulse responses of
various complex targets in the future. If any of these new methods is proved
to be more accurate than the Continuation Method, it will be accepted as our

new tool for synthesizing the E-puises of complex targets.

42

-~

Y B Wy S N

s

o

oy my -
Pl

4 %
o

S

DR NN

N
Pl Y A

]

R
et

4

? ‘.(‘.l )(‘tﬁfﬁﬂ

-

-t
")

A e JC IR P LR
’ ] '.,"‘, PP

>

PEEETA
35S

"7 e
P

S "
" -

e e e e S e e e
Coas NN I s I I



6. Future ?lans

The following top'Cs w' 7 rece e mascr 3ttent v o tem ot i
MYy S hes? f Z-ou’ <11g  e- Cry. b s ovmal ‘o, e - .
a ynthesis of z-ou.ses and 511G e-n0ce 2x%r3. " e joirg Lt L p .
targets, inciuding varvous *yces of 3 rorafts and ylale Lert es v v

measured pulse responses 0¢ tneir sci'e mode’

v
>

Ae will apply our deveioped tecnn cue €Ir jynttesTITnI the -
single-mode extract:on signals to var-gQus I0MC e@x tarjerts T owstan s e
versatility and accuracy. The complex'ty of experimenti’ sca's -ode 5 ©f
aircrafts will be increased by adding fine structuyres to *he moge 5  aher
this happens, the number of natural frequencies of the mode' «~' ' Dde
increased, and consequently, the synthesis of the discr'minant s-gna's w1’
become more difficult. We will test whether our technique can nandle %n's
problem.

(2) Refinement of the technique based on frequency-domain analysis.

In the synthesis of a single-mode extraction signal for a target the
signal waveform and its frequency spectrum are found to be dependent on
the choice of basis functions. From the frequency domain viewpoint, it
is possible to select appropriate basis functions which may lead to an
effective extraction (with a maximum power) of the desired natural mode,
and at the same time, eliminating all other natural modes. We plan to
improve the quality of the single-mode extraction signal using this concept.
This is the continuation of the study described in Section 4.

(3) Improvement and modification of experimental systems.

The short term plan for the improvement of our experimental system is
to add a new sampling scope, a Tektronix 7854 digital waveform processing
oscilloscope (DWPQ), and the modification of associated instrumentation. The
long term plan for our experimental system is to set up a free-space

scattering range inside an anechoic chamber. A ground plane will not be used
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dut nNew “ransmitiing and receliving antennas need to be purchased. Some other
_ymponents 3¥ tne system may need to be altered. To accomplish this long
erm p'an, extra funding may be needed in the future.

Measyrement 0f target natural frequencies using current and charge probes
‘ocated on the target surface.

e nave measured the induced current on A wire target excited by a
3auss'an puise w#ith a current probe. From the late-time part of the induced
transient current it was possible to extract several of the target's natural
frequencies. The attempt to measure the induced transient charge on the
surface of a comc.lex target with a charge probe was not very successful. We
plan to pursue this topic in the future.

‘"ew methods for extracting the natural frequencies of a complex target from
its measured pulse response.

We will continue to develop new methods for extracting the natural
frequencies of a complex target from its measured pulse response. The new
methods will include the "second generation" continuation method, the E-pulse
method, the discrete late-time minimization method, and the moment method as
described in Section 5. We will compare the performation of each method and
finally select the optimal one for our application.

New topics relating to radar target detection.

One of the important new topics which may have great valuye in radar
target detection is the utilization of the early-time response of the radar
return. Tﬁe early-time response contains much more energy than the late-
time response does. However, the former does not contain aspect-independent
parameters like the latter does. Therefore, it may be extremely difficult to
develop an aspect-independent scheme using the early-time response of the

target. We may consider this problem in the future as a ‘ong term proliect.
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Radar Target Discrimination Using the
Extinction-Pulse Technique

EDWARD ROTHWELL. sTupenT memeer, ®ee, D P NYQUIST, wuemser, ®ee, KUN-MU CHEN, reLLOW, EEE,
aND BYRON DRACHMAN

Adstract— As aspect independent rudar larget discrimisstion scheme
based om (he astural frequencies of ihe target is coasidered. A
extisction-puise waveform spos excitstion of ¢ particular coadacting
target resyits ia the climiastion of specified astural modal costeat of the
scattered fleld. Excilation of s dissimilar arget produces s ooticesbly
different inte-time respoase. Coastruction of approgriste extinction-paise
waveforms is discussed, as well as the effects of rundom moise oa their
spplicstios 10 thim cylinder targets. Aiso presested is experimental
verificatios of this discriminstios comcept using simplified aircraft
modeis.

. INTRODUCTION

ADAR TARGET dentficanon methods using the

ime-domain response of a target to a transient incident
waveform have generated considerable interest recently (1]-[4].
One of the most intriguing schemes involves the so-called
“kill-pulse’" technique as first descnbed by Kennaugh (5] A
Kill-pulse (K-pulse) is an excitation waveform synthesized in
such a way as (0 minimuze a transient scattered field response.
Target discnmination results from the unique correspondence
of a K-pulse to a particular target; excitation of a dissimlar
target yields a ‘‘larger’’ response.

This paper describes a related ‘extinction-pulse’’ (E-pulse)
concept, based on the natural resonance of a conducting radar
target via the singulanty expansion method (SEM) (6]. The
time domaun electnic field scattered by the target is divided into
an early-time, forced response period when the excitatuon
waveform 1s traversing the target, and a late-time, free
oscillation period that exists after the excitation waveform has
passed (7], [8]. The early-time response is not utilized due to
its complicated nature. The late-time response can be decom-
posed into a sum of damped sinusoids oscillating at frequen-
cies determined entirely by the geometry of the target. An E-
pulse is then viewed as a transient, finite duration waveform
which annihilates the contnbution of a select number of these
natural resonances to the late-ime response. A related target
dentification scheme based on natural target resonances has
been examined by Chen (9].

Target discnmination using this SEM viewpoint s easily
visualized. Each target can be descnibed by a set of natura)
frequencies. An E-pulse designed to annul certain natural
resonances of one target will excite those of a target with

Manuscnpe “eceived February 8, 1985, revised July 0. 1984 Thus work
was supported by the Naval Aur Svstems Command under Contract NOUO19.
83-CO1R

The authors are with the Department of Electricai Engineening. Michigan
State Unsversity Fast Lansing. M} 48474
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different natural frequencies. resulting in a different scattered
field. Also made apparent is the aspect-independent nature of
the £-puise. Since the values of the target resonance frequen-
cies are independent of the excitaion waveform, the E-pulse
will ehiminate the desired natural modal content of the late-
tume scatiered field regardless of the onentation of the target
with respect to the transmitting and recerving antennas.

It1s important to note that the £-pulse waveform need not be
transmutted to employ this concept. It 1s assumed that an
excitation waveform with finite usable bandwidth will be used
1o excite the target, resulting in a measured scattered field with
the desired (finite) modal content. The E-pulse can then be
convolved numencally with the measured target response,
yielding results analogous to E-pulse transmussion. If the
maximum modal content of the target scattered field can be
estimated from the frequency content of the excitation pulse,
then the E-pulse waveform can be constructed to yield a null
late-ume convoived response.

After an initial presentation of the SEM representatuon of
the backscattered field excited by a transient incident wave and
calculation of the corresponding impulse response. two types
of E-pulses, forced and natural, wil be discussed. The results
are then specialized to a thin cylinder target, which has an
impulse response amenabie to analytic calculauon. Target
discrimination using the natural thin cyclinder E-pulse, as well
as the effects of random noise are also investigated. Lastly.
experimental verification of the E-pulse concept is presented.

0. BACKSCATTERED FELD EXCTTED BY TRANSIENT INCIDENT
Wave

A perfectly conducting radar target is illuminated by a plane
clectromagnetic wave as shown in Fig. 1. The electnc field
associated with this transient wave can be wntten in the
Laplace transform domain as

E'F. s)={ets)e "~ (n

where 7 is a position vector 1n a coordinate system local to the
target. { 1> a constant vector specifying the polarzation of the
wave, K is a umit vector 1n the direction of propagation, and
e(t) represents the ime dependence of the incident field. The
current k induced on the surface of the target 1s given by the
solution to the transform domain E-field integral equation

- ~ S: ) - e SR 1
( C AT, s CY——=1 k(T )| ——
c* 4xR

-3

= -seif - E(F 5)
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Fig 1

OQlumunauon of a conductng arget by an incident electromagnetc
wave
where [ 1s a unit vector tangent to the surface of the target at

the point Fon S, and R = .7 - 7. The surface current can
dlsc be expanded using the SEM representation

R7 =Y a,R.(Ps=5,) "~ BT, 5)

-

3

where W(F, s5) represents any enure function contnbution to
the current, and 1t 1s assumed that only a fhinite aumber of
natural modes are substantially excited by the incident field It
is further assumed that the only singulanties ot K(7. 5) n the
finite complex s-plane are simple poles at natural frequencies
s, =0, + Jw, Then K (A represents the current distnbution
of the ath natural mode. and a, 1s the ‘'class-17" coupling
coefficient given by Baum [10]

The far-zone backscatiered electnc field can be computed
by integraung the current distribution over the surface of the
target The { component of backscantered field can then be
written as

o

e or
Eir. s, k)=

e Hs, £, D) (4)

R
where r = 7 and H(s, k. {3 1s the aspect dependent transfer
function of the target. Using (1) to represent the surface
current. the transfer function can be inverse transformed to
determine the backscatter impulse response of the target
Because of the entire function contnibution to the current.
the impulse response will exhibit two distinct regions The
carly-ime. forced component represents the backscattered
field excited by currents dunng the time when the impulse 1s
traversing the target. it has a duration =qual to twice the one-
way maximal transit ume of the target T. The late-time free
oscillation component 1s composed purely of a sum of constant
amplitude natural modes and evsts for all ume 1 > 2T as

~
ALk, = S auk. He'" cos (wat >0tk Y, 12T

(9
where 1t has been assumed that the entire tunction makes no
contnbution to the late tine component (6] Thus, the ¢
component of the tar-zone backscattered field v given simply
by the convolution of the ime domain ncident field and the
impulse response. and 1s also compused of torced and freely
oscillating portions.

[II. INcipeNT E-Prise WavEFORM SYNTHESIS

To synthesize an E-pulse for a particular target. the
convolutional representation of the hackscaticred field s

Ty Ty YRS
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wrnaen in integral form using the impulse response of (5) as

-7, .
Ext, b=\ et he-t, kD dr
0

-T, v
= . i PO TR "{_(,
.\0 e ); a,(k. De cos [wa( )

v 0.k, D) dr. (6)

Thus response 1s valid for the late-time portion of the scattered
field. 1 > T, = T, «+ 2T, where T, 1s the durauion of at1).
The exciation waveforrm becomes an E-pulse when the
scattered field 1s forced to vanish identically in the late-time
Rewnting (6) and emplioying this condition yields a defining
equation for the E-puise

~
2 a.k, e [A[T.) cos (wat + 0.k,

Ae

+« B(T.) sin (wal =~ &,tk, N]=0, t>T, =T,+2T

)
where the coefficients 4,(7,) and B.(T,) are given by

4,(T,) L 1a § COS wal .
{B,(T,)}=-\O etr e {sm &'J,} dr.
The linear independence of the damped sinusods in (™
requires AT, = ByT,) =0foralll s n s N
It 1s important to note that 4,(T,) and B,(7,) are indepen-
dent of the aspect parameters & and | ‘enfving the aspect
independence of the £-pulse This 1s a direct consequence ot
the separability of the terms of the impuise response

A physical interpretation of the £-pulse can be facuiated by
decomposing the excitauon waveform as shown in Fig 0 as

(8)

e =e (el (9)

where ¢/{1)1s an excitatory component nonvanishing dunng 0
< 1 < T, the response to which 1s subsequently extinguished
by e“(r) which follows dunng 7. < ¢ < T, Sabsutuung 9
into (8) and using A(T,) = B.T,) = 0 vields

(r, lre " {cos wal )
.r

SIN wal ' ) ar

i

_ \"' olr ve ‘v | COS wal
- Sin wal

} dr
The excitauon component ot the £ -pulse necessan 1o erad:
cate the response due to 3 preselected excitatorn component
can be constructed as 3n expansion over an appropriatels
chosen set of hinearly independent basis functions as

N

)= S cagmin. C

me .

Egquation (10) then becomes

E M o (T)Ca= - F7,

l<isV

i)

D
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e(t)
/_cf(t)
\ et(t)
3 g
[
$
3
®
Te Te time

Fig. 2. Decomposition of £-pulse 1ato forcing and extinction components.

where
M (T = r' wye 'y cos wt') 13a)
im(Te)= o1 Em sin wl’
w_ T N megt COSs wl’ ,
Fi'=\ &(t)e { . } de'. (13b)
v SIn w,!

This can be wntten using matnx notation as

C F
1‘:{.71"_'.(.7.-'_)_- . | ‘l (14)

Fu

Solving tus equation for C, *, Cyv determines the
extnction component via (11) and thus the E-pulse.

It 1s convement at this point to identfy two fundamental
types of E-pulses. When T, > 0 the forcing vector on the nght
side of (14) 1s nonzero and a solution for e*(f) exists for almost
all choices of T,. This rype of E-pulse has a nonzero excitatory
component and is termed a ‘‘forced’’ E-pulse. In contrast,
when T, = 0 the forcing vector vanishes and solutions for
e“(1) exist only when the determunant of the coefficient matnx
vanishes, 1.¢.. when det [M(T,)] = 0. These solutions
correspond to discrete eigenvalues for the £-mulse durauon T,,
which are determuned by rooting the determ:nantai charactens-
uc equation. Since there is no excitatory component. this type
of E-pulse 1s viewed as extinguishing its own excited field and
18 cailed a “'natural”’ E-pulse

IV T~ Cyunper £-PULSE ANALYSIS

A theoretical analvsis of a thin wire target has been
undertaker, by vanous authors [!l]. [12] Target natural
frequencies are determined from the homogeneous solutions to
the integral equation (1) The geometry of the target and s
onentation with respect to the excitation field are givenn Fig
3 along with the first ten natural frequencies The frequencies
are normalized by rc. [ where L 1s the length of the wire and ¢
1s the speed of light. and correspond to a wire of radius given
by L/a = 200

The thin cylinder impulse response can be calcuiated by
inverung (4) [12] and becomes a pure sum of natural modes in
the late ume. Fig 4 shows the impulse responses of thin
cylinders onented at§ = 30° and 8 = 60°. generated by using
the first ten modes of the target Note the distinct early and
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/8 = 200

l
m—

L0828 + 10.925!
-0.1212 + 31912
-0.1491 + §2.884
-0.1713 « $3.87¢
-0.1909 + ;4 854
0.208C + 15.845
-0 2240 + ;6.329
-0.2383 + 37.821
-0 2522 + ;B8.807
2648 « 39.800

“0
\
¢

<«

A I L L e
.
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£ J_J/’

-
-

o

o
)
<

Fig. 3 Onentanon for tun<cylinder excitation and first ten natural frequen-
cies.
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Fig 4 Thin cylinder impulse responses for & = 30" and § = 60° generated
using the first ten natural modes

late-time regions. An E-pulse to extinguish the first ten modes
of the target is created by soiving (14) using the corresponding
frequencies.

Fig. S shows a natural £-pulse synthesized to kill the first
ten natural modes of the thin wire target, using a pulse
funcion basis set. The duration of the waveform. 7, =
2.0408L. ¢, corresponds to the first root of the resuiting
determinantal equation Supenimposed with this 1s Kennaugh's
onginal A-puise. The similariity is stnking, with the major
difference being the finite duration of the £-pulse  Also shown
in Fig S s a forced pulse function E-pulse constructed to
extinguish the first ten modes of the target The duration has
been chosen as 7, = 2.3 and the excitaton component has
been chosen as a pulse function of width equal to that of the
basis functions

Numencal ver:fication of the thin wire £ pulse 1« givenin
Fig 6 The narural E-puise waveform of Fig S 1s convolved
with the 30° and A" :mpulse responses ot Fig 4 and the
resulting backscattered field representations are shsened 1o he
zero in the iate time  Note alvo the evpedted nonzero eariy
tme response  This portion s dsetul ~ince it proviages 3
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comparauve henchmark assessing the quality of the annulled
component of the response. this 1s imporant when imperfect
Cexninction”’ 15 evident rdue to notse. errors in the natural
frequencies. etc

The question of E.-pulse waveform uniqueness as the
number of narural frequencies exninguished N s taken to
infinity has not been resolved For the thin cviinder target
there appears to be such a umque wavetorm  Fsidence s
provided by Fig = which shows natural £-pulses of minimum
duration designed to extinguish various numbers of natural ot T T = T T
modes, using both Fourier cosne and pulse function basis cheea et et
sets It s apparent that these wavetorms are nearly dentical L ‘b
and they appear to he onverging to a partivular shape Fig Naturar £ puice constructed uang (a1 Founer cosine basis functions

) ‘ tetiminate £ A 7 R 9 and i0 mades (b1 Pulse funchion hasis funcuons
The most ntical parameter necessary for Fopuise umgue tocaminate 1 ¢ T and 10 modes
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ness 13 the finite E-pulse duration 7,. This must converge 10 a
distinct value as N — . For the pulse function basis set it can
be shown that the natural £-pulse durations are given by

r.=2en 2, 1sIsN (15)

«

where w, 18 the imaginary part of the /th natural frequency. If
thus 1s wnttea for the thin cylinder as '

p‘l' 21 ".l

o= v [l=8(D) % (16y

where 8(/)/[ decreases asymptotically to zero with increasing
/. then the minimum E-pulse duration converges to

2ZN L
(r')-a lvpg ——— —
v-e 2(N-8(N)) ¢
L
=2-. a7
c

V  TarGer DiscrRIMINATION WITH E-PULSE WAVEFORMS

Duscnmunation between different thin cylinder targets is
Jemonstrated by convolving the natural E-pulse of Fig. §,
which has been constructed to extinguish the first ten modes of
a wrget of length L, with the impulse response of the expected
warget and a target 5 percent longer. The result is shown in Fig.
i The late-ume response of the expected target has been
successfully annulled, while the response of the differing
arget 18 nonzero over the same period. The difference in
warget natural frequencies provides the basis for discrimination
~ased on the comparison of adequately dissimilar late-time
~esponses of differing targets.

Sensiuvity of E-pulse performance to the presence of
ancorreiated random noise is investigated by perturbing each
pownt of the thun cylinder it pulse response of Fig. 4 by a
random amount not exceeding 10 percent of the maximum
waveform amplitude. The result is shown in Fig. 9. An
snempt 1s then made to extinguish this noisy response by
-vavolving it with the natural E-pulse of Fig. 5. As expected,
he convolution. shown in Fig. 10, does not exhibit a null late-
ame respoase, but results in a distribution of noise about the
zero ne Also plotted in this figure is the convolution of the
£ pulse with a no1sy waveform representing a target 5 percent
onger It 13 quite easy to separate the effects of noise and
‘arget length sensiuvity, suggesting that random poise will not
rierfere with target discrimination.

V1 Ewremimental VErRFICATION OF THE E-PuLse ConcEpT

Time Jomain measurements of complex conducting target
~esponses provide the means for a practical test of the E-pulse
oncept  The present expenment involves measuring the near
wattered field response of a simplified aircraft model to
'ransient pulse excitation. A Tektronix 109 pulse generator is
1med 0 provide a quasirectangular 400 V incident pulse of
nanmecond Juration. Transmission of the pulse overa § x 6
m onducting ground screen is accomplished by using an
maged hicomical antenna of axial height 2.5 m, half-angle of

933

4

- ‘correct
:,V'ndt'

. AW

’ T

Qﬁ \—5! Tonger ¢y''nder

relative amplitude

M
1 !>—° late-time

0.0 1.0 .0 " ) 0.0
normaiized time t/(L/C)

Fig. 8. Convolution of 10 mode natural thun cylinder E-pulse with 60° dun
cylinder impulse response and 60° response of a cylinder $ percent longer
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1 ’__ late-time

r T \ T
0.0 t.0 0 e.0 0.0 [5-} 2.8

-20.0

normalized t me t (L )

Fig. 9. Thin cylinder 60° impulse response generated from first ten natural
modes, with 10 percent random noise added

8° and characteristic impedance of 160 Q1. while reception 1s
implemented using a short monopole £-field probe of length
1.6 cm. Although the receiving probe is not positioned in the
far field region of the scatterer, the resulting measurements
have the desired modal content in the late-time period,
providing the small probe purely differentiates the waveform.
Lastly, discrete sampling of the time domain waveform is
accomplished by using a Tektronix sampling oscilloscope (S2
sampling heads, 75 ps risetime) coupled to a Radio Shack
model III microcomputer.
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In dus expenment, an aftempt s made o liscnminate
between two aircraft models by empioving the £ puise
techmique Figs 11 and 12 show the measured puise responses
of simplified Boeing 707 and McDonnell Douglas F i 8 aircrah
models, respectively Each moadel s constructed ot aluminum
and has a geometry as indicated in the figures Ajs shown n
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showing ‘‘extinguished"’ late-tisne region. showing ‘‘extinguished'" late-time region. :
with the F-18 measured response. Compared to early time, the VII. SumMMarY AND CONCLUSION Y
late-time region has been effectively annulled. In contrast, Radar target discrimination based on the natural frequencic. )

Fig. 16 shows the convolution of the 707 E-pulse with the F-  of a conducting target has been investigated. The response of
18 measured response. The result is a relatively larger late- targets to a particular class of waveforms known as “'F.
time amplitude. Similarly, Fig. 17 displays the convolution of  pulses’* has been demonstrated to provide an effective mean:
the 707 E-pulse with the 707 measured response. Again, the  for implementing a discrimination process in the presence of
late-time region of the convolution exhibits small amplitmde. random noise.

Lasty. Fig. 18 shows the convolution of the F-18 E-pulse and Two types of E-pulses have been identified, natural and
the measured response of the 707 model. As before, the forced. Discrimination based on natural E-pulses and the
“"wrong'’ target is exposed by its larger late-time convolution response of a thin cylinder target has been demonstrated
response. theoretically.
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) using the singularity expansion echmque,’’ /EEE Trans. Aniennas
-] Propagat., voi. AP-21. mo. 1. pp. $3-62, Jan. 1973,

{13] B. Drachman and E. Rothwell, * Aconummwrorm
° tion of the natural frequencies of an object using 8 measured respoase, '
-t IEEE Trans. Antennas Propagat., vol. AP-31, no. 4, pp. 445450,
Apr. 198S.

relative eaplitude
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'._. tate-time
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Fig. 18. Convoluuon of the F-18 E-pulse with the 707 measured response.

Most encouraging are the experimental results which reveal

that two quite complicated, sunilar sized targets can be

i adequately and convincingly discriminated using natural E-

. pulse waveforms. Further experimentation using more accu-
rate aircraft models is currently being undertaken.
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A Continuation Method for Identification of the
Natursl Frequencies of an Object Using a Measured
Respoase

E

BYRON DRACHMAN AND ED ROTHWELL, STUDENT MEMBER, [EEE

Abstrect—The identification of the antursl frequencies of aa object
usiog messured data is as illconditioned probiem. A method sed
sigerithm (o seive the problem based on regularization by a costinustion
method is presented. The aigorithm is npplied to the me: d respoase of
s model aircraft, asd the superiority of this method te Proay's method in
the presence of nolse is demonsirated.

)
P
P
o

I INTRODUCTION

The singulanty expansion method (SEM) {2] advocates repre-
senting the late-ime electromagnetic field scattered from a finite
sized conducting body as a sum of damped sinusouds (natural
modes). An important problem is to extract the natural frequencies
s = g + jw from a time domain measurement of such a scattered
field. We desire to find a function of the form

y
FlA,. ~un. K. =K+ D) Ane® 05 (wnl + ¥p) (1)

n=|

which “‘best fits”’ in some way the measured data. This problem
is known to be il-conditioned {11] and the straightforward use
of nonlinear least squares or Prony’s method is unreliable We pre.
sent 2 method of solving this problem via a regularization process—
changing the ill-conditioned problem into a well-conditioned one
with a sufficiently similar soiution.

Our goal 13 to give an overview of the mathematical basis for
this method and a usable. easily understood aigorithm for its 1m-
plementation. More detailed analyses and more elaborate aigo-
nthms can be found in the cited references.

II. ILL-CONDITIONED PROBLEMS

Consider a problem and an algonthm to,solve the problem.
When data are applied to the algorithm a solution results If 3
smail change in the data leads to a relatively large change in the
computed solution, the process of obtaining the solution 1s termed
“illconditioned.” In matrix theory. the conditioning leading to
the solution of the equation Ax = b i1s described by the conds.
tion number of the matrix 4. which can be caiculated directly
using singular value decomposition (SVD). or estimated [5)

It 1s unportant to distinguish between an ill-conditioned al-
gonthm and an ill-conditioned problem If the problem s dl-
conditioned then no aigonthm wiil work weil enough (0 pro-

duce accurate results (Rice [11. p 111]). The extraction ot
natural frequencies from a measured target response 1s such 4
problem.

“Regularization™ 15 a techmque for solving un all-conditioned
problem by transforming it into 4 related well-conditioned prob-
fem with a solution that is 4 good approximation to the elusive
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solution of the onginal probiem. See Phillips {9] . Tikhonov [15],
Rice [11]. and Nashed (7] for more ngorous definiions and dis-
cussions. Our choice for a regulanization scheme is to use a con-

tinuation method.
[fI. THE CONTINUATION \dETHOD

Let F'(x) be a nonlmear vector valued function of the vector
x. Solving the problem F(x) = (0 by Newton’s method or a quasi-
Newton method requires a good wnitial guess for convergence
{13). The conventional continuation method may be viewed
as a numencal techmque to overcome this difficulty. Instead
of solving F{ %) = 0. construct a family of functions

GAR)=rAE)+ (U -1)(F - 7)., 0<r<] ()

where ¥° is an imitial guess for the solution to (%) = 0. and solve

the series of problems r = 0. 7, -, 7, = 1. In an iterative pro-
Ledure r = 1, is replaced by Tieg =T Ar, and the problem
G,. ’l(x) 0 1s solved for ¥ = ¥**! using X' as an initial guess

(where 1t is assumed that Ar, is small enough to insure con.
vergence). The process 1s begun with r = 0, * = %% and proceeds
to 1 =7, = | and the desired solution to F)=

If the onginal problem F(x) =0is dl-condmoned we choose
to view the continuation method as a regularization procedure.
The problem X - X° = 0 determined by 7 = 0 is well-conditioned,
while 7 = | corresponds to the original ul-conditioned problem.
Regularization is then accomplished by making 7 as close to one
as possible to adequately approximate the solution to F’(.;) =0
while keeping enough of the well-conditioned term (X - )t
keep the combined problem well-conditioned

Theorems concerning sufficient conditions for the convergence
of the continuation method are discussed in [8) and [4] Aligower
and Georg (1] also give a survey and history of the continuation
method.

[V. IDENTIFICATION OF NATURAL FREQUENCIES BY A
CONTINUATION METHOD

We wish to obtain a best fit to the sampled late-time target re-
sponse {7, = 7(1,)} by minimizing

DIAE. 1) -7

where ﬁ(f, 1) is the fitting function given by (1)and X = (4, 0,

LWy YN K)T is a vector contaiming the unknown amplitudes,
natural frequenc:es and phases of the natural modes, and the dc
level. Conslder f(x) as a vector valued function with ith sompo-
nent F(x ¢,) and R a column vector with ith component_ 7 Mint-
muzing (3) then corresponds to minimizing Il/(x) - R 2 (L,
norm). This problem s il-conditioned. but can be regularized
by applying the continuation method and minimuzing

3)

NF(E) = RIP + (1 - nyl v - 202

where X% 15 an imtial guess It 1s assumed that % and X° are ap.

propriately normalized Junensionless quantities With 7 fixed,
differentiation of 13) with respect to the vanables in X yields the
normal equation

(4)

H(Z. 1) =rigradg )f - Ry+ (1 - :MF-R0) =0 (5)
where grad;/’xs the transpose of the Jacobian matnx ot'f.

We assume that (5) deternunes a simple path in (X, 7) space
leading from (X°. 74) to (¥ 7,), as shown in Fig. 1. If the path

o DTN e e s

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. AP-33, NO. 4 APRIL 198S

X
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i A >
‘t 7/
i T
4
Fig. 1. Typical path 1a (x, r) space.

is parameterized by arc length s and the chain rule 1s applied to
(), we have

d - -
— H(x(s). r(s))
ds

radz A —+-—" (6)
=(8 )* & s
This is viewed as a differential equation
dz
ds \ . (N
ar |7V
ds

where 715 2 normalized solution to the homogeneous equation
. aH\ . .
gradgH.— Jv=0.
dr

If we assumne that at each point on the curve

(8)

-

. dH
(a) grad;H.d— has full rank
r

ax \T dr
ds [ 'ds

grady I-;

(b) A(s) = is nonsingular

& 1&.

then (7) can be solved using a standard ODE follower We can
also construct a “predictor-conector“ follower to step along the
path until the final point 528 t7) 1s reached, either at rp = 1 1
when the problem becomes too illconditioned. The predictor
step (Euler) 1sto solve (8) for (AX, Ar) with a prechosen value of
As. The sign of det (A(s)) is used to choose the correct sign of ¥
that is, to continue moving 1n the same direction along the curve
If 4(s) becomes singular (indicating self-crossings or bifurcations
of the path) see Keller {4] for more advanced techniques Also
Allgauer and Georg (1] give details for incorporating vanable ster
size As.

Correction back to the curve uses Newton's method with r hei
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estiaate (:}wi) from PPFT

calculate | A:...:) x° using linear least squares

choose 48

FLITTRY F01 408 0 SN &

-]
|.(§ ) {i¢m0

!
i DO until CN = condition no. is too large OR 1=}

a2
- a8
calculate v =
54
Y]

(Predictor Step: Euler)

froa (gndxﬂ.ggyv )

first iteration
YES {e0”? NO

o

Agr=sign{det A(0) )

Agr=sign(det A(s ) ) |

41607
8

. YES NO

Aifko?
=S NO

L eld i
P V1 9eVy |
1

Via¥

- v
Vll—vw

normalized value of ¥

)
|
'rL "
1

1%t

predicted value of 1

[
ki1=0

, (Corrector Step: Newton's method)

. DO until T converges OR CN too largy

CNiaCond (gradgH)

k+1

solve (gradgd)(i%-*"1) = H(F*%) for
3 with t held constant

Xi=k+l

EO'-EK {1sist

-0
?f:-z contains identified natural frequencies .

Fig. 2. Flowchant for continuation method.

constant. The condition number of (gxad;ﬁ) is computed using
SVD at each step to test for termination of the algorithm. (We
used a CDC 750 which carries 13 digits, assumed three digits of
accuracy in the measured data, and terminated when the condi-
tion number exceeded 10'%.) Allgower and Georg {1} contains an
alternate method for correction.

At termination the identified natural frequencies are contained
in ¥ A flowchart for our algorithm is shown in Fig. 2.

V. EXPERIMENTAL AND NUMERICAL RESULTS

The first example is shown in Fig. 3 and demonstrates the ad-
vantage of using the continuation method over Prony’s method
in the presence of random noise. The theoretical impulse response
of a thin wire at a 30° aspect angle has been computed by SEM
using the first eight natural {requencies [14], (2] . This is shown
in Fig. 3(a). Fig. 3(b) shows the same reponse with 10 percent
random noise added (10 dB max signal/max noise). Fig. 3(c) dis-
plays the natural frequencies extracted from the noisy response
using the continuation method and Fig. 3(d) by Prony’s method.
Clearly in this example the continuation method yields more ac.
curate results. Further refinements of Prony's method are avail-
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able (such as overguessing the number of modes and averaging
[6]. [10]), but we have never obtained results as good as those
obtained from the continuation method.

The second example uses the measured pulse response of a
Boeing 707 aircraft model as seen in Fig. a). Fig. 4(b) shows the
Fourier transform (via fast Fourier transform (FFT)) of the late-
time portion of the measured response. The seven largest peaks
were used to determine initial guesses for w;, | i< 7..1n the
continuation method. The resulting best fit to the late time s
shown in Fig. 4(c). The experimental set-up yielding Fig. 4(a) 1s
described in [16] .

V1. DISCUSSION

The numerical evidence shows the superionty of regulsrization
via 2 continuation method over Prony's method in the presence
of random noise. Further numerical experimentation {12] has
also shown that. in contrast to Prony’s method. underestimating
the number of modes in the response 1s not a computational
disaster. In fact. it 1s possible to underestimate the number of
modes at first, and use those results as initial guesses when solving
the problem with more modes assumed. Other benefits include di-
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rectly incorporating a dc level. and the fact that overguessng the
number of modes present merely results in neghigibie amphitude
for modes not in the response
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