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ABSTRACT

TRANSIENT WAVEFORM SYNTHESIS FOR
RADAR TARGET DISCRIMINATION

By
Che-I Chuang

A new scheme for radar detection and discrimination, the
transient waveform synthesis method, is investigated. This scheme
consists of synthesizing an aspect-independent waveform for the incident
radar signal which excites the target in such a way that the return
radar signal from the target contains only a single resonance mode of
that target in the late-time period. When the incident waveform
synthesized to excite a particular natural mode of a known preselected
target is applied to a different target, the return signal will be
significantly different from that of the expected natural mode. The
wrong target can thus be discriminated.

Three kinds of targets, a normally oriented infinite cylinder,

a pair of skew-coupled wires and a system of crossed wires are investi-
gated. Both integral-equation and differential-equation approaches

are used to search for the natural resonance modes of the targets.
Impulse responses are then computed using these natural modes and the
sigularity expansion method (SEM). A complete procedure for synthesizing
the required incident radar signal is developed and used to synthesize

the waveform for single-mode excitation,



To confirm the applicability of the waveform-synthesis scheme,
the synthesized incident waveform is convolved with the impulse re-
sponse of the target. Numerical results are given to demonstrate target-
discrimination sensitivity based on this method. An experimental

study is described later, and the results are compared with the theory.
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CHAPTER 1
INTRODUCTION

In recent years, research on radar target identification and
discrimination utilizing transient electromagnetic waveforms has been
conducted by a number of workers [1-8]. One interesting scheme is to
irradiate a target with a simple waveform such as an impulse, a step or
a ramp signal, and then analyze the scattered field from the target in
terms of natural resonance modes of the target. It is known that the
waveform of the scattered field is aspect-dependent, but the set of
natural resonance frequencies extracted from the scattered field is in-
dependent of the aspect angle {9-13]. Using this property, a tarcet
can be identified if the extracted set of natural frequencies is compared
with the collection of known data on the natural frequencies of various
targets. Two different targets can also be discriminated if the two
sets of natural frequencies are compared. An inherent limitation of this
scheme arises from the presence of noise in the return signal and the
associated difficulty of accurately extracting natural frequencies of
the target.

In this thesis, an inverse scheme, to be called the "transient
waveform synthesis" method, is investigated. Instead of analyzing the
field scattered by the target in terms of its natural resonance modes,

this new scheme sythesizes the waveform of the incident radar signal



in such a way that, when it excites the target, the return radar signal
contains only a single natural mode of the target. It will be shown

in the following chapters that when the incident radar £ignal sythesized

to excite a particular natural mode of a preselected target is applied

to a different target, the return signal will be different from that of
the expected natural mode. A "wrong" target can t"crefore be discriminated
from an "expected" target. The following sections discuss more about

some theoretical background of this scheme.

1.1 Singularity Expansion Method (SEM) [9, 14]

The SEM was advanced by Carl Baum as a means of treating transient
and broadband electromagnetic scattering problem. This development was
based on the results from many experiments in which different scatterers
were illuminated by transient electromagnetic fields. It was observed
during the later-time period (i.e., when the target is not under direct
illumination of the exciting field) that the response of the scatterer
apneared to consist of a superposition of damped sinusoidal oscillations for
which frequencies and damping constants are related to the geometry of
the scatterer. The SEM was developed to explore the possibility of ex-
pressing any external scattering response as a summation of damped
sinusoids of which frequencies and damping constants are characterized by
the scatterer in a similar way as the internal response of a cavity.

By using the contour integral in the attempt to inverse-tranform
the scattered field in Laplacc-transform domain, it was found [9] that
the time-domain scattered field can be expressed in terms of the singular-
ities associated with its transform. It has been shown that for finite

size objects in free space consisting of perfect conductors with



constitutive parameters suitably constrained in their complex s-plane
properties, the response has only poles as singularities in the

s-plane £15, 161. In this thesis all except one target are finite-size,
so we consider only pole singularities which depend only upon the geometry
of the target. The target in Chapter 3 is not finite-size and possesses

a branch-cut singularity. It is found, however, that the response

related to the branch-cut singularity can be approximated as a sum of

two exponentially-decaying functions and thus belongs to the category

of natural-mode response with zero frequencies. Therefore, for the targets
we aim to study, the damped-sinusoids dominate the late-time response.

It i~ extremely important to note that the natural frequency (i.e..

s = o+ jwu o = damping constant and w = 27 X frequency) depends only on
the target geometry. Thus once determined, they characterize the target

for any excitation and can be used for target discrimination.

1.2 Aspect-Independent Property of Waveform-Synthesis Method

The simplest case of this radar waveform synthesis scheme has
been studied by Chen (17] for the case of a thin wire irradiated by a
radar pulse at normal incidenqe. For this case, it is possible to
synthesize a required waveform for the incident radar signal to excite
a single-mode return response at all post-incidence times. When this
study is generalized to oblique incidence, difficulties are encountered
in obtaining a realizable required incident waveform for exciting a
single-mode, scattered field. Furthermore, the incident radar signal
appears to be aspect-dependent. This difficulty arises because there

exists a finite transit time for an obliquely-oriented wire, i.e., a



finite time for an impulse to pass the wire. The impulse response of
this wire consists of an early-time, forced response in addition to the
sum of natural modes which describes a normally oriented wire. This
early-time, forced impulse response is difficult to approximate
analytically, and consequently is responsible for problems encountered
when synthesizing an incident radar signal to excite a single-mode,
scattered field at all post-incidence times.

To overcome this difficulty, we have concentrated on the behavior
of the late-time response of targets and have found a scheme to synthe-
size the required waveform for an incident radar signal of finite duration
to excite a single-mode, scattered field in the late-time period (where
the early-time inpulse response is not required, since that period has
elapsed). More significantly, this synthesized incident radar signal
is found to be aspect-independent. The details of this scheme are dis-
cussed in Chapter 2. Then we apply this scheme in Chapter 3 for a target
of infinite cylinder in which the exact solution exists and in Chapters
4 and 5 for coupled wires in which the integral equations are used to
solve the problem. Chapter 6 discusses the time-domain scatting range
for experiments related to this research. In addition to the waveform
synthesis scheme, impulse response of the target is computed so that a
detailed study of transient electromagnetics is complete for each example.
We conclude this thesis in Chapter 7 by summarizing this scheme from the

system point of view and showing some potential problems of this scheme.



CHAPTER 2
DEVELOPMENT OF THE BASIC EQUATIONS

This chapter is concerned with the development of fundamental equa-
tions, boundary conditions, and synthesis procedure that will be used
repeatedly in later chapters. Section 2.1 concerns the linear-system
models for a target-discrimination system and defines the problem.

Section 2.2 illustrates the scheme for target discrimation and develops
the basic equations associated with it. Section 2.3 discusses the
required computations involved in this problem and derives the integral
equations with boundary conditions included. Finally, Section 2.4 uses
the previous work to obtain a complete procedure for solving this problem

numerically.

2.1 Linear-System Models of a Target-Discrimination System

There are two equivalent schemes for target discrimination as
depicted in Figure 2.1. The scheme on the left is the original wave-
' form-synthesis method: it transmits the required incident radar signal,
which is synthesized for monomode excitation, to the target. The right,
expected target will yield a monomode return signal while the wrong target
will not. The scheme shown on the right is the alternative implementation:
the required incident signal for monomode excitation is synthesized and
stored in the computer momory. An incident radar signal with some con-

venient waveform (provided it possesses the desirable frequency component)

5
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excites the target, which yields a return signal with an irregular waveform.
The return signal is convolved numerically with the stored, required in-
cident signal. The convolved output signal will display a single natural
mode of the target (a pure damped sinusoid) if the target is the expected
one; the return signal from a different target will not produce the expected
natural mode after convolution.

To define the problem, consider the linear-system models in Figure
2.2. The model on the left corresponds to the scheme on the left of
Figure 2.1: the input Ee(t) is the synthesized, required waveform for
monomode excitation, the system is represented by the impulse response
of the target, h(t), while the output, Es(t), js the backscattered electric
field from the target. The input/output relation is Es(t) = Ee(t) * h(t).
The model on the right is the linear-system representation of the alter-
native scheme: the input, E'(t), is the radar return from the target, the
system is now represented by Ee(t), which is synthesized and stored in
a computer for numerical convolution, while the output, Eo(t), is the result
of the convolution between E'(t) and Ee(t). Therefore, the input/output
relation of this model is E°(t) = E"(t) * ES(t).

Eqt) —— | h(t) | —— E5(t) E(t) —— | EXt)| —— E%t)

(Target) (Computer)

Figure 2.2. The linear-system models of two equivalent synthesis schemes
for target discrimination.

The problem is thus defined as follows:
(1) For model on the left of Figure 2.2:

Synthesize E€(t) so that in the late-time period, the output,







Es(t) = Ee(t) * h(t) will be a single natural mode of the
target.

(2) For model on the right of Figure 2.2:
Synthesize E®(t) so that in the late-time period, the
output, E%(t) = E"(t) * E®(t), will be a single natural mode

of the target.

It is specified that ES(t) is of finite duration Te and
h(t), Er(t) are sums of natural modes in the late-time period
for t > 2T, where T, is the one-way transit time for the

signal to pass the whole target.

2.2 MWaveforem-Synthesis Scheme
2.2.1 Single-Mode Excitation

For the purpose of synthesizing the required waveform for monomode
excitation, we consider the model of the alternative scheme. Since
E"(t) is a representation of radar return from the target, h(t) (impulse
response) is a special case of E"(t) when the incident waveform is an
impulse function, therefore, the second model in Section 2.1 includes the
first model.

From the discussion in Chapter 1, E'(t) can be expressed as
r n nt
E"(t) = E"(t,0) = £(t,8) + 21 a,(6) e "“Cos(u t + @ (6)) (2.1)
n:

where
g(t,0) = forced response which exists only during the period



(¢]

an(e)e nt Cos(wnt + Wn(e)) = the sum of natural modes which
1

n~—m3

n
exists for all t,

an(e) = aspect-dependent amplitude of the nth natural mode,

wn(e) aspect-dependent phase angle of the nth natural mode.

6 = aspect angle,

op * jwn = Sn = the nth natural frequency,
with N > = theorectically, and finite for late-time consideration.
The output, Eo(t,e),can be expressed, based on the convolution

theorem as E°(t,8) = E'(t,6)* E®(t)
t
- J ES(t')E"(t-t', o)dt’ (2.2)
(0]

The integration limits are o and t respectively because both ES(t)
and Er(t,e) are causal functions. Substitution of equation (2.1) into
equation (2.2) leads to

t ]
ES(t') {g(t-t',8) + E a,(e) eon(t-t")

0 n=1

E9(t,6) = J

. Cos[wn(t-t') + wn(e)]}dt' .

For the late-time period of t > Te + 2Tt’ the upper-limit becomes Te
'since E®(t')=o0 for t' > Te’ and the forced response term does not

contribute to the integral because

g(t-t'ye) =0 for o<t' <T if t>T +2T.

The property of ¢(t,e) = o for t > 2T, has been used. The output

waveform in the late-time period then becomes
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T N
E%(t,0) = | © £ (t))( ]

) 1 a (0)e (V" deosry (-t + g (0)1dt'  (2.3)

for t>T +2T, .
Equation (2.3) can be rewritten as
EO _ N ontAC + ()
(t,e) = nZ] an(e)e {A Coslw t + ¢ (6)]
L Sin[wnt + ¢n(e)]} (2.4)

where the coefficients An and Bn are given as

An Te COSwnt'
e -Ont’ y
= E5(t') e dt' (2.5)

S'inw t!
B 0 n

It is important to observe that An and Bn are independent of the
aspect angle 6, and it is possible to choose a proper E®(t) in such

a way that all the coefficients vanish except one. By doing so E°(t,8)
will consist of a single natural mode even though it is still aspect-

dependent.

2.2.2 Required Signals and Qutput Waveforms
Now that it is possible to choose an aspect-independnt Ee(t)
to excite a single-mode E°(t,e), let's construct Ee(t) with a Tinear

combination of basis functions as
e 2N
E-(t) = mz] dmfm(t) (2.6)

where {f (t)}, m=1,2,...,2N is a set of basis functions such as

pulse functions, impulse functions, Fourier cosine functions and nautral-
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mode functions; dm are unknown coefficients to be determined based
on the condition of single-mode excitation of Eo(t,e).

Substituting (2.6) in (2.5) leads to

"
A =) M d
noopEp nmom
(2.7)
%N
B = M d
, no g1 nmom
where
C '
Mnm Te Conmnt
_ont'
= fm(t') e dt' (2.8)
Sinw_t'
M3 0 n
nm

It is observed that MS 's and M> 's are explicit functions of T _,

nm nm e
incident radar pulse duration, and Te is a parameter of freedom which
can be varied to obtain a desirable waveform for ES(t). The effect
of changing Te and basis functions will be examined later.

Expression (2.7) can be rewritten in matrix form as

>
3
"
o—
-
N
-
-
=

...... = Jeeeoo-- d (2.9)

o
=
[
3
[}
—
-
N
-
-
nN
=

are two 2N column matrices.

To obtain a single-mode, output waveform (e.g. the jth mode),

we can set
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Bj =1 and Bn =0 for n#J and An = o for all n.

and solve equation (2.9) to get

c
Mom o

dm = ---;-- ———- (2.10)
Mom B

by choosing Te so that det[Mnm] # 0. [dm] can then be easily determined

and ES(t) is obtained from equation (2.4) to be
E(t,6) = a;(8)e°5" Sin(ust + o;(0)) (2.11a)

Similarly, we can set Aj =1 and An =0 for n#j, Bn =0 for

all n to get

E%(t,0) = a;(6) %3t Cos(ust + v;(0)) (2.11b)

It is noted that with this synthesized Ee(t), the output waveform
after convolution, E°(t,e), remains single-mode for any aspect angle o,
even though the amplitude aj(e) and the phase angle qﬁ(e) vary with
8. In other words, when this synthesized Ee(t) is convolved with the
radar return, Er(t), the output signal contains only a single natural

mode for any aspect angle as long as aj(e) is not zero.

2.3 Required Computations and Integral Equations
2.3.1 Required Computations
It is obvious from Section 2.2 that search of the natural fre-
quencies is an important task in synthesizing the required waveform.

Natural frequencies can be obtained theoretically or experimentally.
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In this report, the efforts are concentrated mainly on the theoretical
aspects for some simple targets. For those targets which are so com-
plicated that theorectical computations become almost impossible,
experimetal approaches such as Prony's method [12 ] are desirable.

As far as the theoretical methods are concerned, there are
basically two approaches; the first one is the differential-equation
approach for some idealized structures while the other is the integral-
equation approach for those targets that the analytical formulation is
impossible. In Chapter 3 we will discuss an example of the first
approach, while in Chapters 4 and 5 the second approach is used.

The differential-equation approach is based on
Maxwell's equations. The only difference now is that instead of using
Fourier transform, we will solve the Maxwell's equations in the Lapalace-
transform domain to handie the trasient nature of this problem. As for
the integral-equation approach, there 1is more involved: it is necessary
to match the boundary conditions to obtain the integral equation(s)
and then solve it (them) numerically; and to make the numerical procedure
more stable, we usually need to convert the electric field integral
equation to the Hallen-type integral equation [181. Therefore, Section
2.3.2 is devoted to the derivation of some basic integral equations and
their boundary conditions which will be used repeatedly in Chapters
4 and 5.

So long as we get the natural frequencies, the required excitation,
Ee(t)’ can be determined from equations (2.6) and (2.10) with an optimal
Te and proper choices of basis functions. For the waveform-synthesis,

our job is done. However, to complete the transient scattering research,
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it is desirable to compute the impulse response of the target. Once
computed, any transient response can be obtained by convolving it with
the incident waveform. If this impulse response is convolved with the
required waveform, Ee(t), the expected response can be observed.

To determine the impulse response, we apply SEM and the moment
method to the integral equations. After obtaining the natural frequencies,
we compute the natural mode currents and the coupling coefficients
which arerelated to the residues of natural modes. Induced current is
constructed based upon these coefficients and natural mode currents.

Scattered field is then determined from the induced current.

2.3.2 Integral Equations

In this section, we will first derive an E-field integral equation
(EFIE) for transient surface current excited on a perfectly-conducting
body by a transient incident-wave EM field, then use this result in
a relatively general, coupled wires systems to get the coupled EFIE's.
Finally we will demonstrate an easy way to convert EFIE's to coupled
Hallen-type integral equations.

Let's consider the geometry as shown in Figure 2.3 for a general,
perfectly-conducting body illuminated by a transient, incident plane-
wave, fi(F,t), which excites, on the body surface, the induced current
E(?,t) and charge, o(r,t). The induced current and charge, in
turn, maintain a scattered wave, ES(;,t). Our objective here is to
derive an integral equation for the unknown current by matching the
boundary condition on the surface so that the total tangential E-field

on the surface is zero,



.~ scattered

\“
A J

Figure 2.3.
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wave

free space

A perfectly-conducting body is illuminated by a transient
plane-wave, incident field.



16

te(E'(¥,t) + E5(%,t))=0 ... for all ¥ € A of perfectly-conducting
body (2.12)

Where t is the unit vector tangent to the body surface. We use

Laplace transform to handle the transient behavior, and express

ES(?,S) in terms of scalar and vector potentials,

ES(%,s) = -va(¥,s) - s A(¥,s) (2.13)
where
8(F,s) = j 5(ris) ¢=YR 4o+ = scalar potential (2.14)
A "o
A(%,s) = J ~ﬂ%§%*§l e YR 4ar = vector potential (2.15)
A

and vy = §-= complex propagation constant,

The conservation of change in Laplace-transform domain leads to

~

0R(P.s) = -s3(7.s) (2.16)

Substituting equation (2.16) into equation (2.14), we express scalar
potential in terms of source E(?,s),

" 'K (Rs)

-YR 1
—W e dA . (2]7)

¥(F,s) = fA

Equations (2.17), (2.15) and (2.13) give us a relation between

3 5
ES(%,s) and K(¥.s),

'E'S('Yf’s) = lg V[JA _V-_a,—‘llil'(zl’—s_l e YR dA®
(0]

K(r's) -yR ..,
s jA K(Fis) R gn | (2.18)
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The combination of equation (2.18) and boundary condition (2.12) leads to

-
.
wv
~
[}

~ 33 - ~"|
- tE (P 1 t-v[[ Zi%%%—lél-e'YR dA']
A

-3,
- sy [J El—égﬁiil e R da'] for Fe A, (2.19)
A

rearranging equation (2.19) we finally get
~ ~ -YR
ey + 2 2 7 eY '
JA [v'-K(r',s)(t-v) - r" t-K(r',s)1 g dA
3i

= e s t-E'(F,s) forall Fe€A (2.20)

o)

This is EFIE for unknown ?(?,s) induced on A in Laplace-transform
domain.
Let's consider the coupled wires system as shown in Figure 2.4,

the wires may or may not be crossed.

up=ly u.=L

Figure 2.4. A general coupled wires system
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Equation (2.20) becomes
> ~ 2"") eYk “—}1’_,
J v'eI(r',s)(tev) - Yot I(r',s) R ' = -e steb (r,s) (2.21)
r
where T 1is the contour of integration; note that surface integral becomes a

line integral after the thin wire approximation. Since

ol (u',s) R

v' T 2,s) = ——%—7&———- --- for 2 =1,2,...,K, and t-.v = 92 for

uy By
k =1,2,...,K, equation (2.21) can then be rewritten as
-YR
K (L kg
[} G 2,~ - .
QZ] Jo [—aiz W- Y (Uk'Ul) I ( ,S)] 4 Rk dUR
= -e,s U +E (u58) === for 0 <u <L, k=1,2,...K (2.22)

where sz = R(uk,ui) for (k,2) = 1,2,...,K

= luldy - (d, + upuy)|

_ 2 . R 2
= /uk tug - 2uku2(ukou2) - kz (uk K" u u ) + dk

Ekz = the vector from the origin for Uy to the origin for U

To handle the thin-wire approximation at the source-point singularily

ui = u when & = k’dkz = 0, the wire raduis aﬁ is included in the above

formulation such that Rik(uk,ui) = a. Then sz becomes

7 2
*a
(2.23).

. ' 2 n2 (Y
sz(uk’uz) :;/uk tut- Zukuz(u .U ) - 2d (ukuk u' u )+d

Physically, we consider the field point Uy to be on the wire surface
while source point ui to be located along the wire axis for the thin-

wire approximation. The leading integral terms in equation (2.22) can
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be modified by evaluating the integral by parts in the ué variable so

that I2 instead of SU& appears as unknown:
2
, -YR -YR (-
JIQ EE&.(UQ’S) 3 e ky Gt =1 () 2 & ke |oup =L,
o 3Yp auk 4an2 L '8 au 4“sz ui =0
-YR
L 2 'Y
2 3 e
- I (ul,s) = . du' (2.24)
Jo L\e 3u 3u, 41rRk2 2
If we define
wkz(uk) - Iz(Lz’S) 4R, (u,,L ) ~ Iz(o »S) 47R, (u,,0) (2.25)
ke k> 2 ke "k
then expressions (2.22) (2.24) and (2.25) lead to
-yR
K L 2 ke oW
2 9 2/~ ~ . € k2
y {J I (u),s)( o+ y (Ueu) )] g du} + (u )}
=1 o A % audu, k 727~ 4nR, 2 duy k
= -Cosak'Ei(Uk,S) === fOY‘ 0 E Uk 5 Lk’ k = ],2,...,K . (2.26)

This is the basic set of coupled EFIE's we will be using in Chapters 4
and 5.

Examing closely equation (2.26), we can see that the kernel function
of this EFIE involves a second partial derivative. This term, when applying
the moment method solution, will introduce discontinuity in the basis
function of charge, and thus cause some undesirable features such as
the sensitivity to changes in the number of partitions and the initial
guess in root searching. To avoid the unstablecharacteristics of EFIE,
we derive, in the following,the Hallen-type integral equations in which
the kernel functions possess no derivatives.

Equations in (2.26) are integro-differential equations. They

can be reduced to pure integtal equations of the Hallen type by first
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converting them to an inhomogeneous ODE which can be solved to provide
the desired result.

In the & = k integral term of the coupled system of EFIE's,

-YR

2 “TRek 2 Kk

aukaué 4ank 3u§ 4rrrRkk ’

so that this term is singled out for the special attention,

-yR
L 2 kk K ow, (u.)
2 ke 'k
I (u ,s)[ -y ]'I—'_——' du/ + § {———
Io k 3uk k 2=1 auk
(s [ L(u2s) ch 2(G,-0,) o
- (1-9¢ J I UgsS (= + vy (u,+u )] =——— du'}
2k o aukau k "2 4ka£ L
-~ Z§
= -€oS Uy E (uk,s) (2.27)

where ng =0 for & # k;dzk =1 for ¢ = k.

The trick is to modify the differential operator of the second
integral term (by adding and subtracting an appropriate factor) to
indentify an operator which is common with that of the first integral

term,

3 9
+ [ + (a, - )]
auk aui auk k® ) 4an

and
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-YRkR

ke
d e ) d 4. A

= [— + (G, +u_ )IR
4 sz de2 4"Rk1 au2 auk k

e ur-u (b, -0 )t d “U, + Cu-u (@ ) - d,, -t 30,0 )
d g "YUk VU o Uk ke "YUk WUyl
4nR R

T @R

ke ke

-YR . A A 12
d e ke “z[]'(”k'“g) ]+ d [u -uk(uk u )l

4nR R

dR

ke ke ke

By defining

U )dué

2 2 Kby )
[ - v Y Iz(ul,s) TR (uk-u2

0 kg

',s) ——— du'}

auk %
~eoS U E’(uk,s) ] (2.29)
Recall that an inhomogeneous ODE in the following form

2 2
(-5 - y")vlu) = f(u)
au
can be solved [19 ] as
1 (U
p(u) = C; cosh yu + C, sink ru + ;—J f(g) sinh y(u-£)dg
()

Therefore (2.29) can be solved as inhomogeneous ODE to be



L[y T iy
I (u',s) —5— (u,-u_)du'
221 Jo * % 4an2 k "2 ﬁ
k
= Cik cosh vu + C'2k sinh Yu + %-J desinhly(u-¢£)]
0
N L 39, (&,u!l,s)
' kg 2 1
{y (1-s,.) J Y1 (u',s) —2 du
= ke o Tate 3L 2
aw, () %
- 1 egs B (e4s)) (2.30)
The two terms involving 3 can be integrated by parts to give:
1 (Y% - K L, o9 (esups) o aw (€)
Y Jo dg smhLy(u-g)J{RZ]L(I—GM) fo IR,(UR,’S) ——a—g— dug - '?
N L 9,,(&,5u’,s) sinh y(u -g) |g = u
= J t dug T, (ug,s)(1-6, ) [ ke ' ¢ k k
2=1 Jo Y £=0
juk ( ) : ) ? wkz(g)sinh Y(uk-g) £ = U
+ g, ,(g,u),s) cosh y(u -£)dgd - )
o kg 2 k = Y £=o
Uk
+ J w,(€) cosh v(u -£)de] (2.31)
0
where
gkl(g,ui,s) sinh Y(Uk'E) £ = “k=__gkz(°’"£’s) sinh yu,
Y £=o0 Y
. _ £=u .
wkz(g) sinh Y(uk £) k _ wkl(o) sinh Yu (2.32)
Y g o Y .

The terms associated with expressions

in (2.32) and last term in (2.31)

are simply proportional to cosh YU and sink YUps and therefore

we can redefine constants Cik and Cék to be C]k and C2k‘ Equation

(2.30) is thus reduced to
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“L"( )e-Ysz(““)( ) (kg
I (u),s) [7=— (u,-u ) - (1-6 J g, ,(g,u',s) cosh y(u,-¢
L)y Talies) Tgp— (yeyy ke! | kel ke
dg]dué
. egs [Yk ~ T .
= C]k cosh yu + C2k sinh YU - —ﬁu-J uk-E (¢,s) sinh y(uk-g)dg (2.33)
YR, 0
.. . _e Lo~a uk .
Defining Kkl(uk|u2,s) = E;ﬁ;;— (uk-ul) - (]'6k2) Jo gkg(g,ul,s)
cosh y(u-£)dg (2.34)
leads to
K L2
nZ] Jo Iz(ul,s) Kkn(“kluz’s)d“z
. eSukA:"‘i
= C]k cosh YU+ C2k sinh YU - —g—-f uk-E (€,s8) sinh y(uk-g)dg
0
for o < uk < Lk
and k =1,2,...,K (2.35)

This set of integral equations has kernel functions which possess no
derivatives, however, there are integration terms involved. This is a
more stable set of IE's but with the increased cost of computer execution
time and storage since the integration terms not only take much more
computation, but also destroy the symmetry of the matrix which is ob-
tained from employing the moment nethod. With this trade-off
we use Hallen-type IE's to find the natural modes while EFIE's are used to
determined the coupling coefficients.

There are unknown constants introduced in equation (2.35). The way
to determine them is to exploit the boundary conditions. For those wires
with no cross, the constants are considered as 2K unknowns with 2K

currents on the wire ends vanishing and thus dropped out of the
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unknowns. The case of crossed wires is more complicated, we will discuss
more in Chapter 5. Basically the boundary conditions used to determine
unknown constants are: [20]

1) continuity of scalar potential across the junctions,

2) continuity of vector potential across the junctions,

3) zero current at the wire ends,

4) Kirchhoff's current law at junctions.
Conditions 1), 3) and 4) are sufficient to solve the problem, while
condition 2) will further simplify the problem for the case with wire

segments aligned in the same line.

2.4 Problem-solving Procedure.
The procedure used in later chapters to solve the problem and to
synthesize the required waveform, Ee(t), is outlined as follows.
1. Based upon the Maxwell's equaitons and boundary conditions
to form the appropriate differential equations or integral equaitons
in the Laplace-transform domain, set %i(?,s) = o for natural response.
2. Solve the differential equations analytically or use the

moment method to form a matrix equation,
Al = o | (2.36)

3. Set det(A) as a function of s, then use Muller's or
Newton's method to determine its zeros, which are the natural frequencies.
Solve (2.36) after finding natural frequencies to determine the natural
mode current, v (u), for nth mode.

4, Using SEM [ 1437 to compute the coupling coefficients as
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f_S(u,s)vn(u)du 1
a(s) == (2.37)
fr Lvn(u)vn(u'){g—s[K(ulu',s)]} du’du

S'-Sn

where

oy K aw,  (u.)
= ~ Fi _ ke ‘Tk
S(u,s) <,S U E (uk,s) QZ] 3,

for o<y <L
k =1,2,...,K
= forcing function or source functiong

K(u|u',s) 1is the kernel function in (2.26),

I represents the whole contour of integration in equation (2.26),

the induced current is then expressed as I(u,s) = g an(s)vn(u)(s-sn)']
n=1 (2.38)

5. The impulse response of scattered field is computed from the
vector potential which is maintained by the impulse response of the in-
duced current. We will discuss this more in Chapters 4 and 5.

6. The required waveform is synthesized by the process described
in Section 2.2.

7. To check the results, we use discrete convolution or FFT
to convolve ES(t) with h(t).

8. Perform the transient EM experiments which will be discribed

in Chapter 6, to check the impulse response.

]In Baum's formulation, the denominator has “n(u) instead of vn(u),

where “n(u) is the solution of JA = o; ”n(") = vn(u) for the case

of symmetric matrix A. This is true for those cases we want to discuss
if we consider EFIE's.

21t can be easily seen from equation (2.26).
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These are the major steps used to solve this problem. We will
solve a differential equation for an infinite cylinder in which an exact
analytical solution exists, in Chapter 3. In Chapter 4, a skew coupled
wires system with no cross is considered. We then consider a system of
crossed wires in Chapter 5 as a crude model of airplane. The experimental

study of this problem is discussed in Chapter 6.



CHAPTER 3
INFINITE CYLINDER

The waveform-synthesis method is applied here to a target consisting
of a thick, perfectly-conducting, infinite cylinder illuminated by a
transient, normally-incident, transversely-polorized plane wave. Using
a spectral approach in the Laplace-transform domain, the current induced
on the cylinder and its backscatter-field transfer function are first
calculated in Section 3.1. By inverse transforming its transfer function,
the impulse response of the target is obtained in Section 3.2. It is
found that this response consists of a discrete spectrum comprised of a
residue series in natural resonance modes augmented by a series of
continuous-spectrum terms arising from a branch-cut integration; the
impulse response of the infinite cylinder can not be constructed as a
pure SEM series. The late-time impulse response is subsequently ap-
proximated in closed form in Section 3.3 and used to obtain the late-
time backscattered field excited by an incident field with arbitrary
waveshape. Based upon the latter representation of the backscattered
field, the incident waveform required to excite a monomode return radar
signal is synthesized.

It is demonstrated in Section 3.4 that an optimal incident radar
signal can be synthesized which excites (by convolution with the impulse
response) a monomode return signal from the cylinder in its late-time
period. When an optimal signal,synthesized to excite a particular natural

27
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mode of a given cylinder, illuminates a cylinder of slightly different
radius, the resulting return signal is found to differ from the expected
monomode response. The "wrong" cylinder is therefore sensitively
discriminated from the "expected" one. Applicability of the radar wave-
form synthesis method to implement target identification is therefore

demonstrated.

3.1 Induced Current and Backscattered Field

An infinite, perfectly-conducting cylinder of radius "a" is
illuminated by a normally-incident, transient, plane-wave radar signal
with its electric field polorized perpendicular to the cylinder axis

as indicated in Figure 3.1. The incident field is expressed as

ral

E'(F,t) = y ult-(x+a)/cIFlt-(x+a)/c] (3.1)

where F(t) 1is an unknown waveform function to be synthesized subject
to the criterion that it excite single, natural-mode backscatter from

the cylinder. Laplace transforming yields
El(F,s) = LET(F,0)) = § Fs)e™r (x3) (3.2)

where F(s) = L{F(t)} and y = s/c is the complex propagation constant.
The total EM field excited about the cylinder by Ei consists of a wave,

transverse-magnetic (TM) to its direction of propagation, with

E(F,s)

rE(r,,s) +¢ Ew(r,w,s) (3.3)

H(r,s) = 2 Fz(r,v,S)

where E(?,s) and ﬁ(?,s) satisfy Maxwell's equations in Laplace-

transform domain,
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3, 3
VXE(r,s) = -ugs ﬁ(?,s) (3.4)
5 3

oxh(¥,s) = €os E(r,s) | .

Equation (3.4) leads to

= 1 a’F’z
B = Eosr Y (3.5)
T o= -1 oy
¢ €os r
and
1.3 .= 3 o~ L ~
r [a—r-; (Y‘ (P) - ﬁ El"] = =u SHZ (3 6)
Subsitute Equation (3.5) into equation (3.6), we get
2% 2~
v Hz -y Hz = 0, (3.7)

~

Total field E can be expressed as E = E + E°, where E
is the scattered field maintained by induced surface current excited on

the cylinder, and satisfies the boundary condition
~ 3
¢-E (r=a,o,s) = o. (3.8)

Incident fields E;, ﬁ; can be expressed in cylindrical coordinates by
a plane-wave expansion [ 21 ] in the cylindrical-wave function solutions

to equations (3.5) and (3.7) which are bounded in the origin as
E; = F(s) ™Y@ Y0050 (3.9)

I&(Yr) [An(s)Cos(n¢)]

n
e~ 8

n=o
with unknown Fourier coefficients An(s). Exploit orthogonality to

determine An(s),
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I (yr) %ﬁ-An(s) = F(s) '@ Jjn e"Y"€0%¢os0Cos (ne ) de (3.10)
where en is Neumann's number (Eo = 1; én =2, n>0). Fromi22 1,
In(z) = % [: ezcoseCos(ne)de (3.11)
by differentiation,
Iﬁ(z) = % J: ezcoseCoseCos(ne)de. (3.12)

Therefore, equation (3.10) becomes,
1 21_ - T -Ya '
In(Yr) en An(s) = F(s) e Z"In('Yr).

An(s) can be determined as

A,(s) =—(-1)"enF(s) e © (3.13)
h d -(-1)" fp{vr) b i1 £ ti
where ¢ = ya ana -=\- = as can be easlly seen Trom equation
) Ini(Yr"

(3.12). El and ﬁ; are thus expressed as

e~ 8

B =-F(s) e™® [ (-1)", 1} (yr)Cos(ne)

n

- ©

0
o F(s)e™® n } (3-14)
H. = yo(-1) €, In(yr)Cos(n¢)

z Zo nZo

= e
where Z0 = (uO/EO) .
A similar expansion of the scattered field, in cylindrical-

wave-function solutions to equiations (3.5) and (3.7) which satisfy the

radiation condition, provides

£ nzo a (s)K! (yr)Cos(ne) (3.15)
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with unknown Fourier coefficients an(s). Satisfaction of boundary
condition (3.8) requires E:(a,w,s) =4E;(a,¢,s), which yields upon
substitution of expressions of (3.14) and (3.15)

. an(s)Ka(;)Cos(n¢) = ?(s)e'c nzo(-])n&nla(c)Cos(n¢)

I~ 8

n
leading to coefficients
(-1)", 1! (c)
. -z n'n
an(s) F(s)e ———K-HE)-_ (3.]6)
Therefore the scattered electric and magnetic fields can be
determine form equations (3.15), (3.16) and (3.5) as
s o o= (e 1 (z)
Ez = F(s)e™® ) —__?FTETD___' K'(yr)Cos(no)
n=o n't ( )
3.17
-t = (-1)e 1'(c)
~s _ F(s)e™® (-1)€,17
H, =- Z, nzo ———R;TE7_—_ K(yr)Cos(n¢)
Induced current excited on the cylinder by Ei is obtained as

K(o,s) = P x Z A, (a,¢,s) = -?v[ﬁ;(a,w,s) + ﬁj(a,w,s)J, which provides

. - = I (g)K!'(c)-1'(z)K (z)
Ky(5) =.B%3)3— ) (-1)“&n L "K:(;a' N "3 Cos(ne)

F(s)e™® 2 LI, C 3.18
71 nyo ___—_(_T os(n¢) (3.18)

o°
where in the latter expression the Wronskian for modified Bessel functions
In(;)Ké(;) - Iﬁ(C)Kn(C) = -c-] has been exploited. The radiation-

zone scattered field is finally obtained as

B (r.9,s) = Bg(roe,®,s)

~ -F(s)e” -z(R+1) Jr—- L o T7:ET-Z_SEEE-COS(n¢) (3.19)
C
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where R =r/a is a normalized radial coordinate.

Natural-mode solutions are those E¢ # 0o and E¢ # o which
can exist as solutions to the homogeneous problem when F(s) = o. It
is clear from the expressions (3.18) and (3.19) that normalized natural

frequencies ¢ satisfy the characteristic equaiton

ng

Kﬁ(cng) =0 (3.20)

for the n:2'th natural mode, where th is the 2'th complex root of

L

Kﬁ = 0. Natural frequencies S, are subsequently recovered as

L
Snp = © g/

Complex roots to K&(;) = 0 can be counted by Watson's [ 23]
method, and were found by Luke [24 ] to number n+[1-(-1)"1/2. Note
that ké(;) possesses no roots. Coefficients in the power series re-
presentation for Ka(;) are real for ¢ not on its branch cut, con-
sequently [25 ] the roots occur in complex-conjugate pairs. It follows
from the fundamental form of the modified Bessel's equation that these
roots are simple zeros. Details on computation of the Zne (Using
Newton's method and computing K& from integral representations of
Kn and In) were reported in [26 ]. Other method (Using Muller's method
and computing Kﬁ from a software of Bessel function [27 ]) also yields
exactly the same results. All such roots are found to have negative
real parts, and the distribution of approximately 200 of the Zn in the
second quadrant of the complex z-plane is displayed in Figure 3.2; a
symmetric distribution exists in the third quadrant. The roots are

observed to be distributed along layers of constant & which are ordered

by index n as indicated. Table 3.1 displays all roots to n =19
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Table 3.1. Complex roots Cno™ (cr)nf“cl)n.e to Kr'|(§)=0; all roots
to n=19 for first three layers

2=1,2,3,

roots of 1°’st branch

4=1

24=3

roots of 3'rd branch

WO NN WN - 3

-;r

«64355
«83455
«96756
1.0728
11612
1.2383
1.3071
1.3694
1.4267
1.4797
1.5293
1.5759
1.6200
1.6618
1.7017
1.7398
1.7763
1.8114
1.8452

:;1

«50118
1.4344
23739
3.3221
4.2769
502366
6.2002
71667
841358
9.1069
10.080
11.054
12.030
13.007
13.985
14.964
15.943
16.924%
17.905

2=2
roots of 2'nd branch
- +
Cr -Cl

1.9816 «44080
1.2441 1.1323
2.8037 2.2119
3.1082 3.1094
3.3730 24,0142
3.6087 4.9252
3.8221 5.8415
4.0176 6.7625
4.1985 7.6876
4.3672 8.6162
4.5255 9.5480
4.6749 10.483
4.8165 11.420
4.9512 12.359
5.0798 13.301
5.2029 14.245
5.3210 15.190

_Cr

3.3098
3.8394%
4.2871
4,6784%
5.0280
5.3453
5.6367
5.9069
6.1592
6.3962
6.6200
6.8323
70345
72275
Te8124

:;i

eA3637
1.3104
2.1891
3.0733
3.9628
4.8574
97565
6.6597
T.5667
8.4772
9.3908
10.307
11.226
12.148
13.072




36

for the first three layers 2 = 1,2,3.

3.2 Impulse Response
The backscattered field along ¢ = n can be expressed from

equation (3.19) as
ESb(r,s) = ¢ E;r(r,n,s) =y F(s) j@%; e'C(R'])H(s) (3.21)

where transfer function H(s) is defined as

His) = T €A 3.22
(s) nZo nHn (s) (3.22a)
with
e 21 (¢)
H(s) = ——— (3.22b)
T K (z)

In expression (3.22), the ratio of Bessel functions behaves asymptotically
for large ¢ as Ia(c)/Ka(c) « exp(2z); the time-shifting factor exp(-2¢)
has been included in equation (3.22) to annul that behavior at ¢ + =
and thus facilitate the inverser transformation of Hn(s). Physically
this introduces in equation (3.20) the right time-shifting factor
exp[-z(R-1)]1 which corresponds to the time-delay between the "turn-on"
times of incident field and backscattered field observed at normalized
radial coordinate R.

Apart from pure amplitude and time-shift factors, the normalized
impulse response of the cylinder is obtained from expression (3.20)

with F(s) =1 as
h(t) = L']{H(s)} = E € h (t) (3.23)
n=0

with
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1 st
n = igj’JBr Hn(s) e’ ds . (3.24)

~

p

—
w

N

—
}

The appropriate Bromwich contour and associated integration contours

in the complex s-plane are indicated in Figure 3.3. For t < o, Br

is closed in the right half plane along CRm; since CR encloses no
singular points then

H (s) et ds =0 --- t < o, (3.25)

n
Croo

vanishing of equation (3.25) can be easily shown using large-argument

=-._.]_ Y
") 7y in |

asymptotic forms of modified Bessed functions.
For t > o, Br is closed along CLG,+ L] + C6 + L2 to form the closed
contour CL. It is easily demonstrated that the contribution from

C and Ce vanishes, since

Leo

1im I Hn(s) eSt ds = 1lim J H (s) eSt ds = o
c c. "

Reoro Leo €0 Ce

by large and small argument approximations respectively. CL encloses

. . , _
all the simple poles Sper M > 05 at which Kn(cnz) = 0 such that

H (s) eSt ds + I Hn(s) eSt ds]---t >0
L

- 1
hn(t) = ) Ryy = 723 LJL n
] 2 (3.26)

L

where an is the residue of the simple pole at She
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et 725 1:(¢) e )

d -2’ d
Az Sk
gt Ki(z)d =, a L K1, =,

p o]
n

ng

c eC(T-Z)Irnl(C)
a 1
VeK! (g)+ — K'(¢)
n av/g " =,

ecnz(T'z) . )
= (2) n'‘’ng
a I n
/Cng Kn(Cng)

(3.27)

with rormalized frequency e - snla/c and normalized time t = t/(a/c),

—l—-K'(;) +> o0 since K'(z. ) = o0. From modified Bessel equation

n _ n'’ng
2/ L=Tp,

22 1,

2 2, 2
)

yA K;(z) + 2z KA(z) - (2" +n Kn(z) =0,

we get the following,

2 2 '
K'e ) = (g * 07K (epg) - Tpgknley)
n‘’ny 2
na
=0+ ((M%K (g, ) (3.28)
z n'’ng
n
therefore,
cnz(T'z) '
cy © In(zny)
Rng = () n 12, — ) (3.29)
[‘+(E;;) e Knlzn,)

Exploiting appropriate analytic continuation [22 ] of Iﬁ and Kﬁ, the
contributions from line integrals along the branch cut of vz and

Kﬁ(;) can be evaluated as
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o+ja 7211 (c)

J Hn(s)eSt ds = I eStds --c- as a0
Ly ~=+ja /o Ko (z)
e‘E(T'z)Iu(_ )
o [ "7
o /-¢ Ky(-z)
-z(t-2),,
- ™! [° ) d
a3 o LN (0)+3n1 (2)
P 'ZCII
J Hn(S)eStdS = I " EL_““fol' eStds - as 2ot
L2 O-jA '/EK;I(C)
® 'C(T'Z)Il -
@ [t
o /-¢ Ki(-z)
= (T-Z) '
] et I'(z)
A e e g

o VeL(-1)™ Tk (2)-3n1 (2))

Where ¢ 1is the real variable ¢ = ca/c (jw = 0 on real axis) in the

resulting integrals. The impulse response finally becomes

h(t) = y € h (<
() nzo n "( ) n/2(even n)
. @ (n+1)/2(odd n) Tyt .
= u(r)(;)[nzo s 2Refay e " } + 1p(1)1 (3.30)

Where the sum over & includes only those Zne with positive imaginary
parts and
-ZG
ng 1,
, e Inleny)

ng n \2
[]+(Z;;) ]/EgﬁKn(an)

(3.31)
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€ I'(z)K'(z)
I'(r) = | n_n -e(r-2) (3.32)
n " J: RIKE () + 771 (2)] ¢ :

It is observed that this impulse response consists of a discrete-spectrum

series of pure natural modes exp((z.)

.
IS CosL(;i)nlr + 9,,] augmented

by the series of continuous-spectrum integral terms Iﬁ(z) which comprise
non-oscillatory functions having an essentially decaying-exponential
nature.

"The impulse response is computed for t > 2, where the various
series can be appropriately truncated. The series of continuous-spectrum
integral terms is found to converge rapidly, and retention of only the
leading 10 terms provides adequate accuracy. In these integral terms,
contributions from the neighborhood of the singularity at z = o are
calculated analytically using small-argument approximations of required
Bessel functions, while the upper integral limit is truncated for the
remaining numerical integration because all significant contributions
from the integrand are found to occur for ¢ < 5. All significant con-
tributions to the discrete-spectrum residue series of natural modes are
provided by the 2 =1 1layer of complex natural frequencies Zne? while
layers with 2 > 1 provide negligible contribuiton for <t > 2. The
" latter series is computed by summing the first 19 terms numerically while
obtaining an approximate representation for the remaining terms to
n = ». Layer index & =1 1is subsequently dropped for brevity. A study

of natural frequencies and the associated residue coefficients

®n
n " ‘n-l

= (-0,034 + j 0, 98) and residue ratio A = aﬁ/a6_1 = 1,0607 exp (j67.55°)

aa for large n indicates that the frequency difference Az = ¢

approach constant values for n > 19, i.e., the roots of layer 2 =1
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are distributed approximately along a straight line with equal spacing.
Those terms having n > 19 can therefore be approximated as a geometric
progression and summed in closed form. The predominant & = 1 residue
series therefore leads to
] C]gr AET
T 19 LT 2 © Ae

© z
' nl | _ '
nzl 2Re{a ; e 2 2Re{n§] ap e 4 T (3.33)

with aig exp(;lgr) = 3.320 exp (j94.94°) exp[(-1.845 + j17.9)<].
This approximation was described in [ 28 ] whereit was used to quantify
the impulse response of a conducting sphere.

Figure 3.4 indicates the normalized impulse response and its
constituent components. Table 3.2 shows the poles of the first layer and
their corresponding residues. The series of continuous-spectrum integral
terms provides an important contribution during the early-time period,
where it largely annuls the contribution by the discrete natural-mode
residue series which has opposite sign during that period. The specular
reflection behavior near 1 = 0 1is thus obvious (Figure 3.4 has the
phase inverted). The residue series provides the anticipated, well-
known creeping-wave contribution. It is noted that the approximate sum
~of terms for n > 19 is an important contribution in the latter series,
since the leading 19 terms alone result in an impulse response having
an incorrect superposed oscillation. The present impulse response
agrees well with the earlier approximation by Moffatt [ 29 ] over the time

interval considered.

3.3 Incident Waveform Synthesis for Monomode Backscatter
The late-time or free-response period in the backscatter signal

from a target illuminated by a transient waveforem of finite duration
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Figure 3.4 Normalized impulse response of an infinite cylinder
lluminated by a normally-incident, transversely-
polarized, impulsive plane-wave field.
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Table 3.2 Poles of the first layer .. of natural modes and
corresponding residues used to compute approximated
impulse response of infinite cylinder.

poles of 1'st residues at ¢

branch (£=1) . o M

®n17%n1%I%1 3h172n1%)3n
n %n1 “n1 a;l a;I
1 | -.6435 | .5012 .2407 | -.4415
2 | -.8345 | 1.434 .6099 | .0932
3| -.9676 | 2.374 .1442 | .7440
4 | -1.073 | 3.322 -.7707 | .4583
5 | -1.161 | 4.277 -.8034 | -.6535
6 | -1.238 | 5.237 .3760 | -1.114
7 | -1.307 | 6.200 1.318 | -.0495
8 | -1.369 | 7.167 .5769 | 1.346
o | -1.427 | 8.136 -1.151 1.131
10| -1.480 | 9.107 -1.612 | -.7188
11| -1.529 | 10.08 | .0790]| -i.920
12| -1.576 | 11.05 1.962 | -.6911
13| -1.620 | 12.03 1.484 | 1.685
14| -1.662 | 13.01 -1.080 | 2.1s8
15| -1.702 | 13.98 -2.578 | -.2002
16| -1.740 | 14.96 -.8475 | 2.630
17| -1.776 | 15.94 2.250 | -1.898
18| -1.811 | 16.92 2.779 | 1.440
19| -1.845 | 17.90 -.2857 | 3.308
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Te is well defined, e.g., Jones {30 1. If the initial response (arising
from the incident wavefront first striking the target) occurs at t = o,
then the late time period begins at t = Te + 2Tt where Tt is the one-
way transit time for the wavefront to sweep across the target. Thus the
late-time period of the impulse response begins at t =4 1in the present
problem.

It is found that during, and just prior to, the late-time period,
for 1 > 3, the series of real, decaying, continuous-spectrum integral
terms in the impulse response (3.30) can be approximated by two real-
exponential terms while the discrete natural-mode series for n > 19
can be approximated by a pair of damped-sinusoidal terms; consequently
that response can be expressed as

N o1
h(<) = u(x) [nZT a e Coslw r+e ) + I(x) + R(x) + C(x)] - (3.34)
The residue series include Nm(Nm = 19 for all numerical results sub-
sequently presented) terms arising from the first layer (2 = 1) of
natural-frequency roots from Figure 3.2. Natural modes contributed by
the higher-order layers (% > 1) are insignificant during that late-
time period due to their rapid exponential decay. Empirical approximations

to the integral sum and the residue series for n > Nm’ valid for

T > 3, are

-0.95(t-3)

I(z) = -0.083 e -0.025 ~0-36(t-3) (3.35)

-1.09(z-3) Cos[18.85(t-3)1]

0.016 e~ 1-22(t=3. N0 117.95(2-3.1)1  (3.36)

-0.026 e

R(1)

while C(t) is a correction term required for t < 3 to compensate
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for the approximations inherent in I(t) and R(t). The approximated
impulse response with C(t) ~ o assume for the late-time period is
compared in Figure 3.5 to the relatively accurate representation obtained
from equation (3.30) and displayed previously in Figure 3.4. The two
real-exponential terms in I(t) can be regarded as limiting natural
modes having vanishing angular frequency and subsequently be included
in the residue series along with the damped sinusoids contributed by
R(t). If N= Nm + 4, then the impulse response becomes
N o T
h(c) = u(x) ] a e Cos(u+ )+ C(r) (3.37)
The backscattered-field waveform Es(r) excited by an incident

field waveform ES(t) having finite dimation 1o 1s obtained through

the convolution theorem as

ES(T) = J eEe(T’) h(t-t') dt' for 1 > o

0
Te e N cn(T-T')

- j E (e Ju(e-c')( ] ae Coslu (t-') + % 3 + Cle-c') Jde
0 n=1

Since C(t-t') 2o for 1> e ¥ 3, then during the late-time period

the previous expression becomes

T N o (t-1')
S = ece, , n . .
E*(x) = Jo E-(<') nZ] ae Coslw, (t-1') + ¥ 1dr
N 0T '
= n§1 ane [AnCOS(wnT + ¢h) + BnSTH(wnT + ¢n)] (3.38)

valid for 1 > e + 3, where

A T COSwnT'
= E€(z')e M dr (3.39)

B o Sinw_t'
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It is desired to synthesize an incident waveform Ee(r) which
excites only a single natural-mode scattered-field response E3(x)
from equation (3.38) during the late-time period. The desired E® can
be expanded in terms of some basis functions as indicated in Section 2.2.
The basis functions used are pulse functions, the results of numerical

computations will be discribed in the next section.

3.4 Numerical Results for Incident-Waveform Synthesis and Target
Discrimination

Incident waveforms required to excite monomode backscatter
consisting of purely the first or second natural modes of the infinite-
cylindrical target are synthesized according to the procedure described
in Chapter 2. The finite duration of the incident wavefore is chosen
initially, based upon experience with thin-cylinder targets [13 ], as
one normalized period of the cylinder's first natural mode; this choice
leads to 1, = 1/f] = 2n/(ci)]] = 21/0.5012 = 12.54. The late-time
response, upon which the synthesis procedure was based, occurs during

1 > 1, + 3 =15.54; numerical results for the late-time, backscattered-

e
field response are therefore presented for 1 > 15.5.

The incident signal required during 0 < t < 12.54 to excite
a purely first-mode (c] = -.6435 + j.5012) response is indicated in
Figure 3.6 along with the resulting monomode response for t > 15.5.
It is noted that the return signal, which was obtained by convolving the
synthesized incident waveforem with approximate impulse responée (2.34),
indeed consists of a first natural mode in the late-time period. The

early-time return signal (not constrained by the synthesis procedure)

exhibits an irregular waveform, and is omitted for the sake of clarity.
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Also shown in the same figure in dashed line is the return signal from
a wrong-cylinder target with 10% smaller radius, it is found that the
response of the preselected cylinder consists of the desired first
natural mode while that from the wrong target cannot be identified as

a single natural mode. Figure 3.7 indicates similar results for the

incident waveform required (with T = % ) to excite purely second-
1
mode (;2 = -.8345 + j1.434) backscatter and the resulting late-time

return signals from right and wrong targets. For To = % as chosen
1

in Figures 3.6 and 3.7, it is found that the late-time response occures
after t = ot 3 = 15.54 while the negative real part of the natural
frequencies are so large that the signal is very small after such a long
time. This may cause serious problem when, in the practical situation,
the signal is contaminated by noise. Therefore, it is desirable to
synthesize the required incident waveform with shorter duration. We
tried different 7_ and found that the waveform may be optimal when

e

To is in the order of (0.55 - 0.70)1/f]: If 1

required waveform oscillates quite rapidly and the matrix in equation (2.9)

e is too small, the

has a large condition number [31] indicating an i11-
~conditioned situation in synthesis procedure while a large To Causes

the small signal-to-noise ratio as indicated above. The require incident

waveform with Ta ™ %»%5 and the resulting late-time return signals from

right and wrong targets are indicated in Figure 3.8 for the first mode excita-

tion and in Figure 3.9 for the second mode excitation. It is clear that with

this Tes the return signal is much stronger than that from T = %
1

and thus easier for us to indentify and discriminate the target. The

required waveforms with Te T 0.594 % to excite the first mode and the
1
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second mode are shown in Figures 3.10 and 3.11 for comparision. It is

obvious that they are very similar to those with To = %-%-, and therefore
1

the resulting radar returns are not computed. The possibility of using

different basis functions will be discussed later.
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CHAPTER 4
SKEW-COUPLED WIRES

We apply the waveform-synthesis method and SEM to a target, con-
sisting of a pair of skew-coupled, perfectly-conducting thin wires, which
is illuminated by a transient, obliquely-incident, plane wave. The
geometry of the problem is defined in Section 4.1 that also specifies
the incident field. The integral equations descussed in Section 2.3.2
are applied to this geometry and described in detail in Section 4.2.
The induced currents on the two wires are decomposed into symmetric and
antisymmetric components to reduce the coupled integral equations into
single integral equation for each mode. The numerical computation is
thus simplified. The intearal equations are solved in Section 4.3 to
obtain the induced currents. Section 4.3.1 concerns with the natural
modes by solving the homogeneous integral equations while Section 4.3.2
uses these natural modes to compute the coupling coefficient associated
with each mode. The induced currents are obtained by carrying out the
numerical computations of coupling coefficients and inverse Laplace-
transform in Section 4.3.3. These induced currents are used in Section
4.4 to compute the vector potentials which, in turn, generate the back-
scattered field. Some general formulas are derived first in Section
4.4 and then the specializations of parameters are made in Section 4.5
to determine the impulse response of a few special cases. Some of the
cases are related to the experiments which will be described in Chapter
6. Finally, Section 4.6 demonstrates the numerical results of waveform-

57
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synthesis and its application to the radar target discrimination. Con-
puter simulations by numerically convolving the synthesized incident
waveforms with the impulse responses of the right and wrong targets are
shown to indicate applicability of this waveform=-symthesis scheme in

practical situations.

4.1 Geometry of Problem

A pair of skew-coupled, perfectly-conducting thin wires with
radii "a", Tengths L, orientation angles o and distance 2d are
illuminated by an obliquely-incident, transient, plane-wave radar signal
at an angel ¢ as depicted in Figure 4.1. The incident field is ex-
pressed as

NCOREY It (@.1)

where ¢ = Cx; + ;yy + z,2 the unit polarization vector of the incident

field,
F=xx+yy+zz= the position vector,
ﬁ = kx X + ky 9 + kZ 2 = the unit propagation vector,

~

with k « ¢ = 03

and F(t) is an unknown waveform function to be synthesized based on
the requirement that fi (¥,t) excites a single-mode scattered field
in the late-time period. The tangential components of Ei (¥,t) on

the wires, in their Laplace-transform, are

~i _ J . ~
E tanj(”j’s) = (;y cos a-(-1) g, sin o) F(s)

exp{-yrk uj cos a-(-])jkz(d + uj sin o)1}

(4.2)

y

0 < <L, Jj=1,2 for wire #1 and #2 respectively,

Y3
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Figure 4.1. Two thin wires oriented at an angle are illuminated by
an incident radar signal.
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where F(s) = L{F(t)} and vy = % is the complex propagation constant.
These electric fields excite transient induced currents on the wires,

and induced currents, in turn, generate a transient backscattered electric
field. Our goal is to synthesize an aspect-independent waveform F(t)

for monomode excitation.

4.2 Integral Equations
To simplify this problem, we decompose the induced currents

into symmetric and antisymmetric components, i.e.,

I, = I+ I
(4.3)

where IS is the symmetric current which is the same in both wires while
Ia is the antisymmetric current which flows in opposite directions with
equal amplitude in both wires. After this simplification, each mode

needs only one integral equation instead of two coupled integral equations
in two unknown currents, I] and 12' By matching the boundary condition
on the perfectly-conducting wire surfaces so that the total tangential

electric field, E = E] o+ Eian’ equals zero there, we obtain the electric

tan tan
field integral equations (EFIF) from equation (2.26) as

S [ o) et ¢ ) ey
{- J Uys S) I + v (u;eu )] u'
251 o Y L aujau2 J e 4nRJQ L
3”.2‘ "‘i .
+ U (Uj)} = -g, S Etanj (uj,s) ... for o< uj < L j=1,2 (4.4)
-yR. (u., -yR. (u.,
Y 2(uJ L) YRJR(UJ 0)

_ - e _ + e -
where wjz(uj) = I!L(L ,S) TW) IZ(O »S) W 0, (4.5)
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since I _(L7,s) = Il(o+,s) = 0 at the wire ends.

o

. S o .
By defining Sj(uj,s) = -e,S Etanj (uj,s), j =1,2 (4.6) as forcing

functions, and dropping j,2 subscripts, we can rewrite equation (4.4)

as

L L
J I](u,s) K(ufu',s)du' + jo Iz(u,s) Kz(ulu',s)du' S](u,s)

(o]

L L }’ (4.7)
J I](u,s) K2(u|u',s)du' + J Iz(u,s) K(ulu',s)du’ Sz(u,s)

0 0
, 2 2 e-yR(U u ) -
where K(uu',s) = - auau + y7] RO self-kernel,
) , 'YR (u,u') (4.8)
KZ(U]U',S) = [333U Y Cos 20] —(F—u—)— ZG-COUp]ing
kernel,
with R(u,u') = [(u-u')2 + a2]35 R
(4.9)
2 2

R2(u,u') = {(u-u')2 Cos® o + [2d + (utu')sin o]° + az}%.

From addition and subtraction of two equations in (4.7) and equation

(4.3), we get the following equations,

L
J I (u,s)K (ulu',s) du' = S_(u,s)
0 s S°
for symmetric modes
L (4.10)
J Ia(u,s) Ka (ulu',s)du' = Sa(u,s)

0 for antisymmetric modes

u € [o,lL],
where Ks(uu',s) = K(ulu',s) + Ky(ufu',s)
} (4.11)
Ka(u|u',s) = K(u|u',s) - Kz(u]u',s) s
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and

S¢(uss) = 3% [Sy(u,s) + S,(u,s)]
(4.12)
S,(uss) =% [Sy(u,s) - S,(u,s)]

Coupled EFIE's in (4.7) are thus decoupled.

For the convenience of numerical computation, we obtain Hallen-

type integral equations from (2.35) as

L L
[o I](u',s) Kh(ulu',s)du' + fo Iz(u',s) Khz(ulu',s)du'

: 0% (Y &i :
= C1] Cosh yu + C21 sinh yu - o Jo Etan](g,s)s1nh v(u-g)de

L ' ' ' L ' ' 1 (4]3)
Jo I](u ,S) Khz(ulu ,s)du' + fo Iz(u ,S) Kh(ulu ,s)du

€S ru .
_ . "o’ ~i . :
= C]2 cosh yu + C22 sinh yu - » jo Etanz(g,s) sinh y(u-g)dg

for o<uc<lL

y
' . -
where Kh(ulu ,$) = 7x- - self Hallen-type kernel,

TR u (4.14)
Khz(ulu',s) = z;ﬁg— Cos 2a - Io g,(&,u',s) Cosh y(u-£)dg

20 - coupling Hallen-type kernel

d 'YRz(EaU') 22 2d a(]+c 2 )
. . _ e u'sin 2a + sin 0s 2o
with 92 (g,u',s) = dRz(E,U') 4WR2(€,U') RZ(E,U')

(4.15)

Similar to the process of decoupling EFIE's, by adding and subtractinc
two equations in (4.13) and using definitions in (4.3) and (4.6), we

get the following decoupled Hallen-type integral equations,
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L
Jo Is(u »S) Khs(ulu »S) = Cig cosh yu+ C,o sinhyu

u
+ 1—[ Ss(a,S) sinh y(u-g)dg

0
(4.16)
for symmetric modes
L
Jo Ia(u »S) Kha(u[u ,S) = Cia COsh yu + C,. sinh y u
1 :
+ ;-Jo Sa(g,s) sinh y(u-g)dg
for antisymmetric modes
u € [o,L1,
C,s + C C,, -C
-1 12 -1 12
where C]s R B C]a —
s = arbitrary constants
N I N B
2s 2 2a 2 i
Khs(ulu',s) = Kh(u]u',s) + Khz(ulu',s)
(4.17)

Kha(ulu',s) Kh(u]u',s) - Khz(ulu',s).

Equations (4.16) are the integral equations to be used for finding
the natural modes while equations (4.10) are used to compute the coupling

coefficients [9 ] which are necessary in obtaining the impulse response.

4.3 Induced Currents
4.3.1. Natural Modes

Natural-mode solutions are those modes which exist as the solutions
to the homogeneous problem with F(s) = 0. By applying moment method

[321, the integral equations in (4.16) are converted to a pair of matrix
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equations as

As(s) IS =0
(4.18)
Aa(s) Ia =0
where IS = ’C]W Ia = C]
I
I3 I
Inp Inp
C, | o
~2 s x “a

for symmetric and antisymmetric modes respectively.

Note that in this solution the wire is partitioned into NP
partitions with I] = INP+] = 0 for the current near the wire ends and
subsequently dropped from the unknown colunm matrix while C] and C2
are included as unknowns. The detail of partitioning the wire is shown
in Figure 4.2.

For the purpose of getting nontrivial solutions for IS and
1, matrices As(s) and Aa(s) must be singular, and therefore

a
the natural frequency is that s which satisfies

det [As(s)]
(4.19)

0 for symmetric mode }
det [Aa(s)] 0 for antisymmetric mode!

Both Newton's and Muller's methods are used to search for the roots

of equations (4.19), NP = 10n is used for the nth mode. Once we've found
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Y -~ u=1»L,1i-= Mn + 1
[ ]
L
e |Fm U UGS An(i-l)
[ )
JL -t -~ u=0,1=1
Np = # of partitions = Mn for the nth mode
A:L:L
n Mn 10n

Figure 4.2. Partitioning of the wire for moment-method solution using
pulse-function expansion,
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Sn = 9, + jwn to be a root, its complex-congugate, s:, is also a root,
since equations in (4.19) have real coefficients. Therefore, for those
numerical results we'll show below, only those roots which are in the
second quadrant are dermonstrated explicitly, and the natural modes are

in the form of An ecnt

Cos(wnt + ¢n), where An and ?, depend on the
aspect-angle (which, in turn, depends on ¢ and ﬁ).

In the following, some natural-frequency distributions with
L/a = 200 are demonstrated with different parameter varied. Figures
4.3 and 4.4 are the distributions of the first 10 natural frequencies
in the first layer with d/L = 0.5 and ¢« = 0°, 30°, 60° and 90° together
with the first 10 natural frequencies for the isolated wire. Figure 4.3
is for antisymmetric modes and Figure 4.4 for symmetric modes. The dis-
tributions of roots with different angles are so close to the roots of
the isolated wire that it is not easy to make any conclusion about the
coupling effect due to different angles. In Figure 4.5, we plot the
trajectories of the first antisymmetric and symmetric roots with L/a =
200, d/L = 0.5, with changing «. It is obvious that they are converging
to the first root of the isolated wire as o increases; this is rea-
sonable since increasing o reduces the coupling between the wires.
fhe other interesting observation is that the root of the isolated wire
is roughly the average of the roots of antisymmetric and symmetric modes.
We see about the same property appears in Figure 4.6 for the second modes.
The effect on the first antisymmetric mode for L/a = 200, o = 0°, 300,
60° and 90° by changing d is reflected in Figure 4.7: there are spiral-
like trajectories with a largest "radius" for the case of o = 0° and
the o = 900 case smallest. This is again a demonstration of a smaller

coupling for a larger angie. Another important observation is that as
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the distance becomes larger and larger, the coupling between the wires
decreases, and subsequently the root becomes closer and closer to that

of an isolated wire. This figure is compared with the result in [33]

in which only a wire over ground plane and thus only antisymmetric modes
exist. Figures 4.8, 4,9 and 4.10 are demonstrations of how symmetric

and antisymmetric natural frequencies change as d changes for the first,
the second and the third mode, respectively, with « = 0°, It is found
that for higher order modes the "radii" of spirals become smaller and
smaller and converge faster to the root of the isolated wire.

To complete the natural-mode solution, we must compute the natural-
mode currents associated with the natural frequencies. The way to com-
pute them is to substitute the roots we've found into (4.18) and solve
the homogeneous equations by eliminating one equation (one row of matrix)
and setting a particular segment of the current (the best choice is the
segment which has the maximum current; if this choice happens to be zero-
current segment, then the solution will blow up) to be one and moving the
corresponding column to the right hand side with the negative sign. Some
results for different modes, different angles with L/a = 200, d/L = 0.5
are shown in Figures 4.11 - 4.13, they are also compared with pure
sinusoidal current distribution which is approximately the case for the
isolated wire.It is seen that the imaainary part of natural-mode currents
are affected more by the coupling. Compare Figures 4.5 and 4.6 for the

coupling effect.
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4.3.2 Coupling Coefficients

From SEM, the induced current can be expressed as

N
I(n,s) = Z] an(s) vn(u) (S'Sn)—]
n=

Where vn(u) is the distribution of the nth mode current,
an(s) is the coupling coefficient corresponding to the spatial dis-
bribution vn(u) and the temperal variation is controlled by (s-sn)']
in the Laplace-transform domain.
The coupling coefficient is computed by using equation (2.37).
For this problem currents are decomposed into symmetric and

antisymmetric components and expressed as

N
S
L(uis) = T agn(s) vgp(w) (s-sg,)!
. (4.29)
f(us) = ] 2gg(s) v (u) (s-5,,)""
S

where N = Ns + Na and Ns = number of symmetric modes used, and Na =
number of antisymmetric modes used. In the following computations

NS = Na = 10 are used,.

The coupling coefficients are computed by
L
J Ss(u,s) vsn(u)du

_Jo
o) " jLJL ()ve, (u') 22K (u]
v_ (u)v_ (u'"){==K_(uju',s)3}e_c*+ du'du
oo sn sn S-S S-Ssn
L
f S_(u,s) v__(u)du (4.21)
o2 an
fan) * ijL (u) v (u') 2K ( )
v_ (u) v (u'){=—K.(uu',s)]} du'du
olo an an as"a S =s

an
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Coupling coefficients in (4.21) are called "class-2" coupling coef-
ficients which take into account of the causal property by different
"turn-on" times for the contributions from different current segments.

The "class-1" coupling coefficients are

qsn asn(s)|s=ssn
} (4.22)

(s)|s = s

a

a
an an an

We'll see that this formula is indeed true only in the late-time since

it does not take care of causality.

4.3.3 Computation of the Induced Currents

Referring again to Figure 4.2 with NP = Mn = 10n, the nth mode

current can be expressed as

n
vn(u) = .2 I pni(u) (4.23)
i=2
- .3
Wwhere P _.(u) =1 for (i -3)a <uc<(i-%a
= 0 elsewhere,
—L_ = 1 =
and b, = Mn s Ini 0 for i=1 and Mn + 1.
Defining wu ; = (i - I)An = center of the ith segment for the nth

mode, we get, from equation (4.19),

M

3

I .
jop N (i-%)an
a (s) = 51— : (4.24)
2" Zn - J(1-%)Anf(j-%)An 5 ((u] )
. . {=—{K(u|u',s)]} du'du
if2 je2 M ond ! gan as 5=5_

n (i-%)a
J Sn(u,s)du
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With Sn(u,s) for symmetric modes and antisymmetric modes
expressed in terms of equaitons (4.12), (4.6) and (4.2), K(u|u',s)

in terms of equations (4.11) and (4.8), we can carry out the integrations

in (4.24) as
Mn Mn
G (s) -e.s ) Ini%n; () D) Inini(s)
a (s) = = 9 F(s) 7y - cfls) iz
n n Ny od 60Q Mn N g
Y I “ni‘njnij 7Y “ning® nij
i=2 j=2 i=2 j=2
(4.25)]
where g .'(s) = vy g .(s)
2(z Cosa + czsina) A

- , oy
- Tkycosa + k sna) sinh [y(k cosa + k sina) -7

2(cyc05a -z s1na)
- (R cosa - k s1na)

- exp{-ylk,d + (kyCOSa + kzsina)uni]

A
. i n :
) S1nhLY(kyCOSa - k,sina) 7?Jexp{y[kzd-(kchSa-kzs1na)u

SR
(4.2€)
d61J(S) = 4nc dnij
= Lis ™ Pdnig * Yok (4.27)
nij nnij nnij’ .
-y 2p%4a° ¥ S a2 v Ji 222
with I .. ‘/(’ -j)"a *a e n»/(—1 J*+1)%a +a e n/(1 j-1)%a +a

nij

137

2 -12002 is used.
)
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-y /(1 J) A cosza + [2d+(i+j-1)a sina]2+a2
t {e n
2 2.2
-y /(1 J) A nCos o + [2d+(i+j- 3)A sina] +a
+ e
2 2,2
Yy, Y(i J+]) A cos a + [2d+(i+j- 2)A sina]"+a
-e
-y Yi-3-1)%8%cos%a + [2d+(i+j-2)a sinal+a® »  (4.28)
-e
5 e'YR (uni’unj) o nRz( : sU J) )
J .. = A + Cos 2« for i# j
nij n R(uni’unj) R (u ioUn )
2 e-YRZ(um’unj) 2 2,3 (4.29)
=+ A Cos 2a - y A" + for i =3, (4.29
n Rz(uni’unj) n°n n
5 (An+/hi+a2
= A tn ) 7.2
n n - 2 /oo + a s (4.30)
-A +/’An+a2 n
~y Ru ssu o) =y Ro(u .su )
Knjj = spte " "M se 201730 s 24 3 (4.31)
S
and Yy = Tn .

The "+" sign from equation (4.26) to Equation (4.31):
"+" should be used for symmetric modes for n € [l,NS]

"-" should be used for antisymmetric modes for n € [NS + 1,N3J,

It is obvious from the above definitions that both d61J and gﬁi(s)
are dimensionless.
Upon substitution of (4.23) and (4.25) into (4.20), we obtain symmetric

and antisymmetric components of induced current as
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T
I (us) =-SHEL 7 7 5 7 Nses )7

n=1 i52 k=2 ()P {u)

(4.32)

niInk gni

My M

Where D' = 4ncD_ = I o.d'. . 4.
ere DY ncD jzz jzz Im ann13 (4.33)

and similarly,
Fs) N " -1
I(uss) = - &g Z .E 2 D} (s-s )71 LT gr i (s)P (u).
n-NS+] 1-2 k-2
(4.34)

The induced currents on both wires are thus computed according to
equations (4.3). The numerical result for the special case of L/a = 200,
d/L = 0.5, « =0° and the wire over ground plane (therefore only anti-
symmetric modes are considered) with a step-function input at u = 0.5L
as a function of time is shown in Figure 4.14. This result is compared
with the result shown in an existing paper [33]. Using equation (4.34)
with L/a = 200, d/L = 0, o = 90° without computing the contribution
from coupled wire, we can determine the current at u = 0.5L due to the
step-function input applied to an isolated wire. This result is shown
in Figure 4.15 and compared well with the result shown in [10]. The
impulse responses of induced current at u = 0.5L are shown in Figure
4.16 and Figure 4.17 for a parallel wire over ground plane and the
isolated wire. It is easy to see that the early time of the current for
an aspect angle ¢ is just one-way transit time, Tt = L cos ¢/c,
the time for all the current segments to be "turned on". The aspect
angle used in Figures 4.14 - 4.17 is 30%, which gives us Tt = /g:L/c

as the early-time in which "class-1" and "class-2" impulse responses

are different as shown in Figure 4.17.
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with L/a = 200 and aspect-angle 30°.
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4.4 Backscattered Field

The scattered electric field in the radiation-zone can be deter-
mined from the vector potentials maintained by induced currents on the
two-wires. Consider first the scattered field maintained by the cur-

rent on only one wire, as shown in Figure 4.18. It is easy to show that

ES(¥,s) = 6 s R>(¥,s)sin 6 (4.35)
~ H =Y R°° L ]
where AS = E% & o J I(z',s)e"? €05 84z (4.36)
0

D>

r 24

Figure 4.18. Geometry of equation (4.35) for radiation-zone field
maintained by current in single wire.

R_ in (4.36) is the distance between the starting end of the wire
and the observation point.
Using linear superposition, consider the current problem as shown

in Figure 4.19, the scattered field can be expressed as
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Figure 4.19. Geometry of Equation (4.37) for radiation-zone field
maintained by currents in two wires.

~

25 > P A~
E>(r,s) = 6, sA| sin 8y + 6, sA, sin s, (4.37)
=YR» '
U 1 L yu' cos®
where K? = Z%' Q_E:___ J I](u',s) e Tau'
1 ‘o (4.32)
'YR°° '
s VYo e 2 JL yu' cos 6,
AD = —— I,(u',s) e du'/,
2 4n sz o 2
and Rm] ~ Rm - d cos o
(4.39)
R°°2 ) Rm + dcos 6.

For radiation-zone backscattered electric field, F] ~ 92;39 = -k,
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then
Cos 6 =[2 + (-k)] = - ,
Cos 6, = L, -(-k)] = -k, cos a - k, sina (4.40)
Cos 6, = [02 - (-k)1 = -ky cos a + k, sin df,

Since in spherical coordinates 6 sin g = (2 X ;) X ;, by the
analogy of Figure 4.19 and the spherical coordinate, the following

relations can easily be derived:

~

84 sin 6y = [u] x (-k)Ix(-k) = x(kxky cos a + kzkx sin a)

2

~ . ~ 2 . .
+ y(ky cos a + kykz sin a - cos a) + z(kykZ cos o + kZ sin a- sin a)

~

b2

[&2 x(-k) Ix(-k)

- . A2 .
x(kxky cos a - kzkx sin a) + y(ky cos a - kykz sin o - coS a)

-+

2 . .
sin a + sin ).

z(k k_ cos a - k
yz z (4.41)

Substitution of Equations (4.39), (4.32) and (4.34) into Equation (4.38)

leads to
M M
s _ Mo e YRetydcose E(s) N -1
A] T 4n Reo {- oo Z z z D (s-s ) n1 nkgn1(s)
n=1 i=2 k=2
(k'%)A u'cos 6
Mp (u') e 1 du'}
(k-g')A nk
2'°n
M M
cu F(s) o~ YR=+ydcos e N 'm 'n
= - ]SOﬂQ Clse Re i 11 D' ](S -s ) ] n1 nkgn1(s)
Y 1 n=1 i=2 k=2
YUu_,COS 6 vA, €COSO
e nk 1 sinh (—n—z—]— )
~ -yYR=+ydcose N Mn Mn g'.(s) ~yu_ cos yA_COS ©
F(s) e Y™ Lnilnk9ni nk€0s4 . Y8, 1

-+ ycosgy R L R S
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similarly,
~ -yReo-ydcos# Ns N Mn Mn LIPS S A (s) yu_,cos s
iS = _ FLS) e ( z _}* ) )' E ni nk’n e nk 2
2 ycoss,  Re L b il o oTsy)
YAnCOSG2

Substituting (4.42) and (4.43)into (4.37), we obtain the expression for

Ebs(r s) as

~ =YR= M Mn ni'nkIni i(s)

N N
b e - dcose g
EPS(%,s) = -cE(s) ___R;_.{e]tane-leY ) _—_TTYE_E_j*_
n=1 i=2 k=2
N N N
Yu_, COS6 Y4,C0S6 i s 7 "y
e nk ]s1nh(——ﬂ————lﬁj+ 6,tan6,e ydCOSG( ) )
2 2 2
n=1 n=N +1 i=2 k=2

Lnilnkni () yupcose, ya cose,
[——D—;—(-S——ﬂ—— e S'Inh(—"—z—'—")]}. (4.44)
n n
Ns N
Notice that () - § ) in the latter part of Equation (4.44) takes
n=1 n=N_+1
care of symmetric and”antisymmetric contributions in wire #2. It is

easy to see that all the parameters in Equation (4.44) have been defined.

4.5 Impulse Response
To determine the impulse response, let's specify k and z in

terms of aspect-angel ¢. It is easy to show from Figure 4.1 that

Ly =0
cy = sin ¢ (4.45)
Cz = COS ¢

and
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kx =0
ky = cos ¢ (4.46)
kZ = - sin ¢,

Substitute the above two set of equations into Equation (4.26), we get

A, -Y[unicos(¢+a)-dsin ¢]
gﬁi(s) = 2 tan(%+a)sinh [ycos(¥+a) - le

M 'Y[“ni cos(%-a )*+d sin ¢]
2 tan(%-a)sinh [ycos(¢¥-a) -1 e (4.47)

Substitutions of (4.45) and (4.46) into (4.40) and (4.41) provide

S

e]sin 8y = -z sin(%+a)

ézsin 6, = -z sin(%-a)

Cos 6y = -cos (%+a) (4.48)
Cos 0, = -cos (¥-a)

Cos 8 = sin ¢ ,

Equations (4.47) and (4.48) together with Equation (4.44) lead to

M M
P9 N -yRe _ . n nlI.I g'.(s) -yu cos(p+ta)
EPS(F,s) = cF(s) & o £ {tan(pra)eYdSTNY ) Bl(gfsn; nk
n=1 i=2 k=2 “n n
N M M
va_cos (¥+a) _ . s N n nl.I g'.(s)

sinh(——p—) + tan(g-a)e™ STy 7y 7 g Aok

n=1 n=Ns+1 i=2 k=2 “n n

-yu_, cos(¥-a) yA, €0s (¥-a)
e nk sinh(——ﬂ——ir—————)}

R
- & KF(s) S H(s) (4.49)
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where K' = 2¢c, (4.50)
and
(s) 2( ) 2vyd siny ? ?n ?" ImInk Y(un1‘+unk)cos(q’+°‘)
H'(s) = tan (%+a)e —_(—_—
n=1 i=2 k=2 )
yAncos(¢+a)
sinh [___—_7T__—_—]
(e ) tan (9 ;s ? ) ?n Mn Im.Ink y[un1cos(9*a)+unkcos(¢-a)
+ tan(¢t+a)tan(v-a - ; {e
n=1 n=N_+1 12 k=2 0p(5-5p)
-y[unicos(¢-a)+unkcos(w+a)3 yAnCOS(Q*a) yAncos(W-a)
+ e }sinh( > ]sinh[—————i—————ﬂ
M M
2 _2vd sing noon Il ov(upgtugdeos(¢-a)
+ tan“(%-a)e Z ) -——(——— )
n=1 i=2 k=2 2 yAncos(?-a)
sinh [-————7?———-—3.
(4.51)
For experiments, as will be discussed in Chapter 6, ¥ = 0°
H'(s) = 4 tana } I 1 ps-s0)® sinh“(
n=NS+1 i=2 k=2 “n n
M M
2 N n 'n ImInk (u +unk)c05a Y4,C0Sa -YA cosa
= tana ) y ¥ Bls-s, ye [e -2+e " ]
n= N +1 i=2 k=2 (4.52)
Notice that in computing Ebs(?,s), we should also add the complex-
conjugate of (4.51) and finally
3bs = . ek
E(r,t) = ¢ K & F(t)*h(t) (4.53)
_ ovttanl. - 2
where K = 2K'tan“a = 4c tan"a (4.54)

and h(t) = impulse response
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-1 _ReH'(s)
=L {=—=—}
tan” a
M M .
N n nl.I s _(t-t,(n,i,k))
= Re{ § . —lﬁgéﬂi e ult-(n,1,k)3
n=NS+1 i=2 k=2 n
_ . s [t-1,(n,i,k)]
p oMK e o nyiky 2 e ™ ult-t4(n,i,k) 12}
(4.55)
. . _ _ i+k-3 _ i+k-3
with r](n,1,k) = (“ni+“nk'An)c°s° /c = M L cosa/c = Mn Tt
. _ _ i+k-1 _ i+k-1
rz(n,1,k) = (uni+unk+An)c°5“ /c = Mn L cosa/c = Mn Tt (4.56)
DL _ itk-2 _ i+k-2
13(n,1,k) = (uni+unk)c05a/c = Mn L cosa/c Mn Tt‘

It is obvious from (4.55) and (4.56) that the late-time for the impulse
response begins at t = 2Tt =2 |—'—LC:QE—E-when all the unit step functions
are turned on.

The impulse response of two parallel wires (o = 0°) and ¢ # Q°
is similar to Equation (4.55) with o replaced by % and time-delay
factor, + 2vyd sin ¢, included to account for different "turn-on" times
for two wires, the late-time response is thus begins at t = 2Tt =
2[L cos ¢/c + 2d sin ¢/c] .

The numerical results of h(t) are shown in Figure 4.20 - Figure
4.22 for o= 30%, 60° and 90° respectively with @ = 0°, and in
Figure 4.23 - Figure 4.24 for o = 09,¢ = 30° and 60° respectively.
Also shown in Figure 4.23 - Figure 4.24 are the special cases for the
wire over groundplane and the isolated wire, which are compared well with
results computed by using sinusoidal modal currents [13]. The comparison of

the computed impulse responses with the experimental results will be
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Figure 4.20. Backscattered-field impulse response of a wire gver the
ground plane with L/a = 200, d/L = 0.5, a = 30" and
aspect-angle 0°,
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Figure 4.21. Backscattered-field impulse response of a wire gver the

ground plane with L/a = 200, d/L = 0.5, « = 60° and
aspect-angle 0°,
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Backscattered-field impulse response of a wire over the
ground plane with L/a = 200, d/L = 0.5, a = 89.9° and
aspect-angle 0°, The dashed line at t = 0 shows the
specular-reflection response for the normal incidence
situation when o -+ 90" is considered.
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shown in Chapter 6. Figure 4.25 indicates the difference between "class-

1" and "class-2" responses for o = 0° and ¢ = 30°, it is clear that

they differ from each other only in the early-time period.

4.6 Numerical Results for Incident-Waveform Synthesis and Target
Discrimination.

Incident waveforms required to excit monomode backscatters con-
sisting of purely the first and the second natural modes of the skew-
coupled wires target are synthesized according to the procedure de-
scribed in Chapter 2. The finite duration of the incident waveform
is chosen based on the experience with thin-cylinder targets (131, as
one (normalized) period of the first natural mode; this choice leads
to,e.g., Te = 1/f, =0T§§§%£E7f =2,2502(L/c) for the coupled wire over
the ground plane with o = 0°, d/L = 0.5, a/L = 0.005. The late-time

response, upon which the synthesis procedure was based, occurs during

- Lcos ¥ ,2dsin¢
c c

t> T, +2T, where T, = one-way transit time

for the incident waveform to sweep acrossthe whole target in this
particular case. Therefore, the late-time response begins at t =
2(cos 30° + 2x0.5x sin 30%) L/c +2.2502 L/c =4.9822 L/c for @ = 30°

and begins also at t = 2(cos 60° + 2x0.5 sin 60°) L/c +2.2502 L/c =

0, _ 27
3 on the other hand T, = G567 o7T = 2.1737(L/c)

for case with a = 30°, d/L = 0.5, a/L = 0.005 and T, = -S5&  for

¢ = 0°. Therefore, the late-time response begins at t = Te + 2Tt =

4.9822 L/c for @ = 60

(2.1737 + 2x cos 30°) %-= 3.9057 (%) for this particular case upon
which we have performed one of the experiments.
The incident signal required during 0 < t < 22502 (%) to excite

a pure first-mode [sy = (-0.0734 + j0.8888)%?1 response is indicated
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in Figure 4.26. The return signal for aspect-angle ¢ = 300, which is
obtained by convolving the synthesized waveform with the impulse re-
ponse in Figure 4.23, is shown in Figure 4.28 along with the return
signal from a target consisting of a parallel wire over the ground
plane with 10% shorter length. It is seen that before the late-time
response begins, i.e., t < 4.9822 L/c, the return signal exhibits an
irregular waveform while for t > 4.9822 L/c the return signal indeed
demonstrates the monomode behavior. The return signal from the shorter
target can not be identified as a single natural mode of this target
and it can therefore be discriminated from the preselected "right"
target. Figure 4.29 shows only the late-time response part for better
discrimination. The required signal to excite the second-mode [ Sy =
(-0.1691 + j 1.9248)nc/L] backscattered field is shown in Figure 4.27.
The return signals of aspect-angle ¢ = 30° for the right target and
the wrong target with 10% shorter length are indicated in Figure 4.30.
It is noted that the higher order mode displays a better target-dis-
crimination ability. Figures 4.31 - 4.32 demonstrate the return signals
of aspect-angle ¢ = 60% which is obtained by convolving required
synthesized waveforms with the impulse response in Figure 4.24, for the
rfght target and the wrong target with 20% longer length; Figure 4.31
is for the first-mode excitation while Figure 4.32 is for the second
mode excitation. It is found that the target-discrimination ability is
excellent in this case. For a skew-coupled wire over the ground plane
with o = 30°, d/L = 0.5, a/L = 0.005, the incident signal during

0 <t <2.1737 (L/c) to excite a pure first-mode [s] = (-0.1156 +

j 0.9201)nc/L] response is indicated in Figure 4.26 while that for the
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Figure 4.27.

Required waveforms for the incident radar signals to
excite the second mode from the wire over the gsound
plane with a/L = 1/200, d/L = 0.5 and for « = 0~ and
30°. The required waveform for the isolated wire is
also shown for comparison.
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Return waveform from right target and target with 10%
shorter length when the incident field is synthesized
to excite the first mode of a paralled wire over the
ground plane with L/a = 200 and d/L = 0.5. The aspect-

angle @ = 30°.
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Figure 4.32. Late-time backscattered fields from right and wrong

targets for the second mode excitation of the case
shown in Figure 4.31.
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second-mode [52 = (-0.1215 + j 1.9400)nc/L] excitation is shown in
Figure 4.27. The return signals for the right target and the wrong
target (with 15% error in length) are shown in Figure 4.33 and Figure
4.34 for the first and the second modes, respectively.

The above numerical results are based upon synthesis using 10
natural-mode basis functions. It is found that the required waveforms
for the isolated wire, the wire over ground plane (therefore only anti-
symmetric modes are excitable) for o = 0° and o = 30° are roughly
the same as can be easily seen form Figures 4.26 and 4.27. From the
experience with the isolated wire [13], due to the fact that the natural
modes are nearly orthogonal, the natural-mode basis functions can well
span the 10-dimensional space; different choices of basis functions
1ike s-function basis and pulse-function basis lead to a unique required
waveform. Therefore there is really no difference in using natural-
mode basis or pulse-function basis. This is also true for the case in
which the incident signal is symmetric with respect to two wires so that
only the symmetric modes are excitable, since 10 symmetric modes are
also nearly orthogonal and complete in 10-dimensional space. Figures
4.35 and 4.36 are some typical required waveforms for this case. For
the general case in which both symmetric and antisymmetric modes are
excitable, the matrix in (2.9) is somewhat i11-conditioned due to the fact
that each symmetric natural frequency is quite close to its corresponding
antisymmetric counterpart numerically. This leads to different synthe-
sized waveforms for different basis functions. We will discuss more
about the possibility of using different basis functions in Chapter 7.
For the time being, only some results for waveform-synthesis using

natural-mode basis set are shown in Figures 4.37 - 4.42.
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Required waveforms for the incident radar sicnals to
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Symmetric with respect 50 the igcident signal, a/L = 1/200,
d/L = 0.5 and for o« = 0" and 30°. The required waveform
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Required waveforms for the incident radar signals to excite
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with respect 30 the igcident signal, a/L = 1/200, d/L = 0.5
and for « = 07 and 30°. The required waveform for the
isolated wire is also shown for comparison.
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with a/L = 1/200, d/L = 0.5 and for a = 0° and 30° ,
when both Symmetric and Antisymmetric modes are excitable.
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