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EVALUATION

The contractor was successful in computing the impulse response for a
simple aircraft target at several aspect angles. The space-time integral
approach has led to many new recults associated with this model. These re-
sults can be used to obtain the radar response of these targets over the
entire spectrum. This, in turn, can be used to compute the response of a
target due to any incident radar waveform, regardless of wave shape or carrier
frequency. The technique developed on the effort not only applies to the
aircraft identification portion cf TPO R2E but also to the analysis of tar
gets which are constructed of composite materials and have radar absorbing

materials incorporated in highly reflecting areas.
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Froject Engineer




SECTION 1

INTRODUCTION

This document is submitted as the final report in response to the
requirements set forth in Contract No. F30602-76-C-0209 between the Sperry
Corporate Research Center (SCRC), Sudbury, Massachusetts, and the Air Force
Systems Command, Rome Air Development Center (RADC), Griffiss Air Force Base,
New York. The primary objectives of this program, performed during the
period 15 April 1976 through 30 April 1977 were to (1) improve and expand
computer programs that had previously been delivered to RADC and (2) to ex-
tend the techniques previously developed by SCRC for computing the smoothed
impulse response and the impulse response of relatively simple targets to
complex targets which have tins, edges, and curved surfaces. The first ob-
jective was carried out and described in an interim report {1]. The second

objective is discussed in detail in this report.

In Sec. 2 the space-time integral equation approach is extended
to the case of simple aircraft models. Techniques are developed for compu-
ting the smoothed impulse response of a simple aircraft model consisting of
a cylindrical fuselage, rectangular wings, rectangular stabilizers, and a
rectangular rudder. The techniques are verified by comparison with direct
time domain measurements. Smoothed impulse response results are displaved
for the simple aircraft model at numerous aspect angles and specific portions
of the response are related to scattering by local regions of the target.
This appears to be the first solution technique that has been developed to

handle these simple aircraft models.

The extension of the impulse response augmentation technique to
cylinders with fins attached is discussed in Sec. 3. 1In particular, results
are obtained for the example of a cylinder with square fins and a length to

. ] e X B o (&)
diameter ratio of 2:1 for a series of aspect angles that go from 0 to 180 .

In Sec. 4 the inverse scattering problem for axial incidence on

a rotationally symmetric target is reformulated to take advantage of the




lirect time domain method of solution. The previously developed iterative
method was cumbersome and time consuming. The new "marching on in time" ap-
proach 1s faster and more straightforward. 1In Sec. 4 this new approach is
described and demonstrated on a sphere, sphere-capped cylinder and a sphere-
cap, flat-end cylinder and displayed on three dimensional plots. The results

are compared with those obtained using the iterative technique.

\

The extension of the direct time domain approach to the inverse
scattering problem to the case of rotationally symmetric targets at oblique

incidence is discussed in Sec. 5. The techniques are developed and demon-

strated on three targets. Conclusions are presented in Sec. 6.




SECTION 2

SPACE-TIME INTEGRAL EQUATION SOLUTION FOR SIMPLE AIRCRAFT MODELS

The space-time integral equation is valid for any conducting target
shape and solution techniques have been developed for a number of important
target classes [2-6]. In this section the solution techniques are developed
for a simple aircraft model and verified by comparison of calculated and
measured results. Sec. 2.1 describes the general problem and Sec. 2.2 des-
cribes the space-time integral eqguation and its solution for this new target
class. The time domain measurement procedure is reviewed and the measured
and calculated results are compared in Sec. 2.3. The calculated smoothed
impulse response of the simple aircraft model is presented and discussed in

Seec. 2.4,

2.1 CENERAL PROBLEM

The target class considered in this work consists of a conducting
surface with protruding wings as shown in Fig. 1. The problem is to cal-
culate the smoothed impulse response of this target class as a function of
aspect angle. 1In order to make the problem amenable to solution by existing
space-time integral equation techniques, the target is modeled as shown in
Fig. 2. 1In this model the fuselage is represented by a conducting right-
circular cylinder and the wings, stabilizers, and rudder are represented

by thin, flat rectangular conducting plates.

In this work a smoothed impulse excitation is treated, yielding
the target response well into the resonance region. High fregquency augmen-
tation techniques exist to extend the solution over the entire frequency
domain. These techniques have been described earlier [4] and in Sec. 3 of

this report.

In the numerical implementation described here, the direction of
incidence is taken to be in the plane of symmetry and the polarization is

taken to be perpendicular to the plane of symmetry (TE mode) as illustrated



FIG. 1 Aircraft sketch.
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FIG. 2 Simple aircraft model.




in Fig. 2. It should be noted that most of these restrictions are t in-

.
-

herent to the space-time integral equation technigue and

the expense of only computation time and complexity. For example, the fuse-
lage could be any convex surface, the various fins could be flat plates with
more general straight-edge contours, and the symmetry conditions could be
removed to allow computation at arbitrary incidence with arbitrary polariza-
tion.

2.2 SPACE-TIME INTEGRAL EQUATION SOLUTION

The problem of determining the scattering by cylinders with fins
attached is of great practical interest, since this serves as a model for
numerous missiles and aircraft. To the authors' knowledge, there has been no
adequate procedure developed for the solution of this complex scattering
problem in either the time domain or the frequency domain. This secti .
describes the method for solving the problem of scattering by a cylinder
with multiple sets of fins. This is an extension of techniques developed
earlier for cylinders with a single set of fins [5]. Basically this approach
consists of developing two simultaneous space-time integrodifferential equa-
tions and their subsequent computer solution by marching on in time. These
equations contain terms which may be interpreted as:

(a) The influence of cylinder currents on other cylinder

currents.
(b) The influence of fin currents on cylinder currents.
(c) The influence of fin currents on other fin currents.

(d) The influence of cylinder currents on fin currents.

18

The neighborhood along the line where a fin is attached to the cylinder is

accounted for by application of boundary conditions at the edge of the fin.

2.2.1 Derivation of Space-Time Integral Equation

The technique used here to develop the space-time integrodifferen-
tial equation for surfaces with fins attached is to consider the equivalent
of this scattering problem shown in Fig. 3. In this equivalent statement

of the problem, the conducting surface has been replaced by source surface

G-
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FIG.3 Equivalent problem of scattering from surfaces with fins attached.




currents and the conducting fins have been replaced by source fin currents.

Since these source currents are now radiating in free space, the techniques
used for the case of scattering from surfaces alone can be combined with the
techniques used for the case of scattering from flat plates alone to solve
the problem of scattering from surfaces with fins attached. The integral
equation for the surface currents is obtained by considering the problem in
Fig. 3, in which the scatterer has been replaced by source currents 3 which

are equal to

Since these currents are radiating in free space, the free-space Green's
-5
function may be used to find the expression for the total H field at an ar-

bitrary point in space, which is

HE.0 = B @0 ! JE*1 x4 ds” (1)
H{x L} = H (¥ + | = "o OA{E BT a
vt) ’ ar J {2 Rc 0T A2 R
R
S
T = &~ Rfe
where
= . .
r = position vector to the
observation point
>
Y = position vector to the
integration point
. P
R = ¥ - Fk
o >,
£ Tl
R R
c = the speed of light.
An integral equation for the current density J may be obtained by specializ-

>
ing the arbitrary space point r to a point on the surface of the scatterer
>

>
and then applying the boundary conditions to cast H in terms of J. Per=~
forming the limiting procedure and applying the boundary conditon yields the

integral equation




where ; is now located on the surface of the scatterer. Equation (2) is

a space-time vector integral equation for the current density 3 on the sur-

face of the scatterer. The first term in the right-hand side of Eq. (2)

may be considered the source term and represents the direct influence of the
incident field on the current at the observation point (;,t). The integral

term on the right-hand side of Eg. (2) gives the influence of currents at

-
other surface points on the current at (r,t).

The factor of 2 in going from Egq. (1) in free space to Eq. (2) on
the surface arises due to the following well known boundary value argument,
Consider the small patch at the surface point ;. The field E at ; is due
to the effect of the patch plus the effect from the rest of the surface and
the incident field. If we move ; just inside the conducting surface (where
we know the field to be zero), the contribution from the patch changes sign.
The magnitude of the effect of the patch is thus the same as that due to
the remainder of the surface and the incident field. Taking the limit as
the patch size goes to zero, we thus obtain for the field just outside the
surface twice the value of Eq. (l1). Performing the cross product with Sn

we then obtain Eq. (2).

The currents flowing on the surface are a function not only of the
incident field but also of the currents at other cylinder surface points and
fin surface points. Equation (2) can be expanded to display these two con-
tributions explicitly and give the total space-time integral equation for

the cylinder surface currents as

> > e} = 38 = S e i o 1 i 1 9 ' > (», % % & 2’ i
Jc(r, ) = an H (£,t) + an an > R 51 JC £y ag S° (3)
R J
7 T = = R
1 A b1 .1 3 2 . s
Y r LR et e B RN (6 S e S S
2m | n ' r2 R 0T F R *ow - R




In Eq. (3) the units of time have been changed from seconds to light-meters,

where one light-meter is defined as the time it takes an electromagnetic wave

traveling at velocity c¢ to travel a distance of one meter.

The integrodifferential equation for the fin currents is obtained
by starting with the expression for the electric field in terms of the elec-
tric and magnetic potentials. The geometry of the problem is displayed in
Fig. 2. 1In this particular formulation, the fins lie in the x-z and y-z

planes and the incident field makes an angle a with the x-z plane. For this

geometry, the total electric field is given by

> = S5k 3 4 ¥
Blr, ) = B fr ) = DAREL | goer ) (4)

where

»
A = magnetic vector potential such that H = V x A

&
]

$ electric potential

U = permeability of space.

Next, apply to Eq. (4) the Lorentz gauge relation
> A
/. v =2 ()
VeR + ¢ e (

where € is the permittivity of space, yielding

R 1 > 29 =+
JE (x B (Xt - . 9 Alr,t
€ _.l_.(}_!_t_) = ,,“__(.l_.__,)_ + V(V *A) - ut ’-i'_(T'L')" (5)
it it e 2

Then applying the E-field boundary condition that the component of the total
E-field tangent to the fin vanishes everywhere on the fin, Eq. (5) can be

expressed as

‘\> » »i >
: e } ALr;t E (r,t
S RiE. LY, - ..,_lv,(_;L\._). = - -A.,%t-,'._) (6)
at”
9




or, in a more simplified form

pn 4
%A +RA = -6
o ot (7)
where
PR e 32} / 52 B e AT
FPA=fip e e iRl *l—g=—2 A3 +(——3——3/A2a '
| 9x <)/ Cdy s, ¥YY \3z at”) .
the wave operator.
" 5 OA on 5 /3a oa_\ 5 OA oA
B & e il B ) G o g BV o et g, B
ax \By dz ;X Ay \Sz dx | 'y 9z 9x y z
> > 1 J(+‘ ) =
_ _x ! X
Al = = [ -
T =%t ~ R

In order to obtain an expression for the fin currents directly, it
is necessary to express the magnetic vector potential K as the sum of two
components, one due to the observation point ("self" patch) and the other
due to the remainder of the patches. If the fin grid patches are small

enough, then the current over a agiven patch can be assumed constant. Thig

-
makes it possible to express A as

Sl L o 4 " { Il 1) -
A(x,t) Y JF(r,t) 4 = [ i R das (8)
Non-Self T = & R
Patches
where
PRV SR )
Y= T 2/ 2
>
As = area of patch containing r
§ = thickness of fin.
Substituting Eq. (8) into Eq. (7) yields the fin currents directly
as
-10-




o
2> > > -+ | S JE ¥ o -+ = ~>
+ I = = (= e =
[0 JF(r,t) ™ F(r,t) vl € 3t M ANS(r,t) ngNS(r,t) (9)
where
1 > >
e . :
A = — | i_(r—'r_)_ ds o
NS 4m J R
Non-Self
Patches T = t=R

The surface currents contributing to A are both cylinder currents and fin

NS
currents. The contribution of both of these can be separated in Egq. (9)
and displayed explicitly to give the expression for the current flowing on

the fin

2 = L., 9B 28 # P
! JF(r,t) + R JF(r,t) - o AF ~(r,t) * Ac(r,t)
NS
" 2 - > >
= Xl AF (x,t) + Ac(r,t) (10)
NS

> >
where AC(r,t) is the magnetic vector potential due to the cylinder current.

The fin currents at the free-space edges and at the fin-cylinder

join are given by the boundary conditions

> > 3> >
g {r,t) =0 , J L) =2 (free-space edge)
> >
3J1 (Ere)
m“n =0, J, =0 (fin-cylinder join) (11)

where
> > ’
J| (r,t) = current component perpendicular to the
edge or join
- S
J, (r,t) = current component parallel to the edge or

Jodir.




Thus, the space~time integral equations (3) and (10) together with the boun-
dary conditions in Eq. (11) form the solution for the surface currents on

a cylinder with fins attached.

In most applications, the quantity of interest is the far-scattered
field. This can be computed directly from the surface currents. The far-
field expression for the scattered magnetic field, ﬁs, may be obtained from
Eg. (1) by noting that the contribution of the first term within the integral
becomes negligible when R becomes very large. In addition,

a2 53
-
R e

and

ool o]

;
e =
1%

Thus, the expression for the far field, with time expressed in light-meters,

becomes

“>g > A l'
= —_— ds . 12
EH (r,t) =i 31 X ar S (12)

2.3 NUMERICAL SOLUTION

To obtain a solution of the space~time integral equations for a
cylinder with fins attached, each of the components of the problem must be
represented mathematically. First, the geometry of the scatterer and the
characteristics of the incident field must be numerically specified. From
these, the surface and fin currents can be computed using numerical repre-
sentations of Egs. (3) and (10). This is accomplished by carrying out the

integration and differentiation numerically and using a "marching on in time'

procedure. The far-scattered field can be computed directly from the current

densities by using a numerical representation of Eq. (12).




To describe the scatterer geometrically, the scattering surface
1s divided into curvilinear patches of approximately equal area with a space
sample point at the center of each patch. The spacing of these sample points
(and thus, the size of the patghes) is chosen small enough to give both a
good representation of the scatterer itself and of the currents that exist
on the scatterer. The sample point spacing affects the time increment At
at which the current densities can be calculated. The time increment must
not exceed the time it takes a wave, moving at the speed of light, to travel
between the closest space points. This insures that the integral equation
can be expressed as a recurrence relation in time and that a matrix inversion

is not necessary to obtain a solution.

The space-time integral equations (3) and (10) represent, in prin-
ciple, the solution of the scattering problem for cylinders with fins at-
tached for an arbitrary incident field. Although the equations can be solved
for each incident field separately, it is very inefficient to do so. Since
in most practical scattering problems the excitation is a plane wave, a more
efficient way to approach this problem is to compute the scattered response
when the incident wave is an electromagnetic impulse. Once the impulse re-
sponse of a target has been obtained, the response due to any incident plane
wave, whose spectrum is contained within the spectrum of an impulse, can be
calculated by a simple convolution procedure. Moreover, the impulse response
is intimately related to the actual geometry of the target, and thus, the
potential for developing techniques to determine the impulse response of

a scatterer by an inspection of its geometry is ever present.

For the numerical solution, however, it is not practical to use
an ideal impulse for an excitation. Thus, in this solution a regularized
or smoothed impulse is used. The form of this illumination at the origin is

the Gaussian regularization of an impulse, namely
i 1 3
H k) = == @ (13)

which converges to a delta functional as n goes to infinity. The time do-

main integval equations can be solved exactly for bodies with linear

19




e

dimensions up to several pulse widths of this regularized impulse. In this

solution consideration is limited to bodies of this size.

The currents flowing on the cylinder and on the fin are computed
using numerical representations of Egs. (3) and (10). For the purpose of
discussing the numerical solution, only the x-components of these equations
will be considered. Similar representations are used for the calculation of

the other components.

For the numerical solution, Egq. (3) for the x-component of the

cylinder current at sample point i and time t is represented as

1 i R SR "R "Rz
J (r,,t) ==— 2n H -n H += I F@F) n, —Lsn A —=
Cx 1 Yi Y&z Z1 'y 2T =1 X yi R zi R
=i
n n
RX RX
- e R (] RS 14
F(JY) nYl R { z) Zi R 3 (14)
where
Y. = self-term correction factor for observation patch i
1
(Hl,Hl) = the y- and z-components of the incident field at patch i,
X time t
N = number of grid patches on the cylinder and fin
F(J) = J(ry, /R + 33 (x,T) /31
Jx(rL'T) = the x-component of the current density at patch £, time T
t = £E-R

t = time in light-meters

R = distance from the integration patch { to the observation
2

- (yi - yi)z + (zi - zk)"

pateh i: R = »/(xi - X.)

a . = unit normal at patch i, (h ., 0 _,.n_.)
ni xi yi' zi




a = unit vector from patch £ to patch i, (n_ ,n_ ,n_

X, X
L X
n S
Rx R
S e
¥, Yo
n =
Ry R
Z, = Z:
5 ; X
n =
Rz R
As, = area of patch 2 .

The time differentiation and interpolation necessary for the eval-
uation of the integrands appearing in Eq. (3) are performed numerically by
representing the surface current with a fourth-order polynomial. In order
to achieve the best accuracy, the five points used for the representation
are chosen such that the current is evaluated as near as possible to the mid-

dle of them.

The numerical representation of Eq. (10) for the x-component of
the fin current at (r.,t) is obtained by representing the second time deri-
it

vative of the fin current by a three-point difference approximation, yielding

J. e at) = 20 (r. 6t = Ak = 3. (.t = 20E)
¥ F 1 F 1

where

At = solution time step




NS L=

The space and time derivatives in Eq. (15) are evaluated using
three- and five-point difference approximations. For the time interpolation

a linear approximation is used.

The equations for the surface and fin currents are solved with a
digital computer by simply marching on in time. The computation starts at
a point in time before the incident field reaches the scatterer and proceeds
sequentially in time in the same manner that nature would solve the problem
in the real world. It is important to note that since the minimum spacing
between space sample points on the surface is not less than At, then Egs.
(14) and (15) give the current density in terms of other currents at times
not later than (t - At) which are already known. Thus, the integral Egs.
(3) and (10) have been reduced to recurrence formulas in time and the need

to perform matrix inversions has been eliminated.

Once the current densities have been computed, the far-scattered
field can be calculated directly using a numerical representation of Eq.
(12) . For computation purposes, Eq. (12) is expanded in rectangular coor-

dinates yielding

-
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where

S S5 S A S
H =H & +H a +H a
X Yy ¥ z Z
A x
a = n a + n a + n a .
1 s 7 GRS Xy y e

The time differentiation and interpolation necessary for the evaluation of
dJ(r,,T) /3T are performed numerically using a five-point Lagrange interpola-
X

tion formula.

A sketch of the geometry parameters used for the description of
the far-scattered field is drawn in Fig. 4. In this sketch the incident
field is shown propagating in the yz-plane and making an angle & with the
z-axis. The scattered fields produced by the surface currents are then com-
puted in the two principal planes. The scattered field is computed in the
yz-plane at angles wyz with respect to the direction of propagation of the
incident wave. In this plane the two orthogonal components used to represent

the scattered field are the component perpendicular to the yz-plane, ”;zx'

g B

and the component tangent to the yz-plane, ”yzt' The other plane in which
the scattered field is computed is the px-plane, which is formed by the
direction of propagation of the incident wave and the x-axis. In this plane
the two components used to represent the scattered field are the component
perpendicular to the px-plane, H? , and the component tangent to the px-

pPXp

S : :
plane, H e These scattered fields are computed at angles { o’ which are
P p

measured with respect to the direction of propagation of the incident wave.

2.4 TIME DOMAIN MEASUREMENTS

The computer program incorporating the methods described in the
preceding section was verified by comparing the calculated time domain
smoothed impulse response with measurements made on the Sperry Research Cen-
ter time domain scattering range. , This patented measurement system [7],
which has been described in hutail [5,8,9], is reviewed in Sec. 2.4.1 and

the calculated and measuredgresults are compared in Sec. 2.4.2.

e
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FIG.4 Geometry of far scattered field.




2.4.1 Time Domain Measurement System

The time domain scattering range is a system for obtaining a low-
noise response in the nanosecond region. It consists of a ground plane scat-
tering range, a step function source, a sampling oscilloscope receiver, and
a laboratory instrumentation computer for control and processing. The system
signal source is a high-voltage switch which generates a 300 V step function
with a risetime less than 100 ps. The signal is radiated, virtually undis-
torted, from a wire transmitting antenna protruding through a circular ground
plane 20 feet in diameter. This wave illuminates the target and the result-
ing scattered waveform is received on a coaxial horn antenna, which essen-
tially smoothes and differentiates the signal and thus provides the smoothed
impulse response of the target. The received waveform is sampled by a 12
GHz oscilloscope that has been triggered by the initial pulse and whose sam-
pling gate deflection is under the control of a small instrumentation compu-
ter. Unprocessed data are displayed on the oscilloscope CRT while the sam-
pled-and-held waveform is passed through a low-pass filter, digitized, read
into the computer, and stored on magnetic tape automatically. This system
has been designed to correct the long-term timing drift and/or amplifier
drift. In addition, the waveforms are stored in such a way that they are
ready for the subsequent operations of averaging (to remove short-term noise)
and baseline processing. The effects of a time varying baseline are sub-

tracted from measured waveforms to improve system accuracy.

The salient characteristics of the range are the speed and sim-
plicity with which multi-octave frequency-domain data can be obtained. These
advantages accrue because the time-domain scattering range yields an "“uncon-
taminated" interval of time between the arrival of the direct wave and the
arrival of unwanted reflections. Targets are usually located anywhere from
two to five feet from the transmitting antenna. The response from the anten-
na tip and the table edge occur at approximately 15 ns. Thus, a "clean

window" exists between 4 ns and 15 ns which can be used to view the target

responses. The entire region between the direct transmission and the table
edge response forms a convenient time "window" to view the target response
and allows one to "gate out" (in time) unwanted reflections. Thus, undis-
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torted transient target responses can be viewed without resorting to elaborate
and expensive anechoic chambers. In addition, a single time-domain measure-
ment obviates the requirement for tedious measurement of the amplitude and

phase responses at many frequencies.

The accuracy of the measurement system has been estimated for the
results presented in this section. The peak of the incident pulse as meas-
ured on the sampling oscilloscope is approximately 400 mV, and a typical tar-
get response has a peak value in the vicinity of 10 mV. When using the 10 mV
scale on the sampling oscilloscope, the standard deviation of the sample mean

is estimated to be
o- = 0.5 mv
v

if 16 scans are averaged. Thus, the estimated standard deviation of the
sample mean v is in the vicinity of 5% of the peak value of the target re-

sponse.

The signal received directly from the source is also measured.
Taking the distances between source, receiver and target into account, the
frequency response of the target is obtained by numerically deconvolving the
source signal from the response. The source is not exactly the Gaussian
smoothed impulse used for the calculated response (Eq. 13). Therefore, a
convolution procedure is carried out on the measured response to permit com-
parison with the calculated response in the time domain. The width of the
smoothed impulse is chosen to be slightly greater than the width of the
source signal. This has the effect of reducing high frequency noise in the
response. Taking the smoothed impulse width greater yet, i.e. reducing the
higher frequency contents of the incident pulse, smoothes the response fur-
ther at the expense of a reduction in the fast structure of the response.
In these measurements the incident pulse width was about 0.59 ns or 7". The
comparisons were made at smoothed impulse widths of 8" and 16". The target

lengths were 8" and 12".
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2.4.2 Comparison of Measured and Calculated Responses

The targets chosen for comparison were 8" long and 12" long right
circular cylinders, each of radius 2", and each with a set of 4" square fins

at the ends, as illustrated in Fig. 5.

In Fig. 6 the responses of these two targets are shown at broadside

incidence (o = 900) for an = 1. The target radius a is 2" and the nominal
pulse width is defined as 4/n = 8". The time scale is t/a (t is in light-
meters) and the response has been normalized to rOH/a. (See ref. 4 for a
discussion on scaling and normalization.) The solid curve represents the

calculated response, the dotted curve the convolved measured response.

While the agreement is remarkably close, it is interesting to ob-
serve the deviations (of less than 10% of peak value) in the rapidly fluc-
tuating peaks of the signals. These disagreements are greatly reduced when
the comparison is made at an = 0.5 (corresponding to a pulse width of 16")
as 1is done in Fig. 7 for these same targets. Inaccuracies thus begin to
appear at shorter wavelengths. It is believed that these inaccuracies are
almost entirely due to the relatively coarse patch structure of the numerical
representation of the target used in the response calculations. On the basis
of experience with space-time integral equation calculations on other targets
with edges, it is known that even greater accuracy can be obtained by more
detailed structuring of the target representation, in particular, near the

fin edges.

As an additional comparison, the results are given in Fig. 8 for

the same targets viewed tail-on (¢ = Q) with an = 0.5.

2.5 CALCULATED RESPONSE OF AIRCRAFT MODEL

The model chosen for these calculations is shown in Fig. 2. The
B + = (o]
calculated responses are plotted in Figs. 9 and 10 for aspect angles from 0O

[®) O,
to 180 at 30 intervals.

It is instructive to note the composition of the response. ‘onsid-
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FIG. 5  Targets used for comparison of caiculated and measured responses.
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FIG. 9 Calculated response of aircraft model at 0¥, 30", 60°, 90°.
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FIG. 10 Calculated response of aircraft model at 90°, 120°, 150°, and 180°.
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er the tail-on aspect (@@ = 0 ): The initial positive swing is due to the

return from the cylinder face and the leading edges of the small fins. The
negative swing at t = -4 is due both to the differentiating effect of the
cylinder face and the trailing edge of the small fins. A creeping wave ef-
fect due to small fin currents interactions via the cylinder surface can be
seen near t = -1.5 just before the large positive peak from the leading ed-
ges of the large fins at t = 0. This is followed by a large negative swing
from the large fin far edges and fin-fin creeping wave interactions at

t = 8. The creeping wave effects continue after that, damping out near

t = 16. In Fig. 11 these effects are illustrated in more detail. Shown
are the responses of the same target at OO aspect without fins and with each
set of fins separately. For comparison purposes, the time scale (in light-
meters) of the graph and the sketch of the incident pulse and the space
scale of the target are the same; similarly the amplitude of incident and
response pulses are the same scale. The behavior described above is very

evident in this series of graphs.

Returning to Figs. 9 and 10 it is noted that as the aspect changes,
the response from the cylinder face moves toward t = 0; while the response
from the small fins moves more rapidly toward t = 0, joining that of the
large fins at a = 900. At a = 900 the positive peak (due to the fins) near
t = 0 is strong enough to obscure the negative swing expected at that time
from a broadside response of the cylinder alone. The negative swings of
cylinder body, small and large fins combine in the large response near ’

t = +1. After t = 2 the response is entirely due to creeping waves.

o 3
At angles beyond 90 , the responses from the cylinder face and
the large fins become evident before t = 0 as they separate with increasing
&, while the response from the small fins shows as a small perturbation at

times increasingly later than t = 0.

~J4.
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FIG. 11 Comparison of responses of several finned cylinders at axial incidence




SECTION 3
EXTENSION OF IMPULSE RESPONSE AUGMENTATION TECHNIQUE

The space-time integral equation approach solves the scattering
problem directly in the time domain. This approach is valid for any excita-
tion; however, the most useful excitation has been found to be the regular-
ized (or smoothed) impulse given in Eq. (13). The response due to this
excitation, rOHS(tf/a), is the regularized (or smoothed) impulse response of
the target and is computed exactly with the space-time integral equation
using the techniques described in Sec. 2.2. This approach yields results
for targets with sizes up to several pulse widths or, equivalently in the

frequency domain, several wavelengths.

A technique has been developed which uses the space-time integral
equation approach as the basis and extends the results to obtain the impulse
response and frequency response of an arbitrary target over the entire spec-
trum [4]. This technique has been demonstrated for several smooth convex
targets including the sphere, the prolate spheroid, and the sphere-capped
cylinder. It has also been applied to targets with edges including right
circular cylinders, flat-end sphere-~cap cylinders at axial incidence and
square flat plates [4,5]. The purpose of the sections which follow is to
describe the extension of the impulse response augmentation technique. Sec.
3.1 provides a review of the impulse response augmentation technique. The
extension to cylinders with fins attached at arbitrary incidence is described

in Sec. 3.2,

3.1 REVIEW OF THE IMPULSE RESPONSE AUGMENTATION TECHNIQUE

In order to simplify the notation in these sections the electro-
magnetic field variables are equated to their linear system counterparts as

follows:

Hl(t/a) 2> e(t) = incidence pulse

3=




X H“(tf/a) » r(t) = smoothed impulse response
o

h(t) = impulse response

t/a > t = time

-

i
H (ka)/a > E(w) = transform of e(t)
e
rOH‘(ka)/a > R(w) = transform of r(t)
H(w) = frequency response
@ =
ka > w = frequency
where
i ST : ; ’ :
H = incident magnetic field intensity
L ’ "
H = far scattered magnetic field intensity
ro = distance of far field observer from origin
t/a = normalized time
e ka = normalized frequency

a = characteristic linear dimension of target.

s

The scaling and normalization that is indicated above yields curves which

are independent of target size.

The impulse response augmentation technique, first suggested in
1968 [2] and first demonstrated for smooth convex targets in 1973 [4], and
for targets with edges in 1974 [5], deals directly with the smoothed impulse
response of the tarcgets in the far field. The smoothed impulse response is
computed using a space-time integral equation approach and has yielded good
results up to body sizes of several pulse widths or, equivalently, up to
body sizes of several wavelengths. The regions of slow variation in the
smoothed impulse response remain the same in the exact impulse response;
thus it is only necessary to determine the structure of the singular regions

and any other regions of fast variation. But the singular portions of the

=0
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exact impulse response that result from scattering by specular points on
smooth convex targets can be computed exactly, and hence, do not need to be
computed by solving the space-time integral equation. The impulse response
augmentation technique combines the smoothed impulse response, the known
singular contribution to the impulse response, and the theory of Fourier
transforms to produce the total impulse response and the frequency response

(system function) of the target at all frequencies.

The impulse response augmentation technique is most easily under-
stood by considering the most basic approach to the deconvolution (or system
identification) problem. A linear system (in this case electromagnetic
scattering by a target) is characterized by its impulse response h(t) or,

equivalently, its system function (or frequency response) H(w). Of course,
h(t) « H(w)

where ¢ denotes Fourier transform. The excitation e(t) of the linear system
in this case is the regularized (or smoothed) impulse

n -(nt)2
— e

e(t) = (19)

VT

which produces the regularized (or smoothed) impulse response r(t) of the

system. This response is given by
r(t) = e(t) * h(t} (20)

where * represents a convolution. 1In the problem being considered here,
e(t) is specified analytically and r(t) is computed by solving the space-
time integral equation. It is desired to find h(t) and/or H(w). This is

the system identification or deconvolution problem.
One way to solve this problem, at least in principle, is to trans-
form Egq. (20) and rearrange to obtain

R (w)
E (W)

H (W)

1

h(t) = F ' {H(w)} (21)
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E(w) & e(t)

R(w) © r(t)

F_I{H(w)} is the inverse Fourier transform of H(w).

S kb o

However, the ‘estimate of the system response r(t) that is computed contains
some uncertainty or noise, and thus, the transform of the computed smoothed
impulse response R(w) also contains some noise. In using Eg. (21) to com-
pute the estimate of the system function, it can be shown that this noise
grows exponentially [4], and therefore, this brute force technigque will not

yield valid large body results.

The impulse response augmentation technique is displayed in block
diagram form in Fig. 12. This technique first augments the smoothed impulse
response to remove the contribution from singular portions of the impulse
response that are known exactly. This produces the augmented smoothed im-

pulse response ra(t) that is given by
r (B = rE)e—tel(k) * & (k) (22)
a a

where fa(t) is a suitable augmentation function that contains the known sin-

gular portions of the impulse response.

Next, the transform of the augmented smoothed impulse response,
Ra(w), is computed and divided by the transform of the incident pulse to
yield the augmented frequency response, H;(w). This function contains noise
which increases exponentially at frequencies above some value. However, it
is known that the augmented frequency response must go to zero with increa-
sing frequency. Thus, an estimate of the high frequency behavior of the :
augmented frequency response, ﬁa(w), is of the form
H (W) ; w € w
A | 8
H (w) = s (23)
a

LB ¢ w2Ww
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FIG. 12 Impulse response augmentation technique.
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where W, is the boundary point and F(w) is the high frequency estimate of

i{lmx). The inverse Fourier transform of H (w) then yields the estimate of
: a

of the augmented impulse response, h (t).
&

Finally, the inverse of the augmentation procedure is performed on
hl(t), which yields the estimate of the impulse response, h(t). Moreover,

an estimate of the system function, H(w), 1s obtained by applying the inverse

of the augmentation procedure in the frequency domain to H (w).
a

The augmentation function represents the contributions of the sin-
gular portions of the impulse response which are known exactly. These sin-
gular portions may contribute to not only the high frequency behavior but
also to the low frequency behavior of the response, as in the case of an
impulse. These contributions are removed by subtracting the effect of the
augmentation function fn(t) from the response to yield the augmented response

as given in Eg. (22), which is repeated here for convenience:

r_(t) = x(E) - eft) * fa(t) (22}

ar

b &) = hi(t). = fa(t)'

Since the effect of the high frequency contributions has been removed, then
it remains to estimate the manner in which the lower frequency components

approach zero with increasing frequency.

It has been found in previous work [4-6] that the augmentation
functions should be chosen such that they account for the singular contri-
butions to the impulse response but at the same time possess a transform
that contains onlv linear phase variations. The functions which satisfy
this simple criterion are singularity functionals and pseudo-functions that
contain only a single discontinuity. Some functionals which possess this
characteristic are the doublet, the impulse, the step, and Hadamard's pseu-

do~functions [10]. It has also been found for smooth convex targets that

the singular portion of the impulse response at the leading edge region




would be given by the physical optics approximation for aspect angles where
the response was polarization independent, such as axial incidence on rota-
tionally symmetric targets. For the case of smooth convex targets with a
polarization dependent response, the first order physical optics correction
will yield the proper singular portion of the impulse response at the leading
edge. For the case of targets with edges the singular returns from the edge
regions of these targets is obtained by use of the results obtained from

geometric theory of diffraction.

3.2 APPLICATION TO CYLINDER WITH FINS

In this section the impulse response augmentation technique is
applied to the case of a cylinder with fins attached. This work extends the
techniques that were developed on a previous effort (6] for the case of
axial incidence to the case of oblique incidence. The approach used in this
work is to combine the two techniques previously developed for open thin
surfaces and for right circular cylinders to obtain the impulse response

of a cylinder with fins attached.

The smoothed impulse response of this target was obtained using
the space-time integral equation solution technique described in Sec. 2.2.
The target is centered at the origin with the axis of the cylinder coinci-
dent with the z-axis as shown in Fig. 13. The cylinder has a length to dia-
meter ratio of 2:1. Four square fins with a width of one cylinder diameter
are placed symmetrically around the cylinder body. The target is illuminated
by an incident plane wave with an incident pulse width equal to the length
of the cylinder. The smoothed impulse response of this target was calcu-
lated for seven angles of incidence that range from 0° to 180° in 30° incre-
ments [5]. The results which have been shown to be in good agreement with
measurements are displayed in Fig. 14 for 0° to 90” and in Pig. 15 for 90°

to 1800.

The impulse response augmentation technigue next requires a suit-
able augmentation function as discussed in Sec. 3.1. For the cylinder with

fins the augmentation function will be taken as the sum of the augmentation
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FIG. 13 Geometry of cylinder with fin.
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FIG. 14 Smoothed impulse response of finned cylinder at various angles of
incidence for TE polarization.
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FIG. 15 Smoothed impulse response of finned cylinder at various angles of
incidence for TE polarization.
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functions for the rectangular plate and the right circular cylinder [6].

Thus, the augmentation function is given by

£ (t) = D 5°(t/a -T + P 5 -7 ¥ S ~
a( ) - (t/a zFl) 5 S(t/a zFl) - U(t/a TzFl)

+ P ptfa -7
(t/ ”

zZ2

~&
) + H (t/a-T ) © vittfa-T )
g z3

zF3 ZF3

+D 6 (t/a-T ) + P S(t/a-T )
z 2C1 A zC1

. =g/
+ G (Ela~T ) Uit/a-T )
z ZC1 ZC)

-
+ R (t/a=T _§) * Uit/a~7% )
1 A G | ZC1

1
-

A (tfa-T ) * u(tfa~T _ )
2 zC 2 o2

+

+ £ (t/a —T‘K ) (232
I Z
where
DZ = the doublet coefficient given by the physical optics
A approximation for the fin at broadside incidence
p = the impulse coefficient due to the near edge of the fin
Z1
Sz = the step coefficient due to the response from the sides
: of the fin
P__ = the impulse coefficient due to the far edge of the fin
-4
sz = the t * pseudo-~function coefficient due to surface
traveling waves on the fin
D = the doublet coefficient given by the physical optics
z

approximation for the cylinder at axial incidence.




P the impulse coefficient for the cylinder at axial inci-

i dence
% -3/ . - .

) the t “ pseudo-function coefficient due to the specular

3 return from the side of the cylinder at broadside inci-
lence
A. A ,A = the t ° pseudo-function coefficients due to the return
I 273 . 1
rom the edges of the cylinder
e the time at which the leading edge of the impulse response
VA u | .

from the fin begins

= the time at which the singular contribution from the far

edge of the fin begins

T = the time at which the singular contribution from the
single excursion traveling wave on the fin begins

I

e AL e = the time at which the singular returns from three edges
of the cylinder begin

T Y = the time at which the cylinder creeping wave appears
zC
/ 3 "
173 JWT
-1 -Bw zc4
(t/a~-T ) = F A e &
ad zCc4 4
Al = the cylinder creeping wave coefficient
e
B = 2.051

The values used for the above parameters are summarized in Table 1.
They were previously obtained for the case of the right circular cylinder and

the rectangular plate [5,6].

Once the augmentation function is obtained, the augmented frequen- ?
cy response is calculated by subtracting the transform of the augmentation
function from the frequency response. The high frequency estimate used to

obtain the estimate of the total augmented frequency response takes the form




SUMMARY OF
THE AUGMENTATION FUNCTION AND THE AUGMENTED FREQUENCY RESPONSE

PARA

TABLE

METERS

1

USED TO REPRE

Angle of Incidence

SENT

Parameter 2 30° 60" 90 120° 150° 180°
D, 0 0 0 1273 0 0 0
P 1 G FOL 0.686 @.955 -0.317 0.955 0.686 0. 701
z
S 1 -0.166 =0.181 -0.260 0 ~-0.260 —0. 81 -0.166
2
P -0.224 -0.049 -0.318 0 -0. 318 -0.049 -0.224
Z2
H 0 0 0 0.203 0 0 0
z3
D TS 0 0 0 0 (0] 6.5
z
F” 0.141 0 0 0 0 0 0.141
L;Z 0 0 0 -0.318 0 (0] (6]
A -0.035 0.382 0.290 -0.123 0.290 s sk, =0, 035
A, -0.284 -0.016 —=0.081 0 -0.081 ~0.016 -0.284
;\3 (0] -0.106 =0 . 012 0 =0.0L2 =0, 106 0
-4.0 -3.464 =2 0 0 0 0 0
zF1
T 0 0 0 0 2.0 3.464 4.0
zF2
- 0 0 0 4.0 0 0 0
L ~4.0 ~4.864  =3.732 = =2.0 -3.732  -4.464  -4.0
RS 4.0 2.464 0.268 -2.0 0.268 2.464 4.0
7 0 -2.464 -0 58 2+ -0.268 -2.464 0
I 5.9 5.754 5.025 3.037 5.025 5.754 5.9
A, 3.428 St 1.449 4.587 1.449 3 212 3.428
“t
1.4 PR 240 I8 2 v ). 05 2«
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H (W) = |
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\ a

where the cutoff point w_1is chosen such that the phase of H (w) is still
e a

in the linear region and A is computed so that H (w ) = H (W ). These coef-
a c a c

ficients are also displayed in Table 1. The results for the impulse response

and the frequency response are displayed in Figs, 16-22 and described in the

following.

3.3 RESULTES

TE impulse response of the finned cylinder for axial incidence is
displaved in Fig. 1l6a and the corresponding frequency response is displayed
in Fig. 1l6b. The initial return of the impulse response at t/a=-4.0 con-

s of a doublet, impulse, and t ° pseudo-function from the cylinder face

sis
and edge. Also contained in this leading edge of the impulse response is an
impulse with a positive sign due to the fin edge. This is followed at t/a=0
by a negative impulse from the far fin edge. At t/a=4 there appears a t.—f
pseudo-function from the far cylinder edge. Finally, a creeping wave can be
observed at t/a = 6. In Fig. 16b the corresponding fregquency response 1s
displayed. This response increases linearly with increasing frequency due
to the doublet in the impulse response at t,'gl =~-4. The ripples in this re-
sponse are mainly due to the interference between this doublet and the re-
turns from the far fin edges, the far end of the cylinder. and the creeping

wave.

The TE impulse response and fregquency response of a finned cylinderx
3 O s 3 h 3 2 1 g : . S 3
is shown for a 30 angle of incidence in Fig. 17. The initial return from

the near edge of the cylinder face appears at t/a =-4.5. 'his is followed

at t~-3.5 by a positive impulse and a negative step from the near fin edge.
y

Next, a "backward" t “ pseudo-function appears at t/a~=-2.5 from the far
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FIG. 16 TE response of finned cylinder with radius a for 0” angle
of incidence.
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edge of the front face. At t/a=0 a negative impulse is observed due to the
far edge of the fin. Following this is a negative t 2 pseudo-function from
the far edge of the cylinder at t/a =2.5. Finally at t/a =5.8 the creeping
wave that travels around the cylinder can be seen. In Fig. 17b the corres-
ponding frequency response is displayed. This response approaches a con-
stant value at high frequencies due to the two impulses from the edges of the
fin. The slow resonances observed at the higher frequencies are due to the
interference between these two impulses. The more rapid ripples superimpo§od

on this slow waveform are due to interference between the impulses, the £ °

pseudo-functions and the creeping wave.

In Fig. 18 the TE impulse response and the frequency response of a
finned cylinder is shown for a 600 angle of incidence. The initial return
is a t_% pseudo-function from the near edge of the front face. This is fol-
lowed at t/a=-2 by a positive impulse and a negative step from the near edge

ki
2

of the fin. Next, at t/a =-.3 appears a "backward" t pseudo-function

followed at t/a =0 by a negative impulse from the far edge of the fin. Next
1

2

at t/a=+.3 a t function occurs due to the near edge of the far cylinder
face. Finally, at t/a ®5.0 the creeping wave that travels around the cylin-
der can be observed. 1In Fig. 18a the corresponding frequency response 1is
displayed. As the frequency increases, this response continues to ripple
about a constant value due to the interference between the two impulses from

the fin edges.

The TE impulse response and frequency response for the finned cyl-
; o : ; ; T :
inder at a 90 aspect angle is shown in Fig. 19. The initial return in the

=5 /o

impulse response is a t pseudo-function together with a negative impulse.
Next, at t/a =0 appears a doublet and a negative impulse due to the return
from the face and edge of the fin. This is followed at t/a = 3.1 by the ef-
fect of a creeping wave that travels around the cylinder. In Fig. 19b the
corresponding frequency response is shown. One can observe in this figure
that the frequency response increases linearly with frequency due to the
doublet. Moreover, it oscillates about this ever increasing value due to

~3/ 2

the interference between the doublet and the t pseudo-function.
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FIG. 18 TE response of finned cylinder with radius a for 60" angle
of incidence.
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FIG. 19 TE response of finned cylinder with radius a for 90" angle
of incidence.
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The TE impulse response and frequency response of the finned cyl-

y 2 : : . o .- E T
inder is shown in Fig. 20 for a 120 angle of incidence. The initial return
of the impulse response is a t ° pseudo-function from the near edge of the

near face of the cylinder. Next, at t/a=-.3 a very small "backward" t €

vseudo-function appears from the far edge of the near face of the cylinder.
1

An impulse due to the near fin edge is observed at t/a=0 followed by a t ©
pseudo-function from the far edge of the cylinder at t/a ®+.3. The negative
impulse at t/a=2 is due to the far fin edge. The creeping wave at t/a=5.0
can be seen. The corresponding frequency response is displayed in Fig. 20b.
Again, the two impulses in the impulse response interfere with each other to
give an oscillating freguency response at the higher frequencies. The £

pseudo-function and the creeping wave cause distortion of what would other-

wise be a very regular oscillation in the frequency response.

Fig. 21 displays the TE impulse response and frequency response of
—; : o R e .
a finned cylinder for a 150 angle of incidence. The initial part of this
1
response at t/a=-4.5 is a t © pseudo-function from the near edge of the near

)

face of the cylinder. This is followed at t/a =-2.5 by a "backward" t ~

pseudo-function from the far edge of the near face of the cylinder. At

t/a =0 the impuilse and negative step from the near fin edge occurs. Follow-
1

ing this at t/a=2.5 a &7 pseudo-function appears due to the far edge of

the far cylinder face. This is followed by a small negative impulse at
t/a=+4 from the far fin edge. Finally, the creeping wave can be seen at
t/a=5.8 in the impulse response. The corresponding frequency response shown
in Fig. 21b again approaches a constant value at high frequercies. The rip-

pling in this structure is due to the interference between the impulse, the

P

t © pseudo-functions, and the creeping wave.

Fig. 22 displays the TE impulse response and frequency response
of a finned cylinder for a IMUO angle of incidence. The doublet and impulsc
that appear at the leading edge of this response are due to the specular and
edge returns from the front face of the cylinder. The impulse and negative
step at t/a=0 are due to the return from the near fin edge. The return

lue to the far fin edge and far cylinder appears at t/a=4 and finally the
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creeping wave can be seen at t/a 6. The corresponding frequency response is

displayed in Fig. 22b. This frequency response increases linearly with in-
creasing frequency. Furthermore, it oscillates about this linearly increasing
value due to the interference between the two impulses, the doublet, the t

pseudo-functions, and the creeping wave.
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SECTION 4

TIME DOMAIN INVERSE SCATTERING - AXIAL INCIDENCE

The inverse scattering problem consists of determining the struc-

ture of an unknown scatterer given information about a field incident upon

the scatterer and the response of the scatterer to that field. Most of the
attempts at solving the inverse scattering problem have been carried out in
the frequency domain. The inherent advantages of employing time domain tech-
niques appear to have been first documented by Kennaugh and Cosgriff (11].
They showed that if physical optics currents were postulated on the surface
of the scatterer, then they produced an approximate impulse response that was

simply the second derivative of the projected area function of the scatterer.

Many researchers have developed approaches [12,13] to the inverse
scattering problem that have been based on extensions of this result. An-
other approach based on polarization information in the impulse response has
also been developed [14,15]). These approaches have reproduced the scatterer
geometry with varying degrees of success. This would be expected since the
relation between the impulse response and the two derivatives of the area
function is exact only at the leading edge of the scattered field response,
a single point in time. After the leading edge, the response is altered by
currents arriving from other space points. Therefore, the physical optic

solution must be "corrected" by these currents flowing on the body. For

%}

given object, if the incident pulse width is short compared to body size
(the optical limit) then the correction currents will have a small effect,
and optical rays can be placed in one-to-one correspondence with points on

the bodyv. On the other hand, if the size of the body is comparable to a

pulse width, then the "correction" terms have a strong effect on the

ind the physical optiecs solution is degraded. 1In the case of small bodies,
the correction terms dominate the result and the physical opti solution i

meaningless.

In this study, the inverse scattering problem is formulated

inversion of the space~time integral equation. This approach to d« rmining
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the response of the scatterer incorporates both the effects of the incident
field directly and those due to the correction currents flowing on the body
and was first suggested in 1974 [5]. By using a complete description of the
surface current interactions, this formulation should yield a very close

approximation to the target geometry.

4.1 DERIVATION OF EQUATIONS

In order to derive the inversion procedure, it is necessary to
first examine the direct solution of the scattering problem. The direct
problem consists of determining the scattered field given a description of
the incident field and the scatterer geometry. This problem is solved by
first computing the currents flowing on the scatterer surface. From these

currents the scattered field can be calculated directly.

The expression for the surface currents is derived from an expres-
sion for the total field at an arbitrary point in space (see Sec. 2.2.1).
This arbitrary point is specialized to a point on the scatterer surface and
the appropriate boundary conditions are applied. This yields an equation

> >
for the surface current J at point r on the scatterer surface and time t as
.

> > & > > > >
Jlr t) = 2an x H (r,t) + Jc(r,t) (24)
where
g i ~ 1 Fod M ~ -
e > ANt o MR 5 R ) ds
FNELE) = o J %n g2 RJT VE il R
S
T.= B =K
o A o Tl : -
H (r,t) = incident magnetic field
Sn = unit vector normal to surface
> . .
r = position vector to observation point
"‘ . . K : .
¥ = position vector to integration point
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T time in light-meters.

The first term on the right-~hand side of Eq. (24) may be considered
the source term and represents the direct influence of the incident field on
the current at the observation point (é,t). Moreover, this term, whei: ap-
plied to the illuminated side of the scatterer, yields the familiar physical
optics approximation for the surface current. The second term on the right-
hand side of Eq. (24) represents the influence of currents at other surface
points on the current at (;,t). It is important to note that the influence
of the current at other points on the surface on the current at (;,t) is
delayed in time by R, the distance between the two points. This allows Eg.
(24) to be solved by a "marching on in time" procedure rather than necessi-~

tating matrix inversion.

Once the surface currents have been determined the far scattered

field can be calculated from them using

>g > 1 a P +(+. ) a 55~ e
H™ (2, € o Jlr :T) %X a ds 25
(£t} = o 5 ’ x (25)
o
B=t=R
where
r = distance to the far-field observer
o
A = unit vector from the integration point to
i

the far-field observer.

If the surface current expression in Eg. (24) is substituted in Eq. (25),

then the result is

~B7-




+>g >
r B (r,€) =
o

Q
2

k.9
4T 3T J
(26)

If the incident field is an impulse, then the first term in Eq. (26) is sim-
ply the term that has been recognized previously [11l] to be proporticnal to
the second derivative of the area function. Assuming the incident wave is an

electromagnetic impulse, then Eq. (26) becomes

a +—£~3— [:F (?’r)xs das” (27)
2 g ar ot | “ex> ° r

where

]

>g >
roﬂi(r,t) the impulse response of the target

S(ts) = the silhouette area of the scatterer as
delineated by the incident impulse assumed
moving over the scatterer at one half the
free~space velocity

ro = distance of far-field observer from the origin
T =&t
s o)
..)'
i = Ht
L
S
- _* . 3 .
JCI = Jc that results from an incident impulse.

This equation may be simplified by integrating twice to obtain
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= g 1 ) > e .
r H (r,E) = = G{(t Sy A e A r .T) % 283
e} H( ) 20 ( s) H 4am a9t . ck( ) S i ( )
T=t-R
where
*s
rOHR = the ramp response of the target
> =2 = : )
JCR = Jc that results from an incident ramp waveform.

Thus, by direct consideration of the space-time integral equation the exact
relationship between the target response and the target geometry has been
obtained. In particular, Egq. (28) gives the target ramp response in terms

of both the target area function and the contribution due to the "correction
currents,"” 3c' Moreover, it is important to note that the corrcction cur-
rents as given in Eg. (24) are time-retarded functions of currents at other
space points, and thus will be zero at the leading edge of the incident wave-
front as it travels aPross the target. It is this feature, exclusive to the

time domain formulation, that allows the determination of the target geometry

from its ramp (or equivalently, impulse) response.

4.2 NUMERICAL SOLUTION

In order to test the effectiveness of this approach, the technique
was applied to the class of rotationally symmetric scatterers. The rota-
tionally symmetric scattering problem is depicted in Fig. 23. For this case
the scatterer is symmetric about the z-axis, the incident field is axially
incident, and the far field is computed in the backscatter direction. The
contour of a rotationally symmetric object can be completely described by
the radius vector p which varies as a function of z, and its

projected area

i

function can be expressed simply as

y oA
S = TP (Z,t)
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FIG. 23 Geometry of rotationally symmetric scattering problem.
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Substituting this projected area function into Eq. (28) and rear-
ranging terms yields the inversion equation for the rotationally symmetric
case

>g > |1 R > . -
Azt = 2r H (r,t) = — — ‘ 3 e x a ds” - (29)
(e} | GER r

R 2T 9T
S

T = E=R

This equation gives pP(z,t) in terms of the target ramp response, which is
known, and in terms of the correction currents at earlier times, which have

either been previously computed or are known to be zero.

To solve this equation a technique was developed under a previous
program [5] which iterated on estimates of the entire target geometry. For
this program it was proposed to improve this technique using a direct time
domain approach. 1In this approach the target geometry is generated sequen-
tially in time as the incident field moves across the target. Geometry
values are determined from the incident field, previously computed geometry
values, and correction currents set up on the structure as a result of sur-

face current interaction.

A flow chart of the direct solution procedure 1s shown in Fig. 24.
The general approach is to step along the target contour in egually-spaced
intervals. The value of p(z,t) is computed at the center of each interval
at the time at which the initial return from that point reaches the far
field observer. This insures that the correction currents at that time are
a function only of currents flowing on the portion of the target whose con-

tour is already known.

The solution procedure beagins with an estimate of p(z,t) for th
first interval along the target contour. The placement of the interval i
obtained by assuming the target is locally spherical at the specular point.
The value of p(z,t) at the center of the interval is computed from Eqg. (29)

by neglecting the surface integral, giving

s 7 A
oz ) = ¥ M _Crerl-
1 O R
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FIG. 24 Direct time domain solution procedure.
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From this estimate, the geometry parameters necessary for the calculation of
the correction currents are structured. This is accomplished by constructing
a band around the target whose width is equal to that of the contour inter-
val. The band is then divided into patches of equal area. The location of
the center cf the band z,s the corresponding radius vector D(zi,t), and the

components of the unit normal at p(z.,t) are also necessary inputs.
i

Once the geometry of the first band has been structured, then an
estimate is made of the location of the center of the next band. This is
obtained by projecting the unit normal at p(zl,t) forward from p(zl,t) for
one interval length and then finding the 22 corresponding to the end of the
interval. 1In order to compute the value of p at 22, it is necessary to com-
pute the correction currents at the time t2 at which the incident field
reaches Zy- This computation is done by an improved version of the program
ROTSY which solves the direct scattering problem for rotationally symmetric
targets. The details of this computation are described in Appendix 8.1.

The radius vector p(zz,t) is then computed from Eg. (29) using the correction
currents at t_ and the value of the far scattered field =t the time t 5 at

2 £
which the initial return from 22 reaches the far field observer.

The accuracy of the results obtained from the ROTSY program is
improved if the target is divided into approximately equal bands. In order
to insure this for the inversion solution, a second estimate is made of the

location of the band center, Z.- This estimate is obtained by constructing

the band along the line between P(zl,t) and the first estimate of D(zq,t).
Again, the correction currents are computed for the second estimate of 22

and o(zz,t) is recalculated from Eq. (29).

Each value of u(zi,t) is tested to determine if it 1is negative.
If it is, then the inversion procedure terminates. If it is not, then the
geometry parameters for band i are computed and the structuring of band
i + 1 begins. In this manner, the inversion technique generates the target

geometry sequentially in time.




4.3 RESULTS

In order to test the direct solution procedure described in the
previous section, a computer program INVERD was written to implement the
procedure. This program was used to compute the contours of the four rota-

tionally symmetric objects shown in Fig. 25:
(1) A sphere
(2) A cylinder with two sphere caps

(3) A cylinder with a flat front end and a sphere-capped
back end

(4) A cylinder with a sphere-capped front end and a flat
back end.

For the four objects, the radius of the spherical segments was 0.5 meters.
The radius of the cylinder body was also 0.5 meters and its length was 1
meter. In all cases the incident field was axially incident and the far
field was calculated in the backscatter direction. The ramp responses of
the four objects are depicted in Fig. 26. Since these same four objects
were also used to test the iterative solution technique which was previously

developed [5], valid comparisons can be made between the two approaches.

The implementation of the direct solution procedure gave, in gen-
eral, very good results. For all four targets the contours were reproduced
with a high level of accuracy. The only discrepancies tended to occur at the
back of the targets where the target size was slightly overestimated. Per-
spective plots were made of the actual target contours and the approximations
to the contours using both the direct and iterative procedures. The coordi-

nate axis and the view angle for the plots is shown in Fig. 27.

The results obtained for the four targets are shown in Figs. 28 -
31. For the case of the sphere (Fig. 28), the results are very close to the

actual contour. The front of the sphere is reproduced exactly and there is

only a slight overestimation of the back. For the cylinder with two sphere

caps (Fig. 29), again there is the exact reproduction of the front sphere

cap and the slightly enlarged back sphere cap. The cylinder side is esti-
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FIG. 27 Coordinate axes and view angle for perspective plots.
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(b) Direct Solution

estimates for a sphere.

FI1G. 28 Contour
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FIG. 29 Contour estimates for a cylinder with two sphere caps.
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FIG.31 Contour estimates for a cylinder with a sphere-capped
front end and a flat back end.




mated quite accurately and is also somewhat smoother than estimate obtained

using the iterative procedure.

Fig. 30 shows the results for the cylinder with the flat front end
and the sphere-capped back end. This estimate also very closely approximates
the target geometry. The flat front end is accurately recovered and there is
again less oscillation along the cylinder sides than for the iterative re-
sults. As with the previous targets, there is the overestimation of the back
sphere cap. It should be pointed out that for this target, it was deter-
mined from the initial p(z,t) estimate that the front end of the target was

flat and the geometry parameters were structured accordingly.

The results for the cylinder with the sphere-cap front and flat
end back (Fig. 31) were not as accurate as for the other targets. This was
expected, however, because of the difficulty in obtaining the numerical
accuracy in the correction current computation necessary to exactly cancel
the tail of the ramp response. Nonetheless, the direct approach did give
a fairly close approximation to the flat back. It also very accurately re-

produced the sphere-capped front and cylinder sides.

In comparing the direct solution to the iterative solution, the
results indicate that the direct approach gives a better estimate for some
cases while the iterative approach is better for others. The iterative solu-
tion is more accurate in reproducing the back sphere cap while the direct so-
lution tends to approximate the cylinder sides more effectively and in gen-
eral, give smoother target contours. The direct solution does, however,
have one very important advantage. The solution technique allows for a sub-
stantial decrease in run time. The run time using the direct approach is
cut by a factor equivalent to the number of iterations necessary for con-
vergence in the iterative technique. This advantage, combined with the
rather marginal differences in the results obtained, makes the direct tech-

nigue a more favorable approach.
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SECTION 5

TIME DOMAIN INVERSE SCATTERING - OBLIQUE INCIDENCE

In this section the problem of inverse scattering by rotationally
symmetric targets with oblique incidence is considered. It is shown that
the geometry of a scatterer can be obtained from simultaneous processing of
its responses at two polarizations for the class of rotationally symmetric
targets at arbitrary (known) angle of observation. Sectiun 5.1 gives a
background of the problem and the inverse scattering equations are derived
in Sec. 5.2. The first order ramp response of a curvilinear square patch
is developed in Sec. 5.3 and used in the numerical solution procedure that
is described in Sec. 5.4. The results for three targets are presented in

SeC. S5

5.1 GENERAL PROBLEM

It has been known for some time that the impulse response of a
scatterer in the physical optics limit is the second derivative of its pro-
jected area function [11]. Equivalently, the ramp response itself is simply
the projected area function. Based on this physical optics approximation,
reasonably accurate schemes have been developed for obtaining target geom-
etry from the area function ([12,13]. This technique is strictly valid only
in the limit of very high frequencies, or equivalently, at the leading edge
of the ramp response. When the wavelength is of the order of the target
dimension, the solution is degraded due to the existence of surface current
interactions. Using the space-time integral equation techniques, the ef-
fects of these "correction currents"” can be included. This was first done
[5] for rotationally symmetric bodies at axial incidence, using an
iterative technique. In Sec. 4 of this report the technique was modified

for direct solution for this class of targets.
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n the physical optics approximation, the response is polariza-

tien independent. When the effect of correction currents is included ir
the analysis, it 1s seen that the difference in the responses at polariza-
tions in two directions is related to the difference in the surface curva-
tures in two directions. This fact permits treatment of a more general
class of targets provided that the relationship between local curvature and
overall surface contour is known. In this report it i1s assumed that the
surface is convex and rotationally symmetric and that the angle of incidence
with respect to the axis of rotation is known. In addition symmetry about a
plane perpendicular to the axis of rotational symmetry is assumed. It is
believed that the removal of these (or equivalent) symmetry conditions from
the general inverse scattering problem requires observation at several di-
rections. A sketch of this target class appears in Fig. 32.

While the theoretical development which follows is valid for th
class of targets described above, the numerical implementation of the tech-
nigue was limited to broadside incidence (i.e., perpendicular to the axis

of symmetry). The test cases were a sphere, a prolate spheroid and a cylin-

5.2 DERIVATION OF INVERSE SCATTERING EQUATIONS

We write the far-field response in terms of the time-retarded sur-

face currents:

> > 1 \] » > >
r H(x ,tf) el vl Jlr,t) x & as, (30)
e} o 4T ot . 13
fe}
S
where
a is the direction of observation,
"
o
t=F_ a7 "t ¥
f r
(@]
>

¥ is a point on the surface S.
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FIG. 32 lnverse scattering of rotationally symmetric surface.




The time origins arc chosen such that an impulse from the origin at t=0

Y

arrives in the far field at tftrU. The units of time are light-meters.

will divide the surface current at a point into two parts, that due to the

incident field and the part due to the other surface currents:

> > » r » »
Jile.t) = J. (r L) + J Ce,t) (31}
Po c
where
> > Finc
J (e, €) = 28 x H (. Et) (32)
o

}?

the part due to the incident field, is identical to the surface current in
the zero order physical optics approximation; and
> > 1 >,
~ — . 2
Jc(l't) = o= | 1 X [gdlr ,T) x dpl ds (33)
& ol n
is called the “correction current”. Here,
i 1 1
f1s the operator ¥ o '
r  is a point on the surface,
I Y - ?
1 (E=% )
t i ’
a t irface normal at r .
f
ramp arrivin it th rigin at t

The incident field is assumed to be a




~>inc > A
H (xr,t) =

[
o5
o
+
Wy

> 12 o
'r),for(t-+ar' ry 20
o o
(34)

’

e ->
for (&£ + a = r)<o0
Yo

The solution of these equations will proceed in the ysual method of step- |
ping along in time. Accordingly we divide S (the surface illuminated at the
retarded time t corresponding to far field time tf) into a part which is
presumed known from determination at an earlier instance of tf and the new

part AS, which is unknown and which is just illuminated by the beginning of

the incident ramp. Hence, we rewrite Eq. (30) as

f TE.ey x4 dge-Lb 2 J' Jiz.6) £ 3 ds (35
J(r8) X ar S aT ot Jilx . €) = aro S (35)

As f s~As

(o8]
|

r @t = —
o (>t an
Since the incident ramp has just passed over the new area AS there are no
contributions from AS to the surface currents 3(¥,t) for ; in (s-4As); i.e.,
the integral in Eq. (33) is also over the known area (S-AS). Similarly, at
a point ; in AS, there can be no contribution to 3(;,t) due to surface cur-
rent in (S-AS). The two integrals in Eq. (35) are thus completely separa-
ted.

Consider first the integral over the known region. To evaluate
this, the surface current 3 must be computed. The integral Eq. (33) con-
tains ; as an integration point. It is necessary to separate out the effect
of the local region S€ about ; in order to obtain 3(;,t) explicitly in
terms of the incident £ield and the retarded currents elsewhere on the sur-
face. Analytically SE can be considered to be an infinitesimal patch about

> >
r, while in the numerical solution SC is the surface patch with center r

of the numerical representation of the target. The integration over S_ is
performed in Appendix 8.3 and gives rise to a "self patch correction féc—
tor", Y which is dependent upon polarization, patch curvature and patch
size. 1In accordance with the result of Appendix 8.3 we reformulate ex-

pressions (31)-(33) as
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J(r,t) = JPOl(r,t) + Jc(r,t) (36)
where
=% > 1% ~ >ine >
) — N
JPOl(r,t) (2an X H (e t)) (37)

is the first order physical optics current and includes the effect of the

self-patch; and where

T = p - d
a x fed(x ", T) x aR] S (38)

is the correction current due to the remainder of the surface. Note that

3 in this integral in turn consists of the sum of the retarded first order
physical optics currents and the correction currents at the integration point
;', as in Eg. (35). In the numerical solution we need only store Ec at all
points (;‘,T) and compute the contribution due to EPOL(;',T) directly when
integrating Eq. (38). Also, as will be indicated later, the quantity of
interest is actually BEC(;,t)/Bt. Differentiating Eq. (38) and integrating
numerically over the discrete patches, we can take the derivative inside the
integral for these patches which are fully covered by the incident field,
while we need special treatment for the patches which are only partially
excited by the incident field and for which 9S/9t is non-zero. Anticipating
the results of the next subsection we will approximate this effect by sub-

stituting an effective area for the nominal patch area.

For an incident ramp we have simply:

0 _=ipe Fe Y
- L oL
ot £H L 2 H
R
for (T +a * r ) >0 and zero otherwise. We thus write numerically:
r
o
’)-b > 1 > .
a r,t i a B S I \S
arl S R W S -l i
ot 21y | °n : R gt TRy N

non-self X « (39)
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Where the summation is over all patches & except the self-patch and where
AS2 is understood to be an effective area for partially excited patches.

This is the expression that is coded in the computer program. The process of
evaluating this expression will be referred to later as the process of "up-
dating the correction currents". Note that J at time t is given in terms

of the J at other points at previously calculated time point T = t -R.

We are now in a position to compute the second integral of Eg. (35)
to obtain the contribution of the known area (S - AS) to the far field. As
was done above, we take 9/9t inside the integral, keeping in mind the diffi-
culty of partially excited patches. Substituting Eg. (36) into the second
integral of Eq. (35) we write:

.

Lis-as) ~ %o POl(r k% roH (r t)

where

1 2
(r,t)—z;y T;a

o'po1 Fo AT rt)/xa j !
» R

o J

or, making use of Eq. (5) and expanding the vector triple product:

~

a

Gt ol 1 org & Nas,
roHPOl(ro' £) = on E:, e %n3 % SJ /

where summation is over all patches with ;j in (S-AS). We recognize this as
the projected area function of the physical optics approximation, modified

by the individual self-patch correction factors, Yj- (We also remember that
Asj is an effective area for partially excited patches.) The other part of

II is written as

=z i A
rH (¢t ) =— —~S (£,t) x & ds (40)
(= BN (o] r

i
This is also evaluated numerically by summing over all patches with rj in




(S-4S). (In this integral we need not worry about partially excited patches,

since the correction currents are still zero at that time, so that such pat-

ches can simply be omitted.)

We return now to the first integral of Eg. (35) over the new region
->

> >
AS. We note that J(r,t) in this integral consists only of the term JPOl

since the incident field has just passed over each patch in this region so
that there are no contributions from the surface currents at other patches.

We can thus write the first order physical optics contribution of the new

region entirely in terms of known quantities by rewriting Eq. (35).

G ,e) s (5@ i ds=r HG ,t.) H B
(ro'tf T 4m 3t . POl Eek) & aro sklin ro,tf fo POl o T
As
(41)
> R >
where r H is the known ramp response of the surface and where r H and

o POl
>
rOHC are the contributions to the far field due to the known region (S-AS).

The left-hand side of Eg. (4l1l) can be integrated directly, as shown in the
next subsection. Since the self-term correction factor (as it appears in
Eg. 37) is dependent upon the surface geometry and the polarization, we can
obtain the geometry characteristics by comparison of the responses at the

two polarizations.

We can see now how the inversion process would proceed:

1. For the specular point the right-hand side of Eq. (41)
is simply the leading edge of the ramp response, hence
solution of the integral will yield the geometric prop-
erties of the region surrounding the specular point.

Zie gnowing the region (S-AS), update the correction currents
J up to the retarded time Corgesponding to the new far

ffeld time t ; compute J and J at the retarded time
£ S pol
and their contributions ”c and ”POl to the far field.

3. Subtract these contributions from the known ramp response.
Do this for both polarizations.

4. From the remaining contributions to the far field deduce
the geometric properties of the new region AS.
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5. The entire surface S is now known. Step to a later

time tf and repeat for a new region /S.

It remains to relate the characteristics of the surface to the

leading edge of its first order ramp response.

5.3 FIRST ORDER RAMP RESPONSE OF CURVILINEAR PATCH

We want to reformulate the following integral, which represents the

known contribution to the far field of the new unknown region AS:

S e R T (42)
(rorted = 27 3¢ J dpgutresd x4, BB

AS

where AS is a region of as yet unknown geometry and where tf is such that

AS is just covered by the incident field at the corresponding retarded times
.

£ = £ =% ar * r. This is illustrated in Figure 33. We need to find an ex-

£
: o re ; : . A
pression for this integral in terms of the geometric properties of /\S.

By the result of Appendix 8.3 we have that

ARG
J (G EIE

> >

e
J (E,E)

> 1 i no =k
Jpol(r,t) = ’ (2an % H (Est) = Y

e
To determine Y it is necessary to write J explicitly in its u,v components

(see Appendix 8.3):

> inc
X 0 X 3t
- SR TeE— J U, S 43
.Ju(l,f_) 1 -1 ’ V(r’t) 1 C ' ( )
B K
where g = J}—7~) : R) and where (44)
& C ’

R is the radius of the self-patch. The critical point here is that the
(6]

value of R is proportional to the value of the incident ramp at (£.t)s e
(8] 3
: = : s AN > . " e 3
see this as follows: The magnitude of J at (r,t) is given by Eg. 34:

ine -» : 0 3 . . : _ S
J (r,t) = (a_* r) + t, while the magnitude at an integration point of the
¥ .

(8




self-patch is the retarded excitation:

ine >, >
I (T a

|
ot}

.
o1
+
-3

- > >
or, using the usual definitions R=r-r" , T = t-R:

ine *. ine -+ A ¥
J (xr ,T) = J (r,t) ~R~- (ar < R).

o

Note that if the curved patch is perpendicular to ar , the dot product term
is small in comparison to R. On the other hand, if Ehe patch is nearly tan-
~ ~N = .
gent to ar ’ (ar * R)~*R. If we average the effects of 2 points on oppo-
-
site sidesoof r,owe can thus simplify the above as
ing . ing ;>
I e@, 1) = 3,8 -R. (45)
iy inc > :
This is greater than zero for R<J (r,t), hence the radius of the self-
patch is
AN ==

R =4 (., &) .

o
This is illustrated in Fig. 34: The self-patch that contributes to the sur-
face current at (},t) for the leading edge of the incident ramp is only a

-+ . _
small region about r. We consider now two directions of polarization of
>*1nc
H 3

A < A A N
a and a , where a = a Xx a
X p P

(d[ and dr are in the yz plane). In Appendix 8.4 it is shown that if we
)
transform °J from the u,v coordinate system of Egs. (43) to the x,p coordi-
nate system and form the cross product required in Eq. (42), we can write
fi RIS ~ inc -
[ H (e, E)ra H {r,t}a
X X

A X s l
Jr,t) x4 =2(3 3 ) p Py (46)

n r I =
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FIG. 33 Unknown region A S for body with rotational symmetry.
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FIG. 34 Self-patch integration at point inside A S.
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Here certain cross-terms are neglected, which cancel when the above is inte-

grated over a surface with plane symmetry about the yz plane (as is the case

for our bodies of revolution).

Let us concentrate on the aq component, and substitute Eqg. (46)
E

ing |, ; : . . .
and the value of H in the expression for the far field contribution (using

>

£ =k e
f X )
o
t- + 2a * x)
193 5 Yo
I £) = = — g as
et f) 2m Jt (1+7) (ln e
As b
or
7 [ £
B & = == = — 48 e 47
e f) 27 Jt J (l+C) Hpro] ( )
As
Here we have written ds ., = (& * d& )ds, the projected areca and
) i proj n o
£ sk & 2(3r * r). Note that t =0 at the far edge of AS where the lead-

> o . : . . ;
ing edge of the ramp has just arrived and is >0 in the rest of AS. Also

note that

Since the contribution to the integral at the edge goes to zero, we neglect
the effect of time variation of the integration limits and take the time

derivative inside the integral:

l " (“‘)
REC 3
1Al AT ! = (48)
p o £ 2 : g L
P 1 S
\S
This integral can be performed over t , by writing ds - in terms of t
pProj
The limits of t~ are t = 0, corresponding to the far edge of A4S,
and t =At=2A(a ¢ r), corresponding to the near edge of AS (which is the
r
o
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edge of the known region). Expand dSproj from a point, e, on the near edge:

/ F 42

Qs . las . T -
~PEel _ {opEad e ey e o BEED L he e o
dt \dt / 2
‘ e dt
e
and expand
e =i B 3C2
(L+¢)
Integrating and retaining only second order terms
/ 2 \ ‘ \
/ds s da’s v 8 A 2 (k_-K ) ids AR 2
anr_ = | POd g4 —REOLS L MWV _pro) % (49)
P \dt / \ at /o 2 2 dt fo 2
Similarly, for the other polarization, we obtain
\ 7 a2
ds ro'\ e G : At2 (Ku-—Kv) ds . At2
ot = | SRTERS L e T i - S
X \dt \ 2 2 dt 2 (50)
e dt e le

The first two terms of these are the projected area of the new region AS,

h -
As s T
—pPXol _ _5_5_J2 - (51)
2m

which is the polarization-independent physical optics term. Also, approxi-

mately, subtract Egs. (49) and (50) obtaining

I ~1I 4\
3 0 o R

Ku Kv U . i At S
N X /

To obtain Ku,Kv we need another relationship. At the specular point we can

use the fact that (see Appendix 8.2)

ds 2
proj _ i

i V¥ k'
u v
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resulting in a quadratic equation in Ku or Kv when combined with Eg. (52).

On the preceding page, it is assumed that Kqu # 0. In Appendix
8.6 the case of a specular return from a cylindrical surface is described.
At a non-specular point, we make use of our assumption that S is a surface

of revolution about the 2-axes. In Appendix 8.2 it is shown that

— (54)
o/1+ 5E

We know now the projected area of the new region, from Egq. (41), and we know
1ts depth from our choice of tf. Using the expression given in Appendix 8.5
relating the projected area of a section of a body of revolution to its di-

mensions we can solve for the D,z coordinates of the new region for the ori-
entation do/dz, and hence for Ku and Kv' (We can also find dza/dz2 from the

relation

a%p/az’
K = - B2 (55)

do

1+ —

i dz

which is useful for the initial estimate of the location of the next unknown

region.)

The new region is thus completely specified by this analysis. Some
comments are required here indicating the assumptions made in this process:
the new region consists of two parts, one to each side of the known region.
Only for broadside or axial incidence will these two regions have the same
geometric properties. For general oblique incidence, or for a body without

the left-right symmetry assumed here, it would be reguired to use a somewhat

more complicated process of curve fitting to find the best extension of the
contour in each direction consistent with the calculated average values of
the surface properties. Such a process aprears to be a natural extension of

the methods presented here, although it has not been implemented.
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5.4 NUMERICAL SOLUTION PROCEDURE

By way of summary, we outline here the step by step inversion pro-

cedure, as implemented in the computer program INVRS.

1. Input of the ramp responses H (t) and H (t). These are
obtained from the space-time integral) equation solu-
tions, as described elsewhere (4], augmented by the ideal
specular response at t =0 (see Appendix 8.6), and given
numerically at regular intervals of t.

2. Bnalysis of Specular Return

Equations (41) through (45) are applied at the leading
edge of the response in the limit as At > 0 (i.e. we
actually calculate the derivatives of the responses), to
establish the curvatures at the specular voint. The
accuracy of this process is limited by the fineness with
which the ramp response is specified. On the assumption
that the target is a body of revolution, and knowing the
angle of incidence, we can establish bands along the ra-
dius of revolution through this point. This is our first
known region.

3. Extrapolate from the known region by a small distance AL
to each side to obtain the approximate center of the next
bands. The part of these bands that will be illuminated
in accordance with step (4) is our new region AS.

4. Choose the far field time, t_, such that the leading edge
; 4 L .

of the incident ramp just reaches the far edge in the y-z
plane of the new region AS at the retarded time

ER=R R O :
15 ro edge

5. Update the surface correction currents at all voints, i, in
the known region up to their respective retarded times

= + R si 5 - 9).
ti tf ar li  using Eg. (39)

6. Calculate the contributions of the known region to the far
field at time t_ (for each polarization) using Egs. (39)
and (40). Subtract these from the known responses; the
remainder is due to the new region.

7. Apply the expressions (41), (42), (44) and the result of
Appendix 8.5, to characterize the geometry of the new region.
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Establish patches along the radius of rotation, which
passes through the center of the new region. We have
now exXtended our known region and continue from point
(3) until the entire surface is covered. (For a body
of revolution it is only necessary to pass halfway over
the target.)

At point (2), the analysis of the specular return, the determina-
tion is made of the nature of the specular surface. That is, whether one or
both of the curvatures are zero (See Appendix 8.6). In the case of the sphere-
capped cylinder viewed on broadside, for example one of the curvatures is

zero, and the initial known region is the entire cylinder body.

The core of the process, point (5), the updating of the surface
currents 1s similar to the usual space-time integral equation scattering
solution [4,5]; except that here the time-derivative of the correction cur-
rents are calculated rather than the usual total surface current. Also, the
correction currents are calculated at the cxact retarded time corresponding
to the far field time under consideration, in addition to the calculations
at the regular time grid. The patch interaction of the correction currents
(Eq. 39) are calculated at the retarded times T by interpolation on the time

grid, whereas the effects of the incident field are calculated exactly.

INVERSE SCATTERING RESULTS

ui
.
w
[

We present here the results of exercising the computer program
INVRS on the test cases of a sphere, a prolate spheroid and a sphere-capped
i - - & s

cylinder, all viewed at broadside.

A quadrant of the cross-section of a sphere is compared with the
result from the inverse scattering calculation in Fig. 35. The arrow indi-
cates the direction of incidence. Crosses indicate the sample points of the
calculated contour. The agreement is very good up to the last point calcu-
lated near the axis of symmetry. At this point, the projected area of th¢
new region is much smaller than its surface area; hence a small error in the
calculation of the correction currents leads to a larger error in the surface

contour. A perspective drawing is given in Fig. 36.

-88-




”

_AD-AO44 801  SPERRY RESEARCH CENTER SUDBURY MASS

IMPULSE RESPONSE TARGET STUDY.(U)

F/6 17/9

SEP 77 C L BENNETT, R HIERONYMUS: H MIERAS F30602=-76-C-0209

UNCLASSIFIED

=ne

RADC-TR=77-273

NL '

e




= [I&

=

| il

22 s e

i
o

I= lls

- MICROCOPY RESOLUTION TEST CHARI




DIRECTION OF
INCIDENCE

CALCULATED

CONTOUR TRUE CONTOUR

)

FIG. 35 Inverse scattering results — cross-section of sphere quadrant.
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FIG. 36 Inverse scattering results — sphere.
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A similar set of drawings is presented in Figs. 37 and 38 for a
prolate spheroid of 2:1 axis ratio with its major axis along the axis of
rotation. The contour agreement for this case is veryv good, although there
Is a 5% overestimate of the size. This small error is due to inaccuracies

in the specular point analysis, caused by coarseness in the numerical repre-

sentation of the ramp response.

The results for the sphere-capped cylinder are represented in
Figs. 39 and 40. The cylinder length was 3 times its diameter. The results

of this case were less satisfactory than for the other test cases. There
are several problems in the analysis of this case: The analysis of the
spbecular point (as described in Appendix 8.6) requires separating the part

of the response due to the cylinder (which has a dependence of half-integral

powers of time) from the response due to the smoothly curved cap (which has
a dependence of integral powers of time). The numerical representation of
the ramp response available was too coarse to permit an accurate analysis
of this type. Instead, reasonable values for the dimensions of the cylin-
der as might be expected from the analysis of more accurate response data,

were utilized in the solution. The remainder of the contour generation is

reasonably good until the region closest to the axis of symmetry is reached.
Here we have the same effect noted for the case of the sphere, namely that
small inaccuracies in the calculation of the correction currents can pro-

duce large errors in that part of the contour vhich is nearly parallel to
the direction of observation. The error is larger in the case of the cyl-

inder than for the sphere, because of the much larger surface area over

whiich the surface current error is accumulated.

In summary: It has been demonstrated that inverse scattering of
rotationally symmetric bodies using the space-time integral eguation ap-
proach yields reasonably accurate results for oblique incidence. Accurate
specular analysis requires the representation of the response at intervals
of At =.05*R, where R is the body radius (At=0.2°R was available for tnese

test cases). Inaccuracies in the surface correction currents can probably

be improved by greater attention to the details of surface excitation at
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FIG. 37 Inverse scattering results — cross-section of prolate spheroid.
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FIG. 38 Inverse scattering results — prolate spheroid.
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the instant of

incidence in Section 4. Also,

incidence, it has been indicated

can be extended to arbitrary,

rotation.
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SECTION 6

SUMHMARY AND CONCLUSIONS

In this study the technique for computing the smoothed impulse re-
sponsc has been extended to the case of scattering from simple aircraft
models. These models consist of a cylindrical fuselage and rectangular
plate wings, stabilizers, and rudder. To the knowledge of these writers
this is the first time that a successful solution for this problem has been
reported. Secondly, direct time domain techniques have been developed for
the solution of the inverse scattering problem involving rotationally sym-
metric targets. Both the case of axial incidence and the case of oblique
incidence were considered. The use of polarization information enabled the
development of a solution for the case of oblique incidence. Finally, tech-
niques for computing the impulse response have been developes for the case
of cylinders with fins attached with non-axial incidence. The foundation
of these techniques is the space-time integral equation approach to the
solution of the electromagnetic scattering problem. This coupled with the
impulse response augmentation technique, is used to yield the total impulse
response or the frequency response over the entire spectrum. This, in turn,
can be used to compute the response of a target due to any incident radar

waveform, regardless of wave shape or carrier frequency.

Numerical procedures were developed for the solution of a space-
time integral equation for computing the smoothed impulse response of simple
aircraft models consisting of a cylindrical fuselage with rectangular plate
wings, stabilizers, and rudder. These procedures were extensions of pre-
viously developed techniques for computing the smoothed impulse response
of a cylincder with single fins attached. They consist of the simultaneous
solution of two space-time integral equations for the surface current. One,
an H~field type equation, is for the cylindrical fuselage surface current
and it includes the effect of currents on the fuselage and currents on the
wings, stabilizer, and rudder. The second equation, an E-field type equa-
tion, is for the current on the wings, stabilizer, and rudder and it in-

cludes the effect of both the wing, stabilizer and rudder currents and the
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fuselage currents. Finally, at the boundary between the fins and the fuse-
lage the physical boundary conditions are applied to specify the current in
that region. This technique was verified by direct time domain calculations
for a number of simple cases and found to be in good agreement. The tech-
nique was demonstrated on an aircraft model that consisted of a cylindrical
tuselage with rectangular fins representing wings, stabilizers and rudder.
These results are particularly encouraging and the techniques developed here

should be extended to more refined aircraft models. These more refined

models could consist of smooth fuselage representations which more closely
approximate the real aircraft. In addition the wings, stabilizers, and rud-
ders could be represented by quadrilateral flat plates instead of the now

limiting rectangular flat plate geometries.

The impulse response augmentation technique was successfully ex-
tended to the case of scattering from a cylinder with a single pair of fins
attached for oblique incidence. The augmentation functions for this target
were based on the results previously obtained for the cases of sguare plates
and right circular cylinders. By using a combination of these two sets of
augmentation functions the necessary augmentation function for the case of
a cylinder with fins attached was obtained. Results were computed for a
cylinder with a length to diameter ratio of 2:1 and with one set of square
fins whose size was equal to the cylinder diameter attached. These results
were obtained for aspect angles of OO, 300, 600, 900, 1200, 1500, and 1800.
The resulting impulse responses clearly show the singular contributions from
the various scattering centers on this more complex target. The companion
frequency responses display ripples that correspond to the interference
between the returns from these different scattering centers. The results

of this technique continue to be encouraging and -hould be extended to more

commplex targets and to non-rectangular fin plate targets.

A time domain approach to the inverse scattering problem was de-
veloped and demonstrated in this study. This approach starts with a space
time integral equation that represents the inversion vrocess. Previously,
an iterative technique was developed for the solution of this inversion

equation and applied to four target geometry cases. In this effort a direct
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time domain solution technique was developed for the solution of this inver-
sion equation and applied to the same four targets that were examined pre-
viously. Results were obtained for the case of axial incidence for a spnere,
sphere-cap cylinder, and a flat-end sphere-cap cylinder. The direct solution
technique results compared well with those obtained using the iterative solu-
tion technique and were in close agreement to the actual target geometries.
However, the major advantage of the direct solution technique is that it
requires substantially less computer time to obtain the solution. In addi-
tion to the case of axial incidence, the case of obligque incidence was also
considered for the inverse problem. In the case of oblique incidence the
direct time domain techniques were developed for the solution of the inverse
scattering problem using polarization information together with the target's
ramb response. As an example of these techniques, the case of broadside
incidence on three targets was considered. The results were obtained for

the case of a sphere, a sphere-cap cylinder, and a prolate spheroid. The=e
results yielded a geometry estimate which was in close agreement with the
actual geometry except at the ends of the targets. It was found that this
technique requires only a single observation angle for the case of broadside

incidence.
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SECTION 8

APPENDIX

8.1 IMPROVED SPACE-TIME INTEGRAL EQUATION SOLUTION TECHNIQUE

To implement the solution for the inverse scattering problem des-
cribed in Section 4, it is necessary to compute the correction currents,
JUR' for the surface. These currents represent the effect at a given point
on the surface of currents flowing at other surface points. 1In this compu-
tation use is made of the rotational symmetry of the target. This allows

for a substantial reduction in the computer time and memory requirements.

The geometry of the rotationally symmetric scattering problem 1is
displayed in Fig. 23. For convenience the polarization of the incident
field was *aken to be vertical, since the ¢ reference is arbitrary in rota-
tionally symmetric problems. The scatterer surface is defined by the con-

tour

o= pliz)

where p (the usual cylindrical coordinate) is the distance from the z-axis.
The contours,; produced in the y =0 plane, starts at the most positive point
in z and moves along the curve in the negative z-direction. The surface is
then generated by rotating the contour about the z-axis. The unit vectors

of interest are

the unit vector normal to the surface

o]
i

a_. = the unit vector tangent to the surface which lies in the
Rlane generated by the z—qxis and the position vector

r. (This corresponds to a. in the spherical coordinate
systen.)

4a_ = the unit vector tangent to the surface which is perpen-
dicular to a,. (This corresponds to é¢ in the spherical

coordinate system.)

It is also convenient to define

-101




dp

S dz

° 1+ I@'\'

\dz /
which yield the following relations

a, == gpap - 9a,
dom a¢

a = gap = gpaz

The expression for the total surface current J, which was derived

in Section 4.1, is repeated here for the case of an incident ramp waveform
s > A > > -+ >
JR(r.t) = 2an X HR(r,t) + JCR(r,t) (56)

where

By virtue of the rotational symmetry in this problem, the total surface cur-

rent can also be written as

3 (;,t) =43 J_ (L ,t) cos $ + a_ J_ (L ,t) sin ¢ (57)
5 L/ 3 R3 z

where 2 is the position coordinate in the 52 direction. Combining these

two equatlons and solving for J yields the coupled integral equations:
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. b 5 Sl S
JCR (gz't) T O f fa{— 3 " B 5?TIJR (lz'T)ds
2 i R R 2
S o
T=t-R
o i
1 B oE - 5
—_ —_—_ == —
+ 57 f fb( 2 2aTlJR (27,7) as (58a)
R R 3
s =
T=t-R
1 e I
3. (R ,t)——f Foa =t oot by 40" 0y an"
CR3 z 2T c; R3 R2 31; R2 Z
S - -
T=t-R
1 F i 1 3l P .
+ e f fd; 3 + 257 JR (QZ,T) as (58b)
R R | 3
s = '
T=E=R
where
i it = ) b e -~ ‘1] ;.
fa—- ng +gp(z—z))mm¢ -09i<w5¢
£ =- (z-27) e
b sin ¢
£ = (g 970" +9g79p - 99" (z-27) sin’¢"
c . P P PP J
i - 4 - . o) -
fd = | gp - gp(z-z )fcos ¢ - gp )cos (-

The initial approach taken for the solution of Egq. (58) was that
employed in the direct time domain solution. A grid is structured, as des-
cribed in Section 4.2, on the portion of the target whose geometry has been

determined. The incident field is taken to be a ramp defined by

4 | 0 3 T¥+z<0
HR(z,t) = {
e+ ¢ L+ 20
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where

faijSL
fbijz
fcij:L
dijf

ij%

J

For the numerical calculations Eq. (58) is represented as

1 % 1 i %
t) = 4 = —— e B
CRz(zi ) 27 y > faijQ{R3 + 2ot an(zj'“ as,
i R 138 38
T = t-RijQ«
1 \’ 1 1 9
*om 3 & S U w0 BT 85y 1550)
g B B.p 3
j ij ij
T = t—RijQ«
. (i
BT o - 1 al
CR3(zi't) =% In > £ Faiss §R3 4 2 o JRz(zj'T) asy
2 . 9 _®
4 e T T = =R, .
ijl
u RO A
1 \ e ,
*om S /i fdijﬁl A .3 Yo e (zj’T) Aty A=)
IR ONLLE
j R \ ije ijl 7
E =2 E"R, .0
1%

designates the band on which the observer is located.
designates the band on which the integration point is located.

designates the patch on band j on which the integration point
is located.

i \
- cos ¢Q< [gjoj o gpj(zi-zj)g cos ¢, - oiqj>
J ’/

e
~ sin ¢Q (zi —zj)

e, -8 )]
g & zJX

sin2¢ ;9 g.0. ~ g .90, =9
2 t Pl it d 17979 P 1

i pi j ) pi

7’ < \
- - ' o - 2} A
cos ¢, {[ 9.0, qpi(zi zj) | cos by gitj/

the distance between the observation point and the inte-
gration point.
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ASQ = the area of patch £ .

The time differentiation and interpolation necessary for the eval-
uation of the integrands in Egq. (59) are performed numerically by represent-
ing the surface current with a fourth-order polynomial. 1In order to achieve
the best accuracy, the five points used for the representation were chosen
such that the current would be evaluated as near as possible to the middle
of them. The correction currents JCR(zi,t) are computed for the time at
which the leading edge of the incident field reaches Zi' This insures that

all non-zero contributions to JCR come from portions of the target whose

geometry is already known.

For the calculation of p(z,t) it is necessary to evaluate the time
derivative of integral

N\

I(r,t) : '\ CR (r I3 ) X a S

/

S L= E=R

> >
For the numerical implementation I(r,t) is represented as

& ‘\,
Elz EY = ? Z Laii Jz(zi,T) e bil J3(zi,T)jAsi (61)
9

where

a = (o s2¢
i2 9p; 908 ¥

el
bil = - sin ¢R .
The time derivative of the sum I(z,t) is calculated using the central deri-

vative formula

anlz,t) Il(z,tre) = f(z,t=¢5)

ot 2¢€

where £ = .01.
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The results obtained using this numerical implementation gave

solutions which were quite close to the actual target contour. They did
not, however, reproduce the contour exactly. In an attempt to improve the
results, it was found that a more precise computational method was needed
to account for the surface current interaction caused by the leading edge
of the incident ramp waveform. The effect of the derivative in the expres-
sion for JCR combined with the derivative necessary for the computation

of p(z,t) is to necessitate integrating an impulse in discrete space-time
steps. This discontinuity occurs only at the leading edge of the incident

ramp since the second derivative of the ramp at (z,t) is zero after the

leading edge passes.

To obtain a new numerical representation the expression for the

>
derivative of the correction currents, BJCR/Dt was expanded, to yield

> ->
o (£ )
CR AR T 2 fl 1 3 (> . > . ol e
ot T o2m dt J *n x.\LRZ TR ‘LJpo(r AL '[)J * aR;"db s
o T = t£~R
where

i >

218 >, 2,\ H ( -
= X r .
JPo(r ,T) a g (X T)

Since the discontinuity occurs only at the leading edge, the contribution
> >
to 8JCR/8t due to JPO is the only portion of the equation which must be

refined. It is necessary, then, to obtain a numerical representation for

33 . (£,t)

J b ol \

CR1 Ly P ! I[P IR e

el mas P gl 3 , \as 63)
ot 2n 3t | °n x{ 2 RO, pg'* 1) ¥ B¢ <

= T = 8=R
For the numerical model the target is represented by a grid of
circular patches. Each patch is considered to be in one of three states at
time T depending on whether the leading edge of the incident field has not

yet reached, is located in, or has passed through the patch. If the
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Y
incident field has not yet reached the patch, then JPO and, consequently,

>
GJCRI/Bt are zero. If the incident field has passed through the patch, then
there is a contribution only from the 1/R2 term in Eq. (63) since the
>
BZJPO/Bt2 is zero. For this case, Eq. (63) can be represented numerically

in terms of its two components as

BJCRlZ(zi't) 3 :
- £ - R
3t T ? S i fbijz gp,) 3 85, (64a)
: R...
5 ije
Wy (25 e %) e k
3t =tT S y Eetgn ™ T " %) 3 5 (GR)
. ; J R e
¥ 2 158

If the leading edge of the incident field is within the patch,
then Eg. (63) can be expressed in terms of the fraction of the total patch
area which is encompassed by the incident field. For this case, the com-

ponents of 3JCR1/3t can be written as

0J
CR1 - P
2. L ; 1 A, 1 3a"]
ot = T L L (falJQ, + fbl]l gp) R3 3t + R2 e 1 (65a)
e 4 L5 i38 l
9J
CR1 .
- P 1 9a ., 1 9"
ot > kil } }—\ (fCijSL + fdijl o gp.) R3 3t + R2 T ;(65b)
e I L Rije iie j
where
oA _| //ré ;.>2’ e 'l(i\ 2 ma’ dx
TR Bk At % SRR 2 jadt
31\___’ = -2 a2 - X (_i_)i
% v dat
2 As
a“ = —
m
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In the refinement of the numerical representation then, two dif-

> >
ferent techniques are employed. The contribution to BJCR/at due to JPO is

computed using Egs. (64) or (65) depending on the state of the integration

> >
patch. For the contribution of JCR to BJCR/Bt in Eq. (62), the techniques

devised for the direct approach are still used.

This second approach succeeded in further improving the approxi-

mations to the target contour. Although the solutions still did not exactly

reproduce the target geometry, they have two basic advantages over the pre-

vious approach. First the contours produced tend to be more smooth than

those previously obtained and secondly, the techniques itself yields a more

stable solution. The results presented in Section 4.3 were obtained using

this second approach.

8.2 USEFUL DIFFERENTIAL GEOMETRY RELATIONSHIPS

Consider a surface of revolution about the z-axis, where we give

the radius of rotation p=p(z). Denote derivates by p = dp/dz, etc. Note

that p~ has the opposite sign of z and that o~  is always negative. A point
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L~ (a_ *a
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SR = unit vector from the integration point to the observation point
5p = unit vector in the direction of propagation of the incident field
g }aR-aP) = an(an *ap - a, sa )
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on the surface 1is

»
r = (pcos § , p sin ¢ , 2)

Choose the principal coordinates u=-z and v=¢. We then have

>
g ¢ | : 1 h Ir |2 =1
o r = (~p° cos ¢ ,-p sin = where E r = +
Yu 0 (f r Tk @l ) IS W ¢
>
X Y = (-p sin d,p cos ¢, 0) here G = |r |7 = o
= L= p sin ¢ , P cos ; , where E rV =
and
) > ] >
a =r //E ; A4 =1x /VG ;
u u v v
and where an element of length is given by
2 ) 4
(d2) % = E du? + G av? .
The unit normal is
= N ~ cos § ,sin ¢, -p
a =a x a = S
n v =
e VE

The second order relations are

>
3% "
—— 5 = (p” cos ¢ , p" sin ¢ , O)
2 uu
Juc
3%r _ =+ .
— I = (-p cos ¢ , =p sin ¢ , 0)
D vV
ov*
with
> ~
L= ‘a = oiyves
uu n
W=y *a =-p/VE
vV n
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The principal curvatures are then

L 3/2
K = = = “/’/[;
u E
N
K. = = = =120pv E)
Y% G
For a prolate spheroid both curvatures are < 0. For a cylinder K 0 and
u
K <0. Our choice of principal coordinates assures that
v
» >
L5 o L )
u Y
ind
MESEr=t0 =0
uv n

3 INTEGRATION OVER SELF-PATCH

A

The following differs from previous formulations [4] by the inclu-

ion of the effect of retardation of the surface current over the self-patch.

'he expression for the surface current is

J(r,t) = 2N (s R N S (66)

this integral due to patch S _ containing r

We wish to evaluate the part of
by direct integration.
. > 1 . ¥ . 5
J (r;t) = = | O A 0 R ) B T (67)
2T n R
S

vhere

a is the unit normal at r

> >

R = R! = |rt—1

=




aR = R/R
T=t-R
1 1 0
£=—+—°"‘
2 3
R R 9T
> >
Write R as a Taylor expansion about r:
> >, - B3 > 1 > 2 = 2 -
~-R=r ~-r=r du+r dv + —r dua” + =r dv™ + r dudv , (68)
u v 2 au 2 vv uv

where u,y are principal coordinates. Using the relationships of Appendix

8.2 we form:

~ A e i . 2 2
an aR = ?ﬁ;' (EKudu + Gdev Y. (69)

St - .
Separate J(r ,T) into its two components

+—>‘ AN, A, 0y
Jlc ' ,T) = Jd a +t Jd & , where
u u Vs
> > - -
¥ =¥ ¥+r du *+r dv , hence
u u uu uv
- >
uu Ty
a’ = au + — du + — dv , and similarly (70)
9 VE VE
- -
rvv ruv
A"=4 +—dv + — du .
v v
VG VG

Expanding the vector triple product in (67) and considering only the J;

component to second order:
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. { e ) 2 q'A SRS T 7\
a 7 | = . - .
n : ~f uau * aR £Ju Jan aR)au} l(an au)aR }f
A 2
q a 5 2 - 1% EKudu ‘\
= :J'( - =2 (BE du” + GK dv©) ! +1 & ———— + ... ] (71)
u L 2R u A4 J Loow R iy
a
- u 2 2
= —= d - GK d s
gJu o (EKu u GKdv )

In the above, terms in odd powers of du or dv have been omitted, because
their contributions will cancel when integrating. Similarly, for the J;
component, obtain

A

a

A | i P -~ ¥ Z 2
i — d - EK d , 72
an X QSJvav X aR/ SJV o (GKV v E ,du ) (72)
~ 7
We can expand
<> -
5 y 3T (r,.t) aJ  (x,E)
< = + + -t ————
Ju(r ) Ju(r.t) R IR (T ) gy

We now assume that Ju is the same everywhere on the patch; ie.

>, ->
9J du () aJ (r,t)
e 0 and L = 2
9R T ot
then
-h -> ->
Ju(r #T) BJu(r e Ju(r,t)
SJ‘ = 3 + . B}
u W ROt R‘-
Similarly,
5
Jv(r,t)
o e A,
Lt R

The quantities J;, J; and Su, év can thus be taken outside the integral of

Eq. (67), which can be rewritten
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2N

(FK du - GK dv
v

u i
3 ds (73}

J (r,t) = lrJ(+t a r }
g - 4ﬂ: » x,t) au = Jv(r:t) aV f
S5

We will integrate over a circular patch of radius Ro, by letting

VE du = Rcos 8 ; /G dv = R sin 0 ; and dS” = RARAH

This integration yields

£ \
Ry i i ~ S \Ku E Kva
J (r,t) =48 3 (r,t) - &3 (r,t)] | R (74)
€ L u v v J 4 o
We will have occasion to use the abbreviation
iKu-KVl
et T (75)

Rewriting Eq. (66), we can substitute the above result:

> >
J (5, t)

1 b
J(Lt)+5; r ... ds

]
Y
[«
]
3
oY
(&)
<
+
——y
2
wn

where the integrals are now over the reduced area, excluding the self-patch.

Hence:

1 h ) »
(9,60 =13 f ies @S g
! B=8, ;
| y
; (76)
TR
Jv(r't) SEeE 2w Ta. .
\ i p
S SE
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It will sometimes be convenient to write this as

> 1 1 ¥ =
FAE B = = asw B 5
1z -
s = S
where Yy 1is understood to be evaluated in the above manner by separating into
components. (If one of the components is zero, Y = 1+*7.)

8.4 TRANSFORMATION OF SELF-PATCH CORRECTION TO THE INCIDENT H COORDINATE
SYSTEHM

The quantity to be evaluated in the far field integral Eg. (30)

[

> > B
dE B s .
Lo

We are interested in simplifying the first order physical optics contribu-

tion
g *>inc “+inc
- x a , where J7°¢ = 28 x H ;
r n
e}
Y is defined in Appendix 8.3, and
ér is the direction of the far field which is
o assumed to lie in the yz plane at angle «
with the z axis.
o 5 3 »inc g 4 A x x
The incident field H travels in the negative ar direction.
o
Sinc, " inc A
H (z,t) = H (x,t) 'a”

where




ind where either

= a.  ; M mode, or

H X
a._ = a ; TE mode.
H P
’ LNEA inca
*1ne J La J a
ISR T u v v
¥ = T
Consider the TM mode: a = a
H %
inc P z A inec
=2a *(a x a ) H
u u X
inc A ~ inc
37 =2a *(a xa)H
v v n X

It is convenient to write out the various unit vectors in Cartesian form:

a_= (1, o, 0)

X
§r = (@, sin @, cos O)

o

a = (0, - cos o, sin o)

P

= (T S e )

n x' 'y Tz

a = (u g, 0. u)

u = v iz

é =(VIV’O)I

v x' 'y

making use of the assumption that the target is a body of rotation about

the z-axis (see Appendix 8.2).

a *(Aa x484)=un -nu

u n X Yy z y z

y

a *(a xa) =wvn

v n X Yy 2

4 x&8 = (u cosO~u sin® ,-u cos O, u sin Q)
u r y X X
o
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fol}
x®
(1)

|1}

(v eas @ , =v. cos & , ¥ sin o)
v X X

Consider now two points symmetric about the yz plane: the quantities u ,
%

Vy' and nx have opposite signs. llence neglecting terms that will cancel

when integrating:

Fine : un - nu w cos & - u sin @ Vi cos K
J inc 3 Vv z N Y 2 ¥

Z
Y x X 1= e vy

(o] 3 i 5 y
Only for the case & = 90 (brcadside incidence), this reduces to simply

J 5 ds 2H ds proj ,
o b
Vi =)
where
S o = (2 allds .
proJ n a5

In the above, the expressions in Appendix 8.2 were used. Using a similar

procedure we find that for the other polarization SH = 51
D

; ine
+inc 2H  ~a
J '

p
= dS 3
Y * (1 +0) proj
. ; o
if and only if o = 90 .

8.5 PROJECTED AREA OF NEWLY ILLUMINATED REGION

The projected area of the new region needs to be related to its
orientation in order to determine the coordinates and derivatives of the

new region.

The region is illustrated in cross-section and perspective in

Fig. 41l. It is a slice of a skewband about the body of rotation. We




FIG. 41 Projected area of newly illuminated region.




consider first only one side of the new region, although in general there

will be two disconnected pieces.

The projected height at a point (y,z) is given by
h = 2/65—:~S§'

where pz is the radius of revolution through the point (y2,22), the far edge

of the new region. Define similarly pl, the near edge of the region.

Let 3n be the surface normal at x=0

o
a = (0,1, -p)y/V1 + p°2
o)
then &
2
B f h($n *a4_) ds .
proj é [o) o
il
where
Sr = (0, sin O, cos a) is the direction to the far field.
o

This expression needs to be simplified.

The average value of h is

e
it
-

b (b} = ‘/“’1“’2’ () =Py =+ V2pbp

where p is the average of pl,p2 and Ap = pl - pz. If p is taken as the

value in the region center, hav is then an underestimate of the effective h.

An upper limit on the effective h is

h = 2/p2 - p2 = 2/php
t 2
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where again p is the value in the center.

Here we take an intermediate value

i e
hee ™3 Vpbp
which is also the value obtained for a sphere, which can be calculated ex-

actly. Also note that

T ey

is = dz /1+p~?

Hence obtain

m .
Asproj = vplp (Az sin a + Ap cos @) ,

22 = Zl.

where Ap = pl-p2 and Az =
In the case of general oblique incidence, the AS on the two sides

are different, but in the case of OL==9Oo we multiply the above by 2, to

account for both sides. For the case of a==90°, including both pieces of

the new region, we write
As

Az = E7%§%; :

i.e. we can obtain Az and hence p = Ap/Az since Asproj and pAp are known

from the far field response.

2 ST S : -
In the case of a=0 , it is simpler to use the fact of rotational

symmetry and write

5 L
88 yos5 = (05 = P
or
1| 2 ASp_roj i
et ) o el e e

-118-




For general oblique incidence, the main problem is in determining the rela-

tive size of the regions on each side.

8.6 INITIAL RAMP RESPONSE OF SPECULAR POINT

As a first step in the inverse scattering process, the leading
edge of the ramp response is analyzed in order to obtain the geometric char-
acteristics of the specular point. The response of a curvilinear patch was
derived in Section 5.3. Specializing those results to the specular point
and writing S for the projected area and t for the time since incidence

gives:

rH(t)=~l—d~S—lt+—ldzs|£2—f—————(Ku K")g—s-{—t—?-
(> 20 dt ‘o 27 dtz o 2 4T dt ‘o 2 (77)
{ e g K ~x3 2 L
ile e u_ ' a%s |
2 2 / dat ‘o 2 2 "0/ 6
\ dt

The first two terms are the projected area to second order:. the last terms
are the polarization dependent physical optics corrections, where the sign

is + for x polarization and - for y polarization.

The derivation of the above assumed that both curvatures were non-
zero. Additional terms arise if only one of the curvatures is non-zero as

in the case of a cylinder viewed at broadside.

The projected area of a cylinder viewed at broadside is

s =2LV t(a-t/4) ,

where a is the radius. At t close to zero we can approximate

-
ds = 2L va t © dt.

We use this expression for dS in Eq. (48) for the integral over the self-

patch to obtain the next, polarization dependent term:
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1

71.\\,':1 o 9 3/ 2 cap

r H (g} = = E e & BT E 18)
(290 5 1 6ﬂ|6 or (t) L78)
- i . 1 S
In the above, we have used the facts that K =0, K =-—, and where 1
u v a

the initial ramp response of the caps as given by Eq. (77). The + sign 1in
the polarization dependent term refers to the case of x~-polarization, the -
sign to p-polarization. -
In the inverse procedure we take the average of the responses at
1
the two polarizations and test for the presence of a t® dependence. The co-

efficient of this dependence, by Eq. (78), is expected to be
G = _—f'“"‘ 5 (79)

From the remaining terms due to the caps, the two principal curvatures at
the cap-side of the boundary, and hence, the radius a is determined by the
methods of Section 5.3. Eq. (79) then gives the length of the cylinder

hody .

For roference, the ideal swecular response of a prolate spheroid
i{s evaluated. The area function of a prolate spheroid viewed at angle O

with respect to the z-axis (axis of rotational symmetry) is

2 / 2 3/ 2
Sty = ma btV e - £ /43/ B =

where

t =0 at time of incidence at the specular point,
a,b are the ellipse axes

b is the axis of rotation (2)

5

B=b cos @+ a sin o .

- ~

Taking the derivatives of the above, evaluating at t =0 and substituting

in Bq. (77) yields
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2 2 2 'K -K
rH(t) =2R,_ 2D (R0 i 4
or 2B 3/2 2= 2B 28 o
4B \ /
Fp e 2 5 ,
3 {quu Kv} a’b - K, Kv.l a’b \Ei (80)
F.° % | 89 2 ) el 6
K i\ / 4B ;

The top signs here refer to the x-polarization.

At broadside (a==90°), which is the test case of this report, the

above reduces to

/ \ ; 2 ) 3 3
RS ORI T T T e e R
o'r 2 a2z 2\ 2 /2 2 2 \2 4a 6
\ 7 f
For a sphere, both polarizations reduce to
2
a 1Lk
sty PR 82
roHr(t) > & %5 (82)
-122-




MISSION
of

Rome Awr Development Center

RADC plans and conducts research, exploratory and advanced
development programs in command, control, and communications
(c3) activities, and in the C3 areas of information sciences
and intelligence. The principal technical mission areas
are communications, electromagnetic guidance and control,
surveillance of ground and aerospace objects, intelligence
data collection and handling, information system technology,
ionospheric propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
compatibility.

‘axo\,\."lo~

RICA
wETAN
) N
“hona T

"276.191°




