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ABSTRACT

TIME-DOMAIN IMAGING OF RADAR TARGETS USING
ULTRA-WIDEBAND OR SHORT PULSE RADARS

By

Yingcheng Dai

The development of viable short-pulse radar system has renew the interest in time
domain imaging performed directly in time-domain with temporally measured signal.
Since the short-pulse response of a target provides significant information about the
positions and strengths of scattering centers, and if observations are made over a wide
range of aspect angle, one might created an image of the target using the short-pulse
response information. In this thesis, we have developed and implemented a time-domain
radar imaging technique based on a space-time magnetic field integral equation, using a
sine modulated exponential pulse, and employing the inverse Radon transform. Images
of various aircraft models were created from measured target responses over a wide band
of frequencies and over the entire range of aspect angles.

For the limited-view problem, two techniques have been proposed to process this
practical situation. One of the approach is the method of projections onto convex sets

(POCS) which has been use in image processing for a long time. We extend this



approach to radar imaging for the first time and show some useful results. Another
approach which we have demonstrated is to process the available measured projections
in order to generate an estimate of the full set of projections, an image which is called
a sinogram. The goal of this approach is to recover the sinogram from the available
measured data using linear prediction. Since the scattered field of a target can be written
as a superposition of distinct specular reflection arising from scattering centers on the
target, the position and strength of the scattering centers can be predicted using linear
prediction with the change of the observation angle. Thus the missing data can be
predicted before reconstructing the image.

In the imaging of complex radar target, the PO approximation is used in the
reconstruction algorithm. However, the PO approximation is inadequate for scattering
problems of a complex shaped conducting object such as aircraft. At high frequency, edge
diffractions, multiple reflections, creeping waves, and surface travelling waves may also
be important scattering mechanisms. Additionally, the spectral and angular windows for
data are usually restricted by practical constraints. Therefore the time domain image of
a aircraft may be different from their geometrical shape. We have investigated time
domain imaging of aircraft employing SMEP responses, and interpret the reconstructed
image from a new approach, based on analysis of the scattering mechanisms and the
back-projection algorithm utilized in image retrieval. The time-domain inverse scattering
identity with the incorporation of Geometrical Theory of Diffraction (GTD) is derived and

some interesting experimental results are provided.
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CHAPTER 1

INTRODUCTION

Microwave imaging of airborne targets has received considerable interest in recent
years. Most attention has focused on the use of inverse synthetic aperture radar (ISAR)
[50,51]. In ISAR, the target is modelled as a collection of scattering centers at sufficiently
high frequencies and the image is constructed from a 2-D inverse Fourier transform of
the Cartesian frequency spectra, or a backprojection algorithm along with a 1-D inverse
Fourier transform of the polar frequency spectra [50]. The development of viable short-
pulse radar systems has renewed the interest in time-domain imaging performed directly
in the time domain with temporally measured signals. The use of time- domain techniques
was first discussed by Kennaugh and Cosgroff in 1957 [6]. Since then, many researchers
have developed approaches to the inverse scattering problem [7-12]. They have shown
that the target impulse, step, and ramp responses are related to the target geometry based
on physical optics principles. Under the physical optics approximation, Bojarski has
established a Fourier transform relationship between the geometry of the conducting
scatterer and a form of the scattering cross section [14]. Since this approach is based on
the physical optics approximation, it is valid only in the limit of high frequency. When
the size of the scatterer is comparable to the incident pulsewidth, the physical optics
solution is inadequate for this scattering problem. Furthermore, the impulse, step, or ramp
response of the target is hard to obtain in practice.
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The purpose of this thesis is to develop and implement an imaging technique
directly in the time domain. Since the short-pulse response of a target provides significant
information about the positions and strengths of scattering centers, and if observations are
made over a wide range of aspect angles, one might create an image of the target using
the short-pulse response information. The starting point of this thesis is the time-domain
magnetic field integral equation (MFIE). The derivation of the MFIE and its numerical
solutions are provided in chapter 2. Chapter 3 gives the time-domain inverse scattering
identity (thickness function) developed from the time-domain MFIE and the Radon
transform. It shows that the size and shape of an object can be obtained from its cross-
sectional area function, and that the problem can be reduced to the classical Radon
problem. In this process, the Sine-Modulated Exponential Pulse (SMEP) is used as the
incident field.

Since the area function can be estimated from the scattered field when the incident
field is a SMEP, the remaining problem is thus essentially that of reconstruction from
projections. The basic idea of reconstruction of an image from a series of its projections
appears to have been first discussed by Radon [16]. The techniques that exist for
reconstruction fall into two directions. The whole operation can be done in frequency
space directly, or the equivalent of these expressions can be transformed into the spatial
domain. Whether implemented in the spatial domain or in the frequency domain, the
reconstruction algorithms can be conveniently interpreted by means of a straightforward
and interesting theorem, which is the projection-slice theorem. This theorem states that
the Fourier transform of a projection is a center cross section of the Fourier transform of
the projected object. Most modern tomographic systems are based on this theorem. Thus,
by formulating the object reconstruction problem as a form of the Radon problem, the
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many reconstruction techniques and the properties of reconstruction from projections
which are well developed in other fields for the two-dimensional case can be extended
and applied to the inverse scattering problem. Chapter 4 gives the development of the
reconstruction algorithm and provides clear images with highly-defined edges using
stepped-frequency, multi-aspect measurement data of aircraft models.

For complete reconstruction, the time-domain approach requires data for all aspect
directions. However, in practice, information usually available only for limited view-
angles; thus, it is necessary to analyze the effect of incomplete information which may
cause the inverse problem to be ill-posed in nature. The limited-view problem has
attracted considerable attention in computed tomography imaging research, and techniques
for dealing with it have been proposed. Techniques can be put into two categories:
transform techniques that incorporate no a priori information, and finite series expansion
methods that may incorporate a priori information as constraints. The transform
techniques are usually single-pass direct reconstruction [18-20] while the finite series
expansion methods are usually iterative [21-27]. Projection onto convex sets (POCS) in
particular has shown great flexibility in dealing with known geometric constraints and
with noise. We will extend POCS into radar target imaging. The details are carried out
in chapter 5. Also in chapter 5 we will demonstrate a new reconstruction algorithm for
radar imaging in the limited-angle case. The goal of this approach is to recover the
sinogram from the available measured data using linear prediction. Since the scattered
field of a target can be written as a superposition of distinct specular reflections arising
from scattering centers on the target, the trace of the scattering centers can be predicted
using linear prediction with the change of the observation angle. Thus, the missing data
may be predicted before reconstructing the image.
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In the proposed time domain imaging technique, the physical optics approximation
is used to model the scattered field of an aircraft. However, the PO approximation is
inadequate for scattering problems of a complex shaped conducting object such as aircraft.
At high frequency, edge diffractions, multiple reflections, creeping waves, and surface
travelling waves may also be important scattering mechanisms. Additionally, the spectral
and angular windows for data are usually restricted by practical constraints. Therefore,
the time domain image of an aircraft may be different from its geometrical shape. In
chapter 6 we will investigate time domain imaging of aircraft employing SMEP responses,
and interpret the reconstructed image from a new approach based on analysis of the
scattering mechanisms and the back-projection algorithm utilized in image retrieval. The
time-domain inverse scattering identity with the incorporation of Geometrical Theory of

Diffraction (GTD) is derived and some interesting experimental results are provided.



CHAPTER 2
INTEGRAL EQUATION AND ITS SOLUTION

FOR TRANSIENT SCATTERING

2.1  Introduction

Before the advent of the high-speed digital computers, most electromagnetic
scattering problems were solved in the frequency domain. The boundary value solutions
associated with electromagnetic radiation and scattering phenomena were based upon
analytical techniques that attempted to generate closed-form solutions and were, therefore,
limited to a few classes of problems. Approximate techniques such as geometric optics
(GO), physical optics (PO), and the Rayleigh approximation were applied to other
problems to obtain estimates of the scattered response. With the advent of high-speed
computers, the frequency-domain integral equation technique has also provided many
interesting and useful results.

The integral equation and its solution could also be obtained directly in the time
domain [1,2]. Indeed, the frequency-domain integral equations have their time-domain
counterparts [3]. With the developments of high resolution radar and electromagnetic
pulse (EMP), the investigation of radiation and scattering of transient waveforms from
conducting objects has attracted increasing interest. There are two integral-equation
techniques available for solving transient electromagnetic problems [3]. One of them
involves the Fourier transform of the frequency response of the scatter to synthesize the
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time-domain response. The alternative technique is based on the time-domain integral
equation and its subsequent solution using the marching-on-in-time method. The details
of this approach and other approximate techniques will described in Section 2.3. The
derivation of the general integral equation for the scattering problem is covered in Section

2.2.

2.2  Time-Domain Integral Equations

The integral equation method has several advantages, such as geometrical
generality, compactness, and computability, which make it an attractive approach to
solving electromagnetic boundary value problems. In this section we will provide in
detail the derivations of the time-domain integral equations directly, rather than via the

inverse Fourier transform of the frequency-domain solution [2].

2.2.1 Magnetic Field Integral Equation
Consider the scattering of electromagnetic waves by good conductors, as shown
in Figure 2.1. The electric and magnetic fields of the scatted wave satisfy the time-domain

Maxwell equations in the source-free, free space region outside the conductor.

VAE'() = by B )

Gsan Oz

VxH'(Ft) = e, atE () Q.1
VE'FH =0

VHFD =0

where g, and , are the permittivity and permeability of free space, respectively, and 7



incident
wave

Figure 2.1  Scattering of an incident electromagnetic wave by a
perfect conducting body.



is the position vector.

These fields can be derived from a scaler potential ¢* and a vector potential A *
such that

EGy) = —V¢(?.r)-§t-£ En, G = LA F) @.2)
Ho

These potentials are related to each other by the Lorentz condition
s 10 5o
VA () +——=—¢°(Ft) = 0 (2.3)
c2or

where c is the free-space light speed. Applying equations (2.1) and (2.2) yield the wave

equations satisfied by ¢* and 4°

( L@ o - o, (vﬂ——‘—i {°Ga) = 0 (2.4)
c?ar? c?or?

The retarded solutions of the wave equations (2.4) are

l?-F/Vc)dg/
/
|

Ry
T dmey’s |-
2.5)

F et P [ S 2= |F-7'lfc) 4
4n’s  |F-F/|

where J is the current density and g is the charge density on the surface of the body.
They are related by the continuity equation
N SV
V'J(r,t)+§q(r,t) =0 (2.6)
Substituting (2.5) into (2.2) gives the following integral representation of the scattered

magnetic field H°(F,r) at a point 7 exterior to the scatterer and at time t



1
2

e = L[ e oxvd-
B = o [ T 0w -—

Jixif(r~ ,r)Jd.v ! 2.7
T ot

where

R=7F, R=|F-F| (2.8)

r = t-LiF-7 @.9)
c

The operator V' acts on the source point 7. Equation (2.7) expresses the magnetic

field of the scattered wave at a point in space and time as a composition of excitations
from individual points of the scatterer’s surface at specific retarded times.

The derivation of the Magnetic Field Integral Equation (MFIE) begins by applying
the appropriate boundary condition. On the surface of a perfectly conducting scatterer, the
total magnetic field is related to the surface current density at all times through the

equation

JF) = Aax[B'Fn+H FED) (2.10)

where 7 is the outgoing unit vector normal to S.

Applying (2.10) to the representation (2.7) yields the time-dependent MFIE [2]

F7t) = 20xB e [ (L2 57 1)+ JED, R o 211
JFp) 2an(r,t)+2nxfs[cat.lr,1:)+ = ]szds' (2.11)

where the integral is taken to be a principal value (P.V.) type. As we will see later, the
special form of this integral equation plays a fundamental role in enabling us to construct
its solution using a marching-on-in-time method.
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2.2.2 Electric Field Integral Equation
The time-domain scattering of an electromagnetic wave by a perfect conductor can

also be formulated in terms of an Electric Field Integral Equation (EFIE). Using (2.5) and

(2.2), one can obtain the following integral representation of the scattered electric field E °(7,)
at a point 7 exterior to the scatterer and at time t, in terms of the retarded values of the

surface charge density @ and the surface current density J induced on the scatterer’s

surface S

=5, 1 1|1 ~/ 10 ,. 0 7 /
E'Fp = -—— [ ={—VRo(¥',1) +——0o(F',t)VR + p,—J(F',t)lds’ (2.12)
#n = - SR{EOR e(F',7) . 5, QTP IVR o ——J( r)}

The EFIE for the scattering problem involving a perfect conductor may be derived
from the following boundary condition which holds for all points on S

Ax[E'FE+EF] = 0 (2.13)

Applying condition (2.13) one arrives at the following EFIE involving @ and J

oz A Mo d 7., @F ) R 18 .., . RJ|,,
AxE'Gr = Dox [ |22 J7 -0 R 10,60 R i @9
D 2n xfs R ot " €&, R3 g arQ( 2 cR?

where the integral involved is also of the P.V. type. Clearly, the EFIE is a Fredholm
integral equation of the first kind while the MFIE is a Fredholm integral equation of the

second kind.

2.3  Numerical Solution of MFIE
There are two useful integral equation techniques available for solving transient

electromagnetic problems. One of them involves using the Fourier transform of the

10



frequency response of the scatter to synthesize the time-domain response [3]. The
alternative technique is based on the time-domain integral equation and its subsequent
solution using the marching-on-in-time method. Here, we will describe the marching-on-

in-time method in detail.

2.3.1 Rigorous Solutions

A commonly used technique for solving transient scattering problems is the

marching-on-in-time method. Consider the MFIE

. . . - I, _
T = 2ixA G- f{%a—"’sz(r*’,m ‘(; t)}x%ds/ (2.15)

where f denotes the principal value integral, and t =z-R/c is the retarded time.

This equation is clearly a Fredholm integral equation of the second kind. Note that

for a given time ¢, the unknown J, inside the integral has an argument t =r-R/c. Since

the principal value integral excludes the point R=0, t is always less than ¢. Thus, we can

regard (2.15) as an expression for the unknown current J (¢), at any given time #, in terms

of the known incident term 27ixH’, and an integral which is also known from the past
history of the current J,. This procedure forms the basis of an iterative technique for

constructing the solution of (2.15). The solution is started at the time t=¢ , invoking

causality which guarantees that all past currents and their derivatives are identically zero

for t<t . The solution is then constructed by gradually building it up for >z, by

marching on in time using a time-stepping procedure.
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The method of moments can be applied to the solution of equation (2.15). First,

let’s express the unknown J, in an expansion of pulse basis functions

N, N,
=Y Y AFHVFEU (2.16)

i=1 j=1

iy 1 for ¥/ on the surface segment center at T,
’1(’ ) = { 0 elsewhere
where
for t in the time interval centered at Y

UM ={o esewhere

The unknown zi;.j are the vector weight coefficients for the space-time sampled values of

the current J, on the surface of the structure which is assumed to be subdivided into N,

patches centered at r;,. The total time is also assumed to be subdivided into N, time-steps.

Since there is ai;l ot in equation (2.15), js(t) and ais/ Jt should be differentiable

at the observation time 7, so we use a second-order Lagrange interpolation to approximate

the current
@-)e-1,) - -1, )-1,) -
it T 4
@)@t T e )

(t_tj-l)(t_tj) -
.-t ) —t)A""
J+1 Tj-1Nj+1 f

E,.j(f’,z) = A‘,.j(z) =
(2.17)

where A is the sample value of J, at the center point of patch As; at time #. Then,

substituting equation (2.16) into (2.15), and point matching at the center point of each

patch As, gives
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! l

J 7, 0 =28xH ', z)-—"-xfzz —A, (1:) +A, (r) xRV, (F) U(v) ds’
2n 7 p g (2.18)

Note that p=i gives the contribution of the principal value integral due to the induced
currents in the self-patch itself. However, it can be shown that this contribution is zero

if As, is a flat surface

-

JxR = AJR - #Ax(JxR) = AxAiJR = 0 (2.19)
We can consider J, and R to be constant within patch As,, and thus the integral
over each patch can be approximated by multiplying the current value at point r, with

the area As,,. Then

- Nl Nl
J (7,0 = 2ﬁxfi"(,'-'l_,t)—2Lnx y EAsn[aTqu(t) s +A, (r)RlP xR,U(t)  i=12,.N,

p=lp#i gq=1
(2.20)
| R,
where R, = |F; pl Point matching at time t, and letting g =j-in —7&?— +0.5|, where
cAat
int[--] denotes taking the integer part of the data, equation (2.20) becomes
A A, ( a4, (v) 1 ¢ s
J(F;, t) A =2ixH" (r t)-2—x —3qu(t) ><R..‘p J=1,.,N,
i P”P’l CR.p t=t; R,p e,
(2.21)

The sample points in time are not independent of the space sample points used.

In order to let the two adjacent current sample in space not fall in the same time interval,
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the time sample spacing At must be related to the space sample spacing AR by

cAt < AR (2.22)

Finally, we can use a method of marching-on-in-time to solve the problem. First,
assuming the start time is t;, and all the surface currents on S are zero for all time less
than t, to view the integral equation as an initial value problem. For instance, let us
assume that at time t, the incident field has just reached the scatterer. By virtue of the

retardation and the principal value nature of the integral, a current is induced on part of
the scatterer which is equal to 2AxH lA(f’l,tl). As the time progresses further to t,, the
current at each point is then given by the known incident field 2AxH ‘(F,tz) plus a

contribution from current at other points on the scatterer at earlier times which is also

known. Using this idea gives

—

for j=1, A; = A, = 2ixH'(F,t,)

N, | (2.23)
for j=2, A; = A, = 2ixH (r,,r2)+5—x y {—aA (v) +—31fm(r)}xﬁ,.pAsp
p=1 pei cR,p =, R,

Thus, marching on in time will allow us to build up the current solution from
previously known values. This method has many advantages, such as ease of
programming and speed. Also, the solution is usually explicit and does not involve the
inversion of large matrices. However, a major disadvantage of the method is that the
computed solution often becomes unstable as time progresses, usually taking the form of

a very regular exponentially increasing oscillation which alternates in sign at each time-
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step [4,5]. The cause of this instability will be seen to be related to the existence of
resonant frequencies at which the corresponding frequency domain integral equation has

more than one solution.

2.3.2 Instabilities In Marching-on-in-Time Methods

The occurrence of exponentially increasing instabilities is a common feature of
time marching method for solving transient scattering problems. In this section we will
examine how the instability arises and describe a simple method to eliminate the
instability. More details can be found in Rynne [4] and Smith [5].

The system equation (2.21) can be written as

. N, N,
— ~ — ~ i -
EAiJ = AxH, ;+Ax P ngl Alp-q (2.24)

) R.
where i = 1,2--N, j = 1,2-N,, ap'q are some constants and Nq=intlT"’ +0.5}
cAt

Now, recast this system of coupled linear equations as follows. Introduce the auxiliary
variables

@ _ - =
Aj = Apyq  PLNg q=1N (2.25)

These are vectors in R’. Fix i and j. Then equation (2.24) shows that each component of

the 3-vector A,f;” is a linear combination of the components of the NN -length vectorA ;?

and the component of the forcing term ﬁixﬁi j» and, moreover,
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—(N)

A, - AN (2.26)

ij-1

7 _ 70
Au = 4 ij-1 "

7@ _ £
ij-1 Aij = 4,

In short, each component of any such vector A,.(j) is a linear combination of the
components of the NN -length vector Xq‘? and the component ﬁiXﬁi J

Now, let Y; denote the following column vector in R assembled from the

auxiliary variables Xq‘? (g=1....N, and g=1,....N,)

~(N) +(N)

Y, = [A9, 40),.... A}, ,...,X,f,‘::,...,AN 1 (2.27)

J 1j2 Ty

Also, let h; denote the following column vector in R+ assembled from the forcing

terms

hy = [a,xH,; O, .., O, fiyxH,, O, .., O,.., #y xH, , O, .., 01"  (2.28)

Here O denotes the zero vector in R®. Then
Yj = BY, ,+h, (2.29)

Here B is a suitable matrix in terms of the constants ap';.

The initial quiescence of the system before the transient arrives requires that Y _=0.
If H™ represents a transient of finite duration then H =0, and H;=0, for all j exceeding

some fixed M. Hence h=0 for j>M. The solution is therefore (when j>M)

Y, = BY"Mn, +Bh,,  +..+BM'h) (2.30)
Thus, if B has an eigenvalue of modulus exceeding 1, the vector Y; will grow
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exponentially in modulus. To demonstrate this, suppose that B has diagonal Jordan form

A = diag(h,, Ay = A 231)

N,Nq)

where B=U"'AU for some non-singular matrix U. Denoting UY; by Z, the system (2.29)

is equivalent to

+Uh, (2.32)

J j-1 J
The homogeneous solution to (2.32) are of the form

Z; = [a,)),8,)),....ay NN !Nq]T (2.33)

where a,,a,,... are constants, and any nonzero component is unstable if its corresponding

eigenvalue 2, is of modulus exceeding 1.

There is a simple remedy to the problem of the onset of instability. Consider the

following weighted average across 3 times steps:

- .
J ( j+1 2 J ]'1)14 ( )
Iherefore we I‘eplace (2.29) by

1
Y,- = Z(Bz+2B+I) yj L+ (21+B)hj (2.35)

which represents the effect of doing two time marching steps followed by an averaging
process (2.34). The eigenvalues of (B+2B+I)/4 are (A+1)?, where A is any eigenvalue of
B. This has the virtue of shifting the troublesome eigenvalue near -1 to around zero, and
more generally of shifting any eigenvalue which may be slightly outside the unit circle
to inside. So this process will almost shift all the eigenvalues of the unstable marching

process inside the unit circle. Sample numerical results will be provided in Chapter 4.
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2.3.3 Approximations

For scatterers that are large compared to the wavelength, the physical optics
approximation is a well-known method in the frequency domain. Similar approximations
can also be obtained in the time domain. In this section, we will extend the idea of the
physical-optics approximation in the frequency domain into the time domain.

For a perfectly conducting body, the surface-current-density distribution derived

in the frequency domain under the physical optics approximation is

7 oy < | 2AxAEe)  E'i<o (2.36)
0 k>0

Where 7 is the unit vector normal to the surface at point 7, ﬁi(f‘,w) is the incident

magnetic field with angular frequency ®, and k ! is the incident wave vector. For a time-

function excitation, the incident fields may be decomposed into their frequency-domain

components by superposition as follows

KRy =Y A0 Re,) =Y H(Ro,) (2.37)
and
N T P P i
fw(i",t) _ XM: 2AxH ™ (F,w,) = 2hAxh'(Fr) k'A<0 (2.38)
0 k'-A>0

Under the far-zone approximations, equation (2.7) can be simplified as
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"s.._l Ir= /l_l-8-../ /
) = yo [S J(F ,t)xV(E) mRxgj(r ,t)}ds

S _
= lf j(f/,t)x£+mxi / (2.39)
4n R* ot/ cR?

_ 1 fR?Xa.i(F/’rl)dS/
4nRc’ s ot/

Thus #° can be explicitly written in terms of the incident field as

i
RFp) = - 1 Rxfﬁ’xmds/ (2.40)
2nRc i ot

where f ~ denotes an integral over the illuminated portion of the target.
:

The physical optics approximation allows the direct evaluation of J from a

knowledge of the scatterer’s geometry and orientation with respect to the incident wave.
One of the short-comings of the PO approximations is its inability to accurately to

represent the current near the shadow boundary.
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CHAPTER 3

TIME-DOMAIN INVERSE SCATTERING IDENTITY

3.1 Introduction

Target imaging and identification using electromagnetic responses in the time and
frequency domains has attracted increasing interest, with most methods carried out in the
frequency domain. The use of time domain techniques was first discussed by Kennaugh
and Cosgroff in 1957 [6]. Since then many researchers have developed approaches to the
inverse scattering problem [7-12]. They have shown that the target impulse, step, and
ramp responses are related to the target geometry based on physical optics principles.
Under the physical optics approximation Bojarski has established a Fourier transform
relationship between the geometry of the conducting scatterer and a form of the scattering
cross section [14]. Since this approach is based on the physical optics approximation, it
is valid only in the limit of high frequency. When the size of the scatterer is comparable
to the incident pulsewidth, the physical optics solution is inadequate for this scattering
problem. Furthermore, the impulse, step, or ramp response of the target is hard to obtain
in practice.

In this chapterl we start from the space-time magnetic field integral equation, and
by using a Sine-Modulated Exponential Pulse (SMEP) waveform as the incident field, an
exact two-dimensional time-domain bistatic inverse scattering identity can be obtained
based on the inverse Radon transform. The formal definition of the Radon transform is
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given in Section 3.2. In Section 3.3, the time-domain bistatic inverse scattering identity
is derived in details. Special cases such as the monostatic case, rotationally symmetric
target, flying object and three dimensional case are treated in Section 3.3.2, 3.3.3, 3.3.4,

and 3.3.5, respectively.

3.2  The Radon Transform

Radon transform theory has become a very important mathematical operation and
its applications are well known. They include computerized tomography (CT) applications
in, for example, diagnostic medicine, radio astronomy, electron microscopy, optical
interferometry, and geophysical exploration. These well-established concepts can be

extended and applied to the radar inverse scattering problem.

3.2.1 Radon Transform in Several Dimensions
The Radon transform of a function at a given hyperplane is defined as the integral
of the function over that hyperplane [11-13]. For a hyperplane in n-dimensional Euclidean

space defined by

E-%-p @3.1)

where ¥ is the spatial position vector, £ is a unit vector orthogonal to the hyperplane,

and p is the Euclidean distance from the origin, the Radon transform F (, p) of a function f(x)

over the hyperplane is given by
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F&p) = [, fdds 3.2)

The above equation may be expressed more conveniently in the following form

by using the Dirac delta function &
FEp) = [AD(p-E-%)ds (3.3)
The inversion of the Radon transform consists of expressing f(¥) in terms of its

integrals F(€,p) over the hyperplanes. The inversion formula for odd dimension in » is

_ 1 (-1),3 & = 33
D = o [eiFo & kDt (3.4)

where F,f"'” is the (n-1)th derivative of F with respect to p. For even n, the inversion

formula is

, e FO V)t

D) = ! f dgf dpP_:(_pﬁ (3.5)
@mujyr 1=t =T e

Since the two-dimensional Radon transform has been used in this work, we will

mainly discuss this case as an example which will also help understanding the Radon

transform for higher dimensional cases.

3.2.2 Two Dimensions
We will use the coordinate system defined in Fig. 3.1 to describe line integrals.
Let (x,y) designate coordinates of points in the plane, and consider some arbitrary function

f defined on some domain D of 2-dimensional Euclidean space. If L is any line in the
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Figure 3.1 Geometry of 2-D Radon transform.
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plane, then the line integral of falong all possible lines L is the two-dimensional Radon

transform of f provided the integral exists. It can be written as

F = [ fixyds 3.6)

where ds is an increment of length along L.
The equation of line L in Fig. 3.1 is

xcosd +ysing = p 3.7

Then the transform can be written as an integral over two dimensional Euclidean space

by using the delta function to select the line L from the space

Fpd) = [~ fxy)dxcosd+ysind-p)dudy = [fDd(p-E-dr  (38)

where ¥ = (x,y) and E = (cosd, sing).

If F(p,¢) is known for all p and ¢, then F(p,¢) is the two-dimensional Radon
transform of f{x,y). A projection is formed by combining a set of line integrals. The

simplest projection is a collection of parallel integrals as is given by F(p.¢) for a fixed
angle ¢.

Since €% = xcos¢ +ysind, the inverse Radon transform for the two-dimensional

case (n=2) can be written from (3.5) as

9 Fp,t) 39

1 = -
R = -, u[_~%¢

If the replacements x = rcos®, y = rsin® are made, then f'in polar coordinates becomes
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-—F(P £)
3.10
f(r,ﬂ) _‘_f f d ( )
“p- rcos(cb 0)
These formulas for n=2 constitute a solution to the problem of reconstruction from

projections.

3.3  Derivation of Space-Time Integral Equations and Inverse Scattering Identity

When an electromagnetic field is incident upon an object, currents and charges are
induced on and in the object. The induced currents and charges will then maintain a
scattered electromagnetic field. Once the induced currents flowing on the conducting
scatterer surface and the scatterer geometry are given, the scattered field can be calculated
directly. The expression for the surface currents (MFIE) has been derived in chapter 2.
In this Section, we will apply this expression to derive the inverse scattering identities for
the monostatic and bistatic cases, respectively. Finally, we will also discuss the cases of

the rotationally symmetric object, flying radar targets, and the 3-D case.

3.3.1 The Bistatic Case

From chapter 2 we know that the expression for the induced surface current J at
the point 7 on the scatterer surface and at the time ¢ can be written as

A i T = A A
J - %nth (7.0 +J (7) nq>0 G.11)
J (7 n4<0

where

25



=« 1 r. 1 120 |7- . 3.12)
J(rp) = o snx{ [F+Eé—r— (F ,r)xak}ds

where A '(F,t) is the incident magnetic field, 7 is the unit vector normal to the scatterer

surface, 7 is the position vector to the observation point, 7’ is the position vector to the
integration point, R = |F-F'|, 4, = (F-F)/R, § is the unit vector to the transmitting

antenna, t=t-R, and ¢ denotes normalized time in meters (c?).

From equation (3.11), we can see that the first term of the right-hand side
represents the direct influence of the incident field on the current at the observation point.
When applied to the illuminated side of the scatterer, it yields the familiar physical optics
approximation for the surface current. The second term on the right-hand side of (3.11)
represents the influence of currents at other surface points on the current at the

observation point.

Once the surface current density has been obtained, the far scattered field of the

scatterer shown in Figure 3.2 can be calculated by the expression

Frs/
B = ——{9x[ T oo (3.13)
4n s R

where R, = |F,-7'|, and v’ = -R
Assuming that the observation point 7, is not on S, the curl operator may be carried

inside the integral. Using the far-field approximations and standard vector identities, we

have
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Figure 3.2  Geometry of the scatterer and graphic view of space parameters.
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l f A an(?’,‘t/)ds/ (3.14)

P _ (¥ _; = _=/
where R, = (F,-F)/|F,-F/|
-7 F' for the retarded time

In the far zone, we can use the approximations R_ =

t'and R, = r_ and ﬁs = F_ for the amplitude term. Then (3.14) becomes

. T/
R0 = - 1 7 x () g (3.15)
41|:rs s at/
Now, we define the aperture function
L1 FeAE)>0 (3.16)
A(ri,n) - 0 .i.’.i(’._./)<0

which is unity on the illuminated region of scatterer surface, and zero in the shadow

region. Substituting (3.11) into (3.15), we have
T (! 7
55 ah (r ,'I?)A( )d?l— 1 ff'sx a’c(" 5T )dS/ (3'17)
4nr s ot/

R 0 = 1 f'sxn
t R

-— 3 .-‘/ 1
t-r+f r'. Using the vector

n

- t-R - —p—p +(F +F)-F' = t_R =
where t = t-R-R, = t-r;-r+(f+7)-F’,and t" = t-R =

A7 h")-h'(?, A", (3.17) can be written as

identity 7 x(A'xh")
aJ (F/'Tl)ds/]'ﬁi (3.18)

Anr f f’ cat/

11”‘

. i/
ﬁ/'Kah ;" ’t)A(ri, )d?/
T

2nr s

h*(Fn) =

where K = 7 - (F -h i)l; i, and h°(F 0 = A"-"’(F ,1). Now, letting the same incident pulse
s s S p
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illuminate the shadow region of the scatterer, we have

pt (3.19)

(7,
[fxx_Mdg
ot/

s ~; z0h '(r T) /
h,(F t) = — ’K A ds’ -
2(7l) 21rr ot AFul) 4nr |’ s

Combining (3.18) and (3.19) yields

1 [ g D) ';’ s’ = ) (3.20)

27 res T
where

1
hS(F ) = —
et ) 4nr|’s

aJ (7', A
Nk

S
a1’

a7 N (3.21)
BTl = —— [f f,x——‘z( Tl)ds"]-h'
4nr |’s ot/

HS(Fot) = R 1) +hy(Fot) +hy(F o) +h (7 1)

Applying Gauss’ law to the left hand side of (3.20), we have

[ L R Gt) P L B D (3.22)
- (K-F)cos(B/2)

where F,+F = 2cosg and B is the bistatic angle as shown in Fig. 3.2. Assuming the

incident magnetic field is a SMEP defined by

hi@) = sin(w e *U®) (3.23)

where U(®) = | (1, ::3, we have
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_d_h% = [w,cos(w ) - asin(w f)]e "*'U(2) (3.24)
and
dz‘;"(‘) (e2-wD)sin(w ) -2a w cos(w t)] U@ +w, 8(0) (3.25)
t?

Using the relation t = ¢-R,-R_, the left hand side of (3.22) can be written as

azh'(r 1) _ 0 ah & i
fy - [ ’-gfyh (F',%)av'’ (3.26)

Then, using (3.22) and (3.26) together with (3.23) and (3.24), we can obtain the two

equations

[ sino e Uy = ————— [ "H*F Hdr’ (3:27)

K f)COS(B/2)

and

[ .c08(0,7)e " Ux)av'= [ [HEdreaf'[H ‘(r‘s,x)dtz] (3.28)

(K f)COS(BIZ)

Substituting (3.25) into (3.22) and using (3.27) and (3.28), we have

/o ‘Rl’s Sr= t Sp=
[ Bav’ - [H (7o) +2a [ 'HG e

(K-F)cos(Bf2)w, (3.29)

ke

Now, defining the characteristic function
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— _ 1 F/EV (3.30)
Y@ {o Flev
we have
. . A 2nr, - o
f f f YF)S (e -Frdv! = — [H‘(rs,t)+2a fo H*(F, pdt
- Ko, (3.31)
2 X 'ygsi= 2
+(o}+ad) [ [ HE e }
where we use the relation t = ¢-R,-R_ and the properties of the Delta function
6(t) = 6(-1)
8(2cos=1) = ————8(1)

3
2 2cos(B/2)

r,.+rs—t
and t = —m —.
* " 2cos(Bf2)

It can be see from equation (3.31) and Fig. 3.3 that the right hand side of (3.31)

is the Radon transform of y(F/) (see Section 3.2). It denotes the projected area function

at the plane ¢, = -7’

At = [ ] [r@Hs,-#7hdv’ (3.33)

A

Here A(7,t) is the projected area onto z_ for the particular aspect direction 7 along ¢,.
Note that the cross sectional area A(7,t) is formed with a time scale such that the
cutting plane ¢t = 77 " used to determine A(7,t) moves with 1/(2cos(B/2)) (one half for

the monostatic case) of the velocity of the incident SMEP.
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If the view angles are available only in the x-y plane (8’ = n/2, 0<¢'<2n),

then the body geometry can be related to the cross-sectional areas A(7,t)) through

A(Fr) = fff‘y(x’,y/,zl)b(ts—(x’cosd)‘+y/sin¢‘))dx/dy’dz’ (3.39)

Integrating with respect to z’, (3.34) becomes

A(Ft) = f f T(x’.y)8(t,-(x'cosd’ +y'sing))dxdy’ (3.35)

where I'(x,y) = f “y(x,y,2)dz is the "thickness function" of the target in the z direction.

Taking the two-dimensional inverse Radon transform of equation (3.35) (see

Section 3.2.2 equation (3.10)), we can get the thickness function [11-13].

1 2x fo aA(f’ts) dt’d¢
'Y = -—
(p/) 4r2J0 f-a ats ts—p/COS(¢/—¢)

1 pep= AL
= - dt.d
2n2f° I (t, - pleos(d’-4) ¢

(3.36)

dtdd

1 f‘n - cos(B/2)A(F,t)
1270 7-=(t-p +2p'cos(B/2)cos(d'-$))

where p’ = x’i+y’y = p'cos¢p’s + p'sing’y, and p, = p,+p,. Substituting (3.31) into

(3.36), we have

HGL0 20 [ H@Lod+ (0 +ad) [ ['HGPLOd?  (3.37)
I,(b.,)=_2pscos(plz)fonf- fo il j;)fo drd

Kp)mw, 707 [t-p+2p cos(B/2)cos(d’- )]

From equation (3.37), we know ¢ depends on ¢, ¢* and B. Here we only
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Figure 3.3  Geometry of 3-D body reconstruction problem
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consider the special case when both transmitting and receiving antennas are fixed and the
target rotating or the scatterer is static and the transmitting and receiving antennas are
moving around the scatterer with bistatic angle ¢'-¢° = constant B. Then ¢ = ¢'-B/2 (see

Figure 3.2 and Figure 3.3), we have

Sy [ [ .
H(PL0+2a fo HE(pL0dt + (w2 +a?) fo fOH (PLndr?

()= 2P o - drdgy
Kp)mw, [1-p,+2p'cos(B/2)cos(d'-d'+B/2) (3.38)
. _205040) o H(P o) +20 [ H @ odr+(ol+o) [ [ H (B dr* "
Kpmw, 107 [2-p,+2p'cos(B/2)cos(d’-d'+B/2) )

This is the complete solution to the two-dimensional bistatic problem of recovering
a body from its scattered field; it needs the reflected fields and the correction term from
all possible directions in the x-y plane. The next step is to solve equation (3.38). We can

use an iterative method to get the 2-dimensional target geometry [9]. First, neglect the

correction terms h_(p’,t) and h5(p’t) in equation (3.38). This is the time domain
physical optics inverse problem. We can thus obtain an initial estimate of I' (p), and the

correction terms, h,(p’;t) and h5(p’f), in (3.38) can be obtained by solving

fc(i",t), fcz(?,t) in (11) using the marching on in time method, and then used in (3.21).

Then the correction terms can be used in (3.38) to obtain a new estimate of T',(p). ThenT',(p)

and T,(p) can be compared to see if the change is less than some small number, and the

procedure continued until this convergence criterion is satisfied. The numerical results for
a sphere of 14 inch radius using those procedures will be shown in Chapter 4.
Note that from (3.22) we can see that when the incident magnetic field is a ramp,
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using the physical optics approximation by dropping the correction terms, and using
B=0,K7=1 for the monostatic case, then the backscattered ramp response is proportional

to the cross-sectional area of the target as a function of the distance along the line of the
incident direction [15]. This is the same result which Kennaugh, Cosgriff, and Moffatt had
obtained [6], [7]. Das and Boerner [12] have shown that the size and shape of an object

can be obtained from its area functions, and the problem can be reduced to the classical

Radon problem.

3.3.2 The Monostatic Case
For the monostatic case, the same procedure could be used to derived the inverse

scattering identity as described in Section 3.3.1. We could also use our formulas (3.37)

just obtained for the monostatic identity if we let the bistatic angle B =0, then

cos(B/2) = 0
=P (3.39)
P = 2p
Kp = [p-(ohYp =1
Applying (3.39), (3.37) becomes
H(p.1)+2¢ fo'H‘(ﬁi,t)du(mi+a’)fo’fo‘ﬂ=(5;t)dr2dtd¢, (3.40)

~ 2p [=x[=
r'H = -2
@3 wcf .- [1-2p +2p’cos(¢’-4))°

Comparing Figure 3.3 and 3.4 will help understanding this identity.
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3.3.3 Rotational Symmetric Targets

If the scatterer as shown in fig. 3.4 is a rotationally symmetric target about the z-
axis, then it is the simplest case to reconstruct the body shape of the scatterer, because
the contour of a rotationally symmetric object can be completely described by the radius

p which varies as a function of z, and its projected area function can be expressed as

A= ﬂPZ(Z) (3.41)

where p(z) is the radius of the scatterer along z axis. Substituting the projected area

function into (3.31) yields the inversion equation for the rotationally symmetric case

1

P = {mj;_(fﬂ [H’(?s,t) +2a [ 'H(F 0dt+ (w; + o) [ [ HC, ,,)4;2}} 2 (3.42)

This expression needs the reflected field for only two incident directions to
reconstruct the rotational body, and we can use the iterative approach or the direct
"marching on in time" approach to solve (3.42). If the upper part and the lower part of
the scatterer is also symmetric, we can simplify (3.42) as

2";
p(@) = { —~
w (K

[H,’(f;,t) +2a [ H{Fdt+ (0f o) [ ‘H,‘(fs,:)dtz]}E (3.43)

where H,‘(i"s, 1) = h*(F,0) +h:,(f‘s,t). If we use PO approximations and neglect the

correction terms, then (3.43) becomes

2r t 2 tre :
= |—= |hS(F,0) +2a | h5(F, Hdt+(w, +a? hs(F pde?|\?  (3.44
P {mc(m[ (7ot) + 20 [ h*(F 0t + (@ + ) [ [ 0 0t ]} )
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3.3.4 Flying Radar Targets

In this special case, we assume that the upper part of the flying object is
symmetric to the lower part of the object such that only the reflected fields from the
lower part of the object are needed to recover the shape of the scatterer [52]. Also note
that the bistatic angle B and the distance between the scatterer and the transmitting and
receiving antennas change with the movement of the flying object. In order to simplify
the problem, we assume that the flying object has constant altitude 4, and the distance
between the two antennas is a constant d. When the target flies forward, it is equivalent
to letting the antennas move backwards at the same velocity of the target while keeping
the target static. The geometry of the scatterer is shown in figure 3.6. The following

relations can be found from the figure

r, = J h? + (hcotd + ‘E’)z (3.45)

r, = \J h? +(hcotd - ‘_2’)2 (3.46)

r = yh%+(hcotd)? (3.47)

1

sing* = Lsing =
r

d (3.48)
\l 1 +(cot(|>—ﬁ)2
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B arcsin 1 -¢
2 d, 3.49)
,l 1+(cot¢-ﬂ)
cosE = cos |arcsin 1 -¢

= cos (arcsin 1 osd + sing
1+(cotd--2y? \| 1+(cotd--2 )2
2h 2h
(3.50)

- |1- 1 . cos + sing

1+(cotd-—)? . _dy

2h \Jl (cotd 2h)
_dgy
1 4hsm2¢

. . _dy
smd)\jl (cotd Zh)

Since the bistatic angle is changes with the movement of the flying object, the

related terms should be inside the integral in the expression of the thickness function. The

thickness function can be written as

rscos(BIZ)[H “(Fot)+2a [ HG e+ (2 +a?) [ fo'H‘(F;,t)dtzJ

2 [af=
(gh=- : A
P Tw cf 0 f - K [t-r,.—rs+2r ‘cos( 9/2)C08(¢"¢)]2
.2 fuf_ i r.cos(B/2)H(7",t) dtdd
w07 =g [t-r‘.—rs+2r/COS(ﬂ/2)COS(¢I’¢)]2
3.51)

4]



where

v = HS(7 Yeysez! 2. N[ ysc 2 52
HF D = HF p+2a fOH(rs,t)dt+(wc+a )fo foH(rs,t)dt (3.52)

Then, substituting (3.45), (3.46) and (3.50) into (3.51) yields

(h—gsin2¢) HF' D

1+(cot¢—2—i)2 dtdd

\ (3.53)

2

- 1 + —i 2 4 / —i i /_
(3 rb)smd)Jl (cotd 2h) 2r'(l 4hsm2<b)cos((1> $)

o2 [0S

K+

where

_ d., _d (3.54)
= h |1+ +—)+ 1+ hadl
T \’1 (cotd 2h) hJ (cotd 2h)

The time-domain identity (3.54) can also be used to construct an image from short

pulse radar measurements.

3.3.5 Three Dimensional Case

Assuming the incident magnetic field is a Half Gaussian Modulated Sine (HGMS)

-n(

h(t) = Sin((l.)ct)e ;) U(t) = sin(wct)e 'GIZU(t) (3-55)

where a is the shape factor, & =n/a?. the second time differential of h(?) is

2
d hgt) = [(4a2t2—mi -2a)sinw t-4aw t COS(‘)ct]g “"2U(t) +w_8(7) (3.56)

d:

substituting (3.56) into (3.22) gives
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fy{ [(40521;2 _(.)3—2«) sinw T -4ew_ 1 COSwCr]e e (z)
3.57)

nr
08O = ———HG
> (K-P)cos(B/2)

Using the characteristic function and the properties of the Delta function equation (3,57)

can be written as

[[ [x@s0, 79 = —2  Hs(r,0)-
e (K-F)cos(B/2) w, (3.58)

ify[(4a21.'2 - 0} -2a)sinw T -4aw, TC0SW_Tle = U(t)dv’
wc

where 1 = r-t/2.
It can be seen from equation (3.33) and Fig. 3.3 that the right hand side of (3.58)

is the Radon transform of y(F’). It denotes the projected area function at the plane

t, = Fr ’. In polar coordinate system, (3.33) can be written as

AG1)=[" f:" [ _M’;’zy(r ,6',4") 8(t, -r[sin6'sinB'cos(¢’~¢') + cos6'cost’]) r*sin'd0'dd'dr
(3.59)

If the cross-section areas A(F,t,) are given for all directions (6%,¢’) and for all t,, then

taking the 3-D inverse Radon transform of (3.59), we can obtain the body shape function
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2,‘]-,!,2 azA(ft)

v(r',0',0 sin6'd0'de’ (3.60)
i azt r =FF
where t, = 7/ = r'[sin0'sin6'cos(¢’-¢*) +cosd’cos]. From (3.58) we have
2nr,
A(F, t) = — HE(Ft)
(K-F)cos(B/2)w,

(3.61)
- f V—2—[(4a21:2—mf—2a) sinw_t -4aw 1 coswcr]e e )dy’
(‘)C

Since t = t-2r+2f¥’ = —2ts+2i'-r"" , and dt = dt = -2dt, the second differential of
A(F,r) with respect to ¢ is

PAG, 1)
P12

s

—H @)
(K-Fcos(B2)w, &t

{ 8nr, p

s

_fywi[( - )sinw T +T( - )coswcr]e'”zU(f)dV/

c

(3.62)
+8(w: +60) [ [ [v(FH8G,-FF)dv ’l
[ 8nr iH ()] +8(w +6a)A(F,t)
I(K ‘Peos(p/2)w, It -
Substituting (3.62) into (3.60) gives
y 2x -r, aZ T
Y(r'o'¢H = f f HS{, t)——(co +6a)A(F,t) sin0'd0'dd’
5| mo K-Acos(pr2) ar? .
(3.63)



From (3.61), we have

2
AG, 1)) " B, (3.64)
4 (K'f)COS(B/Z)wC

Substituting (3.64) into (3.63) gives

_ 2r w2
Y(r',0'9) = s f f {i+2(m +6a)} 5(F. 1) sin0'd0'dd’
(K-Pcos(B/2)mw, o xp | O (3.65)

fzn f " {_ +2(w, +6a)}( S(Fs,t)+h:1(’_';,l))5in9"d0"d¢"

Kf')cos(B/2)1tw ar?

where t = 2r-2r'[sin0’sin6'cos(¢’-*) +cosd’cos6’].

This is the complete solution to the three dimensional problem of recovering a
body from its scattered field; it needs the reflected fields and the correction term from all
possible directions. If the correction term is dropped, we can get the three dimensional
time-domain PO inverse scattering identity

2n w2

-

CO-ﬂ/Z

sin6'd6'd¢’ (3.66)

t=2r-27F'

y(r' 6’,d>’)-

&
2( 2,6 )+ h(rt
w,+6a GZJ ()
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CHAPTER 4

TIME-DOMAIN IMAGING OF RADAR TARGETS USING

ALGORITHMS FOR RECONSTRUCTION FROM PROJECTIONS

4.1 Introduction

The basic idea of reconstruction of an image from a series of its projections
appears to have been first discussed by Radon [16]. The techniques that exist for
reconstruction fall into two directions. The whole operation can be done in frequency
space directly, or the equivalent of these expressions can be transformed in the spatial
domain. Whether implemented in the spatial domain or in the frequency domain, the
reconstruction algorithms can be conveniently interpreted by means of a straightforward
and interesting theorem, which is the projection-slice theorem. This theorem states that
the Fourier transform of a projection is a center-cross-section of the Fourier transform of
the projected object. Most of the modern tomographic systems are based on this theorem.

The algorithm that is currently being used in almost all applications of straight ray
tomography is the filtered backprojection algorithm. It has been shown to be extremely
accurate and amenable to fast implementation. We will extend this approach to our radar
inversion problems. In this chapter we will show how to estimate the shape of a radar
target using a short pulse radars. We start with the definition of backprojection and then
develop the reconstruction algorithm based on the inverse scattering identities derived in
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chapter 3.

4.2  Backprojection

Let (x,y) designate the coordinates of points in the x-y plane and let ¥ = (x, y),
£ = (cosd, sing).Consider an arbitrary function g(p,€) where p = ¥ = xcos¢ +ysind.

The backprojection is defined by [13]

Gxy) = [ "gbxcosd +ysing, &)dd (4.1)

rsin@ are made, then G in polar coordinates becomes

If the replacements x = rcos6, y

G(r, ©) = [glrcos(8-¢), ¢]dd (4.2)

Observe that if we consider g(p,¢) is the projection function F(p,¢) from f(x,y) by
the Radon transform, then for fixed ¢, the incremental contribution d(G) to G at the point
(x.y), or (r, 0), is given by F(p,4)d¢. The full contribution to G at (x,y) is found by

integrating over ¢ as indicated in (4.1). The operation for fixed ¢ is illustrated in fig. 4.1.

4.3  Reconstruction Algorithm
In chapter 3 we have described a method to extract the cross-sectional area
function of a radar target from SMEP responses and obtained the thickness function. Here

we will illustrate the image reconstruction algorithm.
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a(p,d)

Figure 4.1  Geometry for obtaining the backprojection
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Let’s start with the thickness function I'(§%). It can be written as

- =/ i
21270 7= [1-p, +2p'cos(B/2)cos(d'-¢'+ B/2) I
where
./ 4p cos(B/2) -/ toe ) 2 [ yrsr=! 3.2
B = ———— | H (PN +2a | H(P0)dt+ (w0, + H*(p,0d 4.4
e’ by, [ (%) afo (Po)dt + (0 a)fofo (Pod) t] 4.4)

From equation (4.3), we know that the inner integral is the convolution of
f(p —2p'cos(B/2)cos(d’-¢'+B/2)) and 1/[p,-2p’cos(B/2)cos(d’-¢'+B/2))*. Equation

(4.3) thus can be written as

I'(p) = f;f_:z—it-lwIF(m) exPU“’(Pi,-2p’C°S(g)COS(d>’—¢‘+%))]dwdd)‘ 4.5)

since the Fourier transform of 1/[p,-2p’cos(B/2)cos(d’-¢'+B/2)* is -n|w|, and the

Fourier transform of f(p, -p’cos(B/2)cos(¢’-¢'+p/2)) is F(w), and the convolution is the

Fourier transform of a product. We can see from equation (4.5) that the inner integral

represents a filtering operation, where the frequency response of the filter is given by

-7 |w |. Therefore the inner integral part is called a "filtered projection”. The resulting

projections for different angles are then added to form the estimate of I'(p’).

When the projections are bandlimited by the highest frequency B, the projection
data are collected at the Nyquist frequency, with a sampling interval of a = 1/(2B).

Equation (4.5) may be expressed as
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I'() = fo" [~ Q@) F(w) expljo(p,,~2p cos(B/2)cos(d'-¢'+ B2)]dw di'  (4-6)

where

Qw) = 1 |w | rect(w) 4.7)
2n

and

1 |w|<2nB 4.8)

rect(w)
0 otherwise

QO(w), shown in Figure 4.2, represents the transfer function of a filter with which the
projections must be processed. The impulse response, q(t), of this filter is given by the
inverse Fourier transform of Q(w) and is

1 (=1

|w | rect{w) exp(jw?) dw

90 2n)-=2n 4.9)

2B2sinc(2nBt) - B%sinc*(nBr)

This function is shown in Figure 4.3. Since the projection data are measured with a
sampling interval of //(2B), for digital processing the impulse response need only be

known with the same sampling interval. The samples, g(n), of q(?) are given by

q(n) = { 0 n=even 4.10)
- n27112a2 n=odd

This filter was first discussed by Ramachandran and Lakshminarayanan [17]. We can

replace integrals in (4.3) by sums and obtain the approximate reconstruction formula
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given by
N-1 =

I'(x,y) = %VE Y f(' ) q(t,-p +2p cos(B/2)cos(d' - + B/2)) (4.11)

i=0 k=-w
where there are N angles ¢' for which the scattered fields are known.

There are two different reconstruction algorithms that can be used depending on
how the filtering is done. If convolution in projection space is used to perform the
filtering, the above reconstruction algorithm is referred to as the convolution
backprojection technique. If the filtering is performed in Fourier space, however, the
algorithm is designated the filtered backprojection technique. Both techniques produce
comparable results.

For the convolution backprojection technique, the reconstruction algorithm
consists of the following steps:
Step 1. Create the cross-sectional area function f{¢",¢) (also called projection) from
measured data, i=1, 2, ..., N, j=-o, ..., -1, 0, 1, ..., +o0.
Step 2. Convolve the projection with the discrete impulse response of the filter to
obtain the filtered projections.
Step 3. Take the backprojection for the data obtained in step 3.
For the filtered backprojection technique, the reconstruction algorithm consists of

the following steps:

Step 1. The same as step 1 in the convolution backprojection method.

Step 2. Take 1-D Fourier transforms of the projections obtained in step 1.

Step 3. Multiply the transformed projections by the frequency response of the
filter.
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Step 4. Take the inverse Fourier transform to obtain the filtered projections.
Step 5. Take the backprojection for the data obtained in step 4.

Since the filtered backprojection and convolution backprojection techniques
produce reconstructions of similar quality, we only use the convolution backprojection

algorithm in this work.

44  Numerical Results and Images for a Metal Sphere

A metal sphere is the simplest target which can be used to validate the formulas
developed in the previous sections. We use the SMEP as the incident magnetic field
pulse. Figure 4.4 shows the theoretical SMEP generated by taking o=8x10° and
f.=10GHz in equation (3.23), and the synthesized SMEP using the frequency band 4-
16GHz. The spectrum of the synthesized SMEP is shown in Figure 4.5. Figure 4.6 shows
the SMEP response of the sphere obtained using the marching-on-in-time method
described in chapter 2. We can see that the solution is unstable. Figure 4.7 shows the
results of using the stabilized formula (2.35). The results in Figure 4.7 is obviously much
more stable than that in Figure 4.6. Figure 4.8 shows far-zone scattered field of a 14 inch
sphere computed by using the Mie series and the marching on in time method,

respectively. The cross-sectional areas obtained using equation (3.31) is shown in Figure

4.9. Note in Figure 4.9 that the cross-sectional area A(7,t) is plotted with a time scale

such that the cutting plane ¢, = 77/ used to determine A(7,t,) moves with 1/(2cos(B/2))

(one half for the monostatic case) the velocity of the incident SMEP. Figure 4.10 shows
the images of the sphere using the time domain identity (4.11) with the PO

approximation. Figure 4.11 shows the image of the same sphere when the correction
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terms are considered. We can see that the correction term provides only a small

contribution to the reconstruction.

4.5. Experimental Results and Images for Aircraft

The time-domain identity (4.11) can be used in real time to construct an image
from short pulse radar measurements. A simulation of time-domain imaging is carried out
using data measured in the Michigan State University free-field scattering range. The field
scattered from several aircraft models was measured in the plane of the aircraft wings in
the frequency band 4-16GHz at 200 aspect angles from 0° (nose-on) to 180° using an
HP8720B network analyzer. All measured data are bistatic with bistatic angle f=10°. The
data from the non-illuminated side was provided through symmetry. Each scattered field
response was first calibrated using a 14 inch diameter sphere as a reference target [see
appendix), multiplied by the SMEP window, and then inverse transformed into the time-
domain using the FFT to provide a SMEP response. The data we used are the derivative
of the measured SMEP response data, and thus a sharpening of the target edges is
provided.

Two different frequency truncated SMEPs haven been used in our radar target
imaging. Figures 4.12, 4.13 and 4.14 show the images of a 1:48 scale model TR-1
aircraft, a 1:32 scale model F-14 aircraft and a 1:72 scale model B-52 aircraft,
respectively, using the monostatic inverse scattering identity (3.40) under PO
approximation and the synthesized SMEP shown in Figure 4.4. Figure 4.15,4.16 and 4.17
shows the images of the same target models TR-1, F-14 and B-52, but using the bistatic
identity (3.38) under PO approximation. We can see there are improvements in the images
because the measured data are bistatic data. The edges of the aircraft are clearly visible,

53



with the fuselage and vertical stabilizers producing the largest thickness values, as
expected. There is some distortion in the aircraft shapes due to the use of the PO
approximation and an inaccurate estimate of target range. The image obtained using data
from the restricted range of aspect angles 0-90° is shown in figure 4.18. It can be seen
that the shadowed edges of the target are invisible due to the limited view-angles and use
of the physical optics approximation. Figure 4.19 shows another theoretical SMEP
generated by taking a=4x10° and £,=10GHz in (3.23) and the synthesized SMEP for the
frequency band 7-13GHz. Figure 4.20 shows the spectrum of the synthesized SMEP.
Figure 4.21 shows the image of the same 1:72 scale model B-52 aircraft obtained by
using the second SMEP. We can see that the edges of the aircraft are not as clear as in
Figure 4.17 because the pulsewidth is bigger than that of the first SMEP. We can improve
the quality of the picture by adding a proper window to the SMEP response data in the
time domain. This window is formed by two steps. First, the biggest points in each
SMEP response data are found by comparing the values of the data; these biggest points
actually are the responses from the scattering centers of the target. Then the values in a
small range around the biggest point are set to unity and to 0.5 within the two next
biggest point ranges. Note that different data sets have different windows. Figure 4.22 is
a SMEP response data set before windowing, and the window produced based on Figure
4.22 is shown in figure 23. Figure 24 is the SMEP response after windowing. The image
of the same B52 aircraft model found by using the windowed data is shown in figure

4.25. By using windowing, we have increased the resolution of the SMEP and obtained

clear images with highly defined edges.
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Figure 4.2  The filter response for the filtered backprojection algorithm. It has been
bandlimited to 1/2a.
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Figure 4.3
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The impulse response of the filter shown in Figure 4.2.
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Figure 4.4  Comparison of theoretical (a=8x10’, f,.=10GHz in (3.23)) and synthesized
(4-16GHz) SMEP.
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Figure 4.5  Synthesized SMEP spectrum.
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Figure 4.6  Far-zone SMEP response of sphere using marching-on-in-time method.
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Figure 4.7  Result of using stabilized formula to the scattering field shown in Fig. 4.6.
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Figure 4.8  Far-zone SMEP scattered field of a 14 inch sphere
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Figure 4.9  Cross-sectional area function of a sphere 14 inches in diameter
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Figure 4.10 Upper surface image of the 14 inch diameter sphere using PO
approximation.
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Figure 4.11 Upper surface image of the 14 inch diameter sphere considering the
correction terms.



Figure 4.12 Image of TR-1 from 0°-180° data in band 4-16 GHz using
monostatic identity.
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Figure 4.13 Image of F-14 from 0°-180° data in band 4-16 GHz using
monostatic identity.
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Figure 4.14. Image of B-52 from 0°-180° data in band 4-16 GHz using monostatic
identity.
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Figure 4.15 Image of TR-1 from 0°-180° data in band 4-16 GHz using
bistatic identity.
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Figure 4.16 Image of F-14 from 0°-180° data in band 4-16 GHz using bistatic
identity.
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Figure 4.17. Image of B-52 from 0°-180° data in band 4-16 GHz using bistatic identity.
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Figure 4.18. Image of B-52 from 0°-90° data in band 4-16 GHz using bistatic identity.
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Figure 4.19 Comparison of theoretical (a=4x10°, £,=10GH:z in (3.23) and synthesized
(7-13GHz) SMEP.
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Figure 4.20 The spectrum of the synthesized SMEP.
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Figure 4.21. Image of B-52 from 0°-180° data in band 7-13 GHz using bistatic identity
(before windowing).
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Figure 4.22. B-52 SMEP response (nose-on) before windowing.
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Figure 4.23. Window produced based on Figure 4.22.
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77



0

.80

.20

.10

.30

-.40

.50 40 .30 .20 .10 .00 .10 20 .30 o .50

Figure 4.25. Image of B-52 from 0°-180° data in band 7-13 GHz using bistatic identity
(after windowing).
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CHAPTER §

IMAGING OF RADAR TARGETS USING LIMITED-VIEW DATA

5.1 Introduction

In Chapter 3 and Chapter 4 we have shown that good images of radar targets may
be obtained given enough high quality data over a 180° angular range. When some data
are missing, the reconstructed image suffers and may be unsatisfactory. In practical cases,
however, it is impossible to obtain enough data over a full 180° angular range. The
limited-view problem occurs when the data are available over an angular range less than
180°, and the sparse-angle problem occurs when only a small number of angles evenly
space over 180° are available.

The limited-view problems has attracted considerable attention in computed
tomography imaging research, and techniques for dealing with it have been proposed.
These techniques can be put into two categories: transform techniques that incorporate no
a priori information, and finite series expansion methods that may incorporate a priori
information as constraints. The transform techniques are usually single-pass, direct
reconstructions [18-20], while the finite series expansion methods are usually iterative
[21-27]. Projection onto convex sets (POCS) in particular has shown great flexibility in
dealing with known geometric constrains and with noise. In Section 5.2, we will extend
POCS into radar target imaging.
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In addition to the POCS method, we will demonstrate a new reconstruction
algorithm for radar imaging in the limited-angle case. The goal of this approach is to
recover the sinogram from available measured data using linear prediction. Since the
scattered field of a target can be written as a superposition of distinct specular reflections
arising from scattering centers on the target, the trace of the scattering centers can be
predicted using linear prediction with the change of the observation angle. Thus, the
missing data may be predicted before reconstructing the image. This reconstruction

algorithm will be described in Section 5.3.

5.2 The Method of Projections Onto Convex Sets (POCS)

The theory of convex projections developed by Bregman [22] and Gubin [23] was
first applied to image processing by Youla and Webb [24]. Since then, various researchers
has used POCS to restore computed tomography imagery based on incomplete data. To
the author’s knowledge, this method has not been used in radar imaging. Here we will

give a brief review of POCS and apply it to radar imaging.

5.2.1 Basic Ideas
Assume a Hilbert space H consisting of the set L,(Q2) of square-integrable
complex-valued functions over QeR? (R? being the real plane). The inner product and

norm in H are

&h) = | [g(xy)h*(xy)dx
{fg Y y)dxdy 5.1)
lgl = (281"

The image to be restored f{x,y) is assumed to be an element of H. Every a priori
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known property of the unknown fe H is formulated as a constraint that restricts f'to lie in

a closed convex set C,. If m properties are known, there exist m constraint sets C,

(i=1,2,...m) and f=€C, =ﬂ,'-':,C,.. Then our problem is to find a point in C, given the sets

C, and the projection operators P, (i=1,2,...,m) projecting onto the various C,. A recursion
relation given by

f;:‘l = Pum~1“'P1fk k=0,12,... (5.2)

with f| being arbitrary, weakly converges to a point of C,. More generally, various P, may
be relaxed by

foa = T Ty k=0,12,.. (5.3)

m-m

where T, = I+A(P;-I), 0<A,<2 and / is the identity operator. The A; (i=1,2,...,m) are

1]
relaxation parameters and can be used to accelerate the rate of convergence. The

projection operator P; projecting onto C, is defined by the minimality criterion

If-Pfl = min|f-g| (5.9)

8€C;

Equation (5.4) means that the projection P,fis geC; that minimized |f-g|. A symbolic

representative of a projection is shown in Fig. 5.1.

5.2.2 Convex Projections in Short-Pulse Radar Imaging
In chapter 3 we have shown that the cross sectional area function and the thickness

function of a target form a two dimensional Radon transform pair and can be written as
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Figure 5.1 A symbolic representation of the projection of fonto C.
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Apt,®) = [ [T(xy)d(t,-(xcosé + ysing))dxdy (5-5)

-0

In a discrete case where the thickness function is defined over a cartesian grid of N, xN,

pixels, (5.5) becomes

At,®) = 3 3 TCxy)Li(x,y) (5.6)

where L,(x;,y;) is the length of the kth line (ray) through pixel (x;,y;) as shown in Fig. 5.2.
For N views and K lines per view, the total number of discrete cross sectional area
functions (call it raysum) is M=NK. With a single subscript k (,&=1,2,...,M), each raysum

can be written as

Af(t,0) = Ap(t,$) (5.7)

Let C, be the set of all functions heH such that for a given (t,,,$,) they have given
raysum values equal to that of the true thickness value I'(x,y). Denote this value by
Ar(tsk’d)k)' Then

Ci = { h: Ah(tsk’¢k) = Ap(tsp¢k) } k=12, ..M (5.8)

It has been shown that these constraint sets are closed and convex [26]. The

projection operators that project onto C; are given by

[ gxy)  for geC,

Ap(t _,p¢k) -A g(t sk’¢k)

N, N,

Y ¥ Lix,y)

m=1 n=1

(5.9)

Pg(xy) =\ gxy)+ L(xy)  for geC,
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Other important constraints that can be used in radar image reconstruction are

listed below.
1) Let C, be the set of all real thickness function I"’s in H whose amplitudes must
lie in a prescribed closed interval [a,b]; a>0, b>0, a<b. So, the amplitude limit

constraint set is given by

a 8(x,y)<a
Pg =1 gxy)  asgxy)sb (5.10)

b g(x.y)>b

2) The bounded support constraint set is defined by
C, = { h: h(x,y) = 0, (x,y)¢A } (5.11)

This means that C, is the set of all functions in H that vanish outside a region 4. The

projection g onto C, is given by

gxy)  if (xy)eA
Pg(xy) = (5.12)
0 if (x,y)¢A
3) The reference image constraint set
Cr =1 h lh-fllseg } (5.13)

In words, The reference image constraint set is used to restrict the reconstructed image

to lying within a distance €; from f;. The projection operator onto C; is given by

g lg-frlls€q

PRg = g'fg
8+€p
“g‘fR"

(5.14)

llg—fk">ek
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Figure 5.2  Discrete object, I'(x,y), and its projection are shown for an angle ¢.
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See reference [26] for the derivation of equation (5.14). The effectiveness of this

constraint strongly depends on ¢ and f;. It can be used to reduce the size of the feasible

solution set C,,.

5.2.3 Experimental Results

The performance of the proposed POCS method was investigated with a 1:32 scale
model F-14 aircraft shown in Figure 5.3. The aircraft image I'(x,y) was calculated on a
320x320 grid of rectangularly sampled points in the x-y plane by the cross sectional area
function A(t,,¢). The cross sectional area function was computed from measured data by
equation (3.31) for various angles.

Equation (5.2) defines the general pure projection algorithm used in POCS. The

specific POCS algorithm used in this experiment can be written as

f.., = PgP,P,P,,..Pf, (5.15)

with an initial point

£ =0 (5.16)

where P,,, ..., P, is the series of N projections onto N closed convex sets C, (i=1,2,....M)
defined as in (5.9). The other projections in (5.15) have been defined in section 5.2.2.

Figure 5.4 shows the reconstruction image of aircraft model F-14 after 1 POCS
iteration without use of reference image constraints in the angular range 0-180° with step
angle A$=0.9°. Figure 5.5 shows the reconstruction image of the same model after 5
POCS iterations using the same constraints as in Fig. 5.4. As seen in Figure 5.5, the
iteration does little to improve the reconstructions.

To demonstrate the power of using a priori constraints in the POCS approach. we
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need to consider reconstruction in the limited-view case. Figure 5.6 shows reconstruction
images after S POCS iterations using Figure 5.5 as the reference image in the angular
range $=45°-135° with step angle A$=0.9°. For convenience, an image obtained with the
convolution backprojection directly on the incomplete data is shown in Figure 5.7. We
can see that a significant improvement of reconstruction was achieved by the POCS

algorithm.

5.3 Radar Image Reconstruction Using Sinogram Restoration and Linear

Prediction

Image reconstruction from incomplete projections can be formulated as a
sinogram-recovery problem. The sinogram recovery problem is to find a complete
sinogram A(t,, ¢) based on the measured incomplete sinogram A’(t, ¢) and a priori
knowledge about the sinogram. Once an estimation of the complete sinogram is obtained,
image reconstruction by the ordinary convolution backprojection is possible.

In this section, we will describe a sinogram-recovery method using linear
prediction. In Section 5.3.1 we define the sinogram. In Section 5.3.2 the method of linear
prediction is briefly reviewed and a solution to the sinogram-recovery problem is
provided. In Section 5.3.3 we present experimental results that demonstrate the

performance of the proposed method.
5.3.1 Sinograms

Projection data (cross-sectional area functions) used for image reconstruction can

be arranged in a two-dimensional map in which one of the coordinates is the distance of
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Figure 5.3  Geometry of discrete test image to be reconstructed.
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Figure 5.4 Image of F-14 from 0°-180° data in band 4-16 GHz using POCS after |
iteration.
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Figure 5.5 Image of F-14 from 0°-180° in band 4-16 GHz using POCS after 5
iterations.
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Image of F-14 from 45°-135° data in band 4-16 GHz using POCS after 5
iterations.
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Figure 5.7  Image of F-14 from 45°135° data in band 4-16 GHz using convolution
backprojection algorithm.
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the wave along which the line integral is taken from the center of the rotation of the
projection system, and the other coordinate is the angle of the wave. In this map, waves
through a fixed point in the object correspond to a sinusoidal curve, which is why a
display of this map is called a sinogram [28].

Referring to the geometry of Figure 5.8, we have defined the 2-D Radon transform
by equation (3.35) in chapter 3. In this section, we assume I'(x,y) to be a real function
defined on the disk of radius 7 centered at the origin. A sinogram is an image of the 2-D
Radon transform, where ¢, and ¢ form the horizontal and vertical axes, respectively, of
a cartesian coordinate system. Because of the periodicity of the 2-D Radon transform and
because of the assumed domain of I'(x,y), the sinogram can be defined over the complete

domain

n = {t.H)|t,e[-TT], de[0,n] ) (5.17)

For the limited-view problem, the sinogram is measurable over a domain {, where

C is assumed to be a subset of n, i.e., Len. { can be written as

{ = { ¢, D)1l -TT), belb,n-0,] ) (5.18)

where ¢, is a constant that represents the data’s missing angular range. In Fig. 5.9 we
illustrate the measurement domains  given by (5.18).

Figure 5.10 and Figure 5.11 show a 1:48 scale model TR-1 aircraft and its
sinogram. Note that the sinogram is formed not from the cross sectional function but from
the SMEP responses of the target. We can see from the sinogram that most of the ’lines’
looks sinusoidal. Those lines actually are the traces of the scattering centers on the target.
This motivates the idea of predicting the traces of the scattering centers using linear
prediction. The following sections give a more detailed presentation of the approach.

93



y h'
! >
e,

/ _
K e

projection
A (t,9)

Figure 5.8  The geometry of the 2-D Radon transform.

94



Alts,d)

missing
range

GE ts T

Figure 5.9  Domain { over which the sinogram is measurable in the limited-view
problem

95



Figure 5.10 A 1:48 scale model TR-1 aircraft.
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5.3.2 Linear Prediction

Linear prediction is a particularly important topic in digital signal processing with
applications in a variety of areas, such as speech signal processing, image processing, and
noise suppression in communication systems [29, 30]. In digital signal processing, the

signal y, is modeled as a linear combination of its past values and some input x,

N
y, = —E bjyn—j +X, (5.19)
j=1

Equation (5.19) shows that the signal y, is predictable from linear combinations of past
outputs. We can consider x, as the discrepancy of the prediction at time step n, i.e. the
amount which must be added to the predicted value (the sum) to give the true value y,.

Equation (5.19) can also be specified in the frequency domain by taking the z

transform on both sides of (5.19). If H(z) is the transfer function of the system, then we

have from (5.19)

H() = Y(z) _ 1
X(2) N . (5.20)
1+y bz
j=1
where
Y(z) = Z ¥z (5.21)

is the z transform of y,, X(z) is the z transform of x,, and H(z) in (5.20) is the all-pole
model (autoregressive model). This model is shown in Fig. 5.12 in the time and frequency
domains. Given a particular signal y, the problem is to determine the predictor

coefficients b; in some manner. The derivations will be given using the least squares
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Figure 5.12 (a) Discrete all-pole model in the frequency domain. (b) Discrete all-pole
model in the time domain.
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approach.

The prediction error x, can be written as
N
x, =y, +E by, (5.22)
=1

In the method of least squares, the parameters b, are obtained as a result of the
minimization of the mean with respect to each of the parameters. The total squared error
E is

N 2
E E [ Z bjyn-j) (5.23)
n n Jj=1

The minimization of E given by setting

9E _ o j=1,2,.N (5.24)
ob,
j
leads to the set of linear equations
N
D A A (5.25)
Jj= n n

Letting vy (k) = E YpYn-i» (5.25) can be simplified as

N
Y0 = - by k)  k=1,2,..N (5.26)

j=1
These are called the normal equations for the coefficients of the linear predictor. The

minimum mean-square prediction error is simply

= v,00)+ 2 Y, () (5.27)

J=1

by expanding (5.23) and substituting (5.26), the normal equations may be expressed in
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the compact form
N
Y by, (k-) =0  j=1,2,..,N with b;=1 (5.28)
Jj=0

The resulting minimum mean-square prediction error is given by (5.27). If we
augment (5.27) by the normal equations given by (5.28), we obtain the set of augmented

normal equations, which may be expressed as

- E J= (5.29)
,24; by, k) = {o j=1,2,..,N '

or

(v, 0  vM . v,W-D[1] [E,
v, 10 . vWN-2|b| |o (5.30)

v, (N-1) v, (N-2) .. v, [by] [0

The matrix in (5.30) is a symmetric Toeplitz matrix, i.e. one whose elements are constant
along diagonals. There are several computationally efficient algorithms for solving the
normal equations [30]. In this work we use the Levinson-Durbin algorithm.

After solving for the linear prediction coefficients b,, the next issue which needs
to be considered is stability. The condition that (5.19) be stable as a linear predictor is

that the characteristic polynomial in equation (5.20), i.e.
- 5.31
N_ N-j -
z ,§=1 bz 0 (5.31)

has all N of its roots inside the unit circle, |z|<l. There is no guarantee that the
coefficients produced by the Levinson-Durbin algorithm will satisfy this condition. When
instability is a problem, we have to modify the linear prediction coefficients. We do this
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by the following three steps:

1) Solving (numerically) equation (5.31) for its N complex roots.

2) Moving the roots which lie outside unit circle to an appropriate position inside or
on the unit circle.

3) Reconstituting the modified linear prediction coefficient.
Another consideration is the choice of N, the number of poles. One should choose

N to be as small as practicable for you. We choose N between 5 and 15, depending on

the number of data used.

5.3.3 Experiment Results

Consider the sinogram of the TR-1 aircraft model shown in Fig. 5.11. When only
part of the sinogram (domain ) as shown in Fig. 5.13 (for example 45°<¢<135°) is
measurable, then the reconstructed image may be seriously distorted if we simply let the
missing data be zero. Our goal is to restore the complete sinogram (domain n) using
linear prediction techniques before reconstructing the image by the convolution
backprojection algorithm. The techniques which we proposed can be summarized as the
following steps:

Step 1. Given a set of measured data Po,(tj) ¢ <o<n-¢,), =1, 2, .., N, j=1,2, ...,

N,, where N, is the number of views and N, is the number of samples in
each view, find the biggest point (the darkest points in Fig. 5.11) in each
SMEP responds by comparing the values of the data in each view. These
biggest points are actually the positions of the scattering centers of the

target. Those points with large amplitude form a new sinogram. Fig. 5.14
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Step 2.

Step 3.

Step 4.

Step S.

shows the measurable sinogram of the TR-1 formed by these points, and
Fig. 5.15 gives the complete sinogram of the TR-1 formed by these points.
From the new sinogram, find the traces of the scattering centers. Then one
obtains a set of functions, each function designating the movement of a
scattering center with the change of view. In Fig 5.15, for example,
number 3 and number 4 denote the movements of the tail and the head of
the aircraft model, respectively, number 1 and number 2 denote the
movements of two wings, and number 5 denotes the movement of the
engines.

Predict the movement of the scattering centers over the whole sinogram
region 7 using linear prediction techniques. Fig. 5.16 shows the predicted
traces of the scattering centers. Fig. 5.17 gives the trace of the tail with
measured and predicted data, and Fig. 5.18 shows the traces of the engines
with measured data and predicted data.

Predict the amplitude of the scattered field at the positions of the scattering
centers. We use linear prediction twice, once for the traces of the
scattering centers, and once for the amplitude of the scattered filed at the
scattering centers. Fig. 5.19 and Fig. 5.20 gives the measured and predicted
amplitudes of the scattered field at the positions of the tail and the engines.
Reconstruct the sinogram of the target over the domain 1. For each view
over the missing region, find those predicted scattering centers. Then make
a small window (rectangular, Gaussian, or cosine taper window, we use
rectangular window in this work) around each scattering point and multiply

the window by a SMEP defined in (3.23). Then the predicted SMEP
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responses are found for this view. Fig 5.21 shows the measured data and
the predicted data for observation angle ¢=40.5°.

Step 6. After predicting all the SMEP responses over the missing data region in
domain m, we can restore the complete sinogram over domain n. The
restored sinogram is shown in Fig 5.22.

Step 7. Reconstruct the image by convolution backprojection using the restored
sinogram. Fig 5.23 gives the image of TR-1 aircraft model using the
restored sinogram, and Fig 5.24 gives the image of TR-1 using the original
incomplete sinogram shown in Fig. 5.13. We can see that there is a big
improvement in the quality of the reconstructed images by using the

sinogram restoration techniques.

5.4  Conclusions

For the limited-view problem, we have proposed two techniques to handle this
practical situation. One of the approaches is the method of projections onto convex sets
(POCS). The basic principle of POCS is that each piece of a priori knowledge must be
represented by a convex set onto which the current image estimate can be projected. It
has been shown that if the intersection of these convex sets is nonempty then the
sequence of cyclic projections will converge weakly to a point in this intersection. We
extend this approach to radar imaging for the first time and show some useful results.
Another approach which we have demonstrated is to process the available measured
projections in order to generate an estimate of the full set of projections, an image which
is called a sinogram. The goal of this approach is to recover the sinogram from the
~ available measured data using linear prediction. Since the scattered field of a target can
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be written as a superposition of distinct specular reflections arising from scattering centers
on the target, the position and strength of the scattering centers can be predicted using
linear prediction with the change of the observation angle. Thus, the missing data can be
predicted before reconstructing the image. A big improvement in image reconstruction has

been achieved using this technique, and some useful results have been provided.
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Figure 5.13 M ble part of the si of TR-1 aircraft.
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Figure 5.14 M ble part of the si of TR-1 formed by the positions of the
scattering centers.
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Figure 5.15 Sinogram of TR-1 formed by the positions of the scattering centers.
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Figure 5.16 Sinogram of TR-1 formed by the predicted positions of the scattering
centers.
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Figure 5.17 Maeasured and predicted positions of the tail of the TR-1 aircraft.
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Figure 5.18 Measured and predicted positions of the engines of the TR-1.
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Figure 5.19 Measured and predicted amplitude of the scattered field in the positions of
the tail of the TR-1.
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Figure 5.20 Measured and predicted amplitude of the scattered filed in the positions of
the engines of the TR-1.
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Figure 5.21 Measured and predicted data of the TR-1 for ¢=40.5°.
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Figure 5.23 Image of the TR-1 using restored sinogram.
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Figure 5.24 Image of the TR-1 from 45°135° data using convolution backprojection
algorithm.
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CHAPTER 6
IMAGING UNDERSTANDING AND MODIFICATION USING

HIGH FREQUENCY APPROXIMATION METHODS

6.1 Introduction

Time-domain imaging is an imaging technique that uses the impulse response or
SMEP responses of the object to get the shapes or constitutive characteristics of the object
[31,10]. In the laboratory implementation of this imaging system, an object is seated on
a rotating pedestal and is illuminated by a plane wave. For each aspect angle a set of
pulses at different frequencies is transmitted and its echoes received. The object is then
rotated and the measurement is repeated to obtain the multiaspect stepped frequency
response of the scattering object. Each scattered field response is deconvolved using a 14
inch diameter sphere as a reference target, and inverse transformed into the time domain
using the FFT to provide a band-limited impulse response [10], or multiplied by the
SMEP window first and then inverse transformed into the time domain to get a SMEP
response [31].

In this time domain imaging technique, the physical optics approximation may be
used to model the scattering field of an aircraft [10, 31]. However, the PO approximation
is inadequate for scattering problems of a complex shaped conducting object such as an
aircraft. At high frequency, edge diffractions, multiple reflections, creeping waves, and
surface travelling waves may also be important scattering mechanisms [32], [53].
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Additionally, the spectral and angular windows for data are usually restricted by practical
constraints. Therefore, the time domain image of an aircraft may be different from its
geometrical shape.

In this chapter, we will investigate time domain imaging of aircraft employing
SMEP responses, and interpret the reconstructed image from a new approach, based on
analysis of the scattering mechanisms and the back-projection algorithm utilized in image
retrieval. In section 6.2 we will interpret the scattering mechanisms of aircraft using the
ray method. The Explicit expression for equivalent currents, and the scattered fields from
those currents are derived in section 6.3. The time-domain inverse scattering identity with
the incorporation of Geometrical Theory of Diffraction (GTD) is derived in section 6.4.
In section 6.5, we will compare the images of an object consisting of two plates using the

PO approximation and GTD. Images of an aircraft model will be shown in Section 6.6.

6.2. Scattering Field Understanding Using Ray Method

Consider an aircraft illuminated by a source field from an initial reference surface
A. The field from a source point p’ at an observation point p can be tracked along a ray
that passes through p and originates at point p’. It is possible that several rays pass
through p as shown in Figure 6.1. In that event, the total field at p is synthesized by the
sum of the fields reaching p along the various rays.

The field along a pencil of rays can be calculated from a knowledge of the initial

field value and the ray geometry by [33]

i i
. pl p2. e_jksl (6.1)
(Py+sH)(py+s?)

uip) = u,
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Figure 6.1 Scattering by an aircraft model (composite obstacle).

120



where p| and p; are the radii of curvature of the initial wavefront, s' is the distance

between the initial and the observation wavefront, and u, is the initial field.

For the incident field in fig. 6.1 the initial values on 4 can be calculated from a
known source distribution. The reflected field is caused by the incident rays (ray R2 in
Fig. 6.1) reflected at the object surface. The reflected laws for the fields on a curved
surface are the same as for plane waves on an infinite plane surface tangent to the curved
surface at the point of impact of the incident ray (the canonical problem). Thus, the
incident and reflection angles 6, are equal. The initial value of the reflection field at p,
is given by the incident field at p, multiplied by the plane wave reflection coefficient
R(®,) descriptive of the reflecting properties of the boundary surface. The amplitude
variation along ray R2’ involves the surface curvature at p,, the curvature parameters for
the incident wavefront, and the angle coordinates specifying the directions of the reflected

and incident rays. Therefore, the reflected contribution to the field at p is given by

E
|

= qu(ei)J : P/lpzr / eijz/
(pl "'Rz)(Pz +R‘2) (6-2)

e
Uy = Uy, kR,

where u,, is the initial field for ray 2 on surface A.

The incident field along ray R3 striking the conical tip of the aircraft in Fig. 6.1
excites a spherical wave front and therefore a family of rays centered at the tip. The
canonical problem for the tip diffracted field is that of a plane wave incident on an
infinite conical obstacle. That solution provides the diffraction coefficient DY, by which

the incident ray field is modified upon emerging from the conical tip. Thus, the
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contribution at p due to the field along ray R3" is

ye'ju"s e'/"Rs
Uy = D" ——u,, Uy = U,

kR, kR,

(6.3)

where u,; is the initial field for ray R3 on surface A.

When an incident wave along ray R4 hits an edge of an aircraft wing, a family of
diffracted rays is excited. Those rays must obey the law of edge diffraction. A diffracted
ray and the corresponding incident ray make equal angles with the edge at the point of
diffraction, provided that they are both in the same medium. They lie on opposite sides
of the plane normal to the edge at the point of diffraction. When the two rays lie in
different media, the ratio of the sines of the angles between the incident and diffracted
rays and the normal plane is the reciprocal of the ratio of the indices of refraction of the
two media. An edge-diffracted ray from a point P’ to a point P is a curve which has
stationary optical length among all curves from P’ to P with one point on the edge
(Fermat’s principal for edge diffraction). The contribution at P due to the edge-diffracted

wave along ray R4’ is [34]

iRy
Uy = Dd —p—l-u‘, u, = uA‘e_ (6.4)
(pl+ 41)R‘/ kR‘

where D¥ is the diffraction coefficient, u,, is the initial field for ray R4 on surface 4, and
p, is the distance from the edge to the caustic of the diffracted rays.

Tip diffraction due to incident ray R3 also excites a diffracted surface ray (also
called a creeping ray) that travels along a geodesic on the shadowed surface and sheds

energy continuously. The launching amplitude L, of a surface ray field and its amplitude

122



variation M(R,) along its geodesic path R5 are determined from the canonical problem.
Therefore, the surface wave contribution to the field at p along ray RS’ is
_ijS e -jk'RS/
us/ = u3 DS M(RS) e Ls E (6'5)
where u; is given in (6.3), and R, denotes the geodesic length along ray R5 from the tip

to the shedding point p,.

The total ray-optical field at point p in fig. 6.1 is now given by

u = ul +u2/+u3/+u4/+us/ (6.6)
where
e
ul = uAITR— (6'7)

denotes the field along the direct ray from the source. The remaining contributions, given
by (6.2)-(6.5), are due to the presence of the scatterer.

The result in (6.6) contains only the dominant contribution from each of the ray
fields. Generally, each ray field has, in addition to this leading term, a series of higher-
order terms that decay inversely with k. Validity of the leading term alone implies that
the higher-order terms, in particular the second term, are small in comparison with the
first.

By the very construction of the field in (6.6), it is evident that the ray method
decomposes a complicated composite scattering problem into a sequence of simpler
canonical problem via the following steps:

(1)  Determination of the incident field over an initial surface A.
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(2) Determination of the reflected and diffracted ray fields that contribute at an
observation point p.

3) Identification of canonical problems that treat separately each of the ray reflection
and diffraction problems. The solutions of these problems furnish the initial
amplitudes along various species of reflected and diffracted rays.

4) Synthesis of a composite scattering problem by interaction (along rays) between

canonical constituents.

6.3. High Frequency Approximation Methods

Diffraction problems of the type schematized in fig. 6.1 can be formulated in
various ways. The second field generated by the induced surface currents can be
represented in terms of the direct radiation from the elementary currents distributed over
the aircraft surface 4.

In the illuminated region 4’ on a perfectly conducting object away from surface
singularities (such as edges, tips, or corners) and from strongly curved regions (where the

radius of curvature is not large compared to wavelength), one may approximate the

induced surface currents by their "physical optics" values. The physical optics currentsfp

are based on the local behavior of high-frequency fields described in the previous section
and are taken at any point p on 4’ to have the same value as on an infinite perfectly

conducting plane tangent to A’ at p. Thus

- 0 reA’ 6.8

J@® = . (6.8)
o0 { 2AxH (P FeA’

where H' is the incident vector magnetic field. The secondary field generated by the
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physical optics current gives the correct geometric-optical reflected field and the diffracted
field near the shadow boundaries. It does not provide, however, good results for the
diffracted field away from the shadow boundaries.

Even on a smoothly curved convex object with large radius of curvature, the

physical optics currents becomes invalid near the shadow boundaries. One may therefore

attempt to add to J, a correction J/, named the "fringe current" by Ufimtsev [35], so that

the sum equals the exact current value. The correction term is due to all other effects not
included in PO, such as edges. Because of the validity of the physical optics currents well
inside the illuminated region, and away from edges or corners, the fringe currents are
confined to the vicinity of those portions on A’ that lie near shadow boundaries or surface

singularities.

6.3.1 Equivalent Edge Currents for Arbitrary Aspect of Observation

The method of equivalent currents is a powerful technique in the analysis of the
scattering of electromagnetic fields. In addition to predicting the scattered fields in the
direction of a caustic, the method allows us to calculate the diffracted fields from an edge
of finite length and for observation angles away from the cone of diffracted rays. In the
following section, we will introduce Michaeli’s equivalent edge currents for arbitrary
aspects of observation since his formula is more general and rigorous than those of other

researchers [36].

According to the method of equivalent currents, the diffracted field £¢ due to an

edge discontinuity C is given for the Fresnel and far zones by the radiation integral [4]
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E? - jk[ [ZIF)3x(xi) + MEFY$xi |G Pl (6.9)

where k is the wavenumber of the incident wave, Z=\/p/e is the impedance of the

medium, € and n are the permittivity and permeability of the medium, respectively, 7 and 7’
are the position vectors of the point of observation and a point on C, respectively,

dl = |dr'| is the increment of arc length / along C; ¢ = dr'/dl is the tangent unit vector,
§ = §)s = (F-F))/|F-F'| is the direction of observation of the radiating edge element at
7, G(F'J7) = exp(-jks)/dns is the 3-D Green’s function, and I(F) = I}t and

M(F) = M@t are the electric and magnetic equivalent currents respectively.
gn q P y
Consider a plane electromagnetic wave propagating in the §’ direction and incident

on a perfectly conducting infinite wedge with an exterior angle Nn, 0<N<2. Our aim is
to obtain explicit expressions for / and M at a point O on the edge for an arbitrary
direction of observation §. The geometry of the problem is depicted in Fig. 6.2. The point
O in question is chosen as the origin. The x axis is directed along the normal to the edge,

and the y axis coincides with the external normal to the face. The z axis is directed along
the edge, so as to form a right-hand system. The angles between the § and $’ directions
and the edge are

B = cos”'(§2), B/ = cos”!(8'%) (6.10)

The angle between the "upper" face and the edge-fixed plane of incidence

containing the vectors §’ and 7 is ¢'. The corresponding angle for the edge-fixed plane
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Figure 6.2  Wedge scattering geometry.
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of observation is ¢.

The expressions for / and M are given by [36]

M = gi_YZQN) |sing sin[(m -a,)/N] , Sin(Nm -¢) sin[(n -a2)/N]
“ ksinPsinp’ |sina, cos[( -«,)/N]-cos(¢/N)  Sin@,  cos[(n -a,)/N] +cos(¢'/N)

g} YYWNsin@N) | 1 . 1
ksin?p’ |cos[(m-a,)/N]-cos(@/N) - cos[(T~a,)/N] +cos(@/N) (6.11)

2](1/N) p ,cotp’-cotPcosd sin[(n - )/N]
“ ksinp’ sina, cos[(n -a,)/N] -cos(¢/N)

i p,cotP’-cotPcos(Nr -¢) sin[(r -a,)/N]
sina, cos[(n -a,)/N] +cos(¢'/N)

where a, = cos'p,, u, = sinpcosd/sinp’, Y=1/Z, p, = sinPcos(Nw-)/sinp’, and

@, = cos'p,. In another paper [37], Michaeli shows that / and M can be split into PO

components and fringe components

1 =17 M= MM/ (6.12)

where the PO components are the contribution from the surfaces, while the fringe
components are the contribution from the edge. The fringe components for an edge in a

half plane are [37]

T L L LT, il SRS R -
ksmzﬂ’ cosd’+p ksmB’cos¢’+p.

-1
-|cotP‘cos’ +cotPcosd +y/2cos(d’/2)(ncotp’ -cotPeosd)(1-p) 2 (6.13)

M- g YZsine 1| JV2cos(®'/2)
ksinPsinp’ cos¢’+p I-p
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where

p = [sinp’sinp cos +cosp’cosp -cos?p]/sin’p’ (6.14)

6.3.2 Scattered Field from Equivalent Fringe Currents of a Finite Edge
The far-zone radiation field maintained by the equivalent sources of an edge with

finite length L in the edge-fixed coordinate system is given by [38]

.
—

E = —ij‘,J—-"r‘xF H = (FxE)/n (6.15)
€

where n = wp/k and

A - a0, FO - 220500 (6.16)
T r

4t r

where

ay (0'9) = § [cost'cos'l, () +cosO'sindT, (7')-sin®'L, (7)}e’" "ds

= [ sin0's, (7 dr’
a, (8.0 = § [-sing'L (7 +cos'l, (F)le’* "ds’ = 0

(6.17)

Fy(0',8) = § [cosd'cosd'M, () +cosb'sind'M, /(F')-sind'M, .(F ) e " s’

= [ sin6'M, (F)e™ " dr’
-7¢/(0/,¢/) ) fs[-sm‘be’(Fl)+cos¢,My’(Fl)]ejv.F,ds/ =0

Choosing the local phase reference to be at the center of the wedge and assuming

129



the equivalent currents are constants over the length of the wedge, (6.17) reduces to

/ = [ . alr (2RI ! s /U2 i2kecost'd
a (6’0" f _msme 1AF"e™ " dr 1(0)sin® fuz e’ E
= -I(0) Lsin®’sinc(kLcos0"’) (6.18)
Fo®0) = - [ sint'M, (71 "dr’ = -M(0) Lsin®'sinc(kLeosd

where sinc(x) = sin(x)/x. From (6.15)-(6.18), the backscattered field can be express as

E(P = -jod, LTV - jwpoLsmc(kLcosﬂ’)smG’ e’ [1(0)6/ M(O)(b]
€ 4nr
(6.19)

()

PXE _ jkLsmc(kLcose’)smO’ e” {I(O)cb' M(O)G]
n n
At a specific aspect, the contribution to the total backscattered field from the

wedge diffraction in time-domain is obtained by Fourier Transforming the frequency

response.

6.4  Time-Domain Inverse Scattering Identity with The Incorporation of Edge

Diffractions

The time-domain inverse scattering identity based on the Radon transform and the
space-time magnetic field integral equation has been derived for real-time use in short
pulse radar systems in chapter 3. In that formula, even though the correction term has
been added to the PO term, the contributions from the correction term is hard to evaluate
for a complex scatterer. Here we will investigate a new approach. Since the physical
optics currents work well inside the illuminated region, and away from edges or corners,

the fringe currents are confined to the vicinity of those surface singularities and shadow
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boundaries. Because there are big diffractions from the edges of an aircraft, we only add
the edge fringe currents to the PO currents in the inverse scattering identity.

For an aircraft, there may be several edges which contribute to the diffraction
field. To a first order approximation, the diffraction field can be considered as a
summation of the contributions from each "visible" edge. Thus, For N "visible" edges, the

total diffracted field is given by

fO),

n

HYP = E JkL;sinc(kL,cos6; )sme

i=1

The SMEP diffraction response is obtain by multiplying the frequency response
(6.20) by the SMEP window (w), and then inverse transforming into the time-domain

using the FFT as

h4FD = T (U AE) R (6.21)

where A’ denotes the polarization direction of the incident magnetic field. The far-zone

backscattered field can be written as

heD = 5[ '(r ,f)A( Ads’ + h4(F.) (6:22)

2nr

The first term of the right hand side in (6.22) represents the contribution from the PO
currents, while the second term of the right hand side denotes the contribution from the
diffraction fringe currents. Assuming the incident magnetic field is a SMEP, the same
procedure can be applied as in chapter 3 and the "thickness function” of the target in the

z-direction can be written as
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) = --22 o”‘[_: { [h(5".0) -h%p".0)]

20:2+2mE
Tw, ot

(6.23)
dtdd’
t-2p+2p'cos(d’'-¢")

+(wr+ad) [ [h*(5') —h"(p”,t)]dt}

This is the complete solution to the two-dimensional problem of recovering a body
from its scattered field; it requires the scattered fields and the diffraction terms from all
possible directions in the x-y plane. The next step is to solve equation (6.23). We can first

neglect the diffraction terms in (6.23). This is the time domain physical optics inverse

problem. We can thus obtain an initial estimate of I',(p), then find all the edges of the

image and use (6.20) to evaluate the total edge diffracted field h%F,). Finally, h%F,) is

added to (6.23) to obtain the modified I'(p).

6.5 Images of an Object Consisting of Conducting Plates

Consider an object consisting of two conducting plates placed on a rotating
pedestal as illustrated in Figure 6.3. Points P, and P, are two vertices of one plate and
the line P,P, forms an edge of the plate. In the laboratory coordinate system, define the
z-axis as the direction of the rotational axis, and the x-axis to be in the observation
direction. At the starting angle, the polar coordinates of the end points P, and P, are (r,,
6, ¢,) and (r,, 0, ¢,), respectively. As the plate is rotated with an angle ¢, the
coordinates of P, and P, become (r,, 6, ¢,+¢) and (»,, 0, ¢,+¢), respectively.

Next we define an edge-fixed coordinate for edge P,P, of the object. Let the z -

axis be in the direction of the edge P,P,, and the x -axis be normal to the edge and lying
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Figure 6.3  Geometry of a conducting plate in the laboratory coordinate system and
edge-fixed coordinate system.
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on the plate surface. The corresponding inclination angle of the transmitter/receiver to the
edge-fixed coordinate system is 8’ (¢=0°). As the plane is rotated through an angle ¢, the
corresponding inclination angle for the edge-fixed coordinate system becomes 0°’(¢). It is
noted that 6’ is not only a function of ¢, but also a function of the orientation of the plate
and the edge.

Assuming that the transmitting and the receiving antennas are inside the x -z’
plane such that 6=n-0’ (B=n-B’ in (6.13)), for the backscattered case. In our laboratory
system, let the polarization direction of the electrical field be along the y-axis, and the
polarization direction of the magnetic field be along the z-axis. In the following part, we
calculate the edge diffracted field and the PO field of the object and compare the images

of the object with and without the incorporation of edge diffractions.

6.5.1 Edge Diffracted Field

There are a total of eight vertices of the object which form eight edges of the
object. The equivalent edge electric and magnetic currents for each edge have different
forms depending on orientation and wedge angle. For edges P,P,, P,P,, P,P; and P,P,,

the equivalent currents will have similar formulas in their own edge-fixed coordinate

systems. Since ¢ = ¢’ = 180° and Hj, = 0, from (6.13) we have

7o - -EL 2 Mig) -0 i=1,2,3,4 (6.24)

ksinzenll -K;
where p, = -1-2cot’6,. The incident field at the center o of the edge is
E'(0) = Eje ™8, = Ejicosf,cosd,+y,cos,sind,-2sin6) (6.25)

Then (6.24) becomes
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A ; ; 2E,
/o) - gl Y2 pgne V22 =15 (6.26)

0, i
ksin6,/T-, ksin’9,/2 +2co’0,  ©H
Substituting (6.26) into (6.19) yields the total diffraction fields from these four edges

~jkr,

Eg %P = -2E 2 -Z—L,smﬁ,smc(kLcosB)
! (6.27)
2Eo 4 e Bl . .
Hd» ‘P = -2 7L,sm6,. sinc(kL,cos6,)
i=1 i

For edges P,P, and P,P;, since 6 = 6’ = 90°, u = cosd, and the equivalent current can
be written as

1’0) =0 M/©) - E,J Sin®-1 (6.28)
k cosdp

Thus, the total diffraction fields from edges PP, and P,P; are (in edge-fixed coordinates)

e i sind,-1 e Vi sing -1
Eg 6(’-') E Lx d) HO (7 = = E Lx ¢' (6.29)
s 4nr, cosd, is 4nr, coso,

For edge P,P;, $=¢’=0 or 90°. From (6.11) we have I(0)=0, M(0)=0, so there is no

contribution from edge P,P;. For edge P,P;, $=90°, p= -2 ZB From (6.13) we have

sin“p
1) = J_ v1+cos“0 -sin6 MAQ) = 0
*k cos2
The diffracted field from edge P,P; is
-Jjkr, 1 29 ~sin® E8 631
EXP) = ELS 'sinc(kLscosﬁs)sinea‘/ +C0s"0, -sinb, HYP) - p(F)(6.31)
Ts COSzes n
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The total diffraction fields from this object can be considered as a summation of the

contributions from each "visible" edge. Thus, the total diffracted field is given by

e i e 7ising,-1
L in@ sinc(kL cos0) + L¢
sinBsinc ) 0,25: ‘4rnr, cosd,

¢ s . {1+cos?0-sin@,

smc(kl.scoses)smﬁs

4

Eed(i) = _2E02
i=1

(6.32)

* EoLs

2
cos 0,

Equation (6.32) can be used to obtain the frequency responses over the finite
bandwidth 4-16GHz, multiplied by a SMEP window, and then inverse transformed into
the time-domain using the FFT to provided a SMEP response. Figure 6.4 shows the
diffracted SMEP response of the object at $=45° using the SMEP shown in Fig 4.4. The

response shows that there are two peaks located at range about (L/2)cos6, for each edge,

which are at the differential ranges of the end points of the edge. At the rotation angle
¢ such that 6, = 90°, as shown in Fig. 6.5, the SMEP response gives a single peak with
strong amplitude for each visible edge because the two end points of the edge have the
same differential ranges and all the points on the edges are equidistant to the observation

point.

6.5.2 Scattering Field Under Physical Optics Approximations

Consider the same object illuminating by a plane wave defined by

E'( = éEe JK'7 H® = k XéEoe JE'F (6.33)
n

The far-zone scattered field can be written as

136



-jkr
Fx(Fx@) (6.34)

Ep - jOke
4n
where a@(p) = f J(7Ye 7¥7ds’ is the directional weighting function. Using the PO

approximation, the induced current can be written as (in the illuminating region)

J() = 2AGF)x<H'7) (6.35)
Rewrite the scattered field as
~ E ,-i . i,
ESF) = éj—2 & f Fx(Fx[Ax(K xé)])e 7' Tds’ (6.36)
4 2n r s
For the backscatter case, 7 = —lEi, and
Fx(Px[Ax(K'x@)]) = -k'x[(k'x&)AED] = é(rk’) (6.37)
SO
— E ~Jkr -y =i - E 'jb . .
EXP) = éj_"—e Rlk'e P*Tds! = —9j—°—e fkcosﬂe’z""s"‘eds
P 2n r Js 2n r s
(6.38)
. kE L L, ,-jk
= -8j—2 582 " cosBsinc(kL,sin6)
2n r

where L, and L, are the lengths of edge P,P, and edge P.,P;.

Fig. 6.6 and Fig. 6.7 show the numerical SMEP responses of the object at two
different angles. The response shows that there are two peaks located at range about
+(L/2)cos0, for each horizontal edge which are at the differential ranges of the end points
of the edge. At the rotation angle ¢ = 0°, as shown in Fig. 6.6, the SMEP response gives

a single peak with strong amplitude for the vertical plate because all the points on the
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plate have the same differential ranges and are equidistant to the observation point.

6.5.3 Images of The Plates
The total scattered fields of the plates can be considered as the combination of the

edge diffracted field and the PO scattered field. They can be written as

E‘®) = E;(F) +E(P) (6.39)

where Ep(ﬂ denotes the PO scattered field and E A7) denotes the total edge diffracted

field. Substituting (6.39) into (6.23) without subtracting the edge diffracted field we may
create the image of the plates. This is usually the practical case since the measured field
is usually the total field, and the edge diffracted field is very difficult to obtain for a
complicated target. Figure 6.8 gives the image of the plates shown in fig. 6.3. We can see
they match very well. Because equation (6.23) is derived under the PO approximation,
we may use the PO scattered field in (6.23). This gives the true image of the plates under
the PO approximation. The image is given in Fig 6.9. Comparing with Fig 6.8, we can
see that the PO approximation is inadequate for an object consisting of conducting plates
where the edge diffractions may be the dominant contributors to the scatted field. Thus,
the image of a metallic object might be different from its geometrical shape using the PO

approximation.

6.6  Images of an Aircraft Model
A simulation of time-domain imaging is carried out using data measured in the
Michigan State University free-field scattering range. We use the same measured data as

used in chapter 4. Figure 6.10 show the images of a 1:72 scale model B-52 aircraft. Since
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we use the PO approximation in (6.23), and did not subtract the diffraction contribution,
the edges of the aircraft are clearly visible, and the surface contribution nearly neglectable
compared to the edge diffraction. This shows that edge diffractions are dominant
contributors to the scattered field when the scatterers consist of conducting plates. Next,
we can obtain the edges from Fig. 6.10 and use (6.20) to evaluated the total edge
diffracted field from all the "visible edges". Fig 6.11 shows the image of the main edges
of the aircraft model. Subtracting the edge diffraction field from the total measured
scattered field yields the PO component and the corresponding image is shown in Fig.
6.12. We can see that the wing edges are not as visible as in Fig. 6.10. Theoretically, the
wings should vanish after subtracting the edge diffracted fields, but since the scattered
field oscillates at high frequency, and the diffraction field from surface singularities such
as tips, corners, and multiple reflections, creeping waves and surface travelling waves are
not taken into account and they may also be big contributors to the scattered fields. Since

they may also distort the reconstructed image, the results are not as good as expected.

6.7  Conclusions

In this chapter, we have shown that in the high-frequency region, the scattered
field can be attributed to a combination of different canonical problems. This idea has
been used in developing a new time-domain inverse scattering identity and interpreting
the reconstructed image from a new approach, based on analysis of the scattering
mechanisms and the backprojection algorithm utilized in image retrieval. In this approach,
we added the edge diffracted field to the physical optics field so that the total is equal to
the exact scattered field value. We also showed that for those objects consisting of

conducting plates, edge diffractions are dominant contributors to the scattered field. The
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total edge diffracted field is the summation of the diffracted field from each "visible"
edge. Several numerical and experimental examples have been included to validate the

formulas developed in this chapter.
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Figure 6.4  Diffracted SMEP response of the object with rotational angle ¢=45°.
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Figure 6.9.
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CHAPTER 7

CONCLUSIONS

This chapter summarizes what is achieved in this thesis and points out what

remains to be studied further.

7.1  Summary of The Thesis

The most significant contribution of this thesis, from the view of the writer, is the
development and the implementation of a time-domain radar imaging technique. In this
technique, starting with the exact space-time magnetic field integral equation, and by
using Radon’s theory and a SMEP as the incident pulse, we obtain the complete inverse
scattering identity which considers both illuminated and shadowed range contributions.
We have developed the inverse scattering identities for both monostatic and bistatic cases,
for special cases such as rotationally symmetric targets, for flying object, and for the 3-D
case. The entire derivation is carried out directly in the time domain, and the incident
magnetic field waveform is general. We can see from equation (3.22) that when the
incident magnetic field is an impulse, step, or ramp, previous inverse scattering identities
can be obtained. The reason why we chose the SMEP is its band-limited property and its
ease of synthesis in the frequency domain.

In chapter 3 we have shown that the size and shape of an object (thickness
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function) can be obtained from its cross sectional area functions, and the problem can be
reduced to the classical Radon problem. Since the cross sectional area function can be
estimated from the scattered field when the incident field is a SMEP, we can reconstruct
the thickness function of the object using backprojection techniques which have been
widely used in computed tomography, radio-astronomy, and geophysics. Chapter 4 gives
two reconstruction algorithms. One is a time-domain approach called convolution
backprojection. Another is the frequency-domain approach called filtered backprojection.
Both approaches provide similar quality reconstructions. By using synthesized SMEP
response data and the reconstruction algorithm, we have obtained very good images of
several aircraft models. A simulation based on stepped-frequency, multi-aspect
measurements of aircraft models produces clear images with highly-defined edges.
Chapter 5 deals with the limited-view problem. We have proposed two techniques
to handle this practical situation. One approach is the method of projections onto convex
sets (POCS). The basic principle of POCS is that each piece of a priori knowledge must
be represented by a convex set onto which the current image estimate can be projected.
It has been shown that if the intersection of these convex sets is nonempty then the
sequence of cyclic projections will converge weakly to a point in this intersection. We
extend this approach to radar imaging for the first time and show some useful results.
Another approach which we have demonstrated is to process the available measured
projections in order to generate an estimate of the full set of projections, an image which
is called a sinogram. The goal of this approach is to recover the sinogram from the
available measured data using linear prediction. Since the scattered field of a target can
be written as a superposition of distinct specular reflections arising from scattering centers
on the target, the position and strength of the scattering centers can be predicted using
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linear prediction with the change of the observation angle. Thus, the missing data can be
predicted before reconstructing the image. Big improvements in image reconstruction have
been achieved using this technique, and some useful results have been shown in chapter
5.

In chapter 6 we point out that the PO approximation is inadequate for scattering
problems of a complex shaped conducting object such as an aircraft. At high frequency,
edge diffractions, multiple reflections, creeping waves, and surface travelling waves may
also be important scattering mechanisms. Additionally, the spectral and angular windows
for data are usually restricted by practical constraints. Therefore, the time domain image
of an aircraft may be different from its geometrical shape. In chapter 6 we have
investigated time domain imaging of aircraft employing SMEP responses, and interpret
the reconstructed image from a new approach, based on analysis of the scattering
mechanisms and the back-projection algorithm utilized in image retrieval. The time-
domain inverse scattering identity with the incorporation of Geometrical Theory of

Diffraction (GTD) is derived and some interesting experimental results are provided.

7.2 Suggestions for Further Studies
From the view of the writer, the following points are the suggestions for future

research:

1). At present the reconstruction has been limited to the 2-D case, so the next logical
step is to extend the reconstruction algorithms to a 3-D object. The time-domain
inverse scattering identity for 3-D cases has been derived in chapter 3 using a half
Gaussian pulse modulated sine as an incident field. The well-developed
reconstruction algorithms in other fields for the 3-D case can be extended and
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2).

3).

applied to the 3-D inverse scattering problem.

In addition to the SMEP, impulse, step, and ramp, other types of incident field
waveforms may be used to obtain the cross-sectional area function.

In sinogram restoration for the limited-view problem, 1-D linear prediction has
been used to fill in the missing data. It is more efficient and may be more

accurate if we use 2-D linear prediction, since the sinogram is a 2-D map.
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APPENDIX A

ANECHOIC CHAMBER MEASUREMENTS

A.1  Introduction

There are two different schemes for performing transient measurements. The first
method uses traditional time domain reflectometry methods [39], [40]. [41], [42] while
the second one utilizes a Fourier synthesis approach [43], [44], [45]. The time domain
reflectometry method has the important advantages of time-gating and rapid speed of
measurement, but suffers the disadvantage of limited dynamic range and equipment
instability which leads to timing jitter. In this dissertation, we do not exploit this method.

A vector network analyzer is capable of measuring both the magnitude and phase
of the S-parameters of two port network over a very wide frequency band. This capability
gives the vector network analyzer the ability to synthesize the transient response of a
target via the inverse discrete Fourier transform. Measurements using this configuration
take longer than with time domain systems. Note that the sampling interval constraint
limits the use of the network analyzer system when the antennas are used on a ground
plane since the reflections from the edges of the ground screen and the laboratory ceiling
cause alaising.

A typical free-field dual antenna frequency-domain measurement system is shown
in Figure A.1. A measurement of S,, produces a measure of scattering from port 1 to port

2 from both the scatterer and the environment. Amplifiers are added to the transmit
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Figure A.1 Dual antenna free-field frequency-domain transient measurement system.
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channel to help boost the dynamic range of the measurements. With the addition of wide-
band horn antennas, the frequency range of the system has been extended from the band
1-7 GHz to the band 2-18 GHz. Also, a computer-controlled rotator allows measurements
to be made automatically at a 0.15° aspect angle increment.

This Appendix reviews the calibration and deconvolution method of the
measurement system developed by Ross [45]. Examples of measured spectral responses
of calibration targets (i.e. sphere) are presented and compared with theory. Various
methods which improve the measurements of aircraft models are described briefly and

summarized.

A.2  Calibration Procedure

Ross made a significant contribution to automatic measurements in the anechoic
chamber at the MSU EM lab. The size of chamber is 24 ft in length, 12 ft in width, and
12 ft in height. Here we will review the calibration procedure. To take full advantage of
the wide frequency sweep available with a network analyzer, the clutter and system
transfer function must be removed from the measurement. That is, all repeatable
systematic errors associated with anechoic chamber clutter, antennas, and transmission
lines should be removed from the raw measurement.

First, the background response measured when the chamber is empty is subtracted
from the raw target measurement. Figure A.2 shows the spectral response of a 14 inch
metal calibration sphere measured at 2-18 GHz. Other possible calibration targets include
a thin wire. One of the difficulties with the wire is that the wire response is strongly
aspect-dependent. It is very hard to determine the incident angle exactly. After the
spectral response is zero-padded and transformed to the time domain, any interaction
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terms and noise that are sufficiently delayed beyond the end of the calibration target
response can be eliminated. The spectral response obtained by transforming the time-
domain response using the FFT becomes much smoother than before as shown in Figure
A.3. Next the system function can be found by dividing this response by the theoretical
value.

The theoretical scattered field response of a sphere was first solved by Mie in
1908 [46]. It has also appeared in many books [47], [48]. The notation used in the course
notes by Chen [49] is used here.

Consider a plane wave incident on a perfectly conducting sphere as illustrated in

Figure A.4. The incident electric field is given by
E™(7) = 2E,exp(-jkz) (A.1)

The far zone scattered electric field is obtained by approximating the spherical vector

wave functions in Mie series [48]

. - iE exp(—ij) n+l | Pllcos®) 15, e} (A2)
E% = JE, ,,Z,n(n+l){ sin@ b"ae n (c0s0) | feosd

l
E* °XP(_"‘R)Z ! { » (0050) +a,.[%ﬂ.’(¢osﬂ)”sin¢ A-3)

o - a1 n(n+1) sin®

where a, and b, are found using the boundary conditions and are given by

0,p.:
. 2 (Rj,(kR))|R=a
- .’n(ka) b = OoR (A.4)

hP(ka) a—i(Rh,fz)(kR))lRm

For the back-scatter case, the following relations are used to the evaluation of the Mie

series in equation (A.2) and (A.3)
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P! (cosd) |, = -('21)" n(n + 1) (A5)

%Pn‘(cose) loun = - (‘21)" n(n + 1) (A.6)

The expressions shown in (A.2) and (A.3) are programmed with the use of widely
available generalized Bessel function subroutines. These subroutines are very accurate and
efficient.

Figure A.S shows the theoretical waveform obtained using the above Mie series.
The system transfer function obtained using this theoretical response is shown in Figure
A.6. To provide verification of the calibration process, a second sphere 3 inches in
diameter is used. Figure A.7 shows a comparison of the measured and theoretical spectral
responses of the smaller sphere. The agreement is very good except in the high frequency
region. This is probably due to the hole in the sphere and effects of windowing of

extraneous system noise from the measured response.
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Figure A.2  Spectral response of 14 inch metal calibration sphere, measured using
frequency domain system in MSU anechoic chamber.
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filtering. Measured using frequency domain system in MSU anechoic
chamber.

160




—

inc

L

Figure A.4 Geometry for sphere scattering problem.

161



0.036

]

o

© 0.032

3 J

Syt 4

3 ] WVW\NW\IVV\MAN\M’V\MAANW

I ]

o )

e

2]

2z ]

D 0.028 -

£ 0028

el

0.024 L L L SRR R B e ey e e e

0 20.0

Frequenéy (GHz)

Figure A.5 Theoretical response of 14 inch metal calibration sphere calculated using
Mie series for MSU anechoic chamber configuration.

162



0.250

0.200 4
© ]
© -
> .
= 0.150 o
Q. .
£ ]
o 3
2 0.100 3
= ]
O ]
) ]
s .
0.050 -
]
0-000 Tl1lllIll]’llllllllllTllllllllllTllll
0.0 5.0 10.0 15.0 20.0

Frequency (GHz)

Figure A.6 Transfer function of frequency domain system obtained using 14 inch
diameter sphere as calibration standard.

163



0.014

0.012
0.010
=
3 0.008
>
-
(@)
O 0.006
=
0.004 3
:
]
0.002 — theoretical 3 inch sphere
------ measured 3 inch sphere
0-000llllllTl]IllllIllllTllll]lTllllll
2.0 6.0 10.0 14.0 18.0

Frequency (GHz)

Figure A.7 Comparison of theoretical and experimental frequency responses of a 3

inch diameter sphere. Measurements performed using frequency domain
system in MSU anechoic chamber.

164



APPENDIX B



APPENDIX B

EXPERIMENTAL EQUIPMENT

This appendix summarizes the apparatus used for the experimental portion of the
research. The equipment used in the frequency domain scattering measurements is listed
in Table B.1. There have been three different configurations used at EM lab in MSU so
far. The "low-band" configuration uses a the PPL-5812 amplifier to amplify the signal
from port 1 of the network analyzer. The parameters used in this configuration are shown
in Table B.2. The "high-band" configuration uses the HP-8349B amplifier to amplify the
signal from port | of the network analyzer. The parameters used in this configuration are
described in Table B.3. The enhanced "high-band" configuration uses the HP-8349B
amplifier too. The parameters used in this configuration are given in Table B.4.

To accurately characterize the measurement system, the network analyzer was used
to measure the gain of the amplifiers and attenuations of the cables over a wide range of
frequencies. The results of these measurements are given in the thesis by Ross [45] and
are reproduced here to indicate the limitation of measurement system, the improvements,
and baseline measurements to assess future equipment changes. The signal gain of the
HP-8349B amplifier is shown in Figure B.1. Note that the gain is about 20 dB over 2
GHz. The gain of the PPL-5812 amplifier is shown in Figure B.2. The gain decreases a

lot over 4 GHz. This attenuation
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Table B.1 Equipment used for frequency domain scattering measurements.

. _____________________________________________________________________________________________________________|]
Hewlett-Packard HP-8720B vector network analyzer

Hewlett-packard HP-8349B microwave amplifier

Picosecond pulse labs PPL-5812 10 dB broadband amplifier

American electronics laboratory AEL H-1734 wideband TEM horn antennas
23.5 foot RG-9B cable with N-type connector

22.5 foot RG-9B cable with N-type connector

B&K precision D.C. power supply 1610 (for PPL amplifier)

Insulated wire inc. AEL H-1498 wideband TEM horn antennas

12 foot low loss cable with SMA connector

Table B.2 Low band measurement parameters.

Measurement parameter: S21
Frequency sweep: 04 -44 GHz
number of points: 401

IF bandwidth: 100 Hz
number of averages: 10

Sweep time: 30 seconds

limits usage of amplifier in higher frequency range. Cable losses for the system are shown

in Figure B.3. Note that this cable is very lossy at high frequencies. Now a pair of low

166




loss flexible cables 12 foot in length are available to help improve range performance.
Tests of new cables show a 3.5 dB loss at 20 GHz.

Table B.3  High band measurement parameters.

Measurement parameter: S21
Frequency sweep: 1.0 - 7.0 GHz
number of points: 601

IF bandwidth: 100 Hz
number of averages: 10

Sweep time: 60 seconds

Table B.4 Enhanced high band measurement parameters.

Measurement parameter: S21

Frequency sweep: 2.0-18.0 GHz
number of points: 1601

IF bandwidth: 100 Hz
number of averages: 2

Sweep time: 60 seconds
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Figure B.1 Gain of HP8349B Microwave Amplifier measured using HP-8720B
network analyzer. Amplifier input power = -30 dB,,
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