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Chapter 1

Introduction

If a target is illuminated by a plane wave whose wavelength is small rel-
ative to the size of the target, the target’s electromagnetic scattering can
be considered to originate from distinct features called scattering centers.
The object of this research is to locate these scatiering centers in three di-
mensions using swept frequency backscatter measurements resulting from

plane wave illumination. Two methods will be presented to accomplish this

task. The first method uses the impulse responses of the target as seen from

three slightly different look angles. The second method uses images gener-
ated from inverse synthetic apertufe radar (ISAR) measurements taken by
two vertically offset antennas.

For purposes of target identification and radar cross section (RCS) anal-
ysis, it is advantageous to know the locations of the scattering centers asso-
ciated with a target under test. Traditional imaging techniques are used to
determine the down range and cross range positions as well as the relative
magnitudes of the scattering centers composing a target. A technique is
presented in this report which expands the capability of the traditional two
dimensional imaging techniques to three dimensions. This is accomplished
by generating images from backscatter measurements of a target taken from

two slightly different angles of illumination in the vertical plane. The di-



rection of propagation corresponding to these two look angles are the same
except for a small difference in their vertical displacements. The images
from these two look angles should be identical except that the images of
the individual scattering centers will be slightly shifted along the down
range direction by an amount proportional to their verlical offset. By cal-
culating the down range offset for a particular scattering center, its position
can be determined in all three dimensions.

Despite the effectiveness of traditional imaging techniques in locating
scattering centers, a drawback inherent in them is the large amount of time
required to obtain the measurements necessary to generate an image. A
technique is presented in Chapter 5 which identifies the major scattering
cenlers of a target in three dimensions and does it in nearly real time. If
one takes backscatter measurements of a target over a wide frequency hand-
width, the target’s impulse response along the direction of propagation can
be obtained by performing an inverse Fourier transform on the frequency
domain measurements. If a scattegﬁg center on the target is separated
sufficiently from other mechanisms along the direction of propagation, its
down range position can be determined accurately. If a scattering center’s
position is determined for three different directions of propagation, which
are not coplanar, its three dimensional position can be determined by sim-
ple triangulation. This technique is shown to work well for point scatterers
with sufficient down range separation. A problem encountered when ap-
plying this technique though, is that a scattering center on a target may
experience interference from other scattering mechanisms on the target,
~ making it difficult to determine the scattering center’s exact down range
position. A method is proposed which solves this problem by analyzing
images from several different look angles. By doing this a scaltering center

can be tracked through a range of look angles and identified even when it
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suffers from interference.

This report is organized as follows: Chapter 2 includes the assumptions
made about a target’s scattering characteristics as well as a review of its
impulse response. A review of the techniques used to generate traditional
images is found in Chapter 3. Chapter 4 describes the method used to
generate the necessary offset plane waves in the OSU compact range. A
presentation of the imaging technique using impulse responses is given in
Chapter 5. Chapter 6 contains a description of the method used to deter-
mine the three dimensional positions of scattering centers from two dimen-
sional images. Finally, the results of applying these two imaging techniques

to a complex real-world target are given in Chapter 7.



Chapter 2

One Dimensional Target
Images |

2.1 Scattering Center Location in Three Di-
mensions

When an object is illuminated by an eiectromagnetic wave, currents are
induced on the structure which reradiate and produce scattered fields. The
induced currents are not uniform, and if the object is electrically large,
the scattering tends to be concentrated at distinct locations, which are
referred to a;srscarttering centers. In fact, the total scattered field from an
electrically large radar target can, in most cases, be approximated by a
linear superposition of these scattering center responses.

For purposes of target identification and radar cross section analysis, it
is advantageous to know the locations of the scattering centers associated
with a target under test. In this paper, a method is proposed to identify
these scattering center locations using swept frequency backscatter mea-
surementjs of a target, resulting fror;1" plane wéve illumination. The method
is conceptually very simple and is presented here in terms of an example.
First, assume that a scattering center is placed in a fixed coordinate system

as shown in Figure 1. Next, place a radar at a distance of R, from the ori-
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gin of the coordinate system and illuminate the target zone with the radar.
Note that R, is considered to be large enough so that far field assumptions
can be made. The down range distahce of the scattering center, Ry, is the
distance from the radar to the projection of the scattering center’s position
onto the down range axis of the radar. The down range distance of the
scattering center can be determined from swept frequency radar measure-
ments. The distance I, is measured with respect to the radar. It will be
convenient for later sections of this report to move the phase center to the
origin of the fixed coordinate system. Upon moving the phase center to
the origin, the down range position of the scaltering center is z,9, where
it is understood that Ry = R, + z4. To obtain the information needed to
calculate the cross range position y,,o, the radar is then moved to a second
position which is equidistant from the origin, but rotated by an angle a
with respect to the first look aﬁgle. A second measurement is then taken
to determine o, the distance from the radar to the scattering center, at
the second look angle. Once z,9 is determined, it is a simple matter to

calculate the cross range position from the following formula:

Tpg — Tgp COS O

(2.1)

Yao = .
smmaoa

For small a, Equation (2.1) becomes

Tpo — Tqa0

= —— 2.2
Yao o ( )
where
Yoo = cross range position with respect to antenna A
z,0 = down range position with respect to antenna A
zyo = down range position with respect to antenna B, and
a = separation between plane waves in azimuth angle.
6
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This result is used to determine the location of the scattering center in the
¢ — y plane. To obtain its third dimension, the vertical oﬁ'sert, this pro-
cess can. be repeated using a plane wave with a small vertical propagation
component. With this approach, the initial measurement is taken using
the desired plane wave illumination. The second measurement is taken by
rotating the plane wave a small angle in the horizontal direction. A third
measurement is then taken by scanning the plane wave a small angle in
the vertical direction. From these measurements, the scatiering center is
located in all three dimensions.

In a realistic application where rmany 7scarttering centers are encountered
in close proximity to one another, locating the scattering centers is a much
more difficult task. The two problems which impede identification and

location of scattering centers are
1. the complexity and composition of the target, and
2. the limitations of the measurement system.

Section 2.2 presents the assumptions made about the target and how the
target is characterized. Section 2.3 shows the method for determining the
distance from the radar to the scattering centers and the effects of system

limitations on this determination.

2.2 Target Scattering Characterization

The identification scheme to be presented later in this report, requires two
assumptions about the target. First, it assumes that the target is electri-
cally large, and second, it assumes that the targetris comporsed of a finite
set of point scatterers. If one assumes that a target is electrically large; it
can be treated, in most cases, as a linear superposition of scattering cen-

ter responses. The backscatter behavior of each of the scattering center



responses is dependent on the frequency of the incident wave and the po-
sition of the radar with respect to the target. The total scattering from a
target composed of N such mechanisms, at a given frequency of illumination

and look angle, can be defined as

B(,0,6) = 3 Fi(w,0,9) 23)
where "
E* = the total scattered field
E: = the complex scattered field of the n** scattering center
including the relative phase due to propagation
w = angular frequency in radians
= elevation angle, and
¢ = azimuth angle.

Obviously, E* and E, are dependent on the illumination direction (8, ¢) of
the target. In this paper, the scattered fields will often be discussed for an
arbitrafy look angle. However for convenience of notation, the dependence
of the target scattering on the look angle will be implicit, except where the
explicit referencing of 6 and ¢ is required.

The second assumplion made about the target is that each of the scat-
tering centers can be represented as point scatterers. In defining point
scatterers, it is first assumed that they are line-of-sight scatterers. The
term “line-of-sight” implies that the signal path is a direct path from the
radar to the point scatterer and brfa;cilgimgajn. On many realistic targets the
first order terms arrer basically ‘line-of-sight, but the higher-order ones, such
as multiple reflections, creeping waves, or edge waves, are not. By assuming
a direct path from the radar to the target and back, some scattering mech-

anisms may be incorrectly located. This problem is acceptable because

8
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the consideration of multiple path scattering would introduce ambiguities
which cannot currently be evaluated.

The assumption made above also dictates that a point scatterer’s phase
is a linear function of its distance from the phase center. The frequency

response of such a point scatterer, as seen by the radar, is

E!(w) = Ap(w)e?¥me T (2.4)

where
A, (w) = An(—w).

An(w) is a positive real function and is the amplitude of the backscatter sig-

nal of the target which is dependent on frequency. Note that e?¥" represents

any phase shift introduced by the individual target scattering mechanisms.

The time required for the radar signal to propagate from the radar to the
th

n'* scattering center of the target and back is denoted as T,,. If the distance

from the radar to the point scatterer is H,,, then one obtains

T, = ===, (2.5)

Again, for convenience, the phase center is moved from the radar to the
origin. If the down range distance of the scattering center is R,, = R. + z,,

the point scatterer’s frequency response is written as

E!(w) = Ap(w)e™¥me i (2.6)
where
1, = 2o (2.7)
c

Therefore, by substituting (2.6) into (2.3), one finds that

E'(w) = Ap(w)e’¥rne (2.8)

n=1



which represents the complete target scattering characterization as assumed

in this report.

2.3 Scattering Center Down Range Position
Determination

A scattering center’s position in three dimensions can be determined by
knowing its down range position with respect to three offset plane waves.
This section reviews the method by which the down range distance z,, is
determined from measured data and the impact of measurement limitations
on the accuracy of z,,. To determine the ‘down fa;lge positions of each
scattering center, the impulse response of the target is needed. Note that
the impulse response and the frequency response of a target form a Fourier
transform pair. If the target is composed of linear scattering centers, the

transform pair is

Bw)= [ () etar (2.9)
and
e(t) = 5= [ B'(w) td (2.10)
where the impulse response is e’(t) [4].

The impulse response is by definition causal, and therefore its frequency
spectrum is infinite in extent. Clearly, no radar system has the capacity to
represent E°(w) completely. The measured data used in this paper consists
of backscatter measurements of a target taken from 2- 18 GHz at 10 MHz
steps. This information yields a discretely sampled version of the frequency

response of the target given in Equation (2.3).

The scattering mech'a'n_isrns treated in this paper have impulse responses ...

which are exclusively real. For a real impulse response e’(t), its frequency

response must satisfy the following:

10
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Ej(w) = [Ex(-w)]" (2.11)

If E} is measured over a limited bandwidth, the resultant frequency re-

'sponse can be represented as
El (w) = Apy(w)e?¥re ™t (2.12)
where

A, —wp < < , and
Ay(w) = (w)  wo—wp <|w|< wo+ wp, an (2.13)
0 elsewhere.

In general, the amplitude term of the positive spectrum of E,(w) from
wo — wp to wo + wy, is not symmetric about its mid-frequency wy. The same
is true for the negative spectrum. In [11], it is shown that such a spectrum
yields an impulse response which is both phase and amplitude modulated,

such that

anp(t) = 2\/a,,f,(t) + ap2(t) cos (wo(t) — tan™! Z—:E—:—;) (2.14)

which yields an impulse response for the scattering center given by

s _ 2 -18n (t — t“)
e’ (t) = 2\/an,(i — 1) + @ 2(t - t,,) cos (wo(t —t,) — tan —J———anp(t — tf)) )
2.15

Note that a,, and a,, are the in phase and quadrature components, respec-
tively, of a,;(t) as defined in [11]. The amplitude modulated term of (2.15)
is given by

€heno(t) = /@n2(t — 1) + an2(t — 1) (2.16)
The maximum of this term occurs at ¢ = ¢,, the down range location

of the scatiering center. The scattering center’s position can therefore be

11



determined by locating the peak of this amplitude modulated term. In
this paper, the amplitude modulated term of a target is referred to as its

envelope.

2.4 Band Limited Discretely Sampled Spec-
tra

Since the down range positions of the scattering centers are determined
from the envelope of the impulse response of the target, it is now necessary
to study the impact of limited bandwidth on the envelope. To illustrate the
effect of limited bandwidth, return to the band limited frequency response
of a point scatterer in (2.12). One can reformulate its response as the prod-
uct of an ideal band pass filter and the original point scatterer frequency

response of (2.4) such that

Ej(w) = W(w) - E*(w) - (2.17)
where
1 wo—wy <|wl|<wo+ ws, and
W(w) = 0w S|w S wotwp, an (2.18)
0 elsewhere
or o

W(w) = Flw(t)].

Multiplication in the frequency domain transforms to a convolution in the

time domain such that

el(t) = /_: e'(r)w(t — 7)dr. (2.19)

Since the impulse response of a target is the superposition of the impulse
responses from the individual scattering centers, the band limited response

of a target composed of N scatiering centers is

12
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el(t) = f’: / T el (r — to)w(t — 7)dr. (2.20)

n=1Y-%
The band limited impulse response is therefore a sum of convolutions: the
convolutions of the impulse responses of the individual scatiering centers
with the impulse response of the band pass filter. The result of the convolu-
tions is a distorted version of the actual impulse response. The distortions
introduced are dependent on the impulse response of the ideal band pass

filter which can be expressed as

w(t) = —‘:rﬁsinc(wbt)cos(wot). (2.21)

This function and its envelope are pictured in Figure 2 for a bandwidth
of 2-18 GHz. Note the high side lobes and ringing which are due to Gibb’s
phenomenon. The high side lobe levels cause two problems which are detri-
mental to identifying scattering centers. Evéry peak in the envelope of the
impulse response of the target is considered to correspond to a scattering
center. The high side lobe levels of Figure 2 limit the dynamic range of
peaks which can be identified as scattering centers. The first side lobes of
the envelope for the ideal band pass filter are only 13 dB down from the
peak of the main beam. This implies that peaks whose magnitudes are
more than 13 db down from the:largest‘ peak in a target’s envelope might
have to be discarded since actual scattering centers at these levels could
not be distinguished from side lobes of adjacent scattering centers.

A second problem which high s’icvlerl;bre le\;els cause is distortion of the
estimated down range positions of scattering centers. The position of the
maximum of é peak is assumed to correspond to fhe down range position
of a scattering center. To obtain an accurate estimate of a scatiering cen-

ter’s cross range position, its down range position must be estimated very

13
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Figure 2: Impulse response and envelope for an ideal band pass filter.
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accurately. For the case where two scattering centers are located in close
proximity, the presence of high side lobe levels can cause a shift in the po-
sitions of the peaks in the envelope response relative to the actual down
range positions of the scattering centers. This shift in down range position
can result in significant errors in the estimated cross range position of a
scattering center.

In order to reduce the impact of these problems, the classical approach
of windowing in the frequency domain is taken. Windowing is the proces's of
altering the frequency dependence of W (w) in Equation (2.17) so that the
function w(t) has the desired properties for a particular application. Harris
discusses this topic thoroughly in [9]. Windowing is used to decrease the
impact of the discontinuities of a band limited spectrum. The window used
in this work was chosen such that it had relatively low side lobe levels
without making its main lobe so wide that the impulse response lost its
physical significance. The Kaiser-Bessel window was chosen as a reasonable

compromise. The Kaiser-Bessel window used in this paper has the form

I [m,/l — (w;w:'u)z]
To[ra]

where I, is the modified Bessel function of the first kind, order zero, with

W(w) =

(2.22)

o =2,

Figure 3 shows the envelope response of the rectangular and Kaiser-
Bessel windows for a uniform signal from 2-18 GHz. Note that the first
side lobe of the envelope resulting from a K-B windowed spectrum is 46 dB
down from its peak. Also recognize that the main lobe of the K-B transfer
function is much wider. The drawback of having a wider main lobe is that
the distance of separation required between scattering centers to resolve

them increases. Resolution, as it is traditionally defined, is not applicable

15



=100 -075 -050 -0.25 000 025 050 0.175 1.00

3 3

o pe

-400 -300
] i

ENVELOPE RESPONSE DB

_ﬂllo

60.0

-050 -025 o0bo o0bs obo o)s i.oog
TIMF IN NANQSFCS

100 -0.75

a) Rectangular window

=100 -075 -050 -025 000 025 0% 075 100
3 . - + + 4 3
8}' ........ L S HEURY 25 WU Pereeenns L .gl

3
=3 v denanns A S SO H e R
¥ i

§ §|- ........ L erveancodevrvnncalasachana I S Teosersnwsbacsnsee o —%

'Eg S S0 TN TOUU NS SUR SO 3

' ] t

Yo .

E $.. ................................................................... L.$
g———— -

o0 -075 -030 -025 o0bo obks oko obs 160

TIME IN NANOSECS

b) Kaiser-Bessel window

Figure 3: Envelopes for various windows
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to the problem presented above and will be discussed in Chaptler 5 of this
report. _

The measurements taken for this work, as well as being band limited,
are discretely sampled in frequency. Shannon’s sampling theorem states

that given a function f(t) where
f(t)=0 for |t|>T (2.23)

its Fourier transform F(w) can be uniquely determined from its values
F(7) at a sequence of equidistant points, a distance I apart [11]. To illus-
trate this theorem, consider the time limited function f(¢) and its transform
F(w) as shown in Figure 4. F(w) is sampled at regular intervals in w such

that the sampled version of F(w) is given by

F(w)= 3 F(n2rAf). (2.24)

n=-—00

This function can also be represented as the product of F(w) and a periodic

train of impulses. The sampled version of F(w) can be expressed as

F,(w) = F(w) - S(w) (2.25)
where
.S(w) = "_ij (w —n2rAf). (2.26)

Since multiplication in the frequency domain transforms to convolution in

the time domain, the inverse Fourier transform of F,(w) is

fo(t) = f(t) ® s(t) (2.27)

where

17
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| £(t)

Figure 4: Impulse response of a discretely sampled spectrum.
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s(t) = o Af Z (t— (2.28)

n=-—oo

The convolution of s(t) and f(t)isa superposmon of scaled versions of f(t)
shifted in time as shown in Figure 4. Sampling in frequency therefore im-
plies periodicity in time. Figure 4 illustrates Shannon’s sampling theorem.

If Af is not chosen such that

) =0 for [t]>-— (2.29)

Af
then the problem of aliasing is encountered. Aliasing is the overlapping of
periodic versions of f(t).

When dealing with a target of maximum dimension, D, the time that
it takes a radar impulse to travel the lenglth of the aircraft and back is
%, where c is the velocity of light. This value can be considered to be
the minimum extent of the signal if a target’s scattering centers are point

targets. The maximum frequency sampling step for such a target is

c

Af <o (2.30)
where ¢ is the speed of light and the factor of 2 Virxccounts for the two way
trip from the radar to the scattering center and back. When dealing with
a realistic target one often encodﬁi?;;}h.igher:é:i'der mechanisms which ap-
pear beyond the physical body of the target as well as clutter from the
radar range. An additional factor of k is introduced to accomodate these
additional sources of scattering [10]; thus, one finds that

Af < ‘ (2.31)

(1+k)D’
In this work, Af is chosen to be 10 MHz, which means that the frequency

response function for an 8 foot target is highly oversampled.
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Chapt er 3

TWO Dlmensmnal Target
Images

At the beginning of the last chapter, a method was presented to identify the
position of a scattering center in three‘dimensions. The method uses the
envelope of the impulse response of the scattering center from three differ-
ent look angles. A second approach is presented in this chapter which also
determines the positions of scattering centers in three dimensions; however,
it uses two dimensional images of the target produced from ISAR measure-
ments taken by two antennas which are offset vertically. The two dimen-

sional images are created using Computerized Axial Tomography (CAT).

A CAT image is a two dimensional function of reflectivity. In the case

presented in thls report the two dlmenswns are deﬁned by the down range

and crossﬁ range relatlve to the radaf look angles These images are widely
used as tools for RCS analysis of targets and for identifying the positions of
scattering centers on a target. A 'revie\i; ef the mathematics of CAT follows.
Also discussed are the aspects of the image which are most important to
identifying the scattering centers 'Zi‘nrfllrlree rdimenrsi;ns, and the distortions

introduced into the images due to the limitations of the measuring system.
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Figure 5: CAT imaging geometry.
3.1 Image Construction

CAT was introduced by EMI Ltd. of England in 1973 as a way of imaging
cross sections of the human body in two dimensions. Although our appli-
cation is different, the mathematics used to derive the image are the same.
Articles on CAT are available in [5],(6],(7], and [12]. The mathematics of
CAT are used in this report to establish the relationship between swept
frequency measurements of a target taken at consecutive look angles and
its reflectivity dénsity function [12].

The measurements used to produce the CAT images in this report are
swept frequency ISAR measurements. The imaging geometry used to ob-

tain these measurements is shown in Figure 5. The target is located on a
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Figure 6: Polar sampling format.

platform which rotates about the origin of the coordinate system fixed to
7 the rédar. The down range Vdi,rec;tionbof the ra;dar corresponds to thé i, axis
of this system. Thus, i, represents the two way trip time to the scattering
center and back. The backscattered field is measured by a stationary radar
in the far field. At a look angle ¢, measurements are taken of the target
across the system bandwidth at rdiscrete intervals. These measurements
produce a sampled version of E*(f,8y,¢), where 6, is a fixed angle. For
notational convenience, it is assumed that 8, = %, so that the (z,y) plane
of the target corresponds to the (Z.,t,) plane of the radar. The target is

then rotated by A¢ and measurements are takenragaiin: yiélding a second

version of the transfer function E*(f,8y,¢ + A¢). This process is repeated

until a total angle of 29 has been swept.

To visualize the two dimensional space &eﬁned by f and ¢, refer to the
polar coordinate system of Figure 6. The coordinate f corresponds to the
radial component, and ¢ corresponds fo the angular one. The amplitude
and phase of the backscattered field at a particular f,, and ¢, correspond
to a discrete samﬁlé of E*(f,60,¢). For notational convenience, a two

dimensional complex function A is defined as A(f,¢) = E*(f,8o,¢) for
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6o = 3. From A(f,d), one can obtain the reflectivity densiiy function
Ha(tety)- o

The reflectivity density function of a target is its spatial distribution of
reflectivity [12]. It can be expressed as the real function p(t.,t,,t,). At
the beginning of the previous chapter, it was stated that the backscatter
from an electrically large target can be considered to originate from distinct
features on the target called scatiering centers. The reflectivity of the scat-
tering centers and their locations determine p(tz,t,,t,) for a target. The
reflectivity function which CAT produces, p,(t.,t,), is a two dimensional
function. In this work, pu.(t.,t,) is simply the projection of p(t,,1,,t.) onto
the plane defined by the down range and cross range axes of the radar. Note
that p,(i,,t,) is obtained by taking the line integral along the ¢, coordinate
at (t.,t,), such that

o0

w(tarty, t.)dts. (3.1)

ﬂa(tmty) = /

Having defined u,(t.,t,) and A(f, ), the relationship between them
must now be established. Since p,(¢;,1,) is a two dimensional function,
one can perform a two dimensional Fourier transform to the (f,, f,) space.

Let A(f,, [y) be the transfer function foxr'rua(t,, t,) which is given by

A(fz,fy) = /°° /°° p,a(t,_.,tv)e—er(f:f:‘Ffvh) dtt dty . (32)
The inverse Fourier transform of A is
palte,ty) = [ [~ A(fu ) g ap, (33

Now define a function which is equivalent to A but is defined in polar

coordinates. It is expressed as follows:

A(fes fy) = A(£, 8)- (3.4)
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Equation (3.3) can be converted to a polar Fourier transform by substitut-

ing A for A, f, = fsing, fy= fcos @, a,ndrdf,_.dfy’ = fdfd¢; thus, one finds

that
2% poo . .
palterty) = [ [T A(f @) itemstindlpgrag (35) =
o Jo S :
Separating the integral into two parts, one finds that _
ua(t:nty) — / / A(f, ¢)eg21rf(t= cos p+iy lin¢)ffdf qu —
0o Jo
2x o0 - P . =
+/ / A(f, qs)eﬂarj(t,, cos P+t mnd>)f df d¢ (36) %
kg 0
Recognize that =
=
cos(p +m) = —cos(g) B
sin(¢ +w) = —svin(¢)ﬂ,i and %
A(fi¢+m) = AM-f,4) =
=
Then, one obtains the following expression:
pa(t:,ty) _ /w /oo A, ¢)e;,2,,f(¢', cos -+t sin ¢) | f| df d¢. (3.7) -
0 J-oo
Note that p,(2.,t,) is referenced to the coordinate system of the target. %
The offset angle between the target’s coordinate system and the radar’s
coordinate system is ¢. The relﬁﬂonship between the coordinale system %
fixed to the radar and the coordinate system fixed to the target is _
. . -
t: = t.cos¢d+t,sing, and (3.8)
{, = —t,sing+ t, cos ¢. (3.9) =
-
One can therefore express the exponent of (3.7) as given in (3.8) as the =
down range coordinate with respect to the radar. Now consider the inte- -
gration on f afier making this substitution: =
, -
I(.,6) = [~ Af.9)e™ 1 11 4. (3.10) =
24 _
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By substituting w = 27 f and dw = 2ndf, one finds that

1

I(i.,¢) = P /: Aw, $)e™ | w | dw. (3.11)

Equation (3.11) is simply the inverse Fourier transform of the swept fre-
quency measurements at a given angle ¢ multiplied by | w | and a constant.
I(i., ) is also known as the back projection for look angle ¢. It is called
a back projection because the dowﬁ range image, which is the projection
of p,(te,t,) onto the down range axis t,, is projected back onto the (tzyy)
plane. The value of the back projection at (2.,t,) is determined by the
value of the down range image at {,,7 the look angle ¢, and the relationship
t, = t,cosd + t,sin ¢. The back projection can then be substituted into
(3.7) to obtain ‘

palterty) = [ 1(Ge,4) dg. (3.12)

From Equation (3.12) the image construction technique is shown to be

an integration of the back projections over a set of look angles. Since A(f, ¢)
is sampled discretely over angle, the image construction technique consists

of simply summing the back projections of the target obtained at each look

angle.

3.2 Image Interpretation

To arrive at (3.12), it was assumérdftﬂhat A(f,(;b +77r') = A(—f,4). In order
for this assumption to be corréét, the transfer function of a target E’, would

have to satisfy the condition

B'(f, 3.6+ m) = [B(7, 3, 9)) (313)

ol

In general, this is not the case. Of the scattering centers making up a target,

many have transfer functions which are dependent on azimuth angle, and

25



on most realistic targets, scattering centers are often shadowed by other
parts of the target, making (3.13) invalid. 7
To justify the assumption A(f,¢ + 7) = A(—f,¢), the way in which
the image will be used must be considered. The section of this work which
uses the CAT images is concerned w1th identifying the three dimensional
positions of scattering centers on a target at a particular look angle. Since
it is desired to determine the scattering characteristics of the target at one
look angle, a feﬂeétivity density function is needed which reflects contribu-
tions from only the specified look angle. The reflectivity density function
Pa(testy) of Equation (3.11) includes contributions from scattering centers
through an angular sweep of 180 degrees. On a realistic target a scattering
center may contribute significantly to the backscatter of a target over only a
limited number of look angles. If these look angles do not coincide with the
desired look angle, the image which results from a sweep of m radians will
not accurately reﬂect the scattenng at the desu‘ed look angle. In order to
‘ehmmate these corruptlng contributions, this work has used the approach
of creating a reflectivity density function, Hao(tzyt,), which is limited in

angular extent as expressed by

b0ty
poolterty) = [ I(iu, ) dd. (3.14)

By choosing 1 relatively small, it is assumed that only those scattering cen-
ters which are present in the backscatter at ¢o wxll contnbute to pao(tzyty).
In addmon since go(tz,1,) is desxgned to reflect only contnbutxons from a
look angle of ¢, the actual value of A(f, #+m) is of no concern. It can there-

fore be arbitrarily set to satisfy the requirement A(f,¢ + 7) = A(—1,9).
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3.3 Sampling Effects For Two Dimensional
Spectra

A practical target’s reflectivity function is limited in space. This implies
that to reproduce p.a(t,,,t'y) exactly, one would have to sample A(f, #) over
all f and ¢. Since A is discretely sampled in f and ¢ and over limited
bandwidth and limited angular extent, the target’s image may suffer from
limited resolution, aliasing, and truncation réffects.

The backscatter measurements used to generate the CAT images for this
report are taken in the forr.nat shown in Figure 7. In order to determine
the impact this sampling scheme has on a target’s image, first consider
the transform pair of Equation (3.3). In this transform, there is a direct
transform from coordinate f, to {., and from coordinate f, to {,. If the
target’s spectrum is sampled as shown in Figure 8, the effects of sampling
along f, are manifested along the {, coordinate and the effects of sampling

along f, are manifested along the t, coordinate.

Although there is no such direct relation between (f,¢) and (¢,,1,) the
observations of the previous paragraph can be used to determine the impact
of the polar sampling scheme on the target’s image. First note that each
radial slice of Figure 7 corresponds to a frequency sweep at a particﬁlar look
angle. Consider the projection of each of these slices onto the f. axis. The
projection of each sample is expressed by f. = f cos ¢, which for small ¢ is
fe = f. This implies that if 9 is small enough, the behavior of the image
along t, is determined by the sampling parameters in f. The problems of
limited resolution, aliasing, and truncation effects along ¢, can therefore be

treated in the same manner that they were treated for ¢t in Chapter 2.
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The behavior of the imége along the cross range coordinate {, is a result
of sampling in both f and ¢. First consider a slice from Figure 7 along an
arc defined by a constant frequency. The projection of such an arc onto
the f, axis is expressed by f, = fsin¢, which for small ¢ is f, = f - ¢.
The sampling step size along f, is therefore fA¢. To prevent aliasing in
cross range, A¢ must be chosen small enough so that the Nyquist criterion
is satisfied. In Chapter 2, it was shown that the Nyquist criterion was

satisfied if a target’s spectrum was sampled in steps of
Af < — (3.15)
— 2D’ '

The analogous situation for sampling in the angular domain is

4
- f <
AQS f - 4pmac

(3.16)

where ppma. 1s the distance from the origin to the point on the target fur-
thest from the origin [12]. To satisfy the Nyquist criterion over the entire

bandwidth, f must be chosen to be f.q4., such that

A¢<AW". (3.17)

The resolution in cross range along t, is determined by the bandwidth
along f,. By projecting the angular slices onto the f, axis, the bandwidth
at a particular value of f is 2fy. The bandwidth computed in this fashion
though, varies by a factor of 9 for a spectrum spanning 2-18 Ghz. Since
no direct method is available to determine resolution in cross range, it is
done empirically by allowing two point scatterers to approach each other
in cross range until their positions become distorted. The resolution using
this technique is approximately 3 inches.

In Chapter 2 the effects of abruptly truncating a scattering center’s
spectrum were discussed. Similar probléms are encountered in images along

t, when A(f,¢) is truncated abruptly with respect to ¢. These eflects
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consist mostly of high side lobes in cross range, which are unacceptable for

the processing in which the images are to be used. To reduce the impact

of truncation a cosine sqﬁéféd window is applied to the sampled data with

respect to angle.
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Chapter 4

Plane Wave Illu_ _i_ 1ation

4.1 Plane Wave Illumination in Target Zone

At the beginning of Chapter 2, the radar used to illuminate the target was
placed in the far field. This placement was necessary so that the wave front
incident on the target could be considered p’léhér. Also, it was stated that
a scattering center must be illuminated from three different look angles in
order to determine its position in three dimensions. The following chapter
briefly explains the method used for generating the plane waves for the
three required look anglen. S

At the OSU ElectroScience Laboratory the required planar wave front
is generated in a compact range which is pictured in Figure 9. This picture
shows the large parabolic reflector which is central to the range’s function.
Via reflection, the parabolic reflector transforms the spherical wave front
emitted by the feed antenna at the reﬂfst0£ s_focus into a plane wave which
illuminates the target zone. A schematlc nf this measurement range is given

in Figure 10. Note that the dimensions of the usable target zone for this

application are also shown.

The interested reader is referred to [3] in order to learn more about the
use and design of a compact range. What is essential to this work is that

the wave front generated in the compact range remain planar throughout

31



Figure 9: Compact range at Ohio State Universiﬁr ElectroScience Labora-

tory.
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Figure 10: Schematic of compacitrr:n;;er at Ohio State University Electro-
Science Laboratory. .

the target zone for each of the three look angles. In order to generate the
wave fronts for the three requlred Took angles an antenna configuration
as shown in Figure 11 is used. This antenna mounting system is set at
the focal point of the parabolic reflector such that the central antenna is
located at the focal point, one is offset horizontally from the focal point,
and one is offset vertically from the focal point.

The NEC-REF code [14], created at the OSU ElectroScience Labora-
tory, is used here to show that the wave fronts generated from the antennas
meet the requirements of the three distinct look angles. This code calcu-
lates the phase and amplitude of the electric field in the target zone of the
compact range as a result of an antenna placed near the focal point of the
parabolic reflector. The electric fields are calculated for linear cuts through
the target zone, and for this work the cuts will all be taken in a plane across
the chamber. The plane that the cuts are taken from is located at a down

range position of 288 inches, and the cuts from the test plane are referenced
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Figure 11: Antenna configuration to generate the three planar wave fronts.

to a point centered in cross range and offset vertically 102 inches from the
floor. This corresponds to the center of the target zone. For each case
to be presented a vertical cut perpendicular to the ﬂéor of the range and
a horizontal cut parallel to the floor of the compact range are displayed.
The frequency of illumination for the cuts is chosen to be the upper end of
the bandwidth used, 18 GHz. This frequency is chosen because the higher
frequencies have a grealer potential for phase distortion. The plane from

which the cuts are taken will be referred to as the test plane.

The wave front for thg horn at the focus of the parabola will be consid-

ered first. This wave front should be parallel to the test plane. The phase
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Figure 12: Phase of the electric field along a vertical cut due to the antenna
at the focus of the parabolic reflector.

of the electric field at any point in the test plane is proportional to the
distance p from the antenna to that point. The phase due to propagation
in free space is 2—’;‘3 If the wave front is planar, the phase of the electric field
will remain constant throughout the test plane. The phase of the electric
field along the vertical and horizontal cuts are shown in Figures 12 and 13,
respectively. In both cases the phase remains constant along the entire cut

as anticipated.

The next set of cuts to be analyzed is associated with the antenna which
is offset horizontally by 5% inches from the focal point of the parabolic re-
flector. The measurements from this antenna are intended to provide the
information necessary to determine the horizontal cross range position of

a scattering center. The wave front generated from this antenna should be
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Figure 13: Phase of the electric field along a horizontal cut due to the
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offset in angle horizontally from the wave front of the antenna al the focus.
Any vertical offset in angle in the plane wave’s direction of propagation
introduces an error into the estimated cross range position of a scattering
center. If the wave front possesses these properties the phase of the electric
field due to the offset antenna will vary linearly along a horizontal cut and
remain constant along a vertical cut. Figures 14 and 15 show, respectively,
plots of the phase of the electric field along both a horizontal cut and a
vertical cut. The phase along .the horizontal cut varies nearly linearly with
respect to cross range offset and yields a calculated angle of separation be-
tween the plane waves of 1.92 degrees. From Figure 15, one can see that
the phase is not constant with respect to the vertical cut. The deviation
shown introduces an error into the cross range position determination for a
scattering center which has a non-zero vertical offset. For instance, the es-
timated cross range location of a scattering center has an error of 0.5 inches
if its vertical offset is 18 inches. This error though is relatively small and

can be compensated for to give the necessary plane wave illumination.

The third set of cuts to be considered are for the vertically offset an-
tenna, which is offset by —41 inches. The wave fronts generated from this
antenna should be offset in angle vertically from the wave front of the an-
tenna at the focus. The phase of the electric field along a vertical cut should
therefore vary linearly with a vertical offset and the phase should remain
constant along the horizontal cut. Figure 16 shows that the phase varia-
tion with respect to the vertical cut is nearly linear. The calculated angle
of separation resulting from this plot is -1.85 degrees. Figure 17 shows the
change in phase of the electric field with respect to the horizontal cross
range. Although the phase does not vary considerably, especially in the
center of the target zone, one can see that this phase is not constant and

will introduce some error in the vertical offset estimation. For example, a
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zontally offset antenna.
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Figure 16: Phase of the electric field along a vertical cut due to the vertically
offset antenna.

scattering center which is offset by 24 inches hbrizontally will have an er-
ror of -0.6 inches in its estimated vertical offset. This error though can be

accomodated for so that the necessary plane wave illumination is achieved.

In the preceeding discussion, the electromagnetic waves illuminating the
target and thé Backscatter from the target are transmitted and received by
the same antenna. The data for this paper was generated by transmitting
from the antenna at the focus of the reflector and receiving backscatter
signals on all three antennas. The measurement system is therefore com-
posed of one monostatic radar and two bistatic radars. The bistatic equiv-
alence theorem states that the results from a bistatic radar operating at a
wavelength of A can be replicated using a monostatic radar placed midway

between the transmit and receive antennas of the bistatic radar, operating
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at a’wavelerngtrhr of Asec(Z) [8]. The f;ngle of separation of the antennas
used to collect data for this paper was approximately two degrees. The
wavelength of the virtual monostatic radar is therefore almost identical to
the wavelength used by the bistatic system One can therefore treat the
bistatic radar, composed of the antenna at the focus and the offset antenna,

as a monostatic radar located at the angle bisector.

4.2 Measured Angular Offset

It is desirable to be able to determine the angle of separation between the

three wave fronts experimentally. The following procedure can be used to

determine the angle of separation between wave front A, due to the antéfina

at the focus of the reflector, and wave front B, due to the horizontally
offset antenna. The two antennas are first calibrated with respect to a six

inch sphere in the center of the target zone. After calibration the sphere is

offset in cross range by a known distance Yo and swept frequency backscatter

measurements are taken for both A and B. These spectrums are transformed

into the time domain where the envelope of the impulse response for each

is extracted From the envelopes, the down range position of the specular
responses for each can be determined: z, for A and zpo for B as shown in
Figure 1. These values can then be inserted into the following equation to
‘determine the angle of separation such that

Tho — Tqo

o= ——-, 4.1
Yo ( )

A plot of the envelopes for a sphere horizontally offset by 16 inches is shown
in Figure 18. Applying the method just presented, the angle of separation
between A and B is 0.98 degrees. This compares favorably with the valus
of 0.96 degrees obtained after applying the bistatic equivalence theorem to

the calculated results.
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The separation in angle between plane wave C, due to the vertically
offset antenna, and plane wave A is determined in a similar fashion. In this
case, the sphere is offset vertically by a known amount z,. The necessary
measurements are taken to determine the down range position of the spec-
ular responses for A and C which are, respectively, denoted as Tq and z.4.

The angle of separation is then determined by

Tl — Ty

Y= (4.2)

21

The measured angle of separation between A and C is 0.97 degrees. This

result compares well with the calculated result of 0.93 degrees.
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Chapter 5

Scattering Center Location in
Three Dimensions Using
Target Impulse Responses

At the beginning of Chapter 2, a simple technique was presented to locate
the position of a scattering center using radar measurements taken from
three slightly offset antennas. The measurements were processed to yield
the envelopes of the impulse response of the target from which the down
range position of the scattering center was determined with respect to each
antenna. Then, knowing the configuration of the antennas, the three di-
mensional position of the scattering center was determined. This technique
is applied here to a target with multiple scattering centers.

It was previously shown that the envelope of the impulse response of
a scattering center, whose spectrum was band limited and windowed, was
a single large peak with negligible side lobe levels. In addition, if the
scattering center is linear, its down range position corresponds exactly to
the location of the maximum of its peak in the envelope. A realistic target
generally consists of many scattering centers; thus, its envelope response is
composed of several peaks of differing amplitudes, shapes, and locations.
Since the scattering characteristics of a target are taken to be unknown, it

is assumed that every peak in the envelope of a target’s impulse response
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corresponds to a distinct scatlering center. Upon obtaining the envelopes
of the impulse responses of the target for the three offset plane waves, it
is hoped that the positions of all the scattering centers on the target could
be determined. In order to estimate the position of a given scatfering
center, it is necessary to idenﬁfy the peak corresponding to it in each of the
three envelopes. This identification process is the fundamental obstacle in
applying this techmque to a realistic target

When deahng W1th a reahstlc target, one encounters basrcally two im-

pediments to correctly 1dent1fymg and locatlng scattering centers The first

is grouping three peaks together which do not all correspond to the same

scattering center. If the three peaks do not all correspond to the same
scattering center, a scattering center is generated which does not actually
exist on the target. The second problem results from distortion of the peaks
defining a given scattering center. In this case, the peaks which are grouped
together all correspond to the same scattering center; the distortion present

in the individual peaks though, causes an error in the estimated down range

position of the scattering center. Consequently, the horizontal and verti- -

cal offsets may be incorrectly estimated, and the scattering center is again
placed at the wrong position.

In the sections which follow, some of the impediments to correctly group-
ing peaks to form a scnttering center, and correctly estimating its position,
are discussed. A method is proposed to evaluate the validity of a scattering
center and the accuracy of its position. Finally, a technique using informa-
tion from several look angles is presented which tracks scattering centers

to confirm whether a scattering center exists or is an anomaly. -
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5.1 Defining Possible Scattering Centers

The first step in scattering center identification is choosing three peaks
which correspond to the same scattering center. This task is simplified by
knowing the dimensions of the target and the angles of separation between
the offset plane waves. Recall that a target is characterized as a linear
superposition of point scatterers. By definition these point scatterers lie on
the physical body of the target. It will be shown shortly that it is necessary
for the target to rotate with respect to the antennas to obtain scattering
information from different look angles. The geometry used for obtaining
measurements at different look angles ié identical to the imaging geometry
used for the CAT imaging discussed in Chapter 3, except that a second
antenna is added at a position offset by a degrees. This geometry is shown
in Figure 19. Note that there exists a distance p,.. from the axis of rotation
to the point on the t;u'get which is farthest from the axis of rotation. Since
the scattering centers are assumed to be point scatterers confined to the "
body of the target, ppm.. and the axis of rotation can be used to define a

circle within which all scattering centers on the target must lie, regardless

of look angle.

Now consider an envelope generated from measurements resulting from
plane wave A. Assume a peak in this envelope is located at a distance z,
from the axis of rotation as shown in Figure 20. As discussed in Chap-
ter 2, the down range distance of a scattering center is the projection of
its position onto the down range axis of the illuminating plane wave. The
down range distance, coupled with the circle defined by pmaz, confines the
scattering center’s location to somewhere along the line @ga;. A second
envelope is generated from measurements resulting from plane wave B. In

order to calculate the offset of the scattering center giving rise to the peak
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of target.
at Z,0, the peak corresponding to the scattering center must be identified
in the envelope of plane wave B. Since the scattering center is known to
be confined to @ody, its corresponding peak in the envelopé of B must lie
between z,0 and z,; as shown in Figure 20. Note that
Lo = Pmazcos(B — a)
Ty = Pmaecos(f + ) | (5.1)
a = separation between plane waves in azimuth angle
=
Any peak positioned between zgo and Ty in the envelope for plane wave
B can be considered a plossible match to the pc;;zi( located at z,, in the
envelope for plane wave A. The matches in this case are termed “possible”
because the offset in down'rérrrlrgve betweenithemdeﬁnes a position within the
Pmaz circle. The two peaks making up the match though, do not necessarily

correspond to the same scattering center.
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A possible match from the envelopes of A and B defines a scattcring
center in two dimensions, down range and cross range. In order to find a
scattering center’s position in all three dimensions its vertical offset must
also be obtained. In order to obtain the information necessary to determine
a scattering center’s vcrticalioffset, it was shown previously that a plane
wave must be offset in a direction perpendicular to the plane defined in
Figure 20. Sﬁch a configuration is shown in Figure 21. A peak must now
be found in the envelope of plane wave C which corresponds to the peak
at Z40. To determine the number of possible matches in the envelope of C
with the peak at z,, refer to Figure 21. Note that the target rotates in a
plane perpendicular to the page. ‘This implies that in the plane defined by
the page, the scattefing centérs move only with respect to down range as
the target is rotated; their vertical offsets remain unchanged. There exists
then a pair of distan'ces, Venaz and Vm,-n, which equal the maximum and
minimum vertical offsets of the body of the target with respect to the down
range axis. The possible matches for the peak at z,, in the envelope of

plane wave C therefore lie between z., and z.; where

Too = Ta0C08 + Viparsind
T = Za0COS7Y + Vi, siné
—1; Tao
§ = cos7!(—=), and
marx
¥ = separation between plane waves in elevation angle.

A possible scattering center is formed from grouping a possible match
from A and B and a possible match from A and C which share a common
peak in the envelope of plane wave A. Again, the adjective “possible” is
used here because the scattering center lies within the extent of the volume

swept by the target, but it may not actually exist.
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5.2 Validity of Individual Peaks

Once a possible scattering center is defined, the validity or probability that
it actually exists, must be evaluated. The validity of a possible scattering

center is based on {wo criteria:

1. Do the peaks defining the possible scattering center all correspond to
the same actual scattering center?

2. If the peaks do correspond to the samé scattering center, is the es-
timated position equivalent to the actual position of the scatiering
center?

The information used to answer these questions is gleaned from the en-
velopes of the impulse responses from each plane wave. It is assumed that
the down range position of a scattering center is equivalent to the location

of the maximum of its envelope. Any corruption in the envelope which
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violates this assumption degrades the validity of the predicted location of
the scattering center. .

The validity of an individual peak is based exclusively on the degree to
which its corresponding scattering center is free of interference from other
scattering mechanisms. When a scattering center is free of interference from
other scattering mechanisms its down range position can be determined
very accurately. As an example of such a case consider the target pictured
in Figure 22. It is composed of corner reflectors whose specular response
satisfies the definition of the point scatterer defined in Chapter 2. The
envelopes of Figures 23 are a result of taking backscatter measurements
of the target at the look angle pictured in Figure 24. By applying the
maximum dimension restrictions discussed in the last section, the major
peaks of the envelope can each only belong to one possible scattering center.
The resultant possible scattering centers and their positions with respect to
the target are pictured in Figures 24 and 25. These figures demonstrate that
when there is little interference between scattering centers their loca;tions

can be estimated accurately.

It is only when scattering centers interfere with each other that inac-
curacies are introduced into the location estimation. If other scattering
mechanisms are introduced at a similar down range position, the peak cor-
responding to the scattering center is distorted. To demonstrate the resul-
tant distortion consider first an alternate expression for the point scatterers

of Chapter 2 such that

E; (w) = Hy(w)e ¥ (5.2)
where
H.(w) = Anb(g))e""". (5.3)
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Figure 23: Envelope of each plane wave for corner reflectors at ¢ = 10°.
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The H, term is the amplitude and phase of the scattering center dependent
on its characteristics. Its inverse Fourier transform h.(t) can be expressed

in terms of its in-phase and quadrature terms as follows:

ha(t) = by (t)coswet + hn,(t)sinwet. (5.4)

With this definition, the impulse response of the target can be expressed
by
N
ep(t) =2 [E hn,(t — t,) coswol, — hp (t —t,) sinwotn] cos wot
n=1

N .
+ 2 [Z hng(t — tn) coswot, — by, (t — t,)sin wotn] sinwet  (5.5)
n=1

which yields an envelope that is given by

2
[Z,’:’zl hn,(t —t,) coswot, — ho(t—1t,) sinwotﬂ]

e:nv(t) = N . 2
+ [Enzl hn (t — t,) coswot, — hp (t — t,)sin wotn]

(5.6)

To determine the effect of interference between scattering centers when

they approach the same down range position, let N = 2. The expression

for the envelope of two scattering centers is

[h2 (¢ — 1) + hfq(i — )] + [B2,(t - t2) + h3,(t — )]
+2 [ha, (8 = t1)ha, (£ — 1) + By (t — £ ), (t - t2)] coswo(t, — 15).
(5.7)

The first two bracketed terms are the squares of the envelopes of the in-

€eny(t) =

dividual scattering centers. The third bracketed term is the result of the
interaction between the two scattering centers. The third term results in
a distortion between the peaks. In order to visualize the distortion in-

troduced by interference refer to Figure 26. It is a plot of the diflerence
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between the estimated position of a scattering center and its actual position

as a function of its distance from a scattering center of equal magnitude.

The behavior exhibited in Figure 26 dictates the validity of an individ-
ual peak. As two scattering centers approach each other the maximums
for their corresponding peaks shift with respect to the actual down range
position of the scattering centers. This distortion results in an error in
the estimated position of the scattering center. The accuracy of the esti-
mated position degrades as the two scattering centers approach each other
in down range. This error is a result of the interference between the en-
velope termsof Equation (5.7) and specifically the interaction term. The
probability that the location of the maximum of a peak corresponds to the
actual down range position of the associated scattering center is dependent

on the proximity of the nearest neighboring peak. Also, the larger the
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amplitude of the neighboring peak, the greater its side lobe levels will be
and the greater the impact it will have on the estimated position of the
scattering center. Therefore, the validity of a peak is proportional to the
distance of separation between it and its nearest neighbor, and inversely
proportional {o its nearest neighbor’s relative magnitude.

As a practical example of the effects of interference on position estima-
tion, consider again the target composed of corner reflectors for the look
angle of -15 degrees. The envelopes of the target for this look angle are
shown in Figure 27. The locations of the possible matches resulting from
the envelopes of the target are shown in Figures 28 and 29. For this look
angle the leading pair of corner reflectors are interfering to produce a single
peak in A and pairs of peaks in B and C. The scattering centers resulting
from these peaks lie outside the space defined by the maximum dimension
limit, and therefore no scattering centers are associated with the leading
corner reflectors. The second pair of corner reflectors are interfering to
form one peak in each envelope. The resulting scattering center lies mid-
way between the locations of the actual”srcattering centers. The scattering
center corresponding to the largest corner reflector is estimated correcily,
but some of its higher order effects are interfering with the return from the
smaller corner reflector to cause its estimated position to deviate from its

actual position as shown in Figures 28 and 29.

The behavior displayed in Figure 26 and in the example just presented
leads one to redefine resolution between two scattering centers. Resolu-
tion is defined as the down range separation required between scattering
centers to insure that the deviation in estimated position is within accept-
able limits. The acceptable limits are determined by the error that can be
tolerated in the estimated cross range position. From Equation (2.1) it is

clear that small deviations in estimated down range position can result in
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large deviations in estimated cross range position for small angles of sepa-
ration between the illuminating plane waves. The limit used in this paper
is determined by a requiremeﬁt for a maximum cross range deviation of
less than 0.5 inches for plane waves separated By one dégree. With these
requirements, the maximum resolution between point scatterers of equal

magnitude is 0.8 inches.

5.3 Validity of Possible Matches

The validity of a possible match is a measure of the probability that two
peaks correspond to the same scatfering center and that the resulting po-
sition of the match is accura;e, given the rchara.cterristics of each peak com-
posing the match. The characteristics most important to the validity of a
match are the relative amplitudes of the peaks, the validity of the individ-
ual peaks, and the number of possible matches for each peak making up
the match. The envelopes of realistic targets often have péa.ks associated
with the same scattering center whose magnitudes differ in the envelopes
of the three plane waves. Thé variation in magnitude can be due to the
dependence of the scattering center’s magnitude on azimuth and aspect an-
gle. The angular separation between the plane waves in this work though,
is only one degree. Given this small offset, variation in amplitude between
the envelopes is most likely due to interférence from otl;er scattering mech-
anisms. An illustration of this problem is shown in Figure 27. For the look
angle at which these envelopes were generated, the middle pair of corner
reflectors have down range positions close enough that they interfere to
form one peak in each envelope. There exists only one possible match to
correspond to each of the three peaks and that is pictured in Figures 28
and 29. Note that the individual peaks have high validity because they have

no significant neighbors, even though they generate an incorrect estimated
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position for the scattering center. The difference in amplitude between the
peaks is the key indicator t_hat the position of the possible Vsrcgj{te;ing' center,
estimated from these peaks, may not reflect the actual scattering center’s
position. In th:lisicasef, the possible scattering center lies midway between
the two actual scattering centers. The measure of validity associated with
this phenomenon is inversely proportional to the difference in amplitude of

the peaks.

Another characteristic of an individual peak which affects the validity
of a possible match is the number of possible matches with which a peak is
associated. This isigrerrle.ralrl):;I{o{aﬁproﬁliém for smallertargets For lérge
targets though, a peak may have several possible matches. An example of
such a case can be obtained by pr()f;i;t'ioning'; two corner reflectors as shown in
Figure 31 and increasing the maximum dimension specification. Consider
the envelopes of Figure 30. In this case, the peaks would each have two
possible matches. The resulling possible scattering centers are located in
down range and cross range as pictured in Figure 31. Note that two possible
matches exist for each peak, and both are equally likely. This ambiguity

decreases the probability that either match is correct which reduces the

validity of both.

5.4 Quantifying Validity

In the previous two sections, the impact of various phenomenon on the

validity of possible scattering centers was discussed. Validity is defined by

1. the peaks grouped together correspond to the same scattering center,
and '

2. the estimated position of a scattering center corresponds to its actual
position.
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In order to determine which ma:tches are rn;orst ﬁkely to correspond to z;c”tual 7
scatterinrg centers, as well as to determine the confidence in accuracy of

a given match, it is necessary to quantify the validity of a match. The

method pfes;ented‘ here to qua,ntlfy the validity of a match is similar fo that

presented by Boyer in [2], which deals with the corresponding problem in

stereo vision.

In the previous two sections, it was demonstrated that the way of evalu-
ating the validity of a match {from the information available in the envelope,
was by evaluating the characteristics of individual peaks. For this reason,
it will be advantageous to express an antenna’s envelope symbolically, in
terms of the peaks composing it. Each peak extracted from an envelope
has certain attributes. The previous sections identified the attributes of a
peak: its position, its amplitude, the proximity and magnitude of its near-
est neighbor, and the number of possible matches. Each of these attributes
has an associated value. A natural way to represent a peak is as a member
of the product set A x V such that | »

a, CAxYV (5.8)
where A is a set of attributes, and V is a set of values for those attributes.

An envelope can then be represented as a set of these peaks where

A = {a1,....an}. (5.9)

Note that m is the number of peaks in the envelope of plane wave A. The
envelope of a second plane wave, pla-né wave B, with which the peaks of

plane wave A are to match, can be similarly defined as

B = {by,..,b.}. (5.10)

67



Now that a symbolic representation of the set of peaks from the two
plane waves has been estabhshed a quantlty correspondmg to the validity
of the matches between these two sets of peaks rglust be deﬁned Such a
quantitative measure can be arrlved at by modelmg the matchlng process

as an mformatlon cha.nnel An mformatlon channel is descrlbed by giving

an input alphabetrsuch that

R={r;}, 7=12,...,m (5.11)
an output alphabet,

S ={s}, k=12,.,m, (5.12)

and a set of conditional probabxhtles P(rjlsk) for all j and k. P(r;ls:) is the
probability that the output symbol 8 will be receiyed if the input symbol
r; is sent [1]. ” i -

For matching purposes, an information channel connects a single at-
tribute frém:a péak of plane wave A with the corresponding attribufe of a
peak of plane wave B. The input alphabet is the set of values the attributes
take on for the peak of plane wave A. The output alphabet is the set of
values the attributes take on for the peak of plane wave B. If one expresses
an attribute value as a function v;(a;), where the i** attribute takes on the
value v;, then a peak from plane wave A can be expressed as a set of these

values given by

a; = {v,-(a;)} 1= 1,7..7.,m. (513)

Similarly, a peak from plane wave B can be expressed as

by = {wa(a)}  i=1,..,m. © (5.14)
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In Sections 5.2 anel 5.3, it was shown that the validily of a given matich
was dependent on the attributes of the peaks making up the match. This
fact is expressed in terms of the conditional probabilities of the informa-
tion channel. The conditional probabilities which characterize the informa-
tion channel correspond to the probability that the peak of plane wave A
matches the peak of plane wave B, based on the value of the i** attribute
for each peak. The conditional probability for the i** attribute would be
P(v;(a;)|ve(a;)). It should be noted that this probability includes not only
the probability that the two peaks correspond to the same scattering center,
but that its estimated position is also accurate.

The conditional probabilities presented above enable one to quantify
validity based on the concept of information. If an event u; occurs, one
obtains an amount of information equal to

I(w) = log(——-l—)) bits. (5.15)

P(u;

In [1], I(u;) is interpreted as the information needed to make the occurence
of u; certain. Substitute v;(a;)|vi(a;) as the event in Equation (5.15). The
information measure of Equation (5.15) can now be mterpreted as a quan-
tity to measure the validity of a match. A hberty is now taken by renaming
this information measure as a cost. Smce each attribute has a cost associ-
ated with it, the total cost of a match is a sum of the costs of each attribute.
The total cost of a match between the ] peak of plane wave A and the

k" peak of plane wave B is a sum of the costs assocxated with the four

possible attributes such that

1
P(v;(ai)lve(a:))

Obviously those matches of least cost are most likely to accurately estimate

. R 4 .
COSTix = Y_ log( ). (5.16)
=1

a scattering center’s ﬁosition. The details of determining the probability
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density functions for each of the attributes is discussed in more depth in

Appendix A.

5.5 Scattering Center Conﬁrmatlon Through
Rotation

Upon completing the evaluation for one look angle, one will have a set of
data composed of possible scattering centers, their amplitudes, positions,
and costs. The information acquired for one look angle gives an idea of the
number of scattering centers on a target at a particular look angle. This
information though, is insufficient to decide whether a scattering center is
actually present or that its estimated position is correct. Even if the three
peaks of a possible scattering center are correctly grouped, if there esti-
mated positions are distorted, there is no way to determine the position of
the actual scattering center. Both of these problems result from scattering
centers which are located too closely to each other along the down range
direction. A solutlon to these problems is to move the target 50 that the
mterfermg scatterlng centers separate from each other in down range In
this work, the required separation is obtained by rotating the target with
respect to the incident plane waves. 7
leen that the target is rotated to drfferent look angles, the two prob-

lems presented in the last paragraph share a common characteristic. The
scattering center, elther erroneorls{y rdentlﬁed or mcorrectly located due to
interference, appears over only a limited nurnber of look angles The error
in estimated position as a function of the distance of separation is shown
in Figure 26. As the target is rotated, the separation between irlterfering
scattering centers in the down Tange direction changes. The dxstortlon in
the estimated down range position will therefore change and cause the es-

timated cross range and vertical offset of the scattering center to change
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with changing look angle. When the target is rotated to a look angle where
the two scattering centers separate sufficiently, the estimated positions of
the scattering centers will be accu‘rate. They will subsequently fall on the
same place on the target over successive look angles until the scattering
centers again experience interference.

Finding a scaltering center at the same position on a target over con-
secutive look angles will be referred to as tracking. In this work, tracking
is used to validate a scattering center. The need for tracking was demon-
strated in Figures 27 - 29. Most of the possible scattering centers resulting
from these envelopes were either located incorrectly or fell outside the tar-
get zone. In order to resolve the scattering centers the target is rotated.
Figures 32 - 34 show the results for measurements taken at -10 degrees.
Note the leading corner reflectors are separating in the down range di-
rection and are located fairly accurately on the target body. The middle
pair of corner reflectors is still suffering interference resulting in distorted
estimated positions. The large corner reflector’s position is estimakted ac-
curately but it is now swamping the return from the smaller reflector. 1f
the possible scattering centers are analyzed over a sufficient angle width,
all of the primary scattering centers will emerge from interference and can
be tracked. Figures 35 and 36 show the result of applying the tracking
routine to measurements taken from -15 degrees to +10 degrees at 1 degree
intervals. In this case, all the scattering centers are correctly located and
the amplitude responses indicaté the c'ﬁﬂ‘re:rernce in corner reflector sizes. For
more detailed information concerning the tracking algorithm, one should

refer to Appendix B.
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Chapter 6
Three Dimensional ISAR

Generated Images

As discussed earlier an RCS image generated from ISAR processing is used
to determine the relative amplitudes, down range, and cross range positions
of the scattering centers of a target. In this chapter, a method is presented
to use images generated from meé,surements taken by vertically offset an-
tennas to determine the location of scattering centers in three dimensions.

Consider the two coordinate systems shown in Figure 37. Coordinates
iz, by, and.t, correspond to the down range, cross range, and vertical offset
axes, respectively, referenced to plane wave A. Coordinates ig, 1, and £,
correspond to the down range, cross fange; and vertical offset with respect
to plane wave C. The relatlonshlp between the two coordinate systems is a

rotation of v about the t, axis, such that

. = i, cos‘y+t sm’y (6.1)
i, = —t, sm‘y-{—t cos"/, and (6.2)
t, = t,. (6.3)

In Chapter 3, the scattering behavwr of the target was characterized as

a reflectivity density function in three dimensions ptzytysts)- The i image

7
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Figure 37: Offset coordinate systems.

generated from measurements taken in the t.,t, plane was shown to be the
projecrtrioijx?lr of the three diﬁiénéiohal féﬂectiﬁty functior{ gﬁto the t,,t, plane,
#a(tz,t,). Similarly, the image generated by the backscatter measurements
from plane wave C is the projection of p,(t,,ty',' {,) onto the (t-,,t.y) plane,

where

pelin i) = / i NORMAL S (6.4)

Assume n(;w thai?a sczrztrterri’ngrcenrtrér is located at (t,_.o;tryo,t,o). The
scaltering center’s position in the image of A is ({,0,1,0), and its position
in the imagé ofr C isri(t,_.o cosy + t,08in7,t,,). By knowing the position of
the scattering center in both images and the angle of separation between
the antennas, the vertical offset of the scattering center is determined from

the relation:

—- {t-:: — tz COS‘Y}

i, - 5
siny (6.5)
which, for small angles of separation, is
{t-z _ t-'r}
i, = ——. 6.6
H 9
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This simple result is used to ideniify the locations of scattering centers in
three dimensions.

The two tasks which must be accomplished in order to apply this result
are to identify the scattering center in the images for plane waves A and C,
and to determine the offset in the down range direction between the two
images. Scattering centers are identified in down range and cross range by
locating peaks in the envelope of the imagc': of plane wave A. Once a peak
is identified, the image of the scéttering center associated with that peak is
extracted from the total image. The image of the scattering center is then
correlated with the image for plane wave C to determine its offset in the
down range direction. From this value the vertical offset is calculated.

In order to demonstrate the validity of this approach please refer back
to the target composed of corner reflectors shown in Figure 22. Figure 38
is an image generated from ISAR measurements taken of this target. The
measurements were taken from 2-18 GHz at 40 MHz steps over a 20 degree
sweep at .25 degree steps. By applying the technique just presented to
the images of both plane waves, the scattering centers shown in Figures 39
and 40 were obtained. Note that each of the scattering cenfers associated
with the corner reflectors are correctly located. The following chapter will

present the results of this technique applied to a more realistic target.
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Chapter 7

Results Usmg a Complex
Real-World Target

7.1 Locating Scattering Centers in Three Di-
mensions Using Two Dimensional Im-
ages L

In Chapler 6, a technique was introduced to identify the three dimensional
positions of scattering centers using two dimensional images generateci from
ISAR measurements taken by vertically offset antennas. This technique was
shown to work well in identifying and locating the scattering centers of the
target composed of corner reflectors. Having shown that the basic concept
is sound, it is now appropriate to epply the technique to a real world tar-
get. The target chosen for this derﬁonetration is the fighter aircraft shown
in Figure 41. Tlus target has a relatlvely low radar cross section and much
of the significant scattering comes {rc;m tlps and corners of the aircraft’s
structure as well as dlscontmultles along 1ts surface. Due to the aircraft’s
relatively small size and the comple)uty of the target, there is a high den-
sity of scattering centers on the target For these reasons, the target is a

challenging test case for deterrmmng the three dimensional positions of the

scatiering centers, and it demonstrates the effectiveness of the technique.
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ORIGINAL PAGE IS -
OF POOR QUALITY :

Figure 41: Generic fighter aircraft.

]]

The images used in this section are generated from ISAR measurements

sampled from 2-18 GHz at 40 MHz steps over a 20 degree sweep at .25

degree intervals.

The first step in locating the positions of scattering centers in three

dimensions is to locate the scaltering centers in down range and cross range.

The two dimensional image generated from the ISAR measurements for the

aircraft at an angle of 10 degrees is shown in Figure 42. Since the aircraft at -

this angle has a very small radar cross section, the prominent mechanisms _

present in the image correspond to the tips or corners of the aircraft as well -

as the discontinuities along the surface of the body of the aircraft. The _
84 .
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result of identifying and extracting the mechanisms is shown in Figure 43.
Note that the scattering centers are identified by the technique presented
in Chapter 6 and correspond to the expected scatiering features on the
aircraft. |

After finding the significant scattering centers of the target in one im-
age, it is then necessary to correlate the image of the individual scaltering
centers with the image generated from measurements taken by the verti-
cally offset horn. Figure 44 shows the results of performing this operation
on the offset images of the aircraft at 10 degrees. Note the accuracy of
the positions determined by this technique. The wing features fall right
along the wing, the top of the engine inlet is located appropriately, and
the back tip of the vertical stabilizer is located accurately. Also note the
return located below the body of the aircraft which corresponds to the sty-
rofoam mount used to hold the aircraft during the measurement. This plot
shows that even on complex real-world targets, this technique is effective

in determining the positions of scattering centers in three dimensions.

Figures 45 - 52 show the results for several other look angles. In these
images, one can see the changing scattering behavior of the aircraft with
changing look angle. The dominance of the specular term from the leading
edge of the wing at 20 degrees and the canard at 40 degrees are very ap-
parent. After passing through these look angles, the significant scattering
again results from the tips and corners of the aircraft. These plots clearly
demonstrate the ability of this technique to accurately locate the positions

of the scattering mechanisms.
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7.2 Scattering Center Location in Three Di-
mensions Using Target Impulse Responses

In this section, the results of applying the tracking algorithm to the aircraft

i

of Figure 41 are presented. This aircraft presents a formidable task in terms
of the tracking algorithm in that the aircraft has a relatively low radar cross

section and a high density of scattering mechanisms. The high density of

scattering mechanisms is a critical problem. The basic technique of locating

!

a targel’s scattering centers in three dimensions was shown to work well

e

when the scattering centers of the target do not suffer from interference.

This was demonstrated in terms of the simulated target composed of corner

]

reflectors. In Chapter 5, it was also shown that when a scattering center

experiences interference, its estimated position can be highly inaccurate.

g

This fact was demonstrated in Figures 28 and 29. The same behavior

giving rise to the distortions in those figures is also present in the scattering

It

characteristics of the aircraft. Consider Figure 53, where the down range

envelope response for the aircraft from each of the three antennas with the

1 0

target at 0 degrees is shown. The scattering centers resulting from these

envelopes are pictured in Figures 54 and 55. Note that at this angle, several

g

of the airplane’s scattering mechanisms are located at the same down ran e
g g

position: the back tips of the canards, the corners of the engine inlet, and

the front and side corners of the wing. The interference of these mechamsms

causes their estimated positions to be distorted Because of this distortion,

El

it is necessary to obtain information from other look angles and to apply

B

il

the tracking routine in order to obtain accurate estimated positions for the

scattering centers.

o

Figures 56 and 57 display the séattéring centers found by applying the

tracking technique to measurements taken from 0 to 20 degrees every 1
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degree and evaluated at 10 degrees. Thé main scatiering centers corre-
sponding to the back tips of the cajnafd, fhe'ériginer ﬁilét, the front corner
of the wing, and the tail section are all identified and located accurately.
The routine was able to identify these mechanisms becauée, after rotating
the target, they separated sufficiently in the down range direction and could
then be tracked. Noticeably absent from trhis image are the scattering cen-
ters corresponding to the back corners of the wings. The reason for this is 7
that as the target rotates, the left wing tfavéls in the negative down range
direction, while the right wing travels in the positive down range direction.
The result is that the only sc-artteriing: center which emérges from interfer-
ence over a significant number of look angles is the left front corner. Despite
this drawback, the performance 6f;trl;e::;6urtineris very good considering that
the target is only sampled every 1 degree as opposed to every 0.25 degrees
for the ISAR measurements. o
Figures 58 - 65 show the results of applying the tracking technique to
measurements of the aircraft over ;e\‘zerralr different angle spans. The images
resulting from the tracking algorith}h ;re presented for a look angle which
is at the center of the angular sweep of the sampled data. The images are
a result of applying the trackiné routine to measurements taken every 1
degree over a 20 degree sweep. The frequency measurements were taken
from 2-18 Ghz at 10 MHz steps. These figures demonstrate the viability of
the tracking routine in identifying scattering centers in three dimensions for
a complex real-world target. They also demonstrate some of the phenomena
associated with the tracking routine. For example, scattering centers which
have strong returns and are separated sufficiently from other mechanisms
can be identified over a wide range of angles. These include the back tip of
the left canard, the top corners of the engine inlet, the junction of the canard

and the airplane body, the front tip of the aircraft, and the scattering off
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of the rear end of the fuselage. Another characteristic evidenced in this set
of plots is that some scattermg centers appear and disappear due either to
their angular dependence or interference from other scattering centers. An
example of this is the front tlp of the canard. It is a lower level scatierer
and experiences interference from the back tip of the canard, the {ront tip
of the opposite canard, and the front junction between the left canard and
the aircraft. At 30 degrees though it is free from interference long enough
to be identified and located accurately.

Another aspect of the tracking procedure which makes it different from
traditional imaging techniques is that it is not dominated py speculars For
example the specular from the canard Wthh dommates the traditional im-
age in Fxgure 51 is not present at the same look angle when applying the
tracking technique. This is due to the fact that for long edges the specular
term appears and disappeafs with a relatively small change of look angle.
The tracking algorithm cannot track the scattering center over a sufficient
number of angles and trilerefoire:cannot confirm it as being accurately lo-
cated. A slightly different case is presented when looking at the specular of
the front of the wing. In this rcese the edge is short enough that the routine
tracks the specular and the interference of the two corners at the end of the

edges as one scattering mechamsm
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Figure 58: Top view of scattering centers resulting from tracking centered

at ¢ = 20°.
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Figure 59: Side view of scattering centers resulting from tracking centered
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7.3 Summary and Comparison

The two techniques demonstrated in this chapter work well when appro-
priately applied. The technique using images generated from ISAR mea-
surements is very accurate in estimating the down range and cross range
positions of scattering centers as well as their vertical offsets. The results
presented in Section 7.1 show that this technique locates the major scat-
tering centers on the expected scattering features of the aircraft. This
technique does suffer the same problems that arise in traditional imaging.
These include higher order scattering terms which are located away from
the source of their scattering and limited resolution between scattering
mechanisms. Despite these shortcomings, two dimensional images are still
a powerful RCS analysis tool and are widely used. Since two dimensional
imaging is so widely used, the three dimensional imaging technique is an
attractive extension of its capabilities. In addition to identifying scattering
centers in three dimensions, this technique is relatively easy to implement
for measurement systems which already collect ISAR measurements. The
measurements from the antenna at the focus of the parabolic reflector still
yield all of the information necessary for two dimensional imaging. By sim-
ply adding a second vertically offset antenna, a measurement system can
produce the information necessary to identify scattering centers in three
dimensions. Since this modification can be performed relativelj easily, this
technique offers an inexpensive way to expand the capabilities of an existing
measurement system.

The results of Section 7 2 show the effectiveness of the tracking tech-
nique in identifying scattermg centers’m three dlmenswns using a limited
measurement set. When compared w1th the results from Sectxon 7.1, the
tracking techmque is shown to 1dent1fy most of the dominant scattering

centers on the target The trackmg techmque generally does not estimate
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the positions of the scattering centers as accurately as the technique incor-
porating the two dimensional images. But it is using a much more limited
data set. The images of Section 7.2 were generated from only 21 look angles,
whereas, the images of Section 7.1 required 81 look angles.

This three antenna technique is most appropriate for applications where
the dominant scattering centers of a target need to be identified very
quickly. This technique is used in the compact range at the OSU Elec-
troScience Laboratory to obtain the dominant scattering mechanisms of
targets. The resulls are then overlaid on a pictorial image of the target.
This gives a person taking measurements a physical understanding of the
target’s scattering characteristics and suggests areas on the target which
would be of most interest for taking more extensive ISAR measurements.
Another application where this technique would be appropriate is one in
which the Vtré,rg.'éﬂt’sr scattering characteristiés are to be approximated by its
dominant scattering mechanisms. Once a scattering mechanism on a target
is identified, the response of the mechanism could be extracted from the
target’s impulse response at the desired look angle. The extracted mecha-
nism is then transformed to the frequency domain and a curve is fit to the
frequency response of the scattering center. The scattering center would
then be described by its position in space and the coefficients of the curve
fit to its frequency response. By performing this process on each of the
dominant scattering centers on the target, the target can be described with
a greatly reduced data set.

The targets on which this three antenna technique works best are ones
in which the scattering centers on the target are separated in down range by
sufficient distances. The figures of Section 7.2 demonstrate that the track-
ing technique works well for scattering centers which are relatively strong

and separated in down range from other scattering mechanisms. These fig-
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ures also show that whéniscatrtering center.s suffer from interference, their
positions cannot be accurately estimated. In this respect, the technique
using {wo dimensional images is superior to the tracking technique. The
two dimensional technique is capable of identifying scattering centers lo-
cated at the same down range position but which are sufficiently separated
in the cross range direction. This weakness of the tracking technique is
diminished if the target is large relative to the resolution resulting from
the measurement data. The scattering mechanisms on a larger target are
generally separated by greater distances and therefore separate out more
quickly with changing look angle. This fact makes the tracking technique
attractive for imaging large targets. Using traditional imaging techniques,
the angular step required to satisfy the Nyquist criterion for a target is
inversely proportional to its size. The tracking technique though, has no
such restriction on step angle. Its step angle remains constant regardless of
target size. The tracking technique can therefore identify a large target’s
scattering centers with a greatly reduced data set, in a very short period
of time.

Another difference between the two techniques is that the two dimen-
sional images are' dominated by strong speculars such as those coming from
the edge of a wing or canard. The tracking technique generally cannot
locate these mechanisms over a wide enough angle to confirm the accuracy
of their position. It therefore identifies only those scattering centers which
satisfy the definition of a point scatterer. This becomes a particular prob-
lem when coming broadside to the side of the aircraft. At these look angles,
the scattering from the aircraft does not satisfy the point scatterer defini-
tion. In such situations the algorithm tracking the scattering centers would
alert the calling program that a dominant scattering mechanism is present

but that it cannot be located accurately. On the other hand, the tracking
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technique can identify the positions of point scatterers immediately before
and after the appearance of the specular. Because of the averaging char-
acteristics of the two dimensionﬁl imaging procedure, tl;e boint scatierers
which appear before and after the specular are swamped by the specular’s

return and cannot be identified as isolated scattering centers.
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Chapter 8

Conclusion

The objective of this research has been to identify the positions of scattering
centers on a target in three dimensions using swept frequency backscatter
measurements resulting from plane wave illumination. This has been ac-
complished using two techniques: one utilized the impulse response of the
target from three slightly different look angles, and the second used two
dimensional target images generated from ISAR measurements taken by
verlically offset antennas.

It has been shown that the method using two dimensional images gen-
erated from vertically offset antennas correctly identified the three dimen-
sional positions of the corner reflectors. It was also shown to be eflective in
finding scattering centers on the generic fighter aircraft, despite the com-
plexity of its scattering behavior. Since two dimensional imaging is widely

used as a RCS analysis tool, this technique offers an easy way to expand

~ the scattering center identification into three dimensions. The measure-

ments from the antenna at the focus of the parabolic reflector still yield
all of the information necessary for two dimensional imaging; but by sim-
ply adding a second vertically offset antenna, a measurement system can
produce the information to identify scattering centers in three dimensions.

This three dimensional imaging technique is therefore appropriate for any

117



measurement system currently used to take ISAR measurements.

The technique using three target impulse responses has been shown to
work very well when imaging the simulated target composed of corner re-
flectors. The positions of the corner reflectors could be found from a single
look angle if the scattering centers were separated sufficiently in the dbwn
range direction. If there was not sufficient separation, the estimated po-
sitions of the scattering centers became distorted. To solve this problem
a technique was developed which used target measurements from several
different look angles. This technique incorporated a tracking routine which
follows a scattering center through several different look angles in order
to confirm its existence. In addition to identifying the point scatterers
represented by the corner reflectors, the tracking routine was also able to
identify the dominant scattering centers on a much more complicated tar-
get, the generic fighter aircraft. Avlfihoﬁgh the tracking technique generally
does not estimate the positions of the scattering centers as accurately as
the technique incorporating the two dimensional images, it uses a much
smaller data set. In the case of the fighter aircraft, four times as many
measurements are required to generate the two dimensional images.

The tracking technique is most appropriate for applications where the
dominant scattering centers of a target need to be identified very quickly.
This technique is used in the compact range at the OSU ElectroScience
Laboratory to obtain the dominant scattering mechanisms of targets. The
results are then overlaid on a pictorial image of the target. This gives a
person taking measurements a physical understanding of the target’s scat-
tering characteristics and suggests areas on the target which would be of
most interest for taking more extensive ISAR measurements. Another ap-
plication where this technique is useful is when the scattering characteristics

of a target are needed for a particular look angle. Due to the averaging
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behavior of the two dimensional images, large scattcring éentérs, such as
specular terms, can swamnp out lower level scattering mechanisms, even if
the specular term is present only over a small number of look angles. Al-
though the tracking technique uses information from other look angles to
confirm the presence of scattering centers, the a.mplitudes of the scatiering
centers at a particular look aﬁgle are determined from the mea.suremeﬁts
at that look angle. The tracking technique may therefore present a truer
picture of the targét’s scattérihg characteristics for a particular look angle
than traditional imaging techniques provide.

The targets on which this technique works best are ones in which the
scattering centers on the target are separated in down range by sufficient
distances. In Section 7.2, thé figures demonstrafe that the tracking tech-
nique works well for scattering centers which are relatively strong and sep-
arated in down range from other scattering mechanisms. These figures also
show that when scattering centers suffer from interference their positions
cannot be accurately estimated. In this respect, the technique uéing two
dimensional images is superior to the tracking technique. The formerrtech-
nique is capable of identifying scattering centers locatefl at the same down
range position but which are éuﬂiciéntly separated in the cross range direc-
tion. This weakness of the tracking technique is diminished if the target is
large relative to thé resolution resulting from the measured data set. The
scattering mechanisms on a larger target are generally separated by greater
distances and therefore separate out more quickly with changing look angle.
This fact makes the tracking technique attractive for imaging large targets.
Using traditional imaging techniques, the angular step required to satisfy
the Nyquist criterion for a target is inversely proportional to its size. The
tracking technique though, has no such restriction on step angle. Its step

angle remains constant regardless of target size. The tracking technique can
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therefore identify a large target’s scattering centers with a much reduced
data set, in a very short period of time.

in the decision making process used to identify scattering centers by the
tracking technique. By incorporating more “intelligence” into the tracking
routine it may be possible to pick out scattering centers more reliably and
extend the dynamic range (r)frthe process. A more intelligent tracking tech-
nique might be able to identify and locate scattering mechanisms which
do not satisfy the definition of a point scatterer. These include specular
terms from edges, edge waves, and scattering resulting from more than one
reflection. In addition, it might be able to pick out features of the target
such as edges, tips, flat surfaces, etc. Other areas of future work include
using the tracking technique to reduce the amount of data necessary to
describe a target’s scattering characteristics. By identifying the positions
of the major scattering centers and their frequency behavior, the amount of

data necessary to describe a target’s frequency response is greatly reduced.

Work could also be done in using high resolution techniques to identify the

down range positions of scattering centers. This would allow narrower band

measurement systems to use the same tracking technique.
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Appendix A

Cost Function for Inter-Peak
Matching

In Chapter 5 a technique was presented which evaluated the validity of
possible scattering center based on the attributes of the matches making
up the scattering center. The validity of the possible scattering center was
expressed quantitatively as a cost. This appendix goes into the details of
determining the probability density functions required to calculate the cost
of a match.

In order to compute the cost of a match one must define the conditional
probability density function for each of its attributes. The probability den-
sity function for the position attribute is the simplest. In Section 5.1, it was
shown that given a peak in the envelope of plane wave A, there existed only
a limited number of possible matcixéé 7t0 rpealr(s ln the envelope of plane wave
B. The number of possible matches to the peak in the envelope of plane
wave A was limited by thé targét’s éizé, the location of the peak, and the
configuration of the plane waves. Equation (5.1) gives the range within the
envelope of plane wave B where ra béssisle matching peak mrayr be found.
The conditional probability deins‘i:ty;fgnction of Figure 66 expresses the bi-
nary behavior described above. If ﬁeak m the envelope of plane wave B

is within the specified range the probability of an accurate match is a finite
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x = down range position

X,0 = position of peak wrt plane wave A

f(x) = pdf for match to peaks in envelope
of plane wave B

Figure 66: Probability density function for a peak from envelope B to match
to a peak at z,9 from envelope A.

constant. Those peaks outside of the range have a probability of zero of
matching to the peak in the envelope of plane wave A. Subsequently, they
require an infinite amount of information to confirm their match and can
be eliminated by thresholding.

The conditional probability density function based on relative ampli-
tude will be the next function defined. The measurements taken for this

paper were from plane waves which were separated by only a small amount

in angle. It is assumed therefore that the amplitude of a scattering center

should be the same in the envelopes for all three plane waves. If differences
in amblitude occur they are most likely due to interference from other scat-
tering mechanisms. Peaks of different amplitude may siill correspond to
the same scattering center but their estimated positions may be distorted.
This results iﬁ a lower probability that the match’s estimated position is ac-

curate. These observations are incorporated in the conditional probability
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Figure 67: Probability density function of an accurate match as a function
of the relative amplitude of the matched peaks.

density function of Figure 67, which was derived empirically.

The conditional probability density function which corresponds to the
impact of the peak’s nearest neighbors on a match’s validity is different than
those described above. The proximity and amplitude of a peak’s neighbor-
ing peak affect the estimated down range position of a peak. The error in
the down range position causes error in the estimated cross range position.
It is possible that a complimentary error could exist in the matching peak,
such that the cross rangev position defined by the match could be correct.
In general though, this is impossible to determine since characteristics of
the interfering scattering centers are unknown. It is therefore assumed that

the error introduced by the nearest neighbors of the peaks composing the
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match are independent. The conditional probability density function is
therefore the product of the probabilities that the down range position of
the scattering center has been estimated accurately dependent on a peak’s
nearest neighbor and its amplitude. These probabilities were determined
from measurements made on point scatterers as they approached each other
in a down range direction. The general trend was that the estimated down
range position was accurate up to a certain point and then the accuracy
dropped off markedly. Beyond a certain point the accuracy was bad enough
that the estimated cross range involving such a peak would be highly sus-
pect. It was also found that as the amplitude of the neighbor increased,
the distance of separation required before an accurate position estimation
could be made also increased. |

The last attribule which has an impact on a match’s cost is the number
of possible matches to which a peak is a member. When a peak from
plane wave A can match to several peaks in plane wave B an ambiguity is
introduced as to which match is correct. The presence of multiple matches
decreases the probability that any one match is correct. In the case of
Figure 30 the two possible matches for each peak decreased the probability
of either match being correct to 1. A function was developed to reflect the
dependence of the probability on the difference ih amplitudes of the peaks

involved in a multi-matching situation.
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Appendix B

Tracking Procedure

A tracking procedure was introduced in Chapter 5 to identify scattering
centers using measurements taken over several look angles. This appendix
reviews the tracking procedure in greater detail.

The information which was collected and processed at each look angle
is used to determine which possible scattering centers accurately represent
actual scattering centers. The information for each look angle consists of
a set of peaks, their associated attribrute-value pairs, and a set of possible
scattering centers. It will be helpful to symbolically represent the various

sets which will be discussed. The set of peaks from the envelope of plane

‘wave A for the nt* look angle is

Ap = ,{a{"',l,),’ j"aa(n,j)} (Bl)

where j is the number of peaks in the envelope. The set of peaks for plane
waves B and C can be expressed similarly. The set of possible scattering

centers for the nt* look angle will be represented as

Pn = {p(n1), - Pinp)} (B.2)

where k is the number of possible scattering centers for the nt* look angle.

A single possible scattering center is associated with a peak from each of
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the three plane waves such that

Pin) = {8(nda)s Biny)s C(nite) - (B.3)

where I, l,, and I, are pointers to the peaks associated with the I scatter-
ing center. The ultimate goal of the processing which follows is to associate
each peak of an envelope with the actual scattering center to which it cor-
responds. The method used to decide which possible scattering centers are
actual scattering centers is tracking.

Tracking a scattering center through several look angles is used to ver-
ify the presence of an actual scattering center. Tracking, in the strictest
sense though, is not very effective when dealing with realistic targets. Two
characteristics of real targets prevent identifying a scattering center at the
same position over several look angles. The first is that the position of a
scattering center may move as a function of the look ’angle. A simple ex-
ample of this behavior is the specular response of a sphere. The scattering
center associated with the specular response of a sphere is always located at
the point on the sphere closest to the illuminating plane wave. As the look
angle of the plane wave with respect to the sphere changes, the scattering
center follows a circular path. The second characteristic of a realistic target
which poses a problem to applying tracking, is that many realistic targets
have a high density of scattering mechanisms. A target such as the one

used in Chapter 7 may have many point scatterers as well as higher order

scattering mechanisms in close proximity to one another. The interference

caused by the scattering center’s closeness in down range shifts the location

of the corresponding peaks relative to their actual down range position.
Despite these problems, tracking is still an effective tool for confirming

the presence of a scattering center. To accomodate the inherent inaccura-

cies involved when identifying the scattering centers of a realistic target, a
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graduated tracking routine is used. The tracking rouline consists of group-
ing possible scattering centers together from different look angles, verifying
whether a particular grouping corresponds to an actual scattering center,
and determining the position and amplitude of the scattering center at
each look angle. The grouping phase of the tracking routine entails select-
ing possible scattering centers from different look angles which are thought
to correspond to the same actual scattering center. A grouping of possible
scattering centers will be called a string. A string consisting of a possible
scattering center from the first, second, fifth, and seventh look angle can

be expreséed as the set

Si = {P1,i1)s P(2i2)» P(5.is)» P(7,i1) }> (B.4)

where the i, point to the appropriate scattering centers within each set of
possible scattering centers.

As noted bLefore, the positions and amplitudes of the possible scattering
centers often deviate from those of the actual scattering center due to inter-
ference from other scattering mechanisms. The approach chosen to combat
these problems, when grouping possible scattering centers into strings, is
the setting of a series of graduated thresholds. The thresholds are applied
to two steps of the grouping process. The first step in the grouping process
is to select a set of possible scattering centers to be considered for group-
ing. This set will be a subset of all the possible scattering centers identified
at each look angle. The criteria be‘whirch -possible scattering centers are
considered eligible for grouping is the cost of each scattering center. The
first threshold is therefore a maximum cost. The set of scattering centers

which are considered eligible for the first grouping are

T, = {p(i,7)} COST;; < cost threshold (B.5)
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where

p(3,j) CPn, n=1,..,m 7 (B.6)

and m is the number of look angles measured. The cost of a scattering
center expresses the likelihood that the calculated position of the possible
scattering center is accurate. Those possible scattering centers with lowest
cost should most accurately estimate the position of the actual scaltering
center. The estimated position of a possible scattering center which has
low cost should therefore fall very close to the actual position if it is indeed
free of corruption.

The next threshold to be set in the grouping process is on the allowed
deviation in amplitude and position within a string. The thresholds on
position and amplitude deviation should reflect the chosen cost threshold. If
the threshold on cost is set low, then one would expect very small deviations
in the positions and amplitudes of the scattering centers making up a string.
For a low cost threshold, the thrersbholdrs on position and amplitude deviation
withih a étring should be set low aécordingly. A string produced under these

criteria can be expressed as

Sk = {pi.} (B.7)

where

Position threshold

Vv

[position(p(;;)) — position(p.)|

Amplitude threshold > |amplitude(p ;) — amplitude(pg )|

1 1,..,m

k

1,....,m

.,
i
[y

eey T4

Il = 1,..,n4,and
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The result of the first grouping is a set of data which includes a set
of strings and possible scattering centers at each look angle. The strings
resulting from the first pass througﬂ the data should be reliable estimates
of the amplitudes and positions of actual scattering centers. After the first
grouping though, there will be a large body of possible scattering centers
which are not a part of a string. In order to include these possible scat-
tering centers in a svtring, a second ;gvrouping of scattering centers must be
performed. The second grouping will differ from the first grouping. In
the second grouping, the threshold; deﬁnéd in the last paragraph must be
increased in order to include more possible scattering centers for consid-
eration. For the second grouping, the cost threshold will be raised. The
input to the second grouping includes strings as well as possible scattering
centers. The possible scattering centers which are members of a string can-
not be considered for membership in any other string. This requirement is
stipulated because a possible scattering included in a string, under strict
thresholds, is assumed to be best grouped with the members of that string
rather than with strings that might be formed under less strict thresh-
olds. This requirement implies the following relationship between the set

of possible scattering centers for the second grouping and the set of strings:

Si2pixy = T2Npgr =0 (B.8)

In addition, a string can have a maximum of one possible scattering center
from any given look angle. This {estriCtion' simply states that a scattering
center is associated with at most one peak in the envelope of the impulse
response of the target. Since there is a good chance that existing strings
represent actual scattering centers, an attempt is made to first group the

possible scattering centers in Tz which satisfy the cost threshold, with
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existing strings. The possible scattering centers which fail to be grouped
to an existing string are then considered for grouping with each other to
create additional strmgs | )

The result of the second grouping is again a set of data which includes
a set of strings and a sel of possible scattering centers. A process similar to
that performed in the second grouping is performed in the third grouping.
In this grouping, the same cost threshold and amplitude deviation are used
as were used in the second grouping. The position deviation threshold
though, is increased. Thé same grouping procedure is used: grouping to
existing strings and then forfning net;vﬂstrings'. After the grouping process is
completed, an attempt is made to merge strings which were created under
the more strict position deviation threshold. Those strings which satisfy
the current amplitude and position deviation thresholds are merged into
one string. The fourth grouping is the same as the previous two, except
that the amplitude deviation threshold is increased.

The second, thi'r{d',iand'fbur'th groupings set a paﬁefn of applying thresh-
olds which is repeated several times. The process consists of raising the cost
threshold, then raising the position deviation threshold, and finally raising
the amplitude deviation threshold. This process results from observations
associated with evaluating real daté. It was seen that scattering centers
with higher costs may still accurately estimate the position and amplitude
of an actual scattering center despite their cost. In order to identify such
cases, the cost thresholds were raised first without changing the thresholds
for the position deviation or amplitude deviation. After those cases were ac-
comodated, a great number of possible scattering centers were not included
in a string. In order to include more scattering centers for consideration in
the grouping process, the position threshold was increased. It was found

that the estimated position of a scattering center was more likely to vary
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from the actual position than its estimated amplitude. For this reason the
amplitude requirements were raised last. This process was repeated until
the maximum cost, position deviation, and amplitude deviation thresholds
were reached.

Upon completing the graduated thresholding routine, one is left with
a set of strings and a set of possible scattering centers which are not yet
members of strings. From this information a decision must be made for
each string as to whether it corresponds to an actual scattering center.
The verification process for a string was discussed in Section 5.5, where it
was shown that if a scattering center cannot be tracked over a wide enough
angle, it may not be an actual scattering center. Rather, the possible scat-
tering center may be a result of the distortions introduced by interference
discussed earlier in Chapter 5. The second requirement for verification is
that the scattering center must be present in a majority of the look angles
spanning the minimum look angle. Often a string may have a number of
look angles where a possible scattering has not been identified as a mem-
ber of the string. These instances will be referred to as éaps. If a string
has one or more large gaps within the section fulfilling the minimum an-
gle requirement, the string may not be a scattering center but a result of
a coincidence of errors. It may also represent an actual scattering center
which may not be represented in a ;ﬁmber of look angles due to distortion
caused by interfering scattering mechanisms. Such distortion may lead to
significant errors in the scattering center’s estimated location. In either
case, the scarcity of confirming information prevents the string from being
considered as an actual scattering center. ’

If a string spans a minimum angle and has sufficiently small gaps through-
out that span, then the string is verified and considered to correspond to an

actual scatfering center. The verification process still leaves several possible
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scaltering centers as either members of unverified strings or not members of
strings at all. In order to increase the number of possible scattering centers
which are members of a verified scattering center, two additional steps are
taken. A verified string, although satisfying the requirements given above,
may still have several gaps. Unless a scattering center changes drastically
as a function of look angle, the scattering center still contributes to the RCS
of the target even if it cannot be located. In order to account for the gaps,
the actual scattering center corresponding to the verified string is rotated
to the angle where the gap occurs. The down range position and magnitude
of the scattering center at this look angle is determined. The down range
position and magnitude of the scattering center is compared to the down
range position and magnitudes of the set of peaks at the same look angle. If
a peak can be found which matches the down range and magnitude specifi-
cations, and is not currently a part of a possible scattering center which is a
member of a valid string, the scatiering center is then considered a part of
the valid string. The second way in which more possible scattering centers
are included in valid strings is by trying to verify as yet unverified strings.
The alternate method of verifying is to apply the gap filling technique just
presented to unverified strings. If after applying the gap filling technique
an unverified string fulfills the requirements for minimum angle span and
maximum gap size, the string is then verified. It should be noted that a

string verified in this manner may give a less reliable estimated position.

The last step in identifying scattering centers is to determine the posi- -

tion and amplitudes of scattering centers corresponding to verified strings.
Each verified string is composed of possible scattering centers of varying
costs and possible scattering centers included by the gap filling procedure.
The confidence that one may place in the estimated position and amplitude

of a possible scattering center is dependent on its cost. These varying de-
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grees of confidence should be reflected in the position determination of the
actual scattering center at each look angle. In Chapter 5 it was observed
that the amplitude and position of a scattering center may change with
look angle. In order to accomodate this possibility, a curve is fitted to the
amplitude and position data as a function of anrgle. In order to accomo-
date the varying degrees of confidence that one has among the matches, a
weighting is applied to the curve fitting routine. The possible scattering
centers are weighted according to their cost. The functions include down
range position as a function of angle, cross range position as a function of
angle, vertical oflset as a function of angle, and amplitude as a function of

angle.
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