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I. INTRODUCTION

This report describes the results of an 18 month project (with
a 3 month no-cost extension) concerned with research on target imaging
from radar echo data from cone-like targets. The contents of an interim
report (Reference 1), three technical reports (References 2, 3, 4),
and a published paper (Reference 5) are summarized.

Background for this research effort were techniques for radar tar-
get imaging and target identification which had been developed at Ohio
State University and elsewhere (References 6-20). In general, such
imaging techniques can be classified in two categories: 1low frequency
techniques (interrogating signal wavelengths greater than one half the
target maximum dimension) where gross target outlines are obtained,
and interpretation is straight-forward but data measurement is diffi-
cult; and high frequency techniques (interrogating signal wavelengths
much less than the target maximum dimension) where great quantities
of information can be produced but interpretation is difficult.

The specific goals of this research effort were:

1. Obtaining transient response data which contains both high
frequency and low-frequency radar scattering information for some tar-
get(s) of practical and scientific interest.

2. Performing image generation from the transient signature in-
formation, using both high frequency and low frequency approaches.

3. Further study of geometrical information which can be extracted
from low-frequency, high-frequency, and polarization characteristics
of target transient radar signatures.
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4. Comparison and reinterpretation of the two types of imaging
when they are applied using signature information applicable to both
approaches. Specific identification of similarities and differences
in the techniques.

A set of targets was chosen early in the program and measurements
of complex radar cross section were made. All of these topics are sum-
marized in Chapter II.

From the measured data, transient responses were synthesized and
limiting surface images were generated for each target. Several im-
provements in this low frequency imaging approach were made during the
course of the effort. The advances in the technique and resulting images
are discussed in Chapter III.

Chapter IV contains the summary of our research on high frequency
imaging and the comparison of the two imaging approaches. Physical
optics inverse diffraction was the area chosen for concentrated study.
Two- and three-dimensional image information for pertinent targets are
included. Also, some target identification aspects of this effort are
discussed.

Another research effort at this Laboratory has concentrated on
the generation of electromagnetic transient signatures by laser stimu-
lation of the metallic target. The relation of this work to radar tar-
get imaging is discussed in Chapter V.

Finally a summary of the effort and its most important results,
and discussion of areas for future research are contained in Chapter
VI.

'i
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II. TRANSIENT RESPONSE MEASUREMENTS

Measured scattering signature data formed the basis for much of
the research effort on this contract. At the beginning, a set of cone
target shapes was selected for measurement. These are shown in Figure
1. What was needed was measured impulse, step, and ramp response wave-
forms for these targets. Technical report 784785-3 discussed in de-
tail the measured data, and the systems used to obtain it. A brief
summary is included here. fi

Transient response data can be obtained by direct time-domain meas-
urement, or by complex cross section measurements over a broad band-
width (at least 10:1) in the frequency-domain and calculation of the
inverse Fourier transform. The latter technique was used in this ef-
fort. Two frequency-domain systems, both covering the range of about
1 to 12 GHz, were used in the measurements. A very sensitive 10-fre-
quency (1.08, 2.18, ... 10.8 GHz) system was used to measure the response
of a set of models 5 cm long. Then a swept-frequency system covering
1 to 8 GHz was used to measure a set of models 40 cm long. Using ap-
propriate calibration factors, a composite signature data set with a
58:1 frequency bandwidth was produced.

A. Ten-frequency Radar System

A block diagram of the experimental ten-harmonic radar backscatter
system (References 5 and 6) is shown in Figure 2. In this system a
single L-band microwave source is used to harmonically generate a set
of frequencies. The network analyzer receiver local oscillator is used
to modulate the higher harmonics (balanced modulators), and also to modu-
late (lower sideband) the L-band signal going into the reference port
of the network analyzer receiver head. The result is that the receiver
head of the network analyzer downconverts each of the harmonically re-
lated backscattered signals to the same IF frequency. The output of
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the network analyzer is in fact, the vector sum of the set of signals
being received. (In actual practice, the transmitter does not transmit
all 10 harmonics simultaneously. Limitations in the transmitter out-
put multiplexer require that the signals be transmitted in bands of

4 or 5 frequencies at a time.)

The processing of the data from this point reduces t~~ contribu-
tion of the background and antenna coupling in the recei'- 1 signal and
recovers the individual amplitude and phase of the individual harmonics.
The operational procedure is to move the target slowly toward the radar
antennas and to take amplitude and phase data samples under computer
control. Arrays of amplitude and phase versus position data for the
targets of interest as well as the empty support pedestal and a cali-
bration and test sphere are stored in the computer. The raw data are
Fourier transformed to yield the amplitude and phase of the individual
harmonics. Any antenna coupling or scattering from stationary objects
is rejected at this point as a DC term. The target measurements then
have the empty pedestal (background) data subtracted and the final re-
sult is calibrated by using the calibration sphere data. In the end,
we have the amplitude of the targets expressed as absolute radar cross
section (in cm.) and the phase of the backscattered return relative
to the center of the calibration sphere. The test sphere data serves
as an estimate of the overall accuracy of the system.

In the initial stages of this project, a number of preliminary sys-
tem checks and calibration tests were performed. It was necessary to
confirm overall system linearity so that the Fourier techniques would
not generate spurious results. It was also necessary to confirm the
accuracy of the target positioning system so that the subtractions of
the empty pedestal (background) data would be valid. The sensitivity
and signal to noise behavior of the network analyzer also needed to
he examined. Any degradation of the data at the low end of the dy-
namic range of the target and background measurements would clearly
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cause severe errors in the results. The ten-harmonic range was finally
considered to be functional, and a study of the overall system accuracy
was undertaken, using the data on the test check sphere target. Some of
the results are shown in Figure 3. In this figure, the amplitude and
& phase of the individual cross-sections for each harmonically related

' frequency are plotted using a polar format. As can be seen, the sys-
tem produces data with accuracies on the order of 10%. (In this case,
accuracy is defined as the magnitude of the error phasor divided by

the magnitude of the known theoretical phasor.) As will be shown in
the time domain section, this accuracy is sufficient for time domain
analysis and imaging of the targets.

B. The Swept-Frequency Radar Svstem

A block diagram of the swept frequency radar system is shown in
Figure 4. This system is intended for larger target models than the ]
ten frequency system, with data being obtained in finer increments in
frequency. In such a system, the target would be stationary, and the
signal to noise improvement introduced by the moving target data proc-
essing system would not be available. On the other hand, the targets
would have radar cross sections approximately 64 times larger due to
their 8 times larger dimensions. The basic concept of the swept fre-
quency system and the steps in the measurement of the data are shown
below.

(1) Measure and store in computer files amplitude and phase read-
ings as the frequency is stepped over a band of frequency.
Readings are taken on the targets, on reference and check
spheres, and on the background.

(2} Subtract (phasor subtraction) the hackground data from the
various target and sphere data to remove the ervors due to

various antenna coupling and unwanted scatter effects.
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(3) Use computed values of the reference sphere to calibrate the
system in terms of absolute radar backscatter cross section 4
(amplitude and phase).

(4) Use data on the check sphere to confirm the overall integrity
of the system and the data.
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The major problem in the above set of concepts is due to constraints

on the frequency repeatability of the swept frequency system. If the
background is to be subtracted from the data on the various targets,
then the frequency for each step in the frequency sweep must be repeat-
able to a high degree. The constraint is that the amplitude and phase
of the background must be unchanged when the target is introduced. This
can be assured if the set of data samples is taken at nearly identical
frequencies for the background and for the set of targets. These quali-
tative requirements were studied early in this contract. As part of this
Study, measurements were made of the relationship between phase devi-
ations due to frequency deviations and analog voltage variations due

to frequency deviations. Typical results are;

Estimated phase accuracy requirement 5 deg.
0.003 GHz
0.0088 volts/10 volts

1 part in 1100 (10 bits)

Typical resultant frequency resolution

14+ 1+ 14+ 1+

Resultant analog voltage accuracy
Absolute voltage accuracy =

The analog voltage accuracy discussed in the above list is the voltage
accuracy that would be needed if an analog voltage was used to control
the frequency of the available microwave sweep frequency oscillator.

This required voltage accuracy of (typically) 1 part in 1100 would re-
quire a design accuracy of perhaps 1 part in 2000 (11 bits). This strin-
gent analog voltage stability and resolution requirement must be main-
tained even though the relationship between voltage and frequency is
dependent on the sweep oscillator front panel dial settings. “he analog
system would require calibration each time the equipment was adjusted.

It is these limitations which resulted in the decision to build a digital
interface hetween the digital frequency counter and the computer. Ex-
periments indicated that the drift in the internal oscillator in the
frequency counter would not cause significant errors in the system.

The output is inherently of high resolution (better than 5 decimal digits
(1 part in 10,000) and requires nc calibration at all, A computer flow
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3 » diagram of the software that was implemented to operate the digital
' frequency sweep system is shown in Figure 5. It has been shown that
the total system satisfies the accuracy requirements presented above.

! C. Typical Target Data

The measured complex cross-section vs harmonic for the nose-on
look angle at targets 1 through 6 are shown in Figures 6 through 11

g respectively. These data are normalized and calibrated to represent
} amplitude in square root of scattering area (in cm) and phase with re-
spect to a phase center at the base of the cones, for frequencies of
n (harmonic number) x 1.08 GHz impinging on the 5 cm long targets.

The physical optics assumption states that a ramp response wave-
form, obtained from these measured data by a Fast Fourier Transform ;
with harmonic weighting of l/n2 (n = harmonic number) should be pro- :
portional to cross-sectional area vs distance on the target, ahead of
the shadow boundary (Reference 12). The nose-on ramp response waveforms,
corresponding to the data in Figures 6 through 11, have been generated
and analyzed. They are shown, after a base-line shift and removal of
all portions except the time window of interest, in Figures 12 through
17. In each case, the actual cross sectional area vs distance of the
target is also plotted for comparison. It is seen that the agreement
is good for the front half of the target, with some lack of sharpness.
Also, the ramp responses give a fair indication of the existence of

the flat back surface, which is beyond the shadow boundary.

e

11 !




INITIALIZE © FREQUENCY MAXIMUM, FREQUENCY MINIMUM
FREQUENCY RESOLUTION, NUMBER OF STEPS

:

COMFUTE PARAMETERS OF
CALIBRATION CURVES

ERROR
TRAP

CLEAR AMPLITUDE

ARRAY

CLEAR
FHASE
ARRAY

|SET
TO MINIMUM

FREQUENCY

FREQUENCY
STEP LOOP

Y

COMPUTE INITIAL
VOLTAGE TO DRIVE
FREQUENCY SWEEPER

Figure 5.

OUTPUT SET VOLTAGE ADJUST INCREMENT
TO SWEEFER SET VOLAGE DESIRED
FREGUENCY
¥
TIME
DELAY
- READ AND STCRE
MEASURE AMPLITUDE AND
FREQUENCY

PHASE VALUE

Flow diagram of computer-controlled swept

frequency radar operation.

——

N N S




[TV ¥

OIAMETER/LAMBOA
0.000 0.500 1.008 1.500 2.000
[ Y G SANDY AT Y U S T SN0y SH S S G SN S S S G S
_i
]
E
=
L 1 -
‘:—:.’1
S 3
h
L
573
Q.
=
a

TTTYrTTrrT Ty T
o 10 20 30 [ 50 30
HARMONIC NUMBER
OIARMETER/LAMBOA
0.000 0.500 1.000 1.500 2.000

-270

~360

U 10 S0 6o

20 30 40
HARMONIC NUMBER
CONE 1t O DEG. V.P.

Figure 6. Complex scattering cross-section vs frequency
nose-on incidence, Target #1.

13




OIAMETER/LAMBOA

g.q0aq a. 500 1.00¢ 1.500 2.400 2.500
| E S W W LLLILALLLLLIJA‘LL.‘;_LLJL
s ‘
8 -
0
= j ®
joun |
P—
[ |
_J i
=
a © 0000
] L]
o 0@0@@000@0
w
_r‘—'"““Ill“_‘lIl“l“'m"[rr"“l""r'rll"""T'"rT"l'l
0 20 50 60
HQRMUNIC NUMBEH
DIRMETER/LAMBOR
Q. 000 0 500 1.000 1.500 2.000 2.500
PR | S S U W N U T S N A WIS SN S S SH Y N SRR N Y
V]
© 94 ®
o
3 ) 00
4—\‘ o 00
. o
o 1% o °
= Ceo ° ®%0p o
93 o 00@ 00
4 af
T o
n-a
5 o
4
o
=1 U]
g 'T'"""ql'ﬁ'l‘rTll'r'i"'flr‘T—'r'l"l"'—ll"_f'_'""'rj"""“1
L 10 20 30 4o S0 80

HRAMAGNIC NUMBER
CONE 2 0 DEG. V.P.

Figure 7. Complex scattering cross-section vs frequency
nose-on incidence, Target #2.




!
b

DIAMETER/LAMBOA
0-000 0.500 1.000 .500

A 4 1 -l L i L i 4. s s e,

NJ
q
1

AMPLITUDE (CM)

0 Lo 20 30 uo 50 80
HARMONIC NUMBER
DIAMETER/LAMBOA

0.000 0.500 t.000 1,800

-90

PHASE (DEG.J
-1860

270

~360

0 10 20 30 4o 50 80
HAAMONIC NUMBER

CONE 3 0 DEG. V.P.

Figure 8. Complex scattering cross-section vs frequency
nose-on incidence, Target #3.




OIRMETER/LAMBOA

0.000 01§00 11900 11500 21000
| T S S S ¥ U W Y A PR o 4 i TR W} 3 ——d
]
N
= % émmb
& Gy -
et o
o
S 3 o F
: [u]
::-j (0] Q,
& 1 ®
z 0 O ® ® ®
o o %04 ®
® © Opo’©
® o
of
3
ECOAMMARARAY RARAARALAS RARAAAAAAS MULAAREAAS SALARAALY S ARARRRRY
0 10 20 30 .HO SqQ 80
HARMONIC NUMBER
DIARMETER/LAMBOAR
01900 01§00 112?0 {1500 2.000

(DEG.)

PHASE
-160

~-27¢0

~-360

0 10 20 90 40 50 80
HRRMONIC NUMBER

CONE 4 O DEG. V.P.

Figure 9. Complex scattering cross-section vs frequency
nose-on incidence, Target #4.

-

P




DIAMETER/LAMBOR

Bomaanss ¢
. 1

0.000 0.1500 11000 1.1500
l e J— . e | — i L i . L A e B N
(4 N
I i T o
B [} 0 -
L Nt o % 0
tw
=) ® a0° )
- o U] % 0 o ®© o0 20
J o ° P, 0000 05 4
P
Soul
o
| I'rr'_'"lr""llllllll‘lllﬁ'lIllrrﬁrl IIIIIIIII ]"lTT"l’TV‘
0 10 20 30 40 50 80
HARMONIC NUMBER
DIAMETER/LAMBDA
- 0.000 0.500 1.000 1.500
i = i bk PR | i L ‘W. 1 A Y " 1 —— "
(L]
P : °® 2 o
1 0 PaP o
jo Lol
Pf & moo
- :0 u] (U] ©
o J %o o0
w1 o
90‘ OD (u]
8- %
W ) j 0
"2
[a o 4 © Q%Q
T3 o o
24 ®
o~ 4
[ o
] L
] o
od
g-mmﬁ%mmm
' 0 10 20 30 40 S0 a9

HARMGNIC NUMBER
CONE S O DEG. RSP. V.P.

Figure 10. Complex scattering cross-section vs frequency
nose-on incidence, Target #5.




o

DIAMETER/LAMB09
0.000 0.S00 {.000 1.S00 2.000 2.500 3.000 3.500
LA LLILILIALI LLIl‘Llllll‘LlLI;lL]LLJ;J;“
»
o
0 Twp o
P o
=t U] luuu;) -
' i © o o
LS o
D ]
' 2 o o0 o
—ad 0 o o
- O o O] T
o
s G0 ™ oo
3 T o !
} o
P o
. ,'I'T_rrlvrrfrr—rlr—lrvlrrlr.rrTr—l—r(v—rlrurr'7\ller‘(ﬂ'(‘v\Vv ‘llT:
L 0 19 20 30 40 59 52
¥ HARMENIT NUMBER
OIAMETER/LAMBOA
0.000 0,500 1.000 1.500 2.000 2.508 3.000 3.500
. [ IR S N ST RTINS WA SIS N SO YU ST Y T WU TOC WA SO S SN S SR U T SO NOT AR R
I o
' -]
1} [}
i -
! Iz
| L)
; Bo
' @
LIJ:
0
T
T
a
2
~
v
[~}
g .
1 73 19 20 g 4 50 59
b HAAMANIC NUMBER
SN CGNE 6 0 DEG- V.Pn
Figure 11. Complex scattering cross-section vs frequency

nose-on incidence, Target #6.




2.0
|

—— ——|DEAL AREA vs. DISTANCE

1.0

!
|
i
L
}

.0

! | I 1 T
00 -8000 -“.00 "2-00 0000 2000 ‘I-OO 8-00

DISTANCE (CM)

]
a

ARER ‘{CMwx2)
"1:[0

-2.0
1

-3-0

-§.0

Figure 12. Ramp response waveform, nose-on incidence, Target #1.

19

T
L‘;——“J



» Q-
i“
?
: o
X ';'-
e
a-—l
o~

1.8
L

|
!
|
T

i
00 -8- 00

A

ARER (CMxx2)
-1.0 10\

~2.0

L

"3- O

-4.0

Figure 13.

T T -
-u-ﬂo ‘2-00 0-00 2-00 u-OU 6-00

DISTANCE (CM)

Ramp response waveform, nose-on incidence, Target #2.

20

——ry,

&

o> 5y )
PARLS) Bl ¢ _



-0

00 "60100 -4.00 " -2-I00 OOrOU 2.00 4.00
OISTANCE (CM)

)
A

-~
1§Y)
X
X
x
&3
o
Wi
(s o
o o

-1.0
1

"2~0
d

Figure 14. Ramp response waveform, nose-on incidence, Target #3.




1.0 2.0 3.0
L i

{

-0

T T T
00 -6.00 -4.00 -2.00
DISTANCE (CM)

ARERA (CM»x2)

-100

Q
o =
o
t

Figure 15. Ramp response waveform, nose-on incidence, Target #4.




.0
|
I
l
|
|

T T T T T T T
g¢ -6.00 -4.00 -2.00 0.00 2.0C 4.00 6.c0

DISTANCE (CM)

AREA (CMxx2)
S

]

"1-0

1

"2~0

Figure 16. Ramp response waveform, nose-on incidence, Target #5.

23




v v

T YT T AR SRR, VO T T

-

-y, pEy

ARERA (CMxx2)

e

20

00 -8.00 -U.00 ~-2.08 0.00 2,00 .00
DISTANCE (CM)

-1.0
L

l

-2.0

1

-3.0

"U-U

Figure 17. Ramp response waveform, nose-on incidence, Target #6.

Bibctiony o




ITI. INVESTIGATION OF LIMITING-SURFACE IMAGING

This technique was first introduced in the early 70's, and demon-
strated using 10:1 bandwidth model measurement data on satellite shapes
(Reference 9). The goal of this effort was to produce such images for cone-
like objects, with two important changes in the data base. First, the
frequency spectrum of the transient signature data is at least 30:1.

With this greater bandwidth greater resolution of target details might

be possible. Second, the range of target look angles was confined to

a region within 30° of nose-on, whereas three principle plane look angles
had been used before. The amount of image degradation resulting from
this restriction needed to be investigated.

A separate technical report, 784785-2, has been written to describe
the results of the limiting surface imaging 1nvestigafion. Images and
waveforms are presented, showing the effects of both signature data
bandwidth changes and target look angle restrictions. Furthermore,
the report describes some important improvements in the imaging algo-
rithm. An automated iteration process has been introduced, so that
the imaging is now faster, requiring no operator interaction, and com-
pletely objective. The following few paragraphs and figures, abstracted
from the technical report, summarize the important results.

A. Characteristics of the Input Data

A set of profile functions derived from measured data were shown
in Chapter II, Figures 12 through 17. The plots demonstrate that the
measured data does give approximate target cross-section vs distance
information for all targets. A discussion in the technical report points
out that if discrimination of these targets is desired (rather than
identification or imaging) then the targets can be correctly separated
using these waveforms alone on the basis of target length (profile func-
tion duration), total volume (integration of the profile function) or
cone angle (slope of the initial portion of the profile function).
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B. Limiting Surface Imaging Process

The basic approach for limiting surface imaging was used here with-
out modification. A limiting surface is constructed for each look angle.
The intersection of the multiple limiting surfaces constitute the final
three-dimensional image. As before, each limiting surface is an el-
liptical cylinder whose cross-sectional size along its major axis is
set by the profile function. The major axis of each surface, and the
length/width ratio and orientation of each slice, are set by "process
parameters" which are initially unknown, but must be correctly specified
to obtain an occurate image.

An objective criterion of image quality was used in this study.
This was a comparison of the cross-sectional area vs distance of the
images and the input profile function data for each look angle used.
This produces an image volume error estimate. It was shown that for
this set of targets, this evaluation technique was satisfactory.

An extensive study was done on the behavior of the images and the
image volume error as the process parameters were varied. For example,
Figure 18 shows a plot of volume error vs a, one of the process parameters,
where target #2 is being imaged using data at 0° (nose-on) and 30° look
angles. The parameter 02 controls the major axis of the limiting sur-
face corresponding to the 30° ook angle. It is seen the volume error
is minimized when a, is at 30°, its correct value.

Figure 19 shows what happens to the limiting surfaces in two cases
for the volume error calculation above. When a, = 30°, it is seen that
the two limiting surfaces are lined up, and their intersection (the
surface lying within both simultaneously) is a relatively accurate
image. However, when @, = 45°, the two surfaces are not aligned. The
image which would be produced in this case is seen in Figure 20. The
front tip has been "chopped of f" by the misalignment of the two limiting
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surfaces. The profile functions in Figure 20 show how this effect also
produces a volume error.

»

, C. Automated Imaging

, A study of the volume error vs all process control parameter vari-
' ations revealed that the process if relatively "well behaved", i.e.,

- incorrect values of each parameter give measurable increases in the

volume error, and volume error increases proportional to process pa-
rameter error. Because of this characteristic, an automated iteration
procedure was developed to obtain the image, and was eyaluated using
several specific test cases.

The procedure which was used is a linear direct search method.
A linear method is one which uses a set of direction vectors, in this

case the parameter coordinate axes, throughout the search. A direct
search method is any minimization technique not requiring explicit eval-
uation of any derivatives of the function being minimized. The pro-
cedure begins by determining at some initial point which direction along
each parameter one would have to travel in order for volume error to
decrease. This is done by making small perturbations from the initial
point along each parameter direction. Each parameter is then incremented
by some fixed amount in the appropriate direction. This is equivalent
to moving only roughly in the direction of the gradient. The elliptical
cross section aspect ratio is actually incremented logarithmically be-
cause of the nature of this parameter. This procedure is repeated until

the vicinity of the minimum has been located. The process converges ]
to the minimum by decreasing the increment sizes each time the minimum i
is passed as explained above. '

The possible initial limiting surface parameter combinations can
he represented by several cases. These cases demonstrate the perform-
ance and restrictions of the iterative algorithm. The ideal 0% and
30° profile functions for target 6 will be used in each example unless
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otherwise indicated. The first case is when the limiting surface pa-
rameters are known for one look angle and unknown for the other. The
algorithm will iterate to very nearly the correct values of the unknown
parameters. For example, with the parameters for the 0° 100k angle ]
correct and the initial 30° Took angle parameters set at a, = 60°, 82 1
= 1400, 82 = 500, and R2 = 0.5, the resulting parameter values are 0y

= 29.5, 82 = 179.7, Y, = -0.25 and R2 = 1.19. This example required

20 iterations with the initial parameter increments set at 4.9°, 4.90,
20.1° and 0.0792 for s 82, Yo and R2’ respectively. Volume error
decreased from 0.77 initially to 0.186. This example was repeated using
the measured 0°, 29-harmonic ramp response and 30°, 10-harmonic response
for target 6. This time 18 iterations were reguired and the resulting
parameter values were a, = 29.38, 82 = 179.51, Y, = -9.67, and R2 =
1.083. The final image and image profile functions are shown in Figure
21. 'Here the volume error decreases from 0.729 to 0.164.

Performance is less satisfactory when parameters for both look
angles are unknown. When o and R for both look angles are unknown,
the algorithm iterates to a point where the aspect ratigs are approxi-
mately equal and the elliptical cross sections have approximately the
same tilt. In this case the volume error decreased from 0.697 to 0.193.
The final image is significantly distorted although the volume error
js nearly the same as for a correct image. The problem here is that
the correct aspect ratios for the 0? and 30° 1ook angles are nearly
equal (1.0, 1.16). Apparently any combination of nearly equal aspect
ratios will result in good agreement between the actual and image pro-
file functions. It is expected that if a second look angle closer to
broadside was used so that the aspect ratios for the two look angles
differed by a significant amount, then better iteration to the correct
aspect ratio values might result. This example illustrates that volume
error is not always a good indicator of image accuracy.
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Summarx

The goal of the limiting surface imaging study was to examine its
capabilities for cone targets using severely limited input data, and
to eliminate the need for a priori knowledge for determining process
control parameters' values.

Image volume error was defined and shown to correspond to image
accuracy, i.e., the agreement between a target and its image. In par-
ticular, volume error was observed as a function of the various Timiting

surface parameters. For a cone target it was demonstrated that volume
error was minimized as the limiting surface parameters approached their
correct values. In addition it was shown that in certain cases, volume
error decreased monotonically towards the correct parameter values.

An algorithm based upon minimizing volume error was developed for it-
erating to the correct limiting surface parameter values. The algorithm
was shown to iterate correctly in several cases when data corresponding
to a cone target is used. Specifically, it was shown that the angles
specifying the elliptical cross section center lines could be correctly
determined. It was also shown that if the limiting surface parameters
were known for one look angle and unknown for another, then the unknown
parameters could be determined.

In the imaging examples studied, backscatter data at only two as-
pects were used. In addition, the look angles were separated by only
30°. This was done to approximate a practical system. However, the
resulting ramp response from the two Took angles contain largely over-
lapping information. Only ramp responses obtained from mutually-orthog-
onal look angles contain totally independent information. The result
of using only a few look angles separated by a relatively small angula~
distance is that the ramp resbonses obtained do not uniquely define
the target. For instance, the 0° and 30° aspect profile functions for
a 3:1 right-circular cone (target 6) were shown to correspond almost
nearly as well to a flattened cone. The volume errors for the correct
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image and the flattened image were nearly equal. The use of a greater
number of look angles separated by a larger angular distance would re-
duce the chance of a set of ramp responses corresponding to more than

one object and would increase the probability of correct parameter de-
termination.

Several secondary goals were also accomplished in this study.
Ten-harmonic ramp responses, for a set of cone and cone-cylinder targets
were measured and the results presented. An automated method for proc-
essing ramp response waveforms to approximate the target profile func-
tions was also presented. It was demonstrated that most of the tar-

gets could be discriminated from characteristics which were determined
directly from the ramp responses. Images using measured and corrected
ramp responses and calculated 1imiting surface parameter values were
generated for each target. The images were seen to be representative
of their corresponding targets although lacking in sharp details.

Iv. HIGH FREQUENCY IMAGING
An important part of this research effort was the study of the ap-

plication and interpretation of "high-frequency" imaging or inverse
scattering techniques for cone targets, using the limited range of look

angles permitted. It was decided early in the program to concentrate
on physical optics inverse scattering techniques, an area where much
has been written. In applying the physical optics approach to this
specific application, some new insight and new results were obtained,
and these are contained in a separate technical report (784785-4). This !
chapter abstracts a few portions of that report.

The Bojarski Identity

In a series of reports Norbert Bojarski (References 15-19) has formu-
lated a relationship between the monostatic scattered far field cross
section of perfect conductors and the geometry of the conductors. The
results are based on the physical optics approximation.




If the scatterer is expressed in three dimensions by its charac-
teristic function y(x) where,

_ 1 inside the body
v(x) = (17)
0 outside the body

and if the scattered far field cross section p(p) is used to define
T'(p) where,

i ot end  Gemg Deayq g

r(p) = A4n o(p) +lDT£'E) (18)
p

| SP

"

with olp) = the field cross section

H

— 2w = _ .y fcycles
p r 2k (meter)

X = wavenumber propagation vector in the direction
of aspect:

then Bojarski has shown that

broned  Remped  Beemd ey

Y@ - s Tr(p) e F ok (19)

ki -0

This technique is normally considered to be a high frequency one
hecause:

* ad g [ —}

1. The relationship is independent of incident field polarization,

[V §

; 2. No reverberation of energy on the target structure is accounted

L

for.

3. Excitation of the shadowed side of the body for a particular
angle of incidence p is assumed to be zero.

35

i
|
I




The correspondence between measured data for the cone targets and
predicted scattering using both physical optics inverse scattering and
the Bojarski transform was studied. The measured data include both
low frequencies and high frequencies. The frequency-domain data for
the square root of the scattering cross-section of the nose-on look
angle for target #6, a 3:1 cone, are shown in Figure 22. Time-domain
ramp response and step response waveforms corresponding to the data
of Figure 22 are shown in Figures 23 and 24 respectively.

As seen in the frequency spectra, the two-sided Bojarski analysis
agrees best with measured data for the first 7 harmonics, then the pre-
dictions of both analytical approaches depart substantially from the
measured results. The ramp response plots give more insight into the
discrepancies. It is seen that both analysis approaches give identical
and quite accurate, predictions for the forward region of the cone.
However, neither technique gives an accurate picture of the scattering
mechanisms associated with the back edge. This problem is also dis-
cussed in the report on measured data, where it is pointed out that
other analysis techniques exist for correctly predicting these effects.
The step response plots also show general agreement in the forward region,
but differences near the rear edge.

1t is thus concluded that the two-sided physical optics approxi-
mation is good for low frequency scattering predictions on cone targets
near nose-on, and that both physical optics analysis methods correctly
predict the scattering from the forward portion of the cone. However,
the technigues are seen to be inaccurate for high frequencies at look
angles where diffraction mechanisms contribute significantly to an
object's total scattering cross-section.

Regardless of the accuracy of the physical optics approximation,
the data used in this effort (angles less than 30° from nose-on) com-
prisc only a subset of the complete characteristic function in p space.
The effect of this "windowing" was examined. Figure 25 shows a set of
2-dimensional shapes, whose ideal characteristic functions in p space
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Figure 22. Frequency-domain scattering, physical optics
calculations vs measured data, Target 6.
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were calculated. For example, the magnitude of T(p) for the triangle
is shown in Figure 26. Next, angular windowing was done on the char-
acteristic functions. Windowing angles of 60° and 30° from nose on
were tried, and the resulting images are plotted in Figures 27 and 28,
respectively. It is seen when look angles perpendicular to all edges
are not included, then the image becomes degraded to a great extent.

Following the study of windowing, our effort at direct image gen-
eration using the measured data and physical optics inverse diffraction
techniques was redirected toward a quasi-identification approach; i.e.,
if it is known that an object is cone-like, and if broadband scattering
data over a t30° range of look angles with respect to nose-on is obtained,
then what techniques for determining important characteristics such
as size (length, base-diameter) and shape (sharp edges, cone angles)
can be discovered using physical optics inverse scattering concepts.

One important result of the target characteristic investigation
is that the base diameter of the cone can be inferred from the slope
of the frequency-domain signature data at low frequencies. Further
study of the correspondence between the target length and/or target
cone angle vs signature properties showed that this is definitely a
second order effect compared to base diameter for near-nose-on data.
However, the technical report contains a discussion of a relationship
hetween high-frequency scattering vs angle and cone length.

V.  INVESTIGATION OF IMAGING FROM LASER-EXCITED
TRANSIENT RESPONSES

At this Laboratory there is another research effort funded by the
Ballistic Missile Defense Division which is concerned with the excita-
tion of electromagnetic transient response signatures by laser pulses
incident on a conducting target. Depending upon the efficiency of this
excitation, and its characteristics vs target material, target shape,
and laser parameters, this might be a feasible technique for applying
the target imaging process to distant targets. What is envisioned is
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the use of a high-powered laser to illuminate a target, producing an
electromagnetic transient response which is received with broadband

radar equipment. The transient response produced this way can contain
Tow-frequency components (1 to 100 MHz) which would be difficult to pro-
duce with a radar transmitter. (For example, the radar operating at

1 MHz with the required 1° transmitting antenna beamwidth would require
an antenna aperture of 2.94.108 mz.)

An experimental apparatus has been constructed in order to verify
the existence of the excitation, and to examine the efficiency of the
non-1linear process, and its dependence on signal strength and target
material (Report 4786-1). With this experiment, a small = 1/2 mm2 spot
can be illuminated with sufficient intensity to repeatibly produce the
effect. It appears that the spot behaves 1ike a small monopole, which
produces an impulsive signal whose duration is approximately 1 nsec.

Some tests of target identification have been performed. For ex-
ample, the transient response for a thin wire, excited at the tip by
the laser pulse, is shown in Figure 29. The calculated response as-
suming an electromagnetic pulse excitation at the same point is shown
in Figure 30. The two waveforms are in very good agreement. Further-
more, the frequency of the reverberations and their decay rate are char-
acteristic of the wire length and diameter. Thus, these waveforms demon-
strate that target identification is feasible using laser excitation
of an electromagnetic transient response. If the final estimates of § 4
conversion efficiency look promising, then it should be possible to
combine the laser excitation work with several efforts concentrating
on target identification from transient response signatures (Reference
20) to produce a new technique for target identification.

However the emphasis of this research contract is on target imaging
from transient scattering. As was previously discussed, the images
are based on the properties of the initial portion of the time-domain
ramp response signature (before the reverberations actually begin),
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' Figure 29. Measured laser-excited transient response of
' a thin wire excited at the tip.
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Calculated transient response of a thin-wire, tip excitation.
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produced by a plane wave incident on the target, assuming the physical
optics approximation for target scattering. Since a ramp response is
simply derived from impulse response data, the crucial question con-
cerning imaging is the validity of the physical optics approximation,
A simple experiment to test this assumption was performed on this con-
tract.

The physical optics assumption was tested by examining the strength
of the excitation of the laser-iliuminated spot as the polarization
and incidence angle of the laser beam were varied. A diagram of the
target region of the experiment is shown in Figure 31. The laser beam
was aimed at a small spot, located 2 cm away from a tall (3') monopole
which is at the center of a 5' diameter ground-plane. For the time
intervals of interest, the monopole and ground plane are approximately
infinite. (The edge and tip reflections happen several nsec after the
initial coupled signal from the spot to the base of the antenna is fin-
ished.)

Initially, the incident laser beam was perpendicular to the ground
plane. Then the direction of incidence was changed to 30° and 60° with
respect to the normal, keeping the spot location fixed. A polarizing
filter was present in the beam for all these experiments, and for the
of f-normal incidence angles, the polarization was rotated so that the
incident optical E field was parallel to the plane containing the laser
beam and the surface normal, and perpendicular to it.

The time-domain signals radiated by the spot were recorded on a
transient digitizer, which was connected to the monopole. These mag-
nitudes of the waveforms are plotted in Figure 32. It is estimated from
these data that the magnitude is independent of palarization, and varies
as the cosine of the angle between the surface normal and the laser
beam. The cosine function is shown on the plot along with the data
points. Given surface normal unit vector n, output signal i(t), and
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Poynting vector of the incident laser signal S(t), then |i(t)'°ﬁ'51nc(t)'
As stated before, the source acts as a monopole, so that i(t)=n i(t),

an(n-S(t)).

Now the physical optics assumption states that for each spot on
the surface, i(t) = 2n x Hipc(t). Thus, this expression results in
an 7{t) which is a surface current, instead of being directed perpen-
dicular to the surface. Furthermore, this expression predicts that
|i(t)] should be independent of incidence angle for the case where the
H field is always parallel to the surface. Therefore, it is concluded
that the physical optics approximation does not apply for the transient
response signature excited by a strong laser pulse. If a powerful laser
could be built such that a yhole target (rather than just one spot) would
be excited by the laser beam washing over its surface, then the back-
scattered electromagnetic transient response would contain reverbera-
tions which were characteristic of the target size and shape, but its
initial time domain portion would not be proportional to target cross-
sectional area vs distances.

VI. SUMMARY AND CONCLUSIONS

it mpper o

This twenty-one month study dealt with measurement of transient §
scattering signatures of a variety of cone-1like objects at near nose-
on look angles, and creation of images and/or identification from these
data.

Complex scattering cross-section vs frequency was measured using
harmonic frequency and swept frequency equipment. Six target shapes
were measured, with angles of incidence from 0° (nose-on) to 30°, and
a 58:1 frequency bandwidth. Comparisons to predictions making use of
several approximate analysis techniques were made. Also, transient
response waveforms were derived from the data.
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Limiting surface images of the targets were created from measured
data. Advances were made in the imaging algorithm such that the process
was made faster and less dependent on operator interaction.

The derivation and characteristics of physical optics inverse scat-
tering processes were studied for application to these targets. The
effect of data limited to within a "window" in frequency and aspect
angles was treated. Cone parameter calculation from measured data,
making use of insight gained from physical optics analysis, was studied,

The conclusions of this study are:

1. valid signature data were obtained for the targets. Accuracy
of 10% in amplitude and 110° in phase are estimated for the fre-
quency domain data over a 58:1 band.

2. The data permit identification of the different shapes, even
through the chosen targets were especially difficult because they
were all the same Jength. If seems that their basic conical shape
was most evident in the time domain signature data, while differ-
ences such as sharp or rounded edges were most obvious in the fre-
quency-domain plots.

3. The physical optics approximation appears to be valid in the
time domain up to the shadow boundary (base) for these targets.
The approximation as formulated by Bojarski ("two-sided") appears
valid at low frequencies.

4, The GTD and equivalent current analysis techniques gave re-
sults which matched the measured data very well, Since these ap -
proaches concentrate on scattering by the base, this must be the
dominant scattering feature at near nose-on look angles.
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It has been demonstrated that images of the targets can be
automatically produced from the narrow range of measured data ob-
tained on this program. The images clearly show the gross target
characteristics. However, even with broadband signature infor-
mation, the images do not have sufficient resolution to distin- :
guish small target differences - such as rounded vs sharp edges
and tips.

Based on the physical optics approximation the following tar-
get characteristics can be distinguished from the measured data

a. target base diameter

b. target cone angle;

Meaningful transient signatures can be excited by intense
laser pulses incident on the targets. However, these signatures
are not equal to or directly related to the impulse, step or ramp
response signatures as commonly defined. Thus this area appears
most useful for laboratory target signature research, and target
identification, rather than for target imaging as used here.

Further research in several areas is recommended: f

Transient signatures should be measured for several other
target shapes, and also for the complete range of aspect angles i
on the present cone target models. These fundamental data permit
further advances in analysis techniques, and also permit calcu-
lation of specific scattering response waveforms for any partic-
ular interrogating signal.

Additional effort toward improving and generalizing the meas-
urement technique seems justified, particularly for more complex
target measurements. The approach which uses subtraction of back-
ground scattering has been quite successful, and now target pos-
tioning and antenna selection and positioning can be concentrated -
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on. Furthermore, this approach is capable of measuring bistatic
scattering signatures at arbitrary look angle combinations. These
data would be very important in system evaluations for bistatic
radars which are of currgnt interest,

The limiting surface imaging technique using measured ramp
response data deserves further investigation. One area involves
its possible application to more complex shapes in free space.
Another area involves imaging of underground targets from under-
ground transient radar returns. Finally, this technique, or one
related to it, may be of use for processing of over-the-horizon
return data.

The laser excitation of transient electromagnetic signatures
should be investigated further. A complete understanding of the
physical process is important. This area has potential as both
a tool for detailed laboratory scattering signature study, and
long range remote sensing.

Broader understanding of the characteristics of physical optics
inverse diffraction should be pursued. Incorporation of some terms
approximating diffraction mechanisms into the physical optics model
might make a meaningful improvement in its accuracy.
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