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1. INTRODUCTION

It is well understood that the primary , if undeclared , goal of any
active radar system is the extraction of maximum target information .
Detection of the target and estimation of parameters such as range,
doppl er and even attitude are routinely accomplished . What is not well
understood , however, is the estimation of a target1s physical properties
such as size, shape and composition from radar signaling data. The
extraction of these properties for naval vessels and their subsequent
use in identification or discrim ination of the target is the subject of
this report. The identification of objects wi thin a given class , i .e.,
discrimination and identification of an object wi thout a pri ori class
information , i.e., identification , are considered to be separate
capabilities.

A basic understand ina of the relationship between the physica l
H properties of a target and its electromagnetic scattering behavior comes

from the impulse response concept [1]. With the normalized scattered
field in the far zone defined as

G(O ,4 ,p,j~) = .L ~~~~~~~~~ , (1)

wi th r the range and c the velocity of liaht , the normalized scattered
field and the normalized impulse response form a transform pair which

Li is

[ G(O ,$,~,j~) = J F1(8 ,~~~,t)e~~~
tdt . (2)

The triplet e ,q,~ denotes that a fixed target-observer orientation and
fixed polarization of the incident field and transverse component of the
scattered field have been selected. The impulse response waveform
“sums up” the scatterinq properties of an object in one real time—
dependent waveform. Thus specular contributions , creeping waves and
other diffraction and reflection mechanisms are clearly identified.
Using convoluti on , the response to any postulated interrogating wave-
form is obtained . The same approach yields the significant specular
range of any particular scattering rnechanisri. The role of frequency
becomes more evident from consideration of the ramp response waveform
defined as

_ _ _ _ _ _ _ _ _  = ~ FR (e ,,,~,t)e
iwt dt. (3)

( jw)

1



Comparing Equations (2) and (3) it is seen that gross features of the
target are defined at low frequencies, I.e., those frequencies which
define the ramp response waveform, whereas successivel y more target
detail is added by the step and impulse response waveforms. This con-
clusion is based on the fact that for most targets

Urn G(e ,~ ,p,jw ) = A (O,$,~ ) , (4)

and for the worst case , finite flat surfaces viewed normal to the surface,

u r n  G(~,O,~,jw) = B(P)jw • (5)
jw.It~ [

Stated in the time domain , the highest possible singulari ty in the
impulse response is an impulse (Equation (4)) for most targets while
for a few targets (Equation (5)) a doublet can occur. This understanding -

of the role played by frequency illustrates why modulated short pulse-
type radar systems can elicite the flare spots of a target but integrat- - ;

ing such Information into a composi te picture of the target is , in general ,
a very difficult task.

With any radar target identification task there are two basic
approaches to the problem , In the first approach the starting point is
the radar scattering data available from presently operational systems.
Based on such incomplete and nonidentificati on dictated information , an -

attempt is made to formulate methods and algorithms for identification.
This approach has not been notably successful. A second approach starts
wi th radar data known to be sufficient for the identification task. -

Note that this does not mean scattering data at all aspects and fre-
quencies ; admitting however that an exact inverse scattering solution
probably exists with this much Information. In the present context the
required radar data are dictated by the impulse response concept. As -

wi ll be seen , with this approach the remaining task is to simplify,
as much as possible the required complexity of an identification radar
system.

In thi s report the requ ired radar data for convent ional target -

Identification is reviewed. Next, the spec ial probl ems In herent to
naval vessels are enumerated and suggested techniques for overcoming
these dIfficultle~ are summarized. The suggested techniques are also -

shown to be applicable to more conventional Identification problems.
The next section of the report describes the reflectivity ranges and -

model targets used to obtain representative* radar scattering data •

*Representatlve In the present context means data from which a possibly
excitation Invariant set of parameters can be obtained. No cla im Is
made (see section on measurement range) that the data are valid cross 

• ,

sections in the usual sense of the term.
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for naval vessels. These data are then presented together wi th special
response waveforms synthesized from the data . It is also demonstrated
that representative complex natura l resonances can be extracted from the
response waveforms. A final section of the report lists conclusions
drawn from the research to date and recomends logical continuations and
extensions of the research effort.

- • II. CONVENTIONAL TARGET IDENTIFICATION

A conventional method for target identification [2,3] is based on
the fact that the ramp response waveform frau a target can be synthesized
as

211-1
FR(8,+,p,t) ~ ~II ~~~~~~~ ~G($,~,~,jn~0flcos[nw0t +

(6)

using odd harmonics or as

2N
1 I G(e,s,p,jnw I

FR (e ,
~
,p,t) .—_  

2 
° cos[n~0t + ~(nw0)], 

(7)

using even and odd harmonics .

In Equations (6) and (7)

1 m ( 0 , ,p,3n~ )]~1~(nw ) = tan ( ~ ) . (8)

t~
Re[G(ei$.P

~
inwo)]J

Thus if L is a maximum linear target dimension then discrete spectral
scattering data for an N of 5 and

O.4irc (9)

suffice to define the ramp waveform for most targets. The result in
Equations (7) and (8) is coupled wi th the fact that the physical optics
approximation to the ramp response waveform is

F ~~~~~~ ~ —l A ( z )  , (10)
- c(t-rfc)

2
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where A(z) is the projection of the illuminated portion of the target
onto a plane perpendicular to the line of sight of the radar (z) with
the illumination moving at 1/2 the free space velocity to account for the
two way path. It is clear that the ramp response waveform contains
basic information on the gross physical properties of the object. More— -

over , the forced portion of the ramp response (Equation (10)) is directly
related to the object’s cross sectional area. This fact has been used
to produce isometric three—dimensional images of the target [4,5].

Conventional target discrimination utilizes the fact that for the
transient portion of the ramp response waveform a good approximation is -

M y (t—t )
F~(e,~,p,t) ~~ Am( e ,q~,p) e ~ ~ ~(t—t0) , (1 1 )

where to is the time the interrogating signal moves beyond the shadow
boundary with zero at the point the response starts. Note in Equation
(11) that the excitation coefficients contain the orientation and polari — -

zation dependence and the complex natural resonances

(1 2)

are only a function of the size, shape and composition of the target,
i.e., they are excitation invariant. Methods for finding the dominant
complex natural resonances of a target from reaction integral equation
formulations and from transient signals or their equivalent spectral
samples (Equations (6) and (7)) have been discussed [2,3,6,7]. A
relatively new method combining calculated spectral data and an integral
equation formulation has also been given [8]. No single method has
proven completely satisfactory and problems when noise and/or clutter
contaminate the signal indicate additional research is needed. Also,
while present methods do not precluGe use of the complex natural
resonances for target discrimination , they do dictate that the discrim-
ination should not be based on extraction of complex natural resonances
in real time from an unknown target si gnal.

If it is assumed that a library of natura l resonances for a given
class of objects is known, a priori , then discrimination is based on
prediction—correlation as

~~ 
[F Rm(fl

~
t)_FRc (flA t)]2

= — 2 2 
— 

‘ 
(1 3)

~~ 
FRifi (nat ) + 

~~ 
FRc (nat)
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where FRm is the measured ramp response and FRC is a calculated ramp
response. The calculated ramp response comes from the general predictor
difference equation for transients [9]

f(t) = 
~~ 

B~ ~~~~~~ 
f(t-nAt) t > NAt , (14)

n=l

where 11 is the num ber of natural resonances and At the sample interval .
The difference coefficients in Equation (14) are related to the natura l
resonances as

N N

~ff 
(s-e ’

~” ) = 
~~ 

B~ ~~~ BN O  L (15)

thus given the complex natural resonances , •,‘
~~~~
, for a given target the

difference coefficients are known for arbitrary At. To reduce noise
problems , Equation (14) is normalized by the magnitude of the larges t
difference coefficient. If this is done , wi th the N ,k term say
having the largest magnitude then

N B
FRc(t~

kAt) = 
N~n~ (~1)~~

1 FR (t
~
flA t), (16)

n= 1 I N ,kI
n�k

and each calculated point comes from , in genera l, both p r i o r  and f u t u r e
• samples of the measured waveform . Numerous examples of successful

discrimination using Equations (13) and (16) have been given [2,3]. In• the next section certain general limitations and the complications
introduced by naval vessels are described. It should be noted however
that there is nothing magic about the ramp response waveform beyond the

• - discrimination against the influence of hi gher frequency scattering
data. In principle , any transient response waveform from the target
is sufficient. This assumes that a portion of the transient can be

- - 
well approximated by a finite sun of exponentials.

[1 There have been many applications of Prony ’s method and various
modifications of the method reported. The references in a recent
dissertation [10] are a good source for Prony ’s method . Two primary
and different objectives characterize the numerous applications;

5

-
L - - - -



F

1) good, finite exponential fit of time-dependent signaling
data ,*

2) extraction of a finite set of complex natura l resonances.

In the first application the “fit” to the data is all important — there
is littl e interest in the exponential arguments. The second application
stresses a physical signifi cance for the exponential arguments , i.e., -

only left half-plane arguments wi th negative definite real parts are
acceptab1e. For the identification problem , while the arguments or
complex natural resonances are a parameter , it does not necessarily
fol low that a physical significance must be stressed completely . Our
earliest applications of resonances to the identi fication problem used
ramp response estimates [12]. In such data the inverse frequency
squared weighting dictates only a few terms in the exponential approxi- —

mation for all but very short times. For these problems the extracted
resonances did have a physical meaning. However for complicated
structures where the responses are obtained from signal ing waveforms
containing hi gher frequencies (synthetically or otherwise) it may not
be possible to interpret physically the extracted resonances nor may it -

be possible to insist on precise excitation invariance . Thus it may be
necessary to find that finite set of complex numbers which best satisfies
several sets of data . This point wi ll be discussed later.

Assume that a measured response signal is obtained as**

f0(t) = f(t) + n(t) , (17)

where f(t) is the true response and n(t) an interfering signal which
could be noise , clutter or roundoff error in a computer. The ~measured”signal then can be experimentally or coniputationally obtained. Note
that this discussion is concerned wi th the characterization of a
target and not identification , i.e., Equation (17) are study signals
used to obtain numbers for a library . The actual identification
process does not extract such numbers . The approximation is

N
f (t) = A e~ ’ f( t )  + n(t) . (18)a n —

n=l

*A frequency approach has also been reported, see Reference [Il).

**The position , polarization and delay dependence is assumed to be I
understood here and hence is suppressed. -. -

~i16
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The difference equations inherent in the solution of Equation (18) are

M+l N+l M+l

L ~~ 
Cn f0[t + (m+n_2)A] = C , t1 < t < t2 (19)

m=l n=l m=l

where properly

= Cm(N,M ,A ,t2
_t

l ) . (20)

That is , Equation (19) generates a system of M+l equations in N+1
unknowns and the error in each equation is a function of the sample
interval , t2—t1, the samp le spacing, A , the order of the difference
equation , N and the numbe r of equations generated , M+l . The Prony method
equates (19) to zero and sets C1 to unity . In matrix form Equation (19)
becomes

F C = C  , (21)

where

f.. = f [t 1 + ( i+j -2)A ] , I = 1 ,2, ... ti+l (22)
13 0 j = l ,2, ... N+l

C~~ = C~1 , I = 1 ,2, • . .  N+l (23)

and
E ij  = C .~1 i = 1~2~ M+l . (24)

In general F is a rectangular matrix

M > 2 N  , (25)

with the equal si gn in Equation (25) yielding a square matrix. The
inequality in Equation (25) also follows from Equation (18) where there
are 2N unknowns .

Before discussing solutions of Equation (18) or equivalently
Equation (19) a difference in the approach adopted here should be
noted. In Reference [13] and elsewhere the exponential sum is based
on Singularity Expansion Method (SEM) ideas. That is , an impulse
response is written as

7
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h1 ( t ) = An e
Snt 

~(t-t 1 ) , (26)

where it is assumed that the singularities are simple poles (Sn), the
transform of a possible entire function deleted and the A0 are products
of the coupling coefficients and the natural modes . It is properly
recognized that the transient must be delayed until the excitation is
removed (tl>O). If this line of reasoning is followed then for the
ramp response

A S t  S t
hr(t) = 

(~~ )2 ~ ~ -e ~ ~~~~~~~~~~~~~~~~ (27)

Clearly the coefficients , A~, can absorb the additional wei ghting in
Equation (27) but the additional terms in Equati on (27) must also be
absorbed as exponentials and this in general cannot be done. We have
for some time , however , used the form Equation (26) to fit ramp response
waveforms and will continue the same type of approximation.

Returning to Equation (21) the solution of this equation is
essentially a departure point for the two objectives mentioned earlier.
If oniy a good fit to the waveform is desired then Prony ’s method is
adequate except when signal /noise (S/N) power levels are low [lO]*. If
Equation (19) is solved in the least squares sense then the error in
the fit to the waveform is minimized. This approach however does not
optimize the exponential arguments . Simply stated, several different• combinations of poles and residues can yield equally good fits to the
response. The basic problem is that the waveform fit is relatively
insensitive to the precise pole locations.

Consider again Equati on (19), where there are two methods for
solution which have been proposed. The first of these is Prony ’s
method where C1 is set to unity and the remaining coefficients are
chosen such that

M+1

m=l 
(28)

~t4e do not feel that the S/ N ratio of 30 dB (total) quoted in Reference
[10] is realistic when the extraction process is in non—real time and
not a one shot trial.

8 
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is minimized. This is the standard least squares or quasi— invers i on
procedure. A second method (eicienvalue ) is to write Equation (19) in
the quadratic form

M+l

~ (S) C = E~~~ , (29)

where the quantity on the right of Equation (29) is a minim um,

M+l

~~ 
£ 2 

= 1, (30)
m=l

and

M+l
s~ = ~~ = 

~~ 
f0~
(t+ (m+j_l)A) f0~(t+ (m+i_l)A )~ (31)

are the components of the symmetric matrix S. The coefficients (C)
are then the eigenvectors of the minimum eigenvalue. It has been shown
[14] via a specific example that the two methods lead to different
squared errors, wi th the min imum obtained using the eiqenvalue approach.

The error parameters in Equation (20) present diffi culties.
Unfortunately these parameters are not independent , i .e., setting one
parameter imposes restrictions on certain other parameters . For
example the order of the difference equation , N , must clea-ly be related
to the investigation interval t2—t1. If the interval t2—t1 is pro-
gressively expanded to include earlier times it follows that additi onal
exponential terms may be needed. Conversely if the difference equation
order is fixed and not over specified then the interval t2—tj should be
bounded. It has been suggested [15) that the eigenvalue approach can
be used to establish 1. This however is based on t2-t1 being fixed
and the use of noise-free data . With noise , clutter and roundoff
error present , as is always the case, this approach rapidly deteriorates.
There is also the problem that if N becomes large discrimination pro-
cedures become unwieldy [16]. Thus it is advantageous to keep N as
small as possible. We postulate that N is best determined from trials
on various data sets corresponding to the same target which precludes
real time resonance extraction but is compatible wi th a predictor—
correlator approach.

The sample interval A must be carefully considered. It is not
sufficient to use the Nyquist rate

~~
< 2F (32 )

max
9
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where Fmax is the highest frequency in f0(t). This will yield an upper
bound but not a lower bound. Numerous examples with prediction-
correlation , where the same difference equation as in Equation (19) is
used, have shown that A~ also has a l ower boun d

~min 
< 

~~ 
< 2Fp~~ 

(33)

If Fourier synthesis is used to obtain the transient then pri or results
[16] indicate

0.02 c~~..- < 0.035 , (34)
0

but this is based on a particular interval

t2 - t1 = T~ — O.33T~ 
. (35)

However , even wi thin the acceptable limits , Equation (34), the results
are not constant, i.e., the coefficients in Equation (19) are a
function of A • Simply stated , the rectangular matrix generated by
Equation (19) is poorly conditioned numerically . One attempt at a
partiti oning scheme to improve the conditioning [11] (a frequency
domain approach) was unsuccessful.

Our best results to date have been obtained usinci programs which
systematically vary each of the error parameters [16). tihen applied
to numerous data sets for a given target, the results are acceptable.
The formulation in [14) uses a Z-domain approach and eigenvalue
solution , but the Z-domain at least appears to be incidental . On the
present program research has not yet reached the stage where the
nuances of Prony ’s method are of vital importance . It is sufficient
that characteristic complex numbers can be extracted from the data and
that these numbers are, via prediction-correlation , an adequate repre—
sentation of the data. It should be noted that for the matched filter
responses of naval vessels the extracted (Prony) resonances have
oscillatory parts in excess of the hi ghest input frequency. This is
not surprising because the purpose of the matched fil ter response is
to obtain a rapidl y damped response.

III. SPECIAL PROBLEMS OF NAVAL VESSELS

It is evident from Equation (9) and the discussion on conventional
target discrimination that relatively low frequencies are required
for the ramp excitation . The reason for this is that dominant complex
natural resonances have been emphasized . For example , aircraft target
natura l resonances are used where the wing and fuselage lengths are
approximately one-half wavelength at the oscillatory part of the
natural complex frequency. Therefore the required excitation
frequencies for the transient response are quite low. Also , using

10
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I
Equation (6) or Equation (7), complex radar scattering data , i.e.,
amplitude and phase , are required . For naval vessels , if the hull
length is considered the dominant linear dimension , the required fre-
quencies are very low. For example destroyers , wi th a nominal hull
length of 130 meters would require a fundamental excitation frequency
of 0.462 MHz. Thus one special problem of naval vessels is very
evident.

Assuming that singularities of the target scattering function can
continue to be modeled as simple poles at higher frequencies , there is
no basic reason why higher frequencies cannot be used. Clearly as
frequency increases smaller target dimensions approach an oscillatory
resonant length . Thus target identification based on what can be
termed “substructure resonances ” is a possibility . A number of compli-
cations can be anticipated. As alre ady noted, the substructure reson-
ances must be well modeled by simple poles . It must also follow that
in a particular spectral range such substructure resonances must be
dominant. That is poles associated , for example , wi th certain super-
structure features must have real parts at least comparable to those
of larger structural features. Using an aircraft example , vertical and
horizontal stabilizers must have resonances similar to those of the
wings and fuselage but at hiciher oscillatory frequencies. To be useful
the damping part of such resonances should not be much greater than
those dominant for the wings and fuselage. It also follows that for a
complex structure the density of complex natural resonance l ocations
must increase as the oscillatory frequency is increased. That is ,
multiple resonances of longer structures may be in close proximity to
the first or dominant resonance of a smaller structure. For this reason
it may be necessary to use a larger number of poles to describe the
transient response than that necessary for the ramp response.
Al ternatively, special interrogatin g signals based on knowledge of the
hi gher order resonances may be needed.

It is well known that radar signals from naval vessels exist in a
clutter background produced by the sea. A rare exception can occur
when radar beamwidths are such that only portions of the vessel are
effectively illuminated. An explanation of the possible complicated
electromagnetic interactions between the vessel and the sea is beyond
the scope of this study. In fact, a valid mathematical model for the
complex radar return from the sea alone at arbitrary frequencies is not
yet available. Acknittedly some success in predicting sea return at
particular frequencies has been reported, but a general model has not
emerged. The sea then is an added complication for nava l vessels.
Note also that the sea presence essentially precludes obtaining good
radar return data from models of naval vessels for higher full scale
frequencies because a physical model of the sea surface becomes
prohibiti vely difficult. For our purpose we assume that if the full
scale frequencies are such that*

*The highest permissible frequency is somewhat arbitrary , but it is felt
11 that Equation (36) is reasonable if possibly optimistic.

11 
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FFS < 25 MHz , (36)

then the sea can be modeled electromagnetically as a perfectly con-
ducting ground plane . With a hig hest model frequency of (see next
section)

Fti = 10.8 GI-lz , (37)

a scale factor for the model of 432 or greater is required . Actually,
the choice of scale factors was dictated by that available from
suppliers of plastic models.* It was decided that silver-painted
plastic models , despite the Size restrictions , were more realistic than
very crude homemade versions of the vessels. It is apparent however
that in order to investigate full scale frequencies higher than 25 MHz,
modeling would be a most difficult problem. The dilema is serious
because both mathemati cal and experimental models of the clutter at full
scale frequencies greater than 25 MHz can be seriously questioned . We
have circumvented the problem for the moment by restricting initial
attention to the lower frequencies. Tile rationale being that vessel
identification should first be established in spectral ranges where
reasonably good scattering data can be obtained on a model basis.

IV . MULTIPLE FREQUENCY REFLECTIVITY FACILITY
AN D MODEL TAR GETS
The nine model targets used to obtain the reflectivity measure-

ments reported in this study are tabulated in Table I. Only the nomina l
lengths of the models are given , other pertinent dimensions can be
found in Jane ’s Ships of the World , 1973. Admittedly, minor differences
can and do exist between the vessels reported in the reference and the
actual models used in this study. However , over the span of frequencies
covered minor structural differences should not produce appreciable
changes in the scattered field. A possibly more serious problem is
the maze of antennas known to exist on modern naval vessels. Long ,
wi re— like comunications antennas could seriously alter the scattered
field. No attempt has been made to include antenna structures on the
model targets. In this initial phase of the study it was felt that
principles could be explored without the necessity of detailed antenna
modeling . This amounts to assuming that antenna structures do not
dominate the scattered field over the span of frequencies covered .
There are obviously complex natural resonances associated wi th the
antennas but these resonances in general would be a poor identi fication
tool because the antenna structures would be approximately the same
size on most vessels. Associated vessel structures would alter the

*We are indebted to Dr. Arthur Jordon of the Naval Research Laboratory
for supplying , on a loan basis , three good 500:1 scale factor metal
and wood models of naval vessels .
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resonance locations sli ghtly between vessel classes but probably not
sufficiently to affect identification . Photonraphs of the “rndel vessels
on the ground plane are shown in Fi gures 1 and 2. In every case, non-
metallic portions of the models were silver painted to ensure realistic
scattering data. As noted, the targets used in this study were for
the most part commercially available scale-model plastic ships . The
model s were waterline , i.e., simulating a floatinn structure. The
models were spray painted with silver-loaded paint to simulate con-
ducting metal targets. A list of the models used and their major
characteristics is ~ ven in Table I. While some of these targets are

• not United States Na~y ships or even fairly recent foreign ships , theirmajor features are similar to those of ships in use today and it was
felt that they would be adequate for our purpose.

The measurement facility used to obtain data on the ship models is
• a unique bistatic radar system using the first ten harmonics of a

harmonically rich crystal controlled 1.085 GHz source, f0(f0)lOf0. All
data collection is performed under computer control using an IBM
Minimal Informer. A simplified block diagram of the system is shown in
Figure 3. Once the data taking sequence is initiated , requests are made
to the operator for the parameters of the range geometry. The computer
uses these data to control a stepping motor which moves the target one—
half wavelength along the range vector from the target to either antenna.
Thus the two way path differential is one wavelength at the fundamental .
At the fundamental , this results in one cycle of a slow-doppler inter-
ference pattern , two cycles at the second harmonic , etc. Since several
frequencies are used on any one run the return contains a superposition
of the interference patterns. The individual components are separated
by multiplying the sample values by sin(nx) and summinci for n=l ,2,...l0.
This is also done for cos(nx). In essence this yields the Fourier
Coefficients of a ten frequency periodic pattern. These complex coef-
ficients therefore contain the magnitude and phase informati on on the
target.

For the scattering coefficients of an unknown target, three sets
of data are taken. These are:

(1) 140 target run (NTM)

(2) Unknown target run (UM)

(3) Reference (conducting hemisphere ) target run (RM),

where the M subscri pt denotes measured values . Also , a calculated set
of scattering coefficients for the reference target at the ten fre-
quencies is required (designated Rc). By the linearity property of the
Fourier Series the HIM term can be subtracted from both U~j and R,isince It represents the stationary clutter return. By forming the ratio
Rc over RN a set of complex calibration coefficients is formed. The
calibrated unknown target scattering coefficients (designated Uc) are
then found by multiplying by the calibration coefficients. This is
simply shown by:

14
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Figure 3——Multifrequency system configuration.
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U~ = (
~M-

~~M~ 
x . (38)

Using this method , ten frequency scattering data (both magnitude and
phase) for a given target and aspect can be quickly obtained .

System accuracy is determined by runni fa another target (designated
the check target) for which scattering data are known . Acceptable data
are usually based on allowable errors of ~~ in amplitude and t10% in
phase for the check target. For matched filter responses which
alleviate the foldover errors , tue lO~ phase error limit was relaxed
since phase data are not used. For the ground plane range , hemispheres
were used for both the reference and check targets. These were modeled
as perfectly conducting hemispheres on an infinite perfectly conducting
ground plane . A far field source and a far field receiver both having
theta (vertical) polarization were assumed. The reference coordinate
origin is at the hemisphere center (on the ground plane ) with the z-axis
perpendicular to the ground plane and the x-axis in the plane bisecting
the radar bistatic angle. The hemisphere was then modeled , using
image theory , as a sphere with an image transmitting antenna , see
Fi gure 4. A computer program was written to generate the required
magnitude and phase data . The magnit ude data were output as the
square—root of the radar cross section which is proportional to scat-
tered field strength. The phase data are referenced to the center of
the hemisphere at its base . It is for this reason that all included
ramp response waveforms for the hemispheres appear to start at a
maximum which corresponds to the incident plane wave passing through
the phase center and also intersecting the greatest cross-sectional
area.

One major problen with the present system is violation of the
far-field approximation at all but the lowest harmonics . tisino a crude
2 D2/A approx i mation for the n-th harmonic , the far— field range is
approx imately

rff = 
(
~~

2)  . 39)

The antennas used are 3 foot parabolas with horn feeds (see Figures 5,
6 and 7). W ith the fundamental of 1.085 GIlz (A 0 ~ 10.88 inches) this
yields :

rff ~ n(19.6 ft) . (40)

r With the present range of about 10 feet it is clear that the targets
are not in the far—f ield. Note that the tenth harmonic would require
a range greater than 196 feet - a very diffi cult requirement. Our
purpose , however , is not to produce cross section data . The ship
parameters we seek ar~~Tndependent of the excitation and therefore any
excitation which produces an extractable transient is sufficient . To

17

• • • • —~~~~~~~ •-~~~~~~~~~~~~~~~~—



R EC E I V E
A N T E N N A

TRANSMIT
A N T E N N A

I N F I N I T E  GROUND
z P L A N E

x

y

,, I M A G E  TRANSMIT
ANT ENNA

• Figure 4. Calibration hemisphere geometry
• from image theory.

18

_______________ 

Li



_____ - • -

C

ill
E

• 
I— 0)

4.—. ._.J •.._. 4•) 
\~

II II I) II -
~~~~

<~~~~~ 
-

~~
• 

~~~~~~~~~~~~~~~~ t

b
4 . 

~~~~~~~~~~~~~~~~~~~~~

-

.
~~~~ 0 U)

— I 0)
S.-

.~~~)

‘4-

I’

U > Z Q W  O W
-z 00.

g 
~~

19

I
_ _  -4



~

_ _  

—
~~~~~ 

_
_ _ _ _ _ _ _  I 

~~~~~~~~~~~~~~~~~~ 

.
~111 ~

_  _  

:~~~~~~~:,ml _____ — — .

~~ 

_1 ~i
•

IL 
..

_ _  :1 
_ _

‘-.9 
_ _ _

Figure 6 . Multi-frequency system with ground plane.

20 

~~~~~.- • .•.—~~~~~~ •--~~~~~~-- -~~~~~~~~~~~~~~~ •



F 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•

.,

.

.
, 

~~~~~~~~ —44 -~~

Il
is

• Ii -
~~~~~~I l

‘~~~~~~4 I  4 t1
4~1-

- 

~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~,

~~~~~
- 4%~~~— 

~~

- 
~~Z.” II.. 

•

- 

~~~~~

• 

_ _ _ _

-- 

- _ _ _

_ _ _ _  
Jc

Figure 7. Multi—frequency sys tem with ground plane .

21



instrument a model range satisfying the above requirements would require
major changes including TUT or equivalent amplifiers . This type of
expenditure was not planned and is iiot considered necessary for the
program.

V. MEASURED SCATTERING DATA OF NAVAL VESSELS

The data obtained using the Multi -frequency System are given in
magnitude -phase form . The unit of magni tude is the square-root of cm2
yielding cm . Thus the magnitude is proportional to the received
electric field strength. The unit of phase is the degree . Phase is
measured from the center of the reference hemisphere at its base . As
stated elsewhere , the phase data obtained have not been used extensively
due to the use of the matched filter step weighted responses . These
response waveform s are constructed usin ci a finite cosine series of the
magnitudes squared with a 1/n’~ weighting factor on the n-th term and with
the phases set equal to zero. For this reason the phase data have not
been included in this report , although they are implicit in the synthetic
ramp responses . The amplitude data are presented in graphical form in
Figures 8 through 37. For comparison an interpolated spectrum is
given wi th each set of data . It has been assumed that the spectra
have zero value at dc and the eleventh harmonic. This grossly simulates
the l owpass nature of our finite cosine series and Rayleig h scattering
as •the frequency approaches zero. The interpolation process is given
by

u ITI n (s.— — n ) sin (.~L + ~~ ) 
,~~~1

IC’ G (jnu 2 ~o 
+ 

U
_ —N ° - n)i1 (~~~~~

. +
01]~~J W )  — ______________________________________________________________

— n ) n  sin(~.— +

:~i: 
Cr~ 

‘4
0 +

— n)i~ (!~_ 
+

N 11 for ten harmonics (41)

• where G (jnw0) is the complex scattering coefficient at the n-th
harmonic and the C1 are modified impulse coefficients 
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It is not intended to imply that the interpolated curves can necessarily
be taken as val id estimates of the scattered field amplitude between
test frequencies. The data curves shown are sim ply intended as a more
meaningful dis play than tables of amplitude data versus frequency . The
curves obtained via Equation (41) were also found to yield smoother
results than rational function fits of the same amplitude data (crosses
in the figures). A more comp licated version of Equat ion (41) can also
be used to estimate continuous amplitude and phase spectra wi th the
added capa bility of simulatin g “chir p—type ” responses. This type of
processing is currently under study .

V I . PROCESSED RESPONSE WAVEFORMS OF NAVAL VESSELS

The tabulated electrical sizes of the model ships given in Table I
make it clear that true ramp res ponse waveform s cannot be synthes i zed
from the measu red sca tter ing data . Sim ply stated , the fundamental
period is such that the transient signal does not decay to negligible
values wi thin this period (Fourier synthesis automaticall y involves
periodic waveforms). Therefore foldover errors occur in the synthesized
waveform . The profile or area function interpretation (Equation (10))
canno t be made and it does not necessarily follow that complex natural
resonances extracted from the waveform (Equation (11)) can be related
to the physical target struc ture in a simple manner. It i s noted
however , as will be shown , that the ramp response waveforms obtained
from Equation (6) or Equation (7) are characteristic of the target.
It is instructive to examine the near foldover error for a calibration
target; in this case a conducting hemisp here on a conduct i ng ground
p lane . For convenience , all of the processed response waveforms given
in this report are normalized such that the peak magnitude of the
waveform i s uni ty. A vert i cal scale factor qiven on each figure is
used to determine the actual peak value of the waveform . The absc i ssa
scale can be given equivalently in either length or time. For our
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purpose the scale i s in samples of the fundamental per iod 
~1 O85xlO9

and 400 ~amp1es span the fundamental period. For ramp wavef~rm
synthesis , the ordinate scale is in units of centimeters normalized by it .
The synthesized ramp res ponse waveform of a 1.5 inch di ameter conduct i ng
hem isphere on a ground plane is shown in Figure 38. The waveform was
synthesize d from calculate d 10 frequency harmon i c scatterin g data
corresponding to the reflectivity facility (fundamenta l frequency of
1 .085 GIIz). Mote that the waveform assumes a constant value over a

• portion of the fundamental period showing that foldover problems are
not p res ent. Because the phase reference is at the center of the
sphere , the peak response happens to occur at the start and end of the

• period. The same wavefo rn , sh i fted such tha t the ramp res ponse
actually starts at the beg inning of the pe riod and with the cons tant
term removed is shown in Fi gure 39. The negative sian in Equation (7)
has also been included. It would be a simple matter to calibrate the
res ponse i n F i gure 39 in terms of the profile function (Equation (10)).
However , i f the di ameter of the hemis phere exceeds the im posed limit
(E quation (9)) this interpretation is no longer possible. The near
max imum hem i sphere diameter case is illustrated in Fi gure 40 , where
the synthesized ramp response waveform of a 2.5 inch diameter hemisphere
is shown . Figure 40 should be compared with Figure 38 and Fi gure 41
wi th Figure 39. The waveform in Fi gure 40 is still a true ramp
res ponse for a hemi spher i cal target on a ground p lane but note that
without the aid of Fi gure 39 the start of the waveform is questionable
because a constan t return over some port i on of the period is not rea di ly
obtained. Increasing the diameter of the hemisp here beyond 2.5 i nches
will yield other characteristic waveform s, all different in general
from those in Figures 39 and 40. Decreas ina the electrical size of the
hem i s phere below that shown in Finure 40 wi ll yiel d waveforms of the
same s hape as shown in Fi gure 40. An exception to this occurs when all
frequency samp les are in the Rayle i gh region . In this case the
synthes i zed wave form will depar t from the antici pate d sha pe. In fact
a sum of equall y wei ghted cosine harmon i cs i s obta i ned . Fi nally it is
clear by comparing Fi gures 38 and 40 that the maximum hemisphere
d i ameter which will yield a true ramp response waveform is roughly

d 2.5 inches. (43)

The above remarks are perhaps obvious to one well-versed in Fourier
synthesis but nay need clarification for other engineers .

For further discussion of these concepts the reader is referred to
any general text on Fourier synthesis (Reference [17]). Selected ramp
response waveforms of the model naval vessels tested are given in this
section to illustrate that characteristic waveform signatures are
obtained. The pha se reference for the scatterin g da ta used to synthe-
s i ze these wav eforms i s normall y at the cen ter and base of eac h hull
length . W i th thi s informati on one can es timate the po i nt at whi ch each
response waveform chould start using the hemisphere results . For
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Figure 38. 1.5~1 Hemisphere ; Scale: 0.346
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Figure 39. 1.5” Hemisphere; time shifted , constant removed; scale: 0.423.
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Fi gure 40. 2.5” Hemis phere ; Scale: 0.825.
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Fi gure 41. 2.5” Hemisphere ; time shifted , constant removed; Scale: 1.201.
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I example , the res ponse of the 1. 5 inch hemisphere starts at roughly 340
samples . The response of the 2.5 inch diameter hemisphere starts at
310 samples . Thus a length increase ratio of 2.5/1.5 yields a reduction
of 30 samples in the starting point. Lstiriated starting points are
in dicated on the various ship responses , based on the appropriate hull
length or beam width of the models. If the shi p responses were true
ramp responses then a constant level could be removed from the waveforms.
In the present case this cannot be done and each waveform must be
exam ined with an understanding that an unknown vertical shift is needed.

• The startin g points indicated for the ship waveforms are obviously gross
estimates because of the foldover errors .

In Fi gures 42 through 49 synthesized ramp response waveforms of the
vessels given in Table I are presented in the order listed in Table J • *
Each fi gure has three waveforms (a, b and c) corresponding respectively
to bow , stern and starboard beam incidence . These waveforms are included
primarily to illustrate that in most cases characteristic waveforms
are obtained. There is no way that a detailed analysis of the waveforms
can be made. Note , however , tha t in some of the bow and stern responses
one can discern an approacr to a reasonably constant level from the
origin and then larger magnitude returns . This would be anticipated
as the inc ident signal washes over the relatively clean hull and then
encounters the superstructure . The beam waveforms differ in that the
superstructure is encountered irnediately.

From a complex natural resonance viewpo int the ramp response wave-
forms are not conven ient. A&ni ttedly for most waveforms there is a
portion of the return which could be approximated by a finite , decaying
exponential sum . But there is little or no consistency among the
var ious waveforms and consequently less l ikelihood of obtaining
excitation invariant parameters . For this reason a different type of
response waveform was desira b le . It was also known that the accuracy of
the recorded phase data was not good. A synthetic matched fi l ter—type
response can be wr i tten as

= 
n=l 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(44)

where G& and T& are respectively the scattered field and fi l ter in
phasor notation . Discarding the phase data and using a step weighting

~
‘flii Iowa (1:700) is not included since it is identi cal in construction
to the Missouri .
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Fi gure 42(a). Midway (1/500) - Bow on; Scale: 0.437.
N

I.

Figure 42(b). Midway (1/500) - Stern ; Scale: 0.246. 
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Fi gure 42(c). Midway (1/500) - Starboard ; Scale : 2 .265 .
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Figure 43(a). Missouri (1/500) - Bow on; Scale: 0.276 .
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Figure 43(b). Missouri (1/500) — Stern ; Scale: 0.402.
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• Fi gure 43(c). Missouri (1/500) - Starboard ; Scale: 2.281.
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Figure 44(a). Sverdlov (1/500) — Bow on; Scale: 0.743.
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Figure 44(b). Sverdlov (1/500) - Stern ; Scale: 0.506.
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Figure 44(c). Sverdlov (1/500) - Starboard ; Scale: 1.665.
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Fi gure 45(a). Missouri (1/700) — Bow on; Scale: 0.503.
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Fi gure 45(b). Missouri (1/700) — Stern ; Scale: 0.463.
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Figure 45(c). Missouri (1/700) - Starboard ; Scale: 1.187.
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Fi gure 46(a). Bismark (1/700) — Bow on; Scale: 0.258.
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Figure 46(b). Bismark (1/700 ) - Stern ; Scale: 0.239.
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Fi gure 46(c). Bismark (1/700) - Starboard ; Scale: 1.336.
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Fi gure 47(a). Mogami (1/700) - Bow on; Scale: 0.676. 
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Fi gure 47(b). Mogami (1/700) - Stern ; Scale: 0.215.
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Figure 47(c). Mogami (1/700) - Starboard; Scale: 0.948.
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Fi gure 48(a). Heyanami (1/700) - Bow on; Scale: 0.148.
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1~.Figure 48(b). Hayanami (1/700) — Stern; Scale: 0.149 .
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Fi gure 48(c). Hayanami (1/700) - Starboard ; Scale: 0.464.
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Fi gure 49(a). Shimokaze (1/700) - Bow on; Scale: 0.066 .
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Fi gure 49(b) . Shimokaze (1/700) - Stern ; Scale: 0.079
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Figure 49(c). Shimokaze (1/700) - Starboard ; Scale: 0.246.
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,p.)t) 2.~ 2 — cos [nw 0t] . (45 )
n=l

Note that the response in Equation (45) utilizes only the ampli tudes
squared of the measure d harmonic sca tter ing data. No claim is made
that the matched fi l ter—type response is an ideal identification tool .
It is , however , one method for uti liz i ng widely se para ted , in frequency ,
measured scatterin g data whose phases are questionable. Also , as w i ll
be seen , the approach yields response waveforms more nearly compatible
w i th a comp lex natural resonanc e app roach in the sense of effec ti ng
decays. Matched filter-type responses for the vessels in Table I are
shown in order in Fi gures 50 throu qh 57 where , as before , three wave-
forms are shown in each figure . The fi lter res ponses are shown as
sol id curves ; the dashed curves are the responses obtained from finite
exponential approximations of the indicated portions of the solid
curves . We will discuss the exponential fits briefly at the end of this
section , indicating that the exponentials obtained must be interp reted
carefully . It can be seen from the matched fi l ter-type responses
however that good exponential fi ts can be obtained.

A summary of the comp lex ex ponentials ob taine d from app roximate
• fits of the matched fi l ter responses is given in Table II. The

response in Equation (45) can be viewed as an approximation to a
matched step response . It must be remembered however that calculations
as in Equation (45) are using a very few samples . It can be anticipated
that an exponential approximation of Equation (45) will require osci l-
la tory frequencies larger than in the original samples . It i s ma i nta i ned
that the complex numbers g ven in Table II are characteristic of the
vessels but no attem p t to associa te the numbers w i th par ticular
component structures is made . In a follow ing sec ti on it i s show n that
discr imination of the vessels can be achieved using the num bers in
Table II and a predictor-correlator processinq. However , Table II
shows that the numbers are not yet exc i ta ti on invariant. Swe pt frequency
measurements over the same bandwidth covered by the d i screte samp les
woul d be desirable and are planned for the future . An example of one
such measuremen t has been made . Two 1/700 scale models of the Missouri
we re connec ted at the wa terl ine us ing RF conduc ti ng tape . Th i s forms
a target-image pair. Th i s confi gurat i on was then p laced i n a string
holder used for free space swept frequency measurements . A bi— static
ang le of app rox imately 35° was used . Magnitude and phase information
were recorded covering the 2150 to 4000 MHz frequency range for both
vertical and horizontal polarization (results shown in Figures 58 and
59 respectively). Polarization is with respect to the plane of the
target-image junction. The bistatic separation is in the plane
orthogonal to the po lar i za ti on vec tors . For hor i zontal polar i za ti on,
three regions (large response resonances) are of interest for both
bow—on and stern-on incidence while nothing really si gnificant is seen
at broadside . Virtuall y the same situation exists for vertical polari-
zation. It is true that certain modes are missing wi th this type of
modeling but these woul d be included w ith the tar get on the ground p lane .
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TABLE II
COMPLEX POLES FROM SHIP DATA *

(Listed in order of decreasing residue magnitude )

Ship Bow 
-— 

Stern Starboar d

Midway (1/500) -5.83~j26.l -l8.2±j34.9 -2.l3tj27.2
8.Ol :j75.6 -36.7~j8l .5 -l.lO±jO.OO
-147±jO.OO -5.52±j126 -2.42±j74..O

26. 2tj 29.2

Missouri (1/500 ) -7.93~j9.7O O.795±jl3.2 —3.65’jl2 .4
-ll.7~jlO7 -82.7tjO.OO -l24±jO .00
-5.8l~ j5.98 -15.4±j87.4 -ll.3~j79 .l
2.89±j135

Sverdlov (1/500) -7.31 ~j26.O -O.l68±jl3 .5 -26.4±jl8.2
5.84±jO.O0 -12.9±j7l.7 2.O9±jO .OO

-l.l 3±jl0l —66.4±j192 — 12 .9±j95 .l

Missour i (1/700 ) -O.8li~j8.78 -l.O5±j9.29 -l9.l±jO .OO
-l .83±j42.3 -2.02±jO.OO -5O.8±jO.OO
-28.O~jl37 -4.99±j96.5 -18.3±j74.l

O .320tj 0.00

Bismark (1/700 ) -l5 .6±j27.O -16.4±jO.OO -3.43±jl8.6
-24.2~j98.9 -O.753±j33.3 -63.4±jO.OO
3.l5±j74.7 -3O .2±j89.8 —24.2tj61.7
l5 .5~j l8.O 

- 

7. 24 tj 0 .OO

Mogami (1/700) -5.l8~j15.6 -0.938±j7.O3 -4.9O±j8.33
-l46-jl37 -37.O~jO.OO -3.38±j45.2
-4.46±j28.l -2.89~j88 .6 -31 .3-jl37

Hayanarni (1/700 ) -l.63±j19.3 -l.66~jl9 .l -l0.3±j39.5
-2.l5±j38.9 — l .2O~j4l .5 — l .88±j17.5
-3.27±j97.7 _5 .37tj9l .0 -lO. 5±j65.2

-2.84tj 97 .6

Shimokaze (1/700 ) .-5.76±j28.8 -6.33±j30.6 -l6.7~j2O .6
-4.97~j5O.9 -44.4±j40.8 -25.8±j65.4
-O.724ij95.6 -8.42±j95.l -l .60±j54.8
2.92±jO.OO -2.96~j99.2
5. 85~ j89 .3

*TIIe poles are scaled such that the iniaqinary parts are in MHz.
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DATA FILE L SHP27
DATA ID z M IOWAY (1/500) —B OW ON
SHIFT t 0.0
NS TAR T 1 1
NLA ST s 200
e POLES s 5
VSCALE s ILI 673
NRM S ERR i 0.017858

‘V

-S
.

•“ I
Lii
Cf,
-V

Fi gure 50(a)
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DATA FILE s  SHP2S
DATA ID z M IDWAY (1/500 ) — STERN
SHIFT s 0 .0
NSTA RT s 1
NLAST 1 200
.F~ LES * 8
VSCRLE * I~,75~
NRMS ERR s 0.029719

CV

-S

Lii
(1W)

Figure 5 0 ( b )
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OATA FILE s SHP3 O
DATA ID s MIDWAY (1/500)—STABB0ARD
SHIFT s 00
NSTART * 1
NLAST s 200
* P~ LES s 5
VSCRLE s 586.8214
NFiMS ERR 0.006126

N
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r

~~~~~
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I~~O

I 
‘
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- Fi gure 50(c)
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DATA FILE s SHP 1
DATA ID s MISSOUHI (1/50W —B0W ON
SHIFT t 0.0
N S TRAT I
NL A ST s 200
• POLES 8
VSCALE s 14.14014
NAIlS EAR t 0.013600

CV

-I

Ui
U,
z

V I ~ I ~ I V I

Fi gure 51(a)
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DATA FILE s SHP2I
DATA ID s M ISSOURI (1/500)—STERN
SHIFT * 0.0
N ST AA T * 1
NL A ST * 200
• POLES * 5
VSC ALE * 6 .953
HAM S ERR * 0.0351439

(V

~~~~~~~~~~
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a7o

h 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1

so \

~~~~~~~~oo

Fi gure 51 (b)
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DATA FILE s SHP23
DATA ID * MI SSOURI(1/500)— STRRBORRO
SHIFT * 0.0
NSTART * 1
NL A ST s 200
• POLES * 5
VSCALE * 180.5814
NAIlS ERR * 0.019890

‘V

-S

Li)

Fi gure 51(c)
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DATA FILE S SHP2 I.!

DATA ID s SVERDLOV (1/500) —B OW ON
SHIFT z 0.0
NSTRRT s I
P4 LR ST * 200
• POLES * 5
VSCALE i 20.14514
NA IlS ERR ‘ 0.008216

CV

-S

Lii
Ci,
z
C .—— — —

~35 D

N

Fi gure 52(a)
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DATA FILE S SHP25
DATA ID * SVEROLOV (I/500) - STERN
SHIFT * 0.0
NSTART * 1
NLRST * 200
• POLES * 5
VSCALE s 10.661
NRMS ERR * 0.0014110

.4

I I~~~~~~~~~~~ ( V V  I I\T

W J

~~ V I

Fi gure 52(b)
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DATA FILEs 5HP26
DATA ID s SVEROLOV (1/500) —STARBORRD
SHIFT * 0.0
NSTAA T * 1
NLRST * 200
• PCILES * 5
VSCALE * 10~4.963HA MS ERR * 0.0266614

Cd

-S

Lii
Cl)

L I

• Fi gure 52(c) _ 
-

I.
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DATA FILEs SHP15
DATA ID s MISS OUR I (1/700J —B6W ON
SHIFT $ 0.0
NSTA RT * 1
NLAST * 200
• POLES * 5
VSCA LE * 7.975
NA Il S ERR * 0.0~41179

N

-4

S

Figure 53(a) 
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DATA FILE s SHP16
DATA ID $ M ISSOUR I (1/700)—STERN
SHIFT s 0.0 1. -

NSTRRT * I
NLAST * 200
•POLES * 5 1.
VSCALE * 6.970
HAMS ERR i 0.066311

Fi gure 53(b)
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DATA FILE s SHP 17
DATA ID $ MI SSOURI (1/700)-STARBOAAD
SHIFT s 0.0
NST A RT s 1
NLAST $ 200
• POLES $ 5
VSCALE $ 147.930
NA Il S ERR s 0.0(49238

N

-S

‘U

I _____________
Lii — I I I I I I I I I I I I I I I I I

100 
SAMPLE 

300

Fi gure 53(c)
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DATA FILEs SHP3
DATA ID s BISMARK (1/700) —BON ON
SHIFT $ 0.0
NSTRRT s I
NLRST $ 200
* POLES $ 8
VSCA LE s 2.871
NRMS ERR t 0.052903

N

-I

Lii

/

Lii — I ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ f1 I V

~~ 0 100 200 300 IWO

/ 

SAMPLE \

Fi gure 54(a)
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DATA FILE s SHP2O
DATA ID $ BISMARK(1/700) —STERN
SHIFT 1 0 .0
NSTRRT * 1
NLA ST $ 200
• POLES $ 6
VSCALE $ 2 .597
NA IlS EAR $ 0.099977

N
I

• /
/

-4
- I

- -.~..- j

~~~~~~~~~
#/
/

I 

SA MPLE 
~~~~~~~~~~~~~~~~~~~~~ 

V

Fi gure 54(b)
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DATA FILE s SHPS
DATA ID s BISMARK (1/700) — STAA BORRD
SHIFT s- 0.0
NST AA T t 1
NLAST s 200
* POLES ‘.5 -
VSC A LE 5 . - 69.311 -NA IlS ERR ~~

. 0.018386

Al

-S

C
~
l -

Fi gure 54(c)
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I

DATA FILE s SHPLA
DATA ID s M 6 GA MI(1 / 7 0 0) — BOW ON

SHIFT $ 0 0
NST AA T $ 1
NLAST * 200
• POLES $ 5
VSCALE s 13.0(45
NAIlS ERR $ 0.010912

N

-S

‘U

Fi gure 55(a)
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OATA FILEs SHP19
DATA ID s I1~~GAM I (1/7OO) —STEftt1 11
SHIFT s 0.0
NSTART s 1
NLAST t 200 U
• PALES s 5
VSCALE s 1.173
NRNS ERR s 0.057112 L

Cu. I

~~ c 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

SAMPLE

Figure 55(b)
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DATA FILEt SHP6
DATA ID s H~GRMI (1/700)—STARB~ARDL SHIFT s 0.0
NSTART s 1
NLAST t 200
.P~LES $ 5
VSCALE t 33,Lj7~
NRNS ERR $ 0.030653

a. ,

- ,  ~~ 0 100 200 300 1100
SAMPLE

FIgure 55(c)
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0A~ ILEs SHP7
OA1~. £0 $ HA1ANRMI (1/700)-6~W ~N - ,

SHIF1 $ 0.0
NSTART 1 1
NLAST $ 200
.P6LES $ 6
VSCRLE s 1.512 1
NAIlS ERR $ 0.002519 L

N,.

L
L
_ _ _ _ _ _ _

Z~~ji
/
/ 

~~~~~~~~~~~~~ 

1 t  ~~~~~~~~~~ ‘~
_-i
~

Figure 56(a)
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DATA FILEt SHP8
DATA ID t HAYANRMI (1/7003 - STERPI
SHIFT $ 0.0
NSTART $ I
NLAST $ 200

-~~ e P~LES s 6
VSCALE $ 1.035
NRJIS ERR $ 0.007523

N

• •

Figure 56(b)
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DATA FILEs SHP9
DATA ID $ HATANAMI (1/700)—STRR8~ARDSHIFT * 0.0
NSTART $ 1
NLAST $ 200
*P~LES $ 8
VSCRLE $ 111.073
HAMS ERR $ 0.002537 t

N

— I

L
‘Ucn

Figure 56(c) [
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DATA FILE’ SHP13
DATA ID $ SHINaKRZE(1/700)—STR$B~RRoSHIFT * 0.0
NSTART $ I
NLAST $ 200
• PaLES $ 8

- VSCALE $ 7.932L NRMS ERR s 0.00147147

N

L LU

SAMPLE

ii

Figure 57(a)

97



p.-- .- -——--- -- --- -— -- 
~~
,—,. -.. -•, .----. - .- .—--—,. .-—-—•- -,-- 

~~~~~~~~~~~~~~~~~~~~ 
..., ~~~~~~~~~~ - -- 

_______

La

L
DATA FILE* SHP12
DATA ID ‘ SHIM~KRZE(1/700)-STERNSHIFT $ 0.0 -.

NSTRRT * 1
NLAST $ 200 1*P~LES $ 6
VSCRLE $ 0.376
HANS ERR $ 0.017830 1

N

El

Figure 57(b)
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I DATA FILEs SHP11

~ II DATA ID $ SHIM~KRZE(1/700)—B~W aNSHIFT $ 0.0
-- NSTART $ 1

NLAST * 200
* PaLES $ 9
VSCALE i 0.315
HAMS ERR s 0.001213

N

~1.

-
~ FIgure 57(c)
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At this time it is planned to make such measurements on the ground plane
range used for the multifrequency measurements . Only slig ht modi fi-
cations are anticipated. These measurements should point to promising
frequency regions where the resonance behavior can be related to sub-
structures on the targets.

V II. IDENTIFICATION OF NAVAL VESSELS

~ this section results of predictor-correlator tests for dis-
criminat ion of the naval vessels given in Table I are presented. The
signaling waveform tested is the matched fil ter-type response presented
in Section VI. Note that wi th this approach the actual discrimination
is based on amplitude data alone and because actual measured data are
used noise is present in the sicinals. For each target the classification
parameters are the complex poles extracted from the matched filte r
responses. Thus with the present data set each target has four sets of
parameters corresponding to the aspects tested (except the Bisinark and
Mogami for which port view data were not taken). Admittedl y this
approach does not precisely satisfy an excitation invariant cri terion .
It is postulated however that each set of parametes is quasi—invariant
in that aspect ang les in the vicinity of those tested will also be
identifiable from the same four sets of parameters . Bounds on the
acceptable aspect ranges must await additional measurements . The results
to be given then are in one sense a confirmation of the waveform
characterization noted earlier . This itself appears to be an advance
in the state—of-the-art. Our objective however remains the exploitati on
of the substructure resonances of each vessel and future studies are
directed to that goal. The initial discrimination results presented
here are by no means the optimum honinq of the complex natural resonance
viewpoint.

In previous reports on discrimination testing volumous plots of
the correlation as a function of the sample density (Equation (13)) have
been given . A more compact presentation of such results is shown here.
Each harmonic data set for a given vessel and orientati on was tested
(Equation (13)) against all vessels and aspects via the complex poles
in Table II (data for all four aspects for- 3ach vessel were used).
From each of these computations two numbers were extracted. These were
the average value of the correlation coefficient and the minim um value
of the correlation coefficient. The average va l ue is defined by

p °(n~t)

= n= 1 
N (46 )
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where the sumation is over all sample densities . A search was done for
each of these correlation parameters for each vessel aspect to obtain
the pole set which yielded the largest value for each parameter. Thus two
simple identification parameters were tested. Two example plots are
shown in Figures 60 and 61. In both cases the harmonic data for the
Missouri (1 /500 ) as viewed from bow—on was used. In Fi gure 60 the
poles of the above data set were used. In Figure 61 the poles taken
from the Shimokaze as viewed from the stern were used. Table III
sumari zes the results based on predictor-correlator processing of thirty
harmonic data set~ and thirty complex pole sets of all aspects of the
ships in Table I.

TABLE I I I

Probability of Correct
Method Classification

Maximize <p ” > 0.77

Maximize (
~;~;~

) 
— 

0.70 —]

There is obviously some risk involved in results based on a single
number as opposed to thresholds selected over a range of sample
densities . Nevertheless Table III is felt to be a fair estimate of our
present capability. Figure 62 shows the results of the predictor—
correlator processing of all pole sets with the harmonic data of the
(1/500) scale Missouri viewed from bow on. The solid curve (actually
the marked points ) is for <p ”> and the dashed line for (P~~ j~~~). For
these harmonic data the correct pole set was number one and it can be
seen that both parameters yielded correct identification . It mi ght
appear that (P

~in ) would be a more effective discrimination tool based
on this isolated example. Thi s may be somewhat misleading since based
on the results of Table III it is felt that <p ”> is the riore effective
parameter of the two. An example of this is shown in Fi gure 63 where
the harmonic data for the Moc~ami as viewed from the stern has beencompared to all pole sets. For these data the correct pole-set is
number 19. For this example , identification based on (P 1~j~~) fails
since pole-set number 16 was chosen. Identification based on <p ’> ,
however was successful . It is also felt that the averaging procedure
should be less susceptible to noise than the one-point minimization
procedure.

*The thirty data sets represent four views of all ships in Table I
except the Bismark and the Mogami for which port data was not taken .
The poles taken from the port view data are not listed in Table II
since they are nearly identical to those for the starboard views .
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HARMONIC DATA FILE: SHIP 19
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VIII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

1. A method for discrimination of naval vessels using
amplitude scattering data at ten discrete harmonically
related frequencies has been described and illustrated
us ing measure d radar data tests over fi ve vessel cl asses
and four widely separated aspects for each vessel yields
a 77% probability of identification .

2. The discrimination achieved in conclusion 1) uses
only amplitude data and noise is inherently present in
the measurements. The method is far from optinuii and
does not completely exploit an excitation invariant set
of target descriptors. The initial results therefore,
while an advance in vessel identification , are merely
indicative of what mi ght be achieved with precise,
excitation invarient substructure resonances.

3. A ten frequency reflectivity range wi th the sea medium
modeled as a perfectly conducting ground plane has been
instrtsnented and data collected . Some nine models of various
vessel classes have been assembled and measur ed at
sele cted aspects.

4. A general philosophy for the identification of naval
vessels based on the complex natural resonances of
selected substructures of the vessels has been described. 

J

Special attention has been given to the inherent problems
of naval vessels; large electrical size and the presence
of-an interferinci sea medium.

5. Studies of methods for extractinci desired complex
natural resonances from measured scatterina data have
been initiated and some progress achieved . In the presence
of noise and with weakly excited resonances the problem
is difficult but not insurmountable. A real advantage of
the techniques described in this report is that the
resonances need not be extracted in real time. That is ,
the discrimination procedure does not extract resonances
from the signaling waveform of an ‘

~~Rnown target. I -
1~
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IX. RECOMMENDATIONS
I 

1. Swept , in addition to discrete, frequency measurements
- appear desirable for naval vessel targets. Wl-çh swept frequency
j measurements , synthetic “chirp ’1 -type processing will permit

isolation of potentially interesting structure features. At the
same time the measured data will suggest possible high return
frequency regions. Modifications to convert the existi ngt reflectivity facility to discrete or swept measurements are in
progress.

I It 2. Improvements are clearly still needed in methods for extracting
the complex natural resonances of a target from measured response
data. It is not intended that the main purpose of this program be
directed to this goal (the same question arises on other programs)

• but some study will be made of alternative schemes, one such
being via linear algebra to find that difference equation which

- satisfies several data sets.

3 A method for obtaining many complex natural resonances from
measured data obtained wi th an internally located (within the
target) source and receiver has been suggested [18,19].
Experimental tests of this procedure will be conducted duri ng
the next interim.

4. Additional measured scattering data on model naval vessels,
in situ , are needed. These include swept frequency measurements
at untested aspects and possibly additional classes of naval
vessels .

5. Assuming that research progress on the identification of navalIT vessels con tinues to show worka ble methods, some study should be
initiated on the actual size and complexity of full scale radar
systems needed for the identification task. Ideall y such a study
should be started late in the upcoming interim.
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