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SECTION I
INTRODUCTION

Efficient use of chaff for the protection o, aircraft in tactical situations
demands knowledge of the radar scattering characteristics of small, dense
clouds of dipoles. In extreme cases, just after ejection 1^rom the vehicle into
the wind stream, dipole densities of thousands per cubic wavelength are en-
countered. Moments later, lower densities on the order of a hundred dipoles per
cubic wavelength are encountered. Either case presents problems not addressetA
in our previous work (1). In that effort, the method of moments technique,
whereby the electromagnetic boundary-value problem is cast in a matrix
formulation, has been used to obtain the induced dipole currents and scattering
cross sections of clouds with dipole densities up to about eight per wavelength.is Greater densities were investigated and it was found that the closer spacings
between dipoles in such clouds demanded a representation of each dipole

I- current in more than two piecewise sinusoidal segments, thereby requiring the
inversion of larger matrices. The resulting increase in time and computer
memory is a severe limitation of the method of moments approach.

Furthermore, our past work was devoted almost exclusively to chaff
elements which were one half wavelength long, i.e., which exhibited a high
resonant radar return. Chaff units, however, cornmonly contain dipoles of
several lengths to meet radar threats at several selected frequencies. The low
frequencies present no new problems, but at the higher frequencies, those

F dipoles designed to be resonant at low frequencies become electrically long, and
LI require many piecewise sinusoidal modes to adequately describe the induced

currents. This enlarges the matrix to sizes which cannot be accommodated by
computers.

Thus, two extensions of our work were required. These are 1) analysis of
electrically longer chaff elements and 2) analysis of chaff elements which are
more densely packed. In this report, we summarize efforts directed at these
two aspects of the chaff problem.



SECTION II
TRAVELING-WAVE THEORY FOR THE LONG FINITE WIRE

A. Introductory Remarks

In order to accommodate electrically long chaff elerr',nts in a zomputer model
of a chaff cloud, a mathematical model had to be devised .... ch accurately predicts
the current induced on a long, linear filament due to plane wave excitation, or due
to excitation by a nearby dipole. The nearby dipole could be consideted as another
shorter member of the chaff cloud, or as a segment of another long filament in the
cloud. In any case, it was desired that the determination of the current on the long
filament be accomplished with the fewest number of unknowns so that ultimately
the matrix representation of the chaff cloud be as small as possible. In this section
we develop a representation for the current on a long thin wire with finite
conductivity in terms of three travelling wave modes, far fewer modes than would
be demanded by the standard method of moments technique. In fact, this travelling
wave model becomes more accurate as the wire grows longer.

Let Y.(z) denote the current distribution on an infinitely-long wire driven with
a one-volt kenerator at the origin. Also let Y(z,z') denote the current at z on a
finite wire driven with a one-volt generator at z'. Hallen (2) developed expressions
for Y(z,z') in terms of Y-(z) dnd equivalent generators at the end of the wire. Later
several others (3,4,5) cohtributed to this formulation. L. C. Shen (6) extended the
technique to the plane-wave scattering problem.

The admittance function Y(z,z') may be considered a Green's function for the
finite wire in the sense that it determines the response I(z) to an arbitrary excitation
as follows:

I(z) =d (,z) Y(z,z') dz' (1)
-d

where I(z) denotes the current distribution on the wire and F•(O,z) denotes the in-
cident electric field intensity evaluated on the axis of the wife. This relation was
presented by Jordan (7) and Schelkunoff and Friis (8) and has been used by others (9).

These techniques have been employed only for the admittance and plane-wave
response of perfectly conducting wires. This report extends the techniques to im-
perfectly-conducting wires and near-zone scattering problems. - We consider the
neai!-zone time-harmonic situation with the time dependence e understood.
The exterior medium is considered to be free space with parameters 10 and E .

B. The Admittance of the Infinitely-long Wire

For the infinitely-long wire, the counterpart of Equation (1) is

1(z) = El(0,z1) Yi(z-z') dz' (2)

2



!i is not difflt to solve1 for the current l(z) induced on the infinite wire when
1(O,z) = E e or when N(O,z) = Vo 6(z). By comparing these known solutions with
Eniation (0, we find

-ih fm ejh dh
Yi(z) = (Jk/ n) ¾ e-ch a+dh (3)

c 2 =h 2 -k 2  
(4)

where k = C JVTand n= TU/O0. The wire radius is denoted by "a", and the surface
impedance Zs o0 te wire is a known function* of h.

C. Traveling-wave Theory for Admittance of Finite Antenna

As shown in Figure 1, we let £ denote the wire length, d = g/2, and z measures
position along the wire from an origin at the center.

V I

z d

Figure 1. The Admittance Function Y(z,z') for a Cylindrical-wire
I Antenna is Defined by Inserting a Unit Voltage Generator

at z' and Measuring the Current with an Ammeter at z.

For a finite wire, Equation (1) is not considered a rigorous relation. Never-
theless, it is very useful in thin-wire applications. Equation (1) could probably be
made rigorous by extending the limits to infinity and letting the resulting expression
define the function Y(z,z'). Then Y(z,zl) might become small but would not vanish
when z and/or z' moved beyond the endpoints of the wire.

*EveIn when the surface impedance vanishes, Equation (3) differs from the admit-
tance function investigated by Hallen (2), corresponding to delta-gap excitation.

3__i
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.• When a unit voltage generator i• inserted at z' on a finite antenna, the fol-

lowing "equivalent circuit" has been suggested (2) for the current distribution Y(z,z').
On the corresponding infinite antenna, insert a unit voltage generator a! z1. To
generate traveling waves of current similar to those reflected from the ends of the

I finite antenna, insert a generator V at z = -d and another generator V2 at z = d in
the infinite antenna. Now if V1 anA V2 are suitably adjusted, the resulting current
distribution on the infinite antinna is considered to be an approximetion for the
admittance Y(z,z') of the finite antennq in the range -d<z< d. Beyond this range, the
current on the infinite antenna is not considered to have physical significance. We
propose the name "traveling-wave theory" for this simple model of the finite
antenna.

According to the traveling-wave theory, the &dmittance function for the finite
ant .nna is given approximately by (2,3,4,5) I

Y(z,z') = Yi(z-z,) + (A/D) Yi(d+z) + (R/D) Yi(d-z) (5)

A = Ro Yi(d+z') + Ro Yi(k) Yi(d-z') " (6)

B = R° [Yi(d-z') + R. Yi(q) Yi(d+z,)J (7)

Ro =Nrr) [2n (Yka)+j + 2 (8)

D2 yiyo) (9)01

where -y- 1.781. The first term in Equation (5) represents the current wave traveling
outward from the generator at z'. The second and third terms represent waves
traveling outward from the equivalent generators at -d and +d respectively. If
Equation (5) is employed to calculate the Green's function for use in Equation (1),
the first term Yi(z-:,) is defined by Equation (3). However, when Equation (5) is used
to calculate the current distribution on a transmitting antenna, the first term should
be defined to correspond with the gap-region geometry on the real antenna.

For the last two terms in Equation (5), and for Equations (6-9), the most ap-
propriate definition of Y.(z) is less clear. For thin wires, however, good results are
obtained by using Equati&n (3). One suggestion is to define Yi in such a way as to
achieve the appropriate edge condition at the ends of the wire.

Equation (8) for R is presented in the literature (3,5) for perfectly conducting
wires. We have found tRis expression to be suitable also for imperfectly-conducting
thin wires if the radius "a" is equal to or greater than the skin depth. Anderson (1
points out that the quantity R is dependent on the shape of the end regions of the
wire (i.e., flat or hemispheri&l endcaps) and shows how R can be determined
empirically from experimental measurements.

4
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D. Traveling-wave Theory for Plane-wave Incident on Finite wire

When a theta-polarized plane wave is incident on a straight wire with infinite
length, the current induced on the wire is given by

I(z) = 10 ejhZ (10)

where h = k cos e. When this plane wave is incident on a finite wire as in Figure 2,
traveling-wave theory gives the following approximation for the induced current
distribution (6):

i io Jhz
1(z) = I (F/D) Yi(d+z) + (G/D) Yi(d-z)J (11)

0 1

F =F(O) e-jhd + R R(a) Yi(M) ejhd (12)

G = R(a) ejhd + R R(a) Yi.() ejhd (13)
H0

R(e) = (n/T) {1n y[ka cos(0/2)]+ j 7/2 1 (14)

where a =7 - 0 and R and D are given by Equations (8) and (9). Equation (14) for
R(e) is presented in the literature (6) for a perfectly conducting wire, and a refine-
ment has been presented (10) for near-grazing incidence. We have found Equation
(14) to be suitable also for imperfectly-conducting thin wires when the radius "all is
equal to or greater than the skin depth.

- - I

-d 0 d

Figure 2. A Theta-polarized Plane Wave Incident on a
Straight Wire with Length L, 2d.

S. . . . . --5
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Of course, the current l(z) induced by a plane wave can also be determined
from Equations (1) and (5-9) wthout recourse to the function R(M).

E. Green's-Function Technique for Near-Zone Scattering

Consider the situation illustrated in Figure 3 where a sinusoidal electric dipole
radiates in the presence of a straight wire. In general the source may be a sinusoidal
V-dipole with unequal arm lengths, and the dipole and the wire need not be coplanar.
The current induced on the wire is given by Equation (1) where F' denotes the free-
space field of the dipole and Y(z,z) is given by Equations (5-9). Equations (11-14)
are not applicable to this problem unless one expands the incident field in a
spectrum of plane waves.

X DIPOLE

WIRE
-- - IRE- - --

-d 0 d

Figure 3. A Sinusoidal Electric Dipole Radiates in
the Presence of a Nearby Straight Wire.

The function Y(z,z') is continuous, although it has a slope discontinuity at z'.
Furthermore, we may consider Y(z,z') to vanish at both ends of the wire. Thus it is
appropriate to interpolate this function with subsectional sinusoidal basis as follows:

Y(z,z') = • Y(Z'zn) Pn(z') sin k(s - Iz'-znl)
1 sin(ks) (15)

s = M/(N + 1) (16)

6



z =-d+ns (17)n

1, Zn-s <z'<zn+s (P n(zI) =(18) •

0, elsewhere

From Equations (1) and (15- 8),

I(z) = - I Y(z,zn)Zon (19)

Z +Sn
-10 fz 4(0,z') sin k(s -I z'-zn]) dz' (20)Z~ osin (ks) n-S

where 10 denotes the terminal current of the sinusoidal dipole.

Equation (20) is recognized as the induced-emf formulation for the mutual
impedance Z.. between two sinusoidal dipoles. One of the dipoles has terminal

current I an ngenerates the field E1. The other is a center-fed linear dipole located
on the z %xis, centered at z,, with-unit terminal current and half-length s. Closed-
form expressions and computer subroutines are available (12,13) for the mutual
impedance Zn"

Suppose we have used Equations (19) and (20) to calculate the current dis-
tribution I(z) at all the sampling stations z = z . Then it is a simple matter to de-
termine the terminal impedance of the sinusoid~l dipole in the presence of the wire
as follows:

ZZ0 0  0) 1 Z (21)

where Z denotes the terminal impedance of the dipole in free space.

7



F. Numerical Results and Summary

Figure 4 illustrates the admittance versus length for a center-fed antenna with
radius "a" equal to the skin depth "6 ". The admittance was calculated with two
independent techniques, and it may be noted that the results show excellent
agreement. In the first technique, the traveling-wave theory given by Equations (5-
9), the function Y.(z) was obtained with subroutine YFIN as described in Reference
(10). The sncond technique is the sinusoidal-Galerkin moment method (13) with the
surface-impedance formulation. Excellent agreement has also been observed for
antennas with higher conductivity (a/ 6= 2, 4, 8, 16 and -) and antennas with larger
radius (a = 9,1400 with 9. X ranging from 0.1 to 2.0). The agreement deteriorates,
however, when the radius is less than the skin depth.

Figure 5 illustrates the backscatter echo-area patterns for straight wires with
a/! X= and 4. Again the traveling-wave theory (Equations (10-14)) shows excellent
agreement with the moment method (which has already been shown to agree with
measurements (1)).

Figure 6 illustrates the current distribution induced on a straight wire by a
nearby sinusoidal dipole. The Green's-function technique (Equations (16-20) shows
excellent agreement with the moment method. Similar quality of agreement has
been observed with parallel, perpendicular and coplanar-skew situations.

Figure 7 shows the broadside backscatter echo area of a perfectly conducting
wire vs lengths up to 1.6, calculated using the piecewise sinusoidal Galerkin method
(sufficiently segmented so that this solution is precise) and using the traveling-wave
theory presented here. On the same figure appear comparable curves of the tumble
receiver polarizations. This tumble average is calculated assuming equal likelihood
for all possible aspects of the wire, and if a cloud of N of such chaff elements can be
considered to be uncoupled, the cloud backscatter would be N times the tumble
average value of the single element. The tumble average curve as seen to peak at
9,/X = 1 while the broadside backscatter does not. This is due to the fact that upon
tumbling, at off-broadside aspects, the odd current mode (appearing somewhat as a
full sine wave) is excited and is stronglyresonant, thereby contributing to average
backscatter. By contrast, this mode is not ei.cited when the wire is in broadside
aspect due to its odd functional nature and so no resonant behavior is observed in the
broadside backscatter curve in the vicinity of Z./ X = 1.

Chaff is not perfectly conducting. Therefore Figure 8 shows the broadside
backscatter and tumble average backscatter curves of practical aluminum-coated
fiberlass chaff elements compared with those for the perfectly conducting case. We
see very little difference between the two except in the resonance region around
9.=n )/2. Figure 9 shows the curves of Figure 8 continued up to the region 6 <9./X<7,
and again, differences between perfectly conducting aluminum-coated fifiergl-ass
chaff are insignificant, except in the regions of resonance where about 1 dB less in
tumble average echo appears. The data in Figures 7-9 also agrees quite well with
other published data (14-15).

Three other approximate techniques were investigated for near-zone scat-
tering problem involving a straight wire:

8



1. stationary phase

2. transmission-line model with Y.(z) -Y0 e z

3. plane-wave approximation.

The "plane-wave approximation" refers to a simple generalization of Equations (10-
14). All of these methods gave good results when the dipole was at least a distance
of A/2 away from the wire, but only the Green's-function technique maintains high
accuracy when the distance is as small. as X/10.

In summary this work extends the traveling-wave theory to wires with finite
conductivity, and presents a Green's-function technique for near-zone scattering by
a straight wire.

G. Applications to Chaff Analysis

The traveling-wave theory has immediate application to piane-wave scattering
by a "rope" element which may be many wavelengths in extent. It can be applied toii an array of rope elements only if they are sufficiently far apart to permit an
iterative solution. In its present form, the theory does not handle curved elements.

It is convenient to define a chaff element as "short" if the length is less than
0.6X and "long" if the length exceeds 0.6 X. For a chaff cloud consisting of N short

element to the cloud, the Green's-function technique allows one to solve the problem
without increasing the size of the matrix. The addition of the long wire will change
all the numbers in the N x N impedance matrix, but the new impedances are readily
calculated. Instead of the free-space Green's-function, one now uses the Green's.-
function for the long wire.

For a chaff cloud containing N short elements and M long elements, the new
technique is applicable only if the long elements are sufficiently far apart to permit
an iterative solution.

We have not developed a model which takes into account cuupling between two
or more long elements in a chaff cloud, and at present it is not clear that the
travelling wave model would remain valid for a long wire coupled to nearby long
elements. In addition, the model applies only to straight long wires. If they are
bent, as is likely to be the case with a physically long slender chaff element, the
travelling wave model is not valid in its present form.

9
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Figure 6. Current Distribution Induced on Thin Wire by Nearby Center-fed
Sinusoidal Dipole, with Nonplunar Skew Situation.
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SECTION III
MEASUREMENTS OF SOME CHAFF-COATED FOAM

A. Circular Disks

In an effort to observe the backscatter characteristics of ensemble's of ex-
tremely dense chaff dipoles, meanurements were made of the backscattering cross
section of foam disks coated with aluminum strip chaff which were cut to be reso-
nant at 10 GHz. Figures 10 and 11 are photographs of the two 8" diameter disks.
The dipoles were adhered to the disks and to each other by a spray adhesive and
were sprinkled on in several layers to a thickness of about 2 cm. The finished sur-
face appeared almost like silvered grass. Uniform density of dipoles across each
disk was achieved by back-lighting the disks and observing the percentage of shad-
owing created by the deposit of dipoles. No strict numerical measure of the dipole
density was attempted.

Backscattering patterns at 10 GIHz were recorded for same-sense and crossed-,
linear polarizations for look-angles -90o from broadside.,, Eighteen pairs of such

patterns were recorded for each disk - one pair for each 10 rotation (,f the eircular
panel around the line-of-sight axis (i.e., the panel normal). Typical patterns are
shown in Figures 12 and 13, one each for same-sense and crossvd-sense polarizations.
Each such pattern was stored in a computer memory$evgry I of rotation), and the
scattered power averaged over a window which was -7-1 wide, centered about the
look angle. The resulting 18 smoothed curves were stored and then these were
averaged together look-angle by look-angle. The resulting smoothed and averaged
curves are those shown in Figures 14 and 15 for the two separate plates shown in
Figures 10 and 11. The broadside-specular reflection from an 8" circular flat
metallic plate is shown for reference on all the figures.

The difference between the same-sense and crossed returns consisten t ly ap-
pears to be -ibout 5 dB for look-angles away from normal incidence; near normal
incidence, the difference rises to about 13 dB. This suggests that it might be useful
to decompose the return into a randomly polarized component ard a spherlike
component and observe the change in ratios of the two components as the obstacle is
viewed from broadside to far-off broadside. Such an analysis follows.

At a single aspect and source frequency, the polarization properties of re-
flections from an object are described by a 2x2 symmetric matrix with complex
elements. For a target such as the dense wire ensembles formed by the chaff coated
disks, the elements of this matrix would vary erratically in amplitude and phase, as a
functior, of aspe-t. However, the averaged polarization properties for a target can
be described by a 4r4 real symmetric matrix whicn predicts the average power
received as a L'unctior, of transmit-receive polarizatior, ou.ver any specified range of
aspects (or frequencies) (16). If all aspects about the line of sight differing only by a
rotation about the line of sight are equally likely Rnd if the target has no sense
preferen,.e; i.e., equal average power and returns for right-to-right and left-to-left
circular transnit-receive polarizations may De expected, the average scattering
-natrix reduces to diagonal form, where

16
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Figure 10. Photograph of 811 Foam Disk Coated with Aluminum Strip Chaff.
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0 0 0

(Sav) 0 (22)
0 0 '3 0
0 0 0 )4

and where A=, + A3 + A4 and A2 = A3 (17). To obtain the average power returned
from the tafget with a given choice of transmit receive polarizations, the matrix
(S ) is multiplied on the right by a 4-element column vector PT corresponding to
tit transmit polarization, and on the left by a 4-element row vector PR cor-
responding to the receive polarization where

1

SXT

PT- PR = (I XR YR ZR); (23)-YT

ZTZ

and where the components X,Y,Z are the rectangular coordinates of the point on the
polarization sphere of unit radius denoting the antenna polarization (17). Thus, for
vertical linear polarization

PT PR(I1 0 0 ); (24)

for horizontal linear polarization

P T ) PR ( -1 0 0)N; (25)

for right circular polarization

PTi PR (1OO 1); (26)
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for left circular polarization

P T =PR = (1 0 0 -1).

As indicated previously, to describe the averagc polarization properties of the
dense chaff disks, the received power was averaged over 15 azimuth angle
variations as the ensemble was rotated about an axis perpendicular to the line of
sight and corresponding 150 averages were averaged for 18 different cuts obtained
by rotating the entire ensemble about the line of sight (;Tbroadside) in 100 inere-
ments. Measurements of the average power received for horizontal-horizontal and
horizontal-vertical transmit-receive polarizations were made. Thus for the matrix
(Say) of the form assumed

Horizontal-Horizontal - Average Power WHHSHH

N 0 0 0 (1
0 0 0

WHH = (1 -10 = (28)

(0 0 0 X4)

Horizontal-Vertical - Average Power WHVX 0 0 0' ~

W Hy Q (1100)(0 2 0 0 -1 1 -'. (29)
A0 0 0

4 0/

N = (WHH + WHV) (30a)2

S2 ½ (WHH -WHV) = (30b)

' '1 •2 =(3WHv - WHH) (30c)
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Thus, from the measured data, it is possible to compute the diagonal elements of the
average scattering matrix of the dense chaff ensemble, at any 150 azimuth sector a
specified angular distance up to 450 from the normal. The averaged power returns
are those shown in Figures 14 and 15, where the results for two different plates have
been preserted to give an idea of the variation between samples. A general
maximum is obtained in the horizontal-horizontal return at broadside to the plane of
the wire ensemble, and at the peak WH is approximately 13 dB higher than WHV.
For other aspects, W is roughly 5 Hdl higher than WHV. Th2 elements of -We

average scattering matix can be obtained from these data and some general
conclusions may be drawn from the trends observed.

It is possible to consider (S ) as the incoherent superposition of a randomly
avr r r r

polarized component with ý = )X3 = XA4 = 1/3 X, and a sphere-like component with X
A 's = lpo nt o heS

X1.oThen, a little algebra shows that the ratio of the sphere-like coin-
pon A-Ia t the random component isgvnb

pan is given by
IHH

S3-H"2/3. (1
1

At broadside, where WHH is 13 dB above WHV, the ratio of the sph e-like com-
ponent to the random is

SAt
"= 6 = 7.8 dB. (32)

At aspects outside of broadside, where WHH is 5 dB above WHV,

S
1 = 0.4 = -4.1 dB. (33)
r

Thus, for aspects other that the broadside region, we may say the dense en-
semble of dipoles closely approximates a "random" target, for which the average
return from any common transmit-receive polarization is the same, while the aver-
age return from any orthogonal transmit-receive polarization combination is down
by 3 OB. The presence of a weak sphere-like component changes this ratio to 5 dB
for linear polarization. For aspects close to broadside the sphere-like component
increases to a level approximately 8 dB above that of the random component.

For aspects off broadside, we may compare the average scattering matrix of
the chaff ensemble with that for a randomly oriented (about the line of sight) thin
wire. For such a target, it may be shown that
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0 0 0
0 x1 /2 0 0(S (34)
0 0 A1/2 0

0 0 0 0

and the ratio of returns for horizontal-horizontal and horizontal-vertical transmit-

receive polarization is

WHH 3/2 A,3/2 = T I= 3 = 4.8 dB, (35)

which agrees closely with that observed for the chaff ensemble off broadside. Thus,
as far as polarization properties are concerned, it may be modelled by an ensemble
of arbitrarily oriented thin wires.

B. A Simulated Dense Chaff Cloud

A series of backscattering measurements were made on a target which
"simulated" a chaff cloud. The target consisted of a foam circular cylinder 9 3/4" in
diameter capped at both ends by hemispheres of the same diameter, the entire unit
being 70" long. This foam shape was coated with a random sprinkling of aluminum
chaff elements (s through x band lengths) held in place by spray adhesive and layered
to a thickness of about 1" as uniformly as could be gauged by the eye. The target
was held aloft by skewers in each end nestled in a string support, and it was rotated
with its longitudinal axis parallel to the floor at She same height as the viewing
radar antenna. Radar backscattering (actually, bistatic) patterns (horizontal-
horizontal polarization) were recorded for 360 of rotati8 n fo; each- of six
orienlations ,Df the cylinder about its own longitudinal axis - 0 ~ 30 , -60 , - 90,
- 120 , - 150 . This gave six patterns (five at 14 GHz) each at four frequencies, 18
GHz, 12 GHz, 14 GHz oand 16 GHz. The only regions of interest of these 360
patterns wure those ±10 about the head and tail ends of the target. The incident
wavefront could not be considered planar over an area any larger than the projected
areas within these near-endfire limits, so the patterns beyond the endfire regions
were considered to be of little value for the purposes at hand.

Every 3600 pattern was referenced to the broadside backscatter from a 6 3/4"
square flat plate and recorded in a computer file. Then each ttrget pattern was
smoothed by averaging the cross sections over a sliding window 6 wide. A typical
3600 pattern and its smoothed vWrsion are shown in Figure 16 where 00 represents
the head of the target and ± 180 represents its tail. TRe 0 dB level is that of the
reference plate in every case. Similar smoothed 360 patterns for each of the
frequencies 10 GHz, 12 GHz, 14 GHz, and 16 GHz, respectively were recorded and
averaged over each frequency group and then averaged over both the head and tail
regions. The resulting smoothed and averaged patterns are shown in Figures 17-20
on %n expanded scale elaborating the region ±_20 from end-fire. Only the region
±10 should be considered valid in these patterns.
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If one accepts the broadside backscatter from a flat metallic plate as

41r4
0reft-r

where k is the side length of a square plate and X is the wavelength, we obtain the
following echo areas, aref, for the 6 3/4" reference plate at the four frequencies of
interest

2 -2f (GHz) aref (cm ) 0cloud (cma)

10 120,647 1206
12 173t731 1737
14 236,468 2365
16 308,856 3089

From Figures 17-20, we see that at each frequency the average echo area of
the chaff cloud at end-fire remains about 20 dB below that of the respective flat
plate, these cloud efhos forming the third column in the above table. This implies
that the echo in cm rises as the square of the frequency, as snown in Figure 21, at
least in the frequency range considered.

Viewed end-on, the target appears to the eye in silhouette approximately as a
12" diameter circular flat plate. The broadside echo of such a plate, if metallic,
would be about 27.9 dB above the average values measured for the target at end-
fire. A smooth yetallic sphere of this same diameter (12") would have an echo area
of about 730 em which remains constant with increasing frequency. These relative
data are presented in Figure 18.

Measurements of the dipole coated 8" circular foam disks described previously,
and of a dipole-coated 6 3/4" square foam plate at 10 GHz are included as well for
comparison.

It appears that, over the frequency range 10-16 GHz, the spherical cap of
dipoles acted like a circular flat plate (viewed broadside) of the same diameter, but
with a reflection coefficient 27.9 dB lower.

32



70

60- 1 CIRCULAR

METALLIC PLATE

E S" CIRCULAR
U METALLIC ---- 14. s SQUARE

S50- PLATES50METALLIC PLATE

0

z

b
40- 0S CIRCULAR

FUZZY
PLATE

63/.*FUZZY
PLATE CHAFF CLOUD

30 - MODEL

12" METAL SPHERE

20 I I
0 5 10 15

f(GHz)

Figure 21. Relative Echo Areas of Several Obstacles.

33

A
~ - .



SECTION IV
SUMMARY

A simple mathematical model (the traveling wave model) was developed which
allows the incorporation of arbitrarily long, lossy, straight chaff elements into a
cloud of smaller (resonant) filaments without increasing the overall size of the
matrix whose inversion is necessary to obtain cloud radar cross section. In this
cloud, the smaUl filaments can be as near as X/10 to the longer filaments, i.e.,
strongly coupled to the larger filaments. And the short filaments can be all coupled
to each other (up to 200 such short filaments, all mutually coupled, have been
considered in earlier work). But the longer filaments must be far enough away from
each other so as to be decoupled from each other directly (they may be coupled to
each other through the short filaments). The reason direct coupling between any
two long filaments is disallowed is that the mathematical model for the current onI any long filament consists of three traveling waves; the presence of another long
wire in the near vicinity would disturb this current distribution to something more
intricate, which could not be simply decomposed into three travelling waves. Other
"modes" would have to be added, which would increase the dimension of the matrix
involved, negating the advantage of the present theory. At the end of the contract
period it was not clear whether the travelling wave theory could be successfully
modified to accommodate coupling to nearby long filaments. It appears promising
enough, however, to suggest that further effort be devoted to this problem. Cer-
tainly, for the single long filament, this very simple model has proven to be
accurate.

In addition, a series of measurements of the scattering from chaff-coated
foam shapes were taken to obtain estimates of the cross section of targets for which
the computer model does not apply. From the polarization properties of the
backscatter, it was determined that the average backscatter in other than specular
regions depolarized in a fashion similar to randomly oriented dipoles.

For a target consisting of a cylinder with a spherical end cap coated with chaff
dipoles (intended to represent a chaff cloud shortly after deployment), the end-on
echo varied with frequency essentially as a flat plate of the same physical area, but
about 27.9 dB lower in magnitude.
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