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ABSTRACT

Techniques are developed for reducing the non-specular scattering displayed
by ogival and wedge cylinders in an aspect range about edge-on. To achieve a cross
section reduction over almost a 10:1 frequency band, it is necessary to decrease
each type of contribution individually and also to minimize their interaction. The
various contributors are discussed and analyses performed to specify the surface
impedances necessary to adequately reduce them. With the restriction to a coating
no more than 50 mils in thickness, materials have been assessed to determine their
ability to realize the desired impedance. The best material found is capable of
about 10 dB cross section reduction over most of the frequency range. Computer
program RAMD has been used to optimize the application of this material and, in

addition, to verify the results of experimental measurements.
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CHAPTER 1

INTRODUCTION

This is the final report on a sub-contract (P.O. 1-83493) from Emerson and
Cuming, Inc. covering the period April 1976 - April 1977 and concerned with the

theoretical design and evaluation of radar absorbing materials for a specific application.

The overall purpose of the prime Air Force Contract F33615-76-C-1064 was to
study the availability of broadband absorbers for reducing non-specular scattering and
to demonstrate their capability using two generic shapes: a 25° included angle ogival
cylinder and a 25° wedge cylinder of length to width ratio 2. 810, both of them with
particular reference to H polarization in which the magnetic vector is parallel to the
front edge, i.e. the electric vector perpendicular to the edge. At the lowest frequency
of interest (2. 0 GHz) the bodies are 0.800x and 0, 716X long respectively where A is the
wavelength, but their surface lengths are almost identical (0.807\and 0, 803}). This
was one of the considerations that led to the choice of these specific shapes under the
prior Contracts F33615-72-C-1439 and F33615-73-C-1174 held by the Radiation Lab-

oratory,

The three main types of non-specular scatterers are edges (or other discon-
tinuities in the slope and higher derivatives of the body profile), traveling waves and
creeping waves and the bodies were selected to exemplify them. Thus, the ogival
cylinder supports a traveling wave and, in addition, gives rise to edge scattering from
both the leading and trailing edges. The wedge cylinder displays ''edge" scattering
from the join of the wedge and cylinder (where the curvature or second derivative of
the profile is discontinuous) as well as from the leading edge, and in addition supports
a traveling wave on the wedge, smoothly matched into a creeping wave on the shadowed
portion of the cylindrical cap. All three types of scattering are geometry and polari-
zation dependent and diminish with increasing frequency. Their magnitudes are gen-
erally small compared with any specular contribution that may exist, but at the aspects
of most interest in this study (X 30° about edge-on), there is no specular contribution
to the backscattering cross section. Non-specular scattering is therefore the only

scattering that occurs.



Traveling and creeping waves are forms of surface waves whose propensity
to cling to surfaces sets them apart from edge-diffracted contributions. The two
types of waves are distinguished from one another mainly by the illumination of the
surface on which they travel. Creeping waves are "born" at the shadow boundaries
of bodies whose radii of curvature are electrically large. They propagate into the
shadowed region following geodesic paths leaking off energy in the direction of the
forward tangent to the path as they go. As a result of this leakage, the wave attenu-
ates as it progresses and its electromagnetic propertiés at any point are almost ex-
clusively determined by the local geometry of the surface. It is evident that such a
wave can traverse the shaddwed pbftion of, for example, the wedge cylinder, and on
reaching the boundary of the shadowed/lit regions, the energy radiated will be in the
backscattering direction andv will contribute to the backscattering cross section. In
theory and practice, creeping waves are only a significant s‘ource of scattering where
the incident electric vector is perpendicular to the surface at the shadow boundary,
i.e. for H polarization with the wedge cylinder. Once established, they are no longer
dependent on the incident field. They are closely bound to the surface over which they
travel, and this fact, coupled with their natural rate of decay even on a metallic sur-

face, makes it possible to diminish their effect using lossy coatings.

: Traveling waves are also significant only when the electric vector is perpen-
dicular to the surface, i.e. for H polarization with either of the given bodies. They
are supported by surfaces of large radius ih the direction of propagation almost all
of which is illuminated, and in contrast to creeping waves, they tend to build up as
they travel, being fed by the incident wave. As regards backscattering, a traveling
wave is harmless as long as it continues to travel forward, but when it reaches any
discontinuity in the surfage, a portion of it may be reflected and travel back to con-
tribute to the backscattere'd field. The rear edge of the ogival cylinder provides
such a discontinuity, and the resulting backscattered field has the fan-shaped pattern
chall'ac_teristiyg of a traveling wave antenna. Under the afore-mentioned prior contracts
it was shown thé.t traveling \'avave‘ contributions could be significantly decreased by
appropriately loadiﬁg the‘ surfacé. Not upexpectedly, the 1arge st reductions were
obf:ainéd when the entire surface was loaded, with the loading greatest near to the

trailing edge where the reflection takes place.



The third source of non-specular scattering is edge diffraction and this is also
strongly polarization dependent. With E polarization, for example, the leading edge
is the primary source and methods for the reduction of this type of scattering were
developed under Contract F33615-73-C-1174. For the present study, however, H
polarization is of most concern. Although the rear edge of, for example, the ogival
cylinder is now the dominant source, and its scattering can be suppressed by the same
treatment used in regard to the traveling wave, the front edge does contribute a smﬁll
amount. Its scattering is a function of the wedge angle as well as the incident field
direction, and for a 250 total angle wedge, the front edge contribution at an angle of
95° from the symmetry axis is only 15 dB below that attributable to the rear edge.

To reduce the complete scattering cross section by an amount greater than this there-

fore requires a front edge treatment as well.

In the aspect range about edge-on, two or more sources contribute to the
backscattering cross section of each body, and to devise a cross section reduction
scheme which has the potential for being broadband, it is essential to reduce all
sources of scattering individually, Some progress was made under the prior con-
tracts referred to above. It was found, for example, that a material presenting a
given surface impedance could significantly reduce the traveling and creeping wave
contributions and, provided the impedance was chosen appropriately, the front edge
scattering as well. A computer program designated RAMD was developed to solve
the integral equations for the currents induced on the surface of an arbitrary two-
dimensional body subject to an impedance boundary condition and illuminated by
either an E- or H-polarized plane wave incident in a plane perpendicular to the
z-axis. The impedance may vary in any prescribed manner over the surface, and
from a knowledge of the currents, the backscattering cross section is computed as
a function of the angle of incidence. The program is described in Appendix B which
also contains listings of two subroutines for computing the surface impedance of one

and two layer metal-backed coatings.

Valuable as the concept of surface impedance is, it does have some short-

comings for an investigation such as this. A knowledge of the impedance does not



indicate the electromagnetic properties of a coating that will produce it, nor is there
any assurance that a material can be found to yield an impedance which is independent
of both the incident field and the surface geometry. For these reasons, our original
intent was to rely heavily on a program called RAMVS which computes the scattering
from a two-dimensional body in the presence of a number of resistive, conductive
and/or combined (i.e. resistive and conductive) sheets. The program had been
successfully applied to single and multiple (but well separated) sheets extending out
from a body, and was a vital tool in our development of techniques for reducing the
E-polarized backscattering from ogival and wedge cylinders under Contract F33615-
73-C-1174 (Knott and Senior, 1974). By placing one or more sheets close to the
surface of a perfectly conducting body, we hoped to simulate the effect of a coating
whose properties could vary in depth as well as laterally and would be explicit

in the formulation, in contrast to the situation when a surface impedance is used.
Knowing the permittivities and permeabilities which different materials possess, we
hoped then to arrive at the specification of a coating which would be effective in re-

ducing the backscattering over the entire frequency range.

Unfortunately the program was not equal to the task. Because of the formula-
tion adopted, numerical errors increase rapidly as the spacing between two sheets
or between a sheet and the body becomes comparable to the sampling distance (or
cell size) along either, Since the sheet must be located at the mid-point of the layer
it is designed to simulate, a coating 50 mils thick would require a minimum sampling
distance of no more than 25 mils, and significantly less if high accuracy is required.
Even a body only one inch in length would now strain the core storage of the computers
available for running the program, not to mention the financial resources on hand.
A considerable amount of time was spent in attempting to overcome the spacing
limitation, and some of the approaches tried are documented in Appendix A, which
also contains a listing of program RAMVS in its most recent form. It was ultimately
apparent that only a major restructuring of the program could suffice, and since the
time and funds available would not allow this, we were forced to seek another tool to

help in specifying an effective coating.



Meanwhile, the electromagnetic properties of some of the materials being
proposed for a coaﬁng had been measured at the Avionics Laboratory of Wright Field,
and in all cases the impedance of a layer 50 mils or less in thickness was virtually
indepeﬁdent of the angle of incidence. This gave some confidence in returning to a
surface impedance approach, and since the results obtained using program RAMD
were also in good agreement with measured data for an ogival cylinder with matéerial
OG-C-1 used as a coating, we transferred our allegiance back to our old and well-

trusted program,

Rapid progress was now made. Having delineated the scattering produced by
the bare body at the four designated frequencies throughout the band (see Chapter 2),
we exercised RAMD to determine the cross section reduction provided by impedances
whose largest magnitudes were comparable to those of a 50 mil layer of the materials
available, but which varied in some chosen manner over the length of the body. It
was immediately apparent that to obtain any reduction at all at the lower frequencies,
it was necessary to put as much material as possible on the body, i.e. to cover al-
most the entire surface with a coating 50 mils thick. The only departure from the
uniform coverage was near to the front edge where the impedance and, hence, the
layer thickness must be tapered to control the edge scattering. The procedures
that were followed to arrive at a coating which is 'optimum' subject to the constraints
provided by the materials available are described in Chapter 3. It should be noted
that because of the difficulties posed by the lower frequencies (where the bodies are
less than a wavelength long) and by the modest capabilities of the materials, there
was little scope for a more subtle deployment of material. Indeed, the resulting
prescriptions for both the ogival and wedge cylinders are identical in spite of the
very different types of scattering exemplified. Finally, in Chapter 4, computed data
are presented for some of the bare and coated bodies that have been considered ex-

perimentally by Emerson and Cuming,



CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1 Geometries

The two bodies to be studied are shown in Figure 2-1. The firstis a 25° angle

ogival cylinder whose relevant dimensions and the symbols used to denote them are

as follows:
wedge half angle: Q=12.5°
surface radius: R = 10,914 inches
overall length: £ = 4,724 inches (= 2R sinQ)

surface length, top: 8 ax" 4,762 inches (= TR{/90)
maximum width: w= 0,5174 inches (= 4R sin2 0/2)

The other is a wedge cylinder (the two dimensional analogue of a cone sphere) with

the same wedge angle as the ogival cylinder:

wedge half angle: Q=12, 5°
base radius: a = 0,752 inches
overall length: £ = 4,226 inches (=a [1 + cosecQ])

surface length, top:s = 4. 737 inches (= a [(1 +8/90)r /2 + cotQ])

We observe that the surface lengths of the two bodies are almost the same, and would
have been identical if, for example, the base radius of the wedge cylinder had been

chosen as 0, 756 inches.

The four designated frequencies throughout the band are 2.0, 3,75, 7,5 and
15.0 GHz, with wavelengths 5.901, 3.147, 1,574 and 0, 787 inches respectively.

Some corresponding electrical dimensions of the bodies are:

f(GHz) = 2.0,  ogival cylinder Smax/k = 0.807 ,  wedge cylinder a/x = 0,127
= 3,75, =1,513 , = 0,239
=175, = 3.026 , = 0,478
=15.0, = 6,052 , = 0.956.



Figure 2~1: The bodies (not to scale).



At 7. 436 GHz the surface length of the ogival cylinder is just 3, and the body is then
electrically identical to that considered under Contracts F33615-72-C-1439 and
F33615-73-C-1174,

In analyses and computations of the scattering we assume a plane wave in-
cident at an angle ¢o to the symmetry axis of the body and with its phase zero at the
center. The scattering angle {§ will also be measured from the same axis so that
= ¢0 represents backscattering with ¢0 = 1 (= 180°) for edge-on incidence. We
shall treat only the case of H polarization in which the incident electric vector is

parallel to the generators of the cylinders and to the front edge, i.e. in the z direction.

Since the bodies are two dimensional it is convenient to express the far zone

scattered field in terms of the complex amplitude P(§, @ ), i.e. the coefficient of
. 0
2 \1/2 i(kp - 7 /4)
Tig) ¢

ordinates at the front edge (Bowman et al., 1969; p. 6) and a time factor e_lwt has

in the far field, where p is the distance from the origin of co-

—_—

been assumed and suppressed. The two dimensional scattering ''cross section' is

then

2
olp, $) =5 [P0 )|

implying
2
Pl . (2.1)

3 |

>iq

which is independent of frequency if lP| is, In presenting the results of our analyses
and computations of backscattering, we will generally display o/Xin dB, i.e.

10 log o/Xx. However, the experimental measurements performed by Emerson and
Cuming, Inc. were carried out using cylinders of width L = 18 inches. Insofar as
predictions based on two dimensional bodies are applicable, the connection between
the measured (three dimensional) cross section ¢, and the two dimensional cross

3
section given above is

2
o, = 2L

3 (2.2)

>1q



(see Knott et al., 1973; Appendix C). Thus, s would also be independent of fre-
2
quency if o/Awere. For L =18 inches (= 0,457 m), 2L~ =-3,79 dBsm, implying

0, =10 log% -3.79 dBsm , (2.3)

and in all comparisons of theory and experiment we display o, in dBsm as a function

3
of6=7r-¢o.

2.2 Bare Body Scattering

To fully appreciate the cross section reduction task confronting us, it is
important to have some knowledge of the type and magnitudes of the contributions to
the backscattering of the bare body, with particular reference to the aspect range
150° S ¢0 < 180°, This will also indicate the most effective deployment of an ab~
sorber, but it should be emphasized that the idea of individual portions of a body
scattering relatively independently is a high frequency concept. As the frequency
decreases, interaction between the individual scatterers becomes more important
and, in addition, each scattering contribution becomes less localized in origin, with
the decomposition breaking down completely when the wavelength becomes greater
than the relevant dimensions of the body. For the cylinders of interest in this study,
the concept is quantitatively valid at the two highest frequencies at most, but even
at the lower frequencies the concept can still provide some useful qualitative

information.,

The front edge is the same for both bodies, and its scattering can be estima-

ted using the formula for diffraction by a wedge of included angle 2(Q2:

-1

. -1
Pf(¢, ¢0) =21—Vsin% {(COS% - 1) + (cos% + cos%(n—¢o)> } (2.4)

where v =67/36 (Bowman et al., 1969; p. 263). In particular, for edge-on incidence,
f .
P =-i0,0633 giving o/x= -25.94 dB.

The ogival cylinder has an identical rear edge and if it is fully visible the

(direct) scattering which it contributes is



¢ -2ikf cos ¢0
Pr(¢oa ¢O)= P(r - ¢0: T = ¢0) e

2

where Pf is given by (2. 4) and the phase factor has been introduced to maintain the
phase reference at the origin., In addition, the rear edge reflects a wave which
travels back along the surface of the cylinder to produce the scattering pattern
characteristic of a traveling wave. The precise manner in which the rear edge
diffraction merges into the traveling wave effect as ¢o—> 7 - ) is not well understood,
but if, for the moment, we ignore the traveling wave contribution, the backscattering

patterns of the ogival cylinder at the four frequencies computed using

o 2|1 r 2
22104, 8+ P70, )| | (2.5)

i.e. on the basis of front and rear edge diffraction alone, are as shown in Figures
2-2 through 2-5. On each figure we have superimposed the cross sections attribu-
table to the two edges individually, but it should be remembered that at least for

¢0 > 160° the rear edge contributes primarily via the traveling wave which has not
been included. We therefore expect the patterns to be meaningful only for ¢o < 160°

and at the higher frequencies.

The backscattering from the wedge cylinder is more complicated. In addition
to diffraction by the front edge, there are contributions from the creeping wave
supported by the smoothly-rounded base and from the discontinuities in curvature
where the wedge and circular cylinder join. The front edge contribution is again
given by (2.4). The upper join where a cylinder of radius a meets a cylinder of

infinite radius (the wedge) yields

) -2ikacotQcos(f - )
P'(u)(ﬁo, ¢o) =- Eﬁ sec(?)o -Q){l + secz({li0 -Q)}e °

(2.6)

(Senior, 1972) which decreases with increasing frequency, and similarly

10
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() 1 5 -2ikacot{cos( ¢0 +9)
P (¢o, ¢0) == S Sec (¢0 +Q){1 + sec (¢O +Q)} e

(2.7

valid as long as the lower join is fully visible, i.e. ¢o >7 -§. For this same aspect
range the creeping wave contribution can be estimated using the known solution for a
circular cylinder of radius a . Naturally, the result is independent of ;60 and from
the formula in Bowman et al. (1969, pp. 110-111)
ir(v+1/3) -2ikacosec§cos
PV=1Ce e ° (2.8)

1/3 - -
where 7=(ka/2) , andv= VI(T), C= Cl('r) have the asymptotic expansions given

in this reference. If ka >>1, PV decreased exponentially with increasing frequency,
but for ka comparable to unity Pcw is relatively independent of frequency. For
¢o < m - Qthe lower join and the creeping wave both contribute through an inter-
action with the front edge, but there is no simple method for estimating the scattering

in this case.

The combination of the four contributions leads to a rather complicated back-
scattering behavior in the aspect range about edge-on, and instead of attempting to
predict the net return at each of the four designated frequencies, we show only the
individual cross sections o/) as functions of (bo at 7.5 GHz. The important conclu-
sion to be drawn from Figure 2-6 is that all the contributions are similar in magni-
tude, implying that all must be reduced to obtain a significant and broadband reduction

in the scattering.

Using the computer program RAMD (see Appendix B), we have computed the

backscattering cross sections of the two bodies at each of the four frequencies. The
results are tabulated in Chapter 4 and plotted for the aspect ranges 120o < ¢0 < 180o
in Figures 2-7 through 2-10 for the ogival cylinder and Figures 2-11 through 2-14

for the wedge cylinder. We remark that the wedge cylinder always has a local max-

imum in the scattering pattern at edge-on incidence with a cross section in the range
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-10 to =20 dBA. The ogival cylinder, on the other hand, has a minimum edge-on
and here the cross section ranges from -20 to -40 dBA. Comparison of the curves
in Figures 2-7 through 2-10 with those in Figures 2-2 through 2-5 shows no agree-
ment at the lowest frequency where the ogival cylinder is less than a wavelength
long, but quite good agreement at the higher frequencies, particularly for scattering
at aspects well away from edge-on where the traveling wave is no longer a signifi-

cant contributor.

Of the two bodies, the ogival cylinder is the simpler, and it is convenient to
concentrate on it. The only significant contributors to its backscattering cross
section in an aspect range about edge-on are the front edge and a traveling wave.
The latter appears by reflection of a forward traveling wave at the rear edge of the
cylinder and gives rise to a lobed pattern with a minimum edge-on. Traveling wave
theory has been fully developed only for a thin wire and its application to a two di-
mensional body having nons=negligible thickness is difficult to justify. Nevertheless,
the concept is a valuable working tool and proves surprisingly accurate even for a

body like an ogival cylinder.

From an examination of measured data for the backscattering from-a wire
of length £, Senior and Knott (1968, Appendix A) showed that if A < < £ the first

traveling wave peak occurs at

0= 61 = 49.9\/%— degrees (2.9)

and the second at
-p = A
0= 92 =98.1 n degrees (2.10)

where =1 - ¢0. For increasing 1> 0.6 £, (2,9) progressively underestimates
the angular position 6 of the first peak by an amount as much as 3° for A= 1 ; but
since the magnitude of the peak decreases with increasing \/{ , the peak is seldom

evident for A > 4. Unless A<<Z, the second peak is not usually evident either,

25



being swamped by other scattering contributions. To see how these findings apply
to the ogival cylinder, the angles at which the first maximum occurs in the computed
data are compared with the predictions of (2.9) in Table 2.1. The agreement is

reasonably good.

Table 2.1: Locations of first traveling wave peak for
ogival cylinder.

Frequency 9(1) (computed data) 6? (predicted)
(GHz)
2.0 ? 95
3.75 37 40
7.5 26 28
15.0 18 20

Since there are two contributors to the backscattering at edge-on incidence,
it does not follow that an absorber which reduces one of them will automatically re-
duce the cross section. Using program RAMD we have computed the backscattering
patterns of the bare ogive at the frequencies f= 0,1 (0.1) 4.0 GHz, and the values
of {a(vr, w)/k}l/ 2 are plotted in Figure 2-15. The dashed line is based on the

empirical formula

2
1 ikl
xo(vr, T)= l—i(O. 0465 + 10, 0345 o2k ) (2.11)
obtained by curve fitting, where £ is the length of the cylinder. We remark that the
first contributor, -i0.0465, is close to the high frequency prediction -i0. 0505 for
front edge diffraction, suggesting that the second term is the traveling wave contri-
bution. We note that the two contributors are almost out of phase at 2,0 GHz and

are precisely in phase at 3,75 GHz. If the above empirical formula were to hold at

26
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all higher frequencies (and there is evidence to suggest that it does), the contribu-
tors would be almost in phase at 7.5 and 15. 0 GHz as well. It therefore follows
that an absorber which acts only on the traveling wave must increase the edge-on
cross section at 2. 0 GHz and can provide no more than 6 dB reduction at any
frequency. As evident from the formula, both contributors must be decreased in
magnitude to achieve a reduction in the edge-on cross section over a broad fre-

quency range.

2.3 Surface Impedance Concept

Given a body whose geometry is fixed, the only feasible technique for cross
section reduction is the judicious application of absorbers to suppress those forms
of scattering which are responsible for the dominant return. According to the
Contract specification we are limited to a coating no more than 50 mils in thickness
applied to the bare (metal) body, and the task then is to choose the layer thickness
and composition in such a way as to achieve the greatest cross section reduction
over the entire frequency range. Unfortunately the problem as posed does not have
a unique solution even within the bounds created by the properties of the available

materials, but nevertheless progress can be made towards an 'engineering' solution.

As noted in the Introduction, our analyses and computations are based on the
use of an impedance boundary condition to simulate the effect on the scattered field
of a coating applied to the surface. It is assumed that the (normalized) surface
impedance 7 is a function only of the local properties of the coating regardless of
the field and the geometry of the surface to which the coating is applied, and this
is an assumption which is incapable of prior validation. In particular, it is not
evident that a coating will present the same impedance close to the edge of a body
as it does when over a broad face, but in spite of this the results obtained using
the impedance boundary condition have been found applicable under a wide range of
circumstances, and the agreement between theory and experiment provides confi-
dence in the validity of the procedure. Although this approach was not our first

choice for meeting the objectives of the Contract, it does appear to be the only one
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which is feasible at this time, and it enables us to predict the performance of a

coating using a computer program which is reasonably efficient.

For a surface whose impedance n is specified at every point, the impedance

(or Leontovich) boundary condition can be written as

E-(B-E)A = nZOAH (2.12)

where f is the unit vector (outward) normal and Z is the intrinsic impedance of
the free space medium above the surface. n may vary over the surface and is zero
for perfect conductivity. The derivation of (2. 12) has been discussed by Senior
(1960) and we remark that in contrast to the analogous boundary condition involving
the normal derivative of the fields, (2.12) does not contain any tangential deriva-
tives of n. By trivial manipulation (2.12) can be expressed alternatively as

Y

H-(G-mh = -
= = n

NE (2.13)
(Senior, 1962) where Y =1/Z , and this is the dual of (2. 12) under the transformation
E—H, B> -E, Z<> Y, n <> 1/.

For a field incident on a surface at which the condition (2. 12) is imposed, the
resulting boundary value problem can be solved either analytically or numerically
to yield the scattered field. In the case of a two dimensional surface of profile C

illuminated by an H polarized plane wave, the scattered magnetic field is

ik
H (p) = = J'{ (kr) +in(s') H_ (1 )(kr)}K(s') g 214
where K ( s') is the current induced in the surface. Ho(l) and Hl(l) are the Hankel
functions of the first kind of orders zero and one respectively, and r = ( Knott

and Senior, 1974). The integral equation obtained from (2. 14) is the basis of

operation of computer program RAMD.
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To determine the impedance presented by an absorber coating applied to
the bare body, consider a plane wave incident on a homogeneous layer of infinite
extent backed by a metallic sheet, If the plane wave is H polarized and incident at

an angle 6 to the normal,

n

Jep - sin26 tan (kd Jqu - sin 9) (2.15)

where € and u are the complex relative permittivity and permeability of the material,

]
1
m

d is the thickness of the layer and k = 27 [\ is the free space wave number.
Similarly, for a coating consisting of two homogeneous layers of thicknesses d1

and d_, we have

2 3

1 (Z'kd \r  sin’ 6)

1 = - Aexp|2i 1 (€qHy ~sin 2.16)
n=s — 61“1 - sin 6 5 .
‘1 1+Aexp(2ikd1 \felpl - sin e)
where
_1tB (2.17)
ATTB

with

2
—————— tan (kd_ /e - sinze) (2.18)
2 2 | €ato .

(see Figure 2-16). Programs have been written to compute the surface impedances

given in (2. 15) and (2, 16) for any material constants, layer thickness and 6 .
Versions appropriate to the particular case of grazing incidence (8 = 900) have also
been coupled into program RAMD to study the effect of a material having a specified

thickness variation over the surface of the body.

The above impedances are functions of the angle 6 and therefore violate our

requirement that n be independent of the incident field direction, but if

Iep,' >>1, (2.19)
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Figure 2-16: Geometries for (a) one layer and (b) two layer impedance
calculations.
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the angle dependence disappears to a first approximation. Equation (2.15) then

0= -iyE tn (i ) (2.20
and for a two layer coating,

L. 1- A exp (2ikd. [ T;)
n =|-> A (2.21)
€ 1+{&exp (21kd1 f:'l}ll)

becomes

where A is again given by (2. 17) and

€1

& tan (kd2 ‘,62“2) . (2.22)

B=i

The condition (2. 19) is satisfied to an adequate degree by all of the materials con-
sidered. This is illustrated by the results in Tables 2-2 through 2-5 for the surface
impedance of a layer of thickness d = 0(0, 005) 0, 050 inches of material OG-C-1 at
each of the four designated frequencies. This material figured prominently in our

investigation and the measured values of its permittivity and permeability are as

follows:
f(GHz) = 2.0 : € =22,4+1i0,17 , =5,29+1i2,99
3.75 23.38+1i1.87 , 3.57+1i3.15
7.5 : 20,53+11,80 , 1.72+12,66
15,0 22,08+1i0,39 , 1 +il1,68.

The left hand columns in each of the Tables 2-2 through 2-5 are for normal incidence
(6 = 0) and those on the right are for grazing incidence (6 = 90%). We observe that the
impedance n differs by no more than about one percent between these extreme values
of 6.

2.4 Theoretical Approach to Cross Section Reduction

In seeking to choose impedances and, hence, material coatings that are

effective in reducing the scattering from the bodies at aspects close to edge-on,
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some insignt can be gained by looking at the integral expression (2. 14) for the

scattered field. At large distances from the body, i.e. in the far zone
. G AL !
(1) o (D) s [2 ikp-7/4) -ikp'-p
Hl (kr) ~ lHo (kr) 1 ka e e

. A
and since rrvf)\ , we then have

s\ Z ilkp - 7/4)
Hz (_p_) ko e P

where the far field amplitude is

[ | /\. '
P= %J.{ﬁ'-é-n(s')}m)e ko= p g, (2.23)
C

The form of this expression suggests three possible procedures for reducing
the scattering in some chosen direction f)\ , and these could be employed singly or in

combination:

(i) reduce the amplitude of the surface current K(s') over the entire surface of
the body,

(i) adjust the phase of the current to ensure that there is no stationary phase
point in the range of integration, and

(iii)  choose the surface impedance so that q' . 6 - n(s') is small over the surface.
The first two are the bases for the more conventional approaches to cross section
reduction. An absorber does serve to reduce IKI , but not always by a sufficient
amount to rely on this technique alone. Shaping of the body is directed at the second
method, and the elimination of all specular reflections is, in fact, equivalent to the
elimination of the stationary phase points associated with the incident field phase.
Unfortunately, such shaping may also accentuate surface wave effects. In the case
of the ogival cylinder, there is a stationary phase point created by the (backward)
traveling wave, and it is then necessary to reduce this portion of the surface field

as much as possible.

37



The third method is more novel. If

n(s) =4 - p (2. 24)

at every point of the surface, the scattering will be zero in the direction of 6 and

(presumably) small in some range of aspects about this direction. The required
impedance depends neither on the frequency nor the angle of incidence and is always
real, but there is a difficulty: for any closed surface the specification demands a
negative real impedance over a portion of the surface. Thus, to suppress the edge-on
backscattering from the ogival cylinder, n must vary from 0. 21644 (= cos 77. 50) at
the front, through zero at the middle, to -0.21644 at the rear. We have verified the
validity df the scheme by using program RAMD to compute the bistatic scattering
from the ogival cylinder for edge-on incidence (¢o = 1800) at a frequency of 2 GHz.
The results are shown in Figure 2-17 along with the corresponding curve for the

bare body. We observe that the optimum impedance has reduced the scattering at
angles within 180 of edge-on, but has increased it by as much as 4 dB at wider angles.
We also show the curves for the modulus of the optimum impedance and for a treat-
ment in which the cylinder is left bare where the optimum impedance is negative.
Neither impedance is effective and the scattering is even larger than that of the bare

body.

Although the optimum surface impedance is non-physical for any finite body
of non-zero thickness, one geometry for which it is both realizable and simple is

the infinite wedge, and for edge-on incidence in particular, the requirement is that
n = sinQ)

where 2() is the included angle of the wedge. As we have already noted, the scatter-
ing from the front edge of the ogival and wedge cylinders can be analyzed using the
infinite wedge as a model, and it is therefore of interest to examine the edge dif-

fraction coefficient for a wedge with arbitrary but constant surface impedances the

same on both faces.
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Figure 2-17: Bistatic scattering from the ogival cylinder for ¢ x180° at
2 GHz: (—)n=0 (———)n afl . p, (o= n Pl B,
and (=--=) n = max(ﬁ' . B, o).
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Using the method of Maliuzhinets (1959) it can be shown that for backscattering

; cosz%(ﬂ» - #) cos 2% Ly { 3¢ 2y
P(¢,¢,n)=-é— — .1_(£_¢) l(.?’l_ » {cos;(g—ﬂ)cos;(z—-ib)-sm v}
vsin 5= cos 7 (5 cos 7(5 A
- F(f,X) (2.25)
(Senior, 1977) where
V= 2(1—9/7{) (2.26)

n=cos X
and F(,X) is expressible in terms of functions defined by Maliuzhinets. In'

the special case n =0 of a perfectly conducting wedge

T
. cos —
P(@,9,0) = -15 - T 2v T 3 {cos%(%- ¢)cos%(%'r- g) - sinzzl}
vsing cos;(é'-ﬂ)cos;(z—-?)) v
(2.27)
and hence
51 cos%(g—¢)cos%(z—”—¢)-sin2%
B fon] = cos” St - ) — I 5, X200, 5, 0)
cos;(g— ¢)cos;;(2—- @) - sin >
(2.28)

Apart from the infinity of P(#, §, 0) in the specular direction § = ';-- Q, the ex-

pression for P(f, @, n) is finite for all p, Q <P <7 , and is zero if

1/2
sin% = {cos%(g - 9 cos%(z—ﬂ— ¢)} . (2.29)
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This can be solved to find X and hence n for any given value of # , and for a wedge
of half angle 12, 59 (v = 67/36) the impedance necessary to null out the edge-diffracted
backscattered field is listed as a function of § in Table 2-6. Over a range of 30°
about edge on, the optimum impedance varies from 0. 216 to 0. 357 and is, of course,

real.

P (deg.) o P (deg.) n P (deg.) n
180 0.21644 120 0.72613 65 157259
175 0.22046 115 0.80194 60 1.63633
170 0. 23247 110 0. 88005 55 1.69527
165 0. 25234 105 0. 95976 50 1.74895
160 0. 27986 102.5 1 45 1.79690
155 0.31472 100 1. 04038 40 1.83876
150 0. 35655 95 1.12120 35 1.87417
145 0. 40493 90 1.20154 30 1.90284
140 0. 45936 85 1.28070 25 1.92456
135 0.51929 80 1.35446 20 1.93913
130 0.58415 75 1.43286 15 1.94645
125 0. 65331 70 1.50458 12,5 1.94737

Table 2~6: Impedance for zero backscatter at angle 6 .

To compute the width of the null a.nd/ or the effect of an impecfance which is
not real, it is necessary to know the function F(# ,X). Although this can be deter-
mined for a wedge of any angle, its expression is tractable only if v is the quotient of
two integers whose numerator is odd. An example is a wedge of half angle = 15°
for which v=% , and since this is similar to the wedge appropriate to our cylinders,

it is worthwhile to examine it in detail. As shown by Senior (1977), we then have

2
15 5
£( 12 7) f( 13 T) f(12 7) f( 12 T)

R 23 23 T T
f- B+ 5 m) £k = To ) KX= 4 T) £+ - 52)

(2.30)
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where a o 6p-10
-ﬂ- Cos 7 +cos }ﬂ Cos 7 +cos 33 '7r

= &2 (2.31)
f(a) = sec 99 2 - s
ﬂ {ms '1—1+ cos H } ﬂ {:os H+ cos _})_33 T
p=l p=l
The impedance necessary to null out the backscattering in the direction § is
1/2
n = cos -1—1-sin“1 cos —(— - P) cos —(— ) (2.32)
6 11°2 11" 2

and the values for § = 180°( -5°% 150° are as follows:

f(deg.) = 180 , =n =0.25882 ; P(deg.) = 160 , n = 0.32267

175 0.26287 155 0.35771
170 0. 27497 150 0.39973 .
165 0.29498

Over this range of §} the average backscattering is a minimum if the null is located
at @ = 1650. The corresponding impedance is 0,29498 and the edge diffraction co-
efficient is plotted as a function of f) in Figure 2-18, For 180° >P> 150° the cross
section reduction averages 16.8 dB, but much of this effect is lost if the impedance
is complex. This is evident from the curves for n = 0. 29498 exp (¥ i¥) with

§=n/6, 7/3 and 7 /2 which are included in Figure 2-18. If ¥= 7 /6 the average cross
section reduction over the same range of aspects is only 9.8 dB and if = 7/2 (re-

active impedance) the scattering actually exceeds that of the bare body.

In contrast to edge diffraction, reduction of a traveling wave contribution is
not so critical in its specification of the required impedance. Indeed, there is no
optimum impedance per se and it matters little whether the impedance is real or
not. Since the wave travels over the surface of the body before and after reflection
at the rear edge, any coating that will adequately attenuate the wave will suffice.
For ogival cylinders with a uniform surface impedance n, computations have shown

that the backscattering cross section in the direction of the first traveling wave lobe
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Figure 2-18: Edge diffraction coefficient for backscattering from a wedge
having (1= 159: (—) bare wedge, (—==)¥=0, (—-—)
¥=7/6, (—--—)¥=7/3, (~==-)¥=7/2, where
n=0,29498 exp(L iY),
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is roughly proportional to
-0.7 Re .
exp (-0 ksmax e.n)
and to achieve a 20 dB reduction requires only that

. 2.33
Re nzh/smax. (2.33)

The imaginary part of n appears to have little effect apart from a slight change in
the electrical length of the body with a resulting change in the phase of the traveling

wave contribution,

If the condition (2. 33) can be satisfied at all frequencies of interest, it may
then be possible to coat only a portion of the body. Coatings applied to the rear half
of an ogival cylinder were examined by Knott and Senior (1973), They showed the
importance of extreme care in fairing in the leading edge of the absorber and
arrived at an 'optimum' impedance specification of the form n o¢ (s - % Smax)z where
s is the surface distance measured from the front of the cylinder. It will be observed
that this places the maximum impedance at the rear edge where the traveling wave
reflection occurs. To reduce the front edge contribution as well requires an impedance
of about 0.3 in the vicinity of this edge, and an impedance which would be effective
in reducing both types of scattering is one which starts at 0.3, increases slowly over
the front half of the body, and then more rapidly over the rear. Indeed, for a body
of adequate electrical length for which the two main contributors to the scattering are (or
can be made) substantially independent of one another, it is possible to pose a true
optimization problem in which the task is to determine the impedance variation for a
maximum average cross section reduction over some range of aspects subject to a limi-

tation on the maximum value of the impedance available.

Unfortunately, such considerations are irrelevant as regards the present
problem. At the lowest frequency of interest, the ogival cylinder is only 0. 807X in
length, and to satisfy the condition (2. 33) now requires that Re - n 2 1.2, Even for

a coating of the maximum allowed thickness, none of the materials available provide
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an impedance greater than about 0.2 at 2 GHz, and complete coverage of the body
would now reduce the traveling wave return by only 3 dB. The constraints provided
by the lower frequencies effectively prohibit anything other than a coating of max-
imum thickness over almost the entire surface of the body, the only departure being
in the immediate vicinity of the front edge. Even for the front edge contribution
precise control is no longer possible because of its secondary excitation by the
residual traveling wave. The combination of the direct and secondary excitations

now produces a front edge return which is frequency resistive for all of the impedance
values available to us, and provided the edge impedance does not exceed about 0, 3,

there is no evidence that one value is better than another.

45



CHAPTER 3

SPECIFICATION OF A COATING

To describe the procedures that were followed to arrive at effective coatings

for the bodies, it is convenient to follow a chronological approach.

At the outset of the program we had no precise knowledge of the impedances
presented by the materials available, and our first task was to explore the performance
of various impedance specifications to determine that which would be most effective.
Then, as the properties of the available materials were measured, it became apparent
what impedance magnitudes could be realized, and our objective changed from a speci-
fication of impedance to the specification of a layer of the most promising material.
The entire study was numerical and based on an ogival cylinder whose length was ex-
tended to simulate the increase in size resulting from the application of a coating of

about 50 mils thickness. The dimensions of the extended body are as follows:

13.065°
10,942 inches

wedge half angle :

Q
surface radius : ' R
overall length £ = 4,947 inches

f : = 4, i .
surface length, top Sma.x 4,991 inches

3.1 Impedance Specification

Four types of surface impedance variation were initially considered, all of
them at a frequency of 3.75 GHz. They were
m

S
max {s
m

3
1]
=

for m = 0 (uniform coating), m =1/2, m =1 (linear variation) and m = 2 (quadratic
variation), and for nmax =0.2(0.2)1.0, where s is the surface distance along the
ogive measured from the front. Backscattering patterns were computed in each case,
and the values of 10 log o/)in the broadside specular (f = 900), peak traveling wave

(g = 144°) and edge-on ( = 180°) directions are plotted as functions of M max in
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Figures 3-1 through 3-3 respectively. We observe that in the broadside and traveling
wave directions the uniform coating which "puts most material on the body" is by far
the best. At edge-on, the uniform coating is best only for nmax < 0.33 (we did not
explore the behavior for n <0.2). With increasing M ax > 0. 33 it becomes inferior
to all the other coatings (and actually raises the edge-on return if M ax >0,57), and .

1/2

the s variation is then the best.

“ These are quite different from the findings of Knott and Senior (197 ) at a
frequency equivalent to 7.5 GHz, but it must be recalled that the coatings were then
applied only to the rear half of the ogival cylinder. To avoid the potentially large
scattering from the leading edge of the absorber, it was found necessary to have the
first and second derivatives of n(s) zero there, forcing us to the 32 variation of the

impedance. By covering the entire ogive we are able to circumvent this difficulty.

Since all of the coatings used are reasonably effective in reducing the traveling
wave contribution, particularly for the larger values of nmax » attention was now
directed at the front edge or 'tip' contribution. From an analysis of a uniform im-
pedance wedge (see Section 2.4), the optimum impedance for edge-on incidence is
n = sin{}, implying n = 0.21644 for Q=12 5%, To see if there is any improvement in
performance by starting all of our tapered coatings with this non-zero value of n at

the edge, we considered

S

= + -

n ntip (nmax ntip) Smax
for m=1/2, 1 and 2 with Max 0.4(0.2)1.0 and ntip =0,216. The results are shown
as broken curves in Figures 3-1 through 3-3, and are not particularly surprising.

The greater amount of material on the body reduces the broadside and traveling wave
returns compares with the values previously attained for the corresponding Max’
and at edge-on the scattering is now almost independent of M nax’ suggesting that the
tip is the dominant contributor. However, in the important traveling wave direction

the uniform c‘o.ating is still superior..
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Figure 3-1: Broadside backscattering for different coatings.
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It seemed likely that we could improve the edge-on capability of a uniform
coating whilst retaining its performance in other directions by tapering the impedance
down to a pre-assigned level at the tip. To pursue this idea, we selected the case
Mnax 0.4 and replaced the impedance over the first inch of the surface by a sinu-
soidal taper. The actual impedance variation used was

1 =T’tip+(nmax-ntip)sm -2-7&55 ? OSSSSI

= s, <s<s
nmax ? 1=

with s =1 inch and n =0,4. We first tried n,, =0.214 and then progressively
max tip
reduced n,,

tip
reduction in ntip produced a very slight (0, 09 dB) increase in the broadside cross

in steps of 0.01 until the edge-on cross section had bottomed out. The

section, a somewhat larger (0.73 dB) increase in the traveling wave peak, but a sub-
stantial (8.95 dB) reduction in the edge-on return. The edge-on and traveling wave
cross sections are plotted as functions of ntip , 0,094 < ntip <0.214, in Figure 3-4,

with the values for nﬁp =0 and 0.4 (uniform coating) included for comparison.

The backscattering pattern for the optimum tip (ntip =0, 104) is plotted in
Figure 3-5 as a function of angle, 130° << 180° along with the corresponding
curves for the bare body and the uniform (n = 0.4) coating. The 'optimum' tip would
certainly seem to have had a desirable effect and the average cross section reduction
(straight dB averaging every 5° over a 30o range) is 14.6 dB compared with the
7.2 dB provided by the uniform coating. However, these figures are a little mis-
leading since most of the energy is in the traveling wave lobe, If, instead, we
compute the total scattered power over the 30° range by converting the dB to actual
powers and then sampling every 40, we find that the optimum tip provides a reduction
of 10. 8 dB in the bare body return, while the uniform coating gives 9.4 dB. On this
criterion, the optimally-tapered tip provided only a small improvement, most of
which could also have been obtained by tapering the impedance to zero. The O-tip

pattern is included in Figure 3-5, and though the cross sections in the edge-on
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and traveling wave directions both exceed the values provided by the optimally-
tapered coating, the total power reduction of the bare body scattering is only 0.3 dB

less.

Apart from the difficulty of fabricating an optimally-tapered coating, it was
apparent that the optimum tip value is highly frequency sensitive because of the phas-
ing between the direct tip scattering and that which is traveling wave induced. This
conclusion was reached from a consideration of the near edge-on scattering behavior
and was reinforced by the results of computations for complex surface impedances.
For these tests we chose a complex impedance suggested by the values for material
OG-C-1 whose properties had just become available., By scaling the impedance in
Table 2-2 for a coating 50 mils thick at grazing incidence so as to obtain an impedance

whose real part is 0.4, we have
n=0,4-i0,201 = 0,4(1 - ix)

with =« = 0,5025, When the previous tapering experiments were repeated with this
impedance, we were unable to locate a value of Re. n tip at which the edge-on cross

section 'bottomed out'. Indeed, the minimum for Re. ntip >0 was obtained with

ntip =0, In Table 3-1 we list the cross sections for edge-on, traveling wave peak
and broadside directions for a series of Re, ntip , along with the total scattered
power reductions computed as before.
Re. tip Edge-on | Tr. wave |Broadside |Total power

0 -33.51 -12.83 4,70 - -10.2

0. 05 -31.47 -12.96 4,63 -9.6

0.10 -29.25 -13.09 4,57 | -8.9

0.15 -27.31 -13.20 4,51 -8.3

0.4 -21.11 -13.68 4,21 -5.6

bare -22.44 -3.88 11,67 —_—

Table 3-1: Effect of tapering the impedance n = 0.4(1 - ix),==0,5025.
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The 0-tip coating is now markedly superior to the uniform coating. It is, in effect,
the optimum coating for this material, and yields a total power reduction which is
almost the same as the best that was achieved with n real. The scattering patterns

for the uniform and O-tip coatings of this material are shown in Figure 3-6.

3.2 Coating Specification

From the expression (2, 20) for the impedance of a single layer, it is easy to

discern the properties desired in a coating material, If |kd @ ‘< <1,
n e -ikdy

and to get Re. n large the material must have high magnetic loss. This is particularly
important at the lowest frequencies of interest, and to have Re. n>0.5 at 2 GHz with
a layer only 50 mils thick requires Im.y >9.4., To maintain the same cross section
reduction capability at all frequencies (as regards, for example, the front edge con-
tribution), n should be constant over the band and this would be true if € and uwere
each inversely proportional to frequency. In practice, however, we could accept some
reduction in Re. n with increasing frequency because of the increasing electrical size
of the body, and this suggests the possibility of seeking a material which resonates at

the lowest frequency.

Unfortunately these properties are hard to achieve, and of the materials that
were measured, none had values of Re. nin excess of 0.6, with even 0, 2 being
difficult to attain at 2 GHz. All that we could now do was to select the best of the
materials that were available and attempt to optimize its application to the cylinders.
Because of its magnetic loss the material chosen was OG-C-1 whose relative per-
mittivity and permeability at each of the four designated frequencies are listed on
p. 32. Henceforth our optimization procedures were aimed at specifying the thick-
ness d of a coating of this material and we started by paralleling our previous in-

vestigation of real impedances at 3.75 GHz.
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Program RAMD was run for coatings of the OG-C-1 material having the

following thicknesses:

S 2
d = s
max |s
max
d=4d ,
max
i sin==2 0<s<s
max 2s1 - 1
d =< for
d s, <s<s
max 1= = "max
.
where d = 0, 050 inches
and sl = 1,0 inches .

The three coatings will be referred to as the s2 , uniform and O-tip coatings respect-
ively. The thickness variation was specified as an input to the program, and the
corresponding values of the surface impedance were determined using the single
layer subroutine described in Appendix B. The resulting scattering patterns are
plotted in Figure 3-7 along with the pattern for the bare body. The cross section
reductions achieved are summarized in Table 3-2 and we note the superiority of the

O-tip coating.

Coating Edge-on Tr. wave | Broadside | Total power
s2 1.90 -2.20 -2.19 -2.2
Uniform 2.66 -11.11 -9, 87 -6.2
O-tip -12.74 -10.90 -8.92 -13.1

Table 3-2: Performance of material OG-C-1 at 3. 75 GHz.
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To explore the effect of a change in the length 8 of the tapering distance, we

also ran the program for s, = 0(0,25)1.5 inches. The case s, =0 is, of course, the

uniform coating. The crosls sectional changes relative to the }oare body are plotted
in Figure 3-8. The traveling wave peak for the bare body occurs at f= 1440, but
since the presence of the coating displaces the peak (from 152° for 8 = 0 to 142° for
8, =1,5), we have simply compared the peak return wherever it occurs with the bare
body peak in computing the cross section change. The calculation for the total power
was carried out as previously described. We conclude from Figure 3-8 that a taper
length of about one inch is optimum at this frequency and provides between 11 and 13 dB
reduction in those features which are significant in the aspect region about edge-on

(see Figure 3-9).

To see whether this choice is also the best at other frequencies we now repeated
the experiment starting with the frequency 2.5 GHz at which the edge and traveling
wave contributions to the bare body scattering are in phase for edge-on incidence.

The relative permittivity € and permeability 4 used were
€=22,46+1i0,31, 1L =4,80+1i3,24

in accordance with the data measured by the Avionics Laboratory. For the bare body
the traveling wave peak occurs at approximately 1360 and Figure 3-10 shows the
change in the cross sections at edge-on incidence (f = 1800), in the direction of the
traveling wave peak(f= 136°), at broadside ( ¢=900) and based on the total power, as a
function of the taper length 8 in inches. The traveling wave peak is a minimum for
sl-’: 0.75, but the minimum of the edge-on return does not occur until slﬁl. 30.
Since we have computed the total power only over a range of 30° from edge-on, the
total power is more affected by the edge-on return, and its minimum occurs at

sl'-"- 1.55. However, this is probably due as much to phase cancellation as to the
actual reduction of the two contributors involved, and there is no more than about

1 dB improvement resulting from the use of any taper lengths other than one inch.

From 8 = 1 inch, the total power and traveling wave reductions obtainable are be-

tween 4 and 5 dB, and the scattering pattern for this coating is compared with that

of the bare body in Figure 3-11,
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Figure 3-10: Effect of taper length for material OG-C~1 at 2.5 GHz.
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At 2 GHz, on the other hand, the same coating is almost completely ineffective
(see Figure 3-12), Because the two bare body contributors are nearly out of phase
at edge-on incidence, the coating actually raises the edge-on cross section by 3 dB

and the total power reduction over the 0 to 30° aspect range is only 0.4 dB.

Similar computations were also performed at 7.5 GHz for which the edge and
traveling wave contributions are again in phase for edge-on incidence on the bare
body and the cross sectional changes for s 1 0(0.25) 1, 0 inches are shown in Fig-
ure 3-13. The traveling wave peak now occurs at f = 1540. The decrease in the

broadside return with increasing s, is due to the fact that the specular and edge con-

tributions to the bare (extended) botiy scattering for @ = 90° are almost out of phase
at this frequency (see Knott and Senior, 1974): the precise out of phase situation
occurs at 7,820 GHz, and it is therefore not surprising that the increase in the
specular contributor resulting from the increase in 51 (less material on the surface)

can actually produce a decrease in the scattering at f§ = 900.

The improvement in behavior produced by the taper is somewhat less than at
3.75 GHz. The various curves have minima that occur at smaller values of s 1 and

for the traveling wave the minimum is actually at s, =0 (uniform coating). The best

1
overall performance is obtained with sld 0.5 inches, but it is not significantly better
than that achieved with s, = 1.0 inches. Although the edge-on reduction for s, =1.0

1 1
inches is only 5 dB, we remark that the edge-on return for the bare body is itself

low, and this choice of taper length is sufficient to produce 14 to 16 dB reduction in
those features of the scattering which are of most concern. The patterns of the bare

and coated bodies are shown in Figure 3-14.

As evident from Figure 3-14, there is still a significant traveling wave con-

tribution, but to see whether the entire lobe centered on f = 154° is due to the
traveling wave alone, we have examined the surface fields for the above series of
coatings. By looking at the magnitudes of the currents for ¢0 = 154° over that portion
of the upper surface where the rearmost oscillation occurs, the forward traveling

wave amplitude can be deduced from the levels of the maximum and minimum in the
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Figure 3~13: Effect of taper length for material OG-C-1
at 7.5 GHz.
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oscillation. Since the traveling wave contribution is proportional to the square of
this amplitude, comparison with the corresponding value for the bare body enables

us to determine the reduction which has actually been achieved. The reductions are
listed in Table 3-3 along with those deduced from the backscattering, either on the
basis of the scattering at 154° or by selecting always the peak return in the vicinity
of this direction (we remark that for the uniform coating the peak actually occurs at
1480, with the peak moving progressively back to its bare body position of 154° as

8 increases to 1 inch). Three conclusions that can be reached are (i) the traveling
wave reduction deduced from the surface field data is independent of s1 , as expected;
(ii) consideration of the cross section at 154° as done in Figure 3-13 exaggerates the

reduction provided by the uniform coating, and by the coatings with small s_ ; and

1
(iii) the actual peak value is affected by o and, hence, the edge scattering. In no
case does the actual reduction in the traveling wave as indicated by the surface field

fully manifest itself in the backscattering pattern.

1 0 0.25 0.5 0.75 1.0

surface field 16.7 16.7 16,7 16.7 16,7
¢ =154° 22.9 | 16.6 14.3 13.9 13.8

local peak 15.9 15.0 14.0 13.9 13.8

Table 3-3: Traveling wave reductions in dB at 7.5 GHz.

In an attempt to realize the full reduction which the coating is capable of, we
have examined the effect of starting the one-inch taper with a non-zero thickness

d= d1 at the front edge. The thickness variation used was

TS
= + - I —
d d1 (dmax dl) sin 251 s

055551
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and data were obtained at 7.5 GHz for

o
[}

= 0.003inch , implying m = 0.054-10.033
0.010 inch , 0.110 - i0, 064
0.015 inch , 0.172 - 10,091

all for s, =1 inch. The patterns in the aspect range 140° <Pp< 180° are plotted in

1
Figure 3-15 along with those for the coated body with d, = 0 and for the bare body.

Judged from the surface field data, the value of d1 had 110 effect on the travéling
wave. The broadside scattering varied by no more than 0.1 dB, but the choice

d1 = 0 01 inch reduced the edge-on backscattering by an additional 10 dB. It also
reduced the traveling wave peak by almost 2 dB more than the 0-tip coating,
bringing the peak down closer to the level indicated by the surface field data, and
had a significant effect on the total power (see Table 3-4). Increasing d1 to 0. 015
inch reduces the peak by a further 1 dB and also reduces the total power a little
more, but the edge-on scattering is now on its way up. It would appear that this is
close to the optimum coating at 7.5 GHz, but since the mechanism responsible for
this type of tuning is almost certainly phase cancellation, it is questionable whether

the results obtained are practially significant.

d1 0 0. 005 0.010 | 0.015

surface field 16.7 | 16.7 | 16.7 | 16.7
tr. wave peak 13.8 14,5 15.3 16.3

edge-on 9.2 9.7 15.6 12.3

total power 14,4 15.5 16.0 16,3

Table 3-4: Cross section reductions in dB at 7.5 GHz
for various tip thicknesses.
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Figure 3~15: Effect of OG=C~1 coating at 7,5 GHz for 8, = 1 inch with
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We also carried out calculations for the O-tip coatings at the highest frequency
15 GHz using a total of 150 sampling points on the body. Since the surface impedance
provided by the full 50 mils of coating is now only n = 0,24236 +i0, 18578, the per-
formance is poorer than at 7.5 GHz. The effect on the broadside (§ = 900), traveling
wave peak (§ = 160°) and edge-on (§ = 180°) cross sections of the taper lengths
U 0(0.25) 1,0 inches are plotted in Figure 3-16, along with the total power reductions
computed using the data at every 2° from 180° to 1500. We remark, however, that
for the smaller taper lengths the actual traveling wave peak occurs at a somewhat
smaller angle than 1600, and the true reduction never exceeds the 12,6 dB computed

from the surface field data. Judged by both the traveling wave and the total power,

the uniform (sl = 0) coating is the best, but the case s, = 0,25 inches is best as

1
regards the edge-on return and there is no more than about 1 dB difference for any
of the values of H considered. The patterns of the bare and coated (with 5, = 1 inch)

bodies are shown in Figure 3-17,

In addition to these investigations we also examined the effect of different
thickness variations, e.g. an S-shaped taper, in the vicinity of the front edge.
None proved superior to the 0O-tip coating and subject to the constraint on the maximum
layer thickness it would appear that the optimum application of the OG-C-1 material
is in a layer whose thickness d starts at zero at the front edge and rises to a max-
imum of 50 mils in a distance of one inch. At the four designated frequencies such

a layer produces the cross sectional changes shown in Table 3-5.

f(GH
& 2.0 3.75 7.5 15.0

tr. wave peak | -0.3 -10,9 -13.8 | -12.4
edge-on 3.2 -12.7 -5.2 1.1
total power -0.4 -13.1 -14,4 | -11,3

Table 3-5: Cross section changes in dB for optimum
application of material OG-C-I,

71



‘ Edge-on

Broadside

change

-10 + Total power
f Tr. wave {

1 I |
20 5 0.5 1.0

) (inches)

Figure 3-16: Effect of taper length for material OG-C-1
at 15 GHz.

72



/0 301 01

73

=20

-40

90

120

150

180

P (degrees)

Effect of OG-C-1 coating with 8= 1 inch at 15 GHz.

Figure 3~17



Towards the end of the Contract a material was proposed whose properties
were attractive as a coating material. From a knowledge of its composition, the
relative permittivity and permeability were predicted at a number of frequencies and
these are listed in Table 3-6. Two versions of the material were manufactured and
designated TCPER-25 and TCPER-26. They had somewhat different dopings and
their electromagnetic constants measured by the Avionics Laboratory are included
in Table 3-6. Backscattering patterns were computed for O-tip coatings of each
material applied to the ogival cylinder. The cross section changes obtained are
given in Table 3-7. Comparison with the results in Table 3-5 shows that a material
having the predicted properties would have been superior to OG-C-1 as a coating,
but that neither TCPER-25 nor TCPER-26 is, the poorer performance being

attributable to the inflated values of the permittivity.

f € 7

(Q 'predicted’ TCPER-25 TCPER-26 'predicted' | TCPER-25 | TCPER-26
2,0 [36.0+i1.0 | 62,4+155 16.4+10.68 6.1+i4.0 | 5.4+i4.2 5,.0+i1,77
2,5 | 36.0+i1,0 | 80.5+1i68.2} 16.0+1i0,75 6.1+i4,0| 5.6 +1i5,1 4,7+1i2,16
3.75|35.0+1i2.2 | 66.5+i32.3| 16.3+10,88 4,5+i3.8 | 3.0+1i3.8 3.7+1i2,39
7.5 133.0+i2.5 36.0fri12.2 16.1+1i0.38 3.2+i3.6 | 1.8+1i2,2 2,3+1i2,10
15.0132.0+1i3.5 | 28.6+1i7.8 | 19,0+13.56 2,0+i3.410.2+1i0,9 1.5+i1.lé

Table 3-6: Properties of three candidate coating materials,
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2.0 2.9
f (GHz)
'predicted' | TCPER-25 | TCPER-26 | 'predicted' | TCPER-25 | TCPER-26
tr. wave
peak 2.0 -2.9 2.0 -11.0 -5.8 -2.5
edge-on 4,0 2.2 2.9 -3.4 -8.1 1.7
total power -2,2 -1.4 0.5 -8.2 -5, 7 -0.8
3.75 7.5
f (GHz)
'nredicted' | TCPER-25 | TCPER-26 | 'predicted' | TCPER-25 | TCPER-26
tr. wave
peak -12,5 -7.1 -8.7 -12,1
edge-on -20,0 -11.1 -4,0 -8.4
total power | -15.4 -7.3 -7.9 -12.9

Table 3-7: Cross section changes in dB for three coating materials.
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CHAPTER 4

COMPUTER DATA

During the course of this study, a large volume of data has been generated
using programs RAMVS and RAMD, primarily the latter. The data are all for H
polarization and include the surface and backscattered fields of ogival and wedge
cylinders, ogival cylinders with various impedances specified over the surface, and
ogival cylinders with coatings of several materials and thickness variations.
Because the cross section reduction tasks for the ogival and wedge cylinders turned
out to be almost identical, most attention was given to the former shape. The data
presented here are only a small fraction of the total obtained and limited to those

situations for which experimental measurements have been performed.

On the following pages we show backscattering data for wedge and ogival

cylinders at 2.0, 2,5, 3.75, 7.5 and 15.0 GHz, specifically

Bare wedge cylinder (for dimensions, see p. 6 )

Bare ogival cylinder (for dimensions, see p. 6 )

Bare ogival cylinder, extended size (for dimensions, see p.46)

S W N =
e e .

Ogival cylinder with uniform coating of OG-C-1 material, 0,050 inches
thick
5. Ogival cylinder with linearly tapered coating of OG-C-1 material,
0 to 0. 050 inches thick |
6. Ogival cylinder with OG-C-1 coating, cylindrical (i.e. O-tip) taper

from 0, 050 inches to 0 over 1 inch (see p. 57).

Then angle labelled theta is the angle @ of the text, with 180° corresponding to edge-
on incidence. The tabulated quantity is the two dimensional cross section o/Xin dB
and is related to the three dimensional cross section of an 18-inch section of the

cylinder by equation (2. 3).

The following table may assist in locating a particular data set.
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Table 4.1.1: Bare wedge cylinder; 2.0 GHz.

—____BACKSCATTE2ING CROSS SECTICN -

THZTA 1 *LOG(SIGMA/LAMPDA)  PHASS

59,00 -11.41 22C.1

_Be00 _ =5.93_________ ___202.4 67,02 =103 . 216.3
1.C¢C -5.93 2G2.4 6L.0¢ -9,27 214.C
2,02 =5.92___ 22.8 e B24C0 . =Be22..— . . 243.0
3407 ~-£.97C 2(2.8 653.3" -7.21 212.9
Q.BC ‘qnﬂﬂ 2t3-2 GQ.DC '5.27 213.&.
507 -5.85 2{ 3.8 55400 =539 214.9
_Bed: -5.82 20,2 T 65450 . =4JSE._ . 216.2
7.0C -5.78 2lbL.8 6700 -3.79 218.8
._8.,3" '5..7.‘! R 205.& ﬁa.cf ‘30-'38 22103—
Q.0 -5469 2(Cels 69,0¢ -2.41 2248
117,17 -5.04 2773 72,047 -1.78 228.9
1103" . '5058 2:8-3 71000 ’1.19 ch.‘:'
12-33 _'5.52 2:9.“0 7’0E1" ".0.55 23302—
13.00 -5S.4E 21J3.€ 73.0"7 -elils 236.E
1422 =544 2ii.¢8 74407 o34 .. 2uiel
15,00 -5.33 213.2 75.00 78 243.7
16,21 . -5,27 214 .6 75.3° 1,21 267,23
17.3" -5.,2¢ 21€.1 77.0C 160 251.1
18,0 -5.14 - 217.% 78.00 _  _ 1.96 . . 2%4.9
1Q'QE -5."8 219-2 79.U" 2.3&‘ 258.3
2003 =5,02 . __ . 223.9__ 37,00 268y ZE2.7
21.77 -4,.96 222.¢ .~ 91.09 249¢C 26647
220,3" 'thi 22“-“ "Z.G" 1;17 27;.1
23,701 -~Le487 22te3 ' 43.Cr Jobk2 27448
2%ell =ugB3 228.2 . i B4,0C 664 . 278.€
25497 L4739 233, 85434 : 3¢85 283.1
23'::_____.,__.,,.‘1‘177. ——— 272.1A S 55.9: — l’.:l'_‘._,.___.“” 237.3
27, =472 cTh 2 87,07 - L27% 291.°¢
28,00 =TS 233,22 28,7070 4435 .. 29%.7
29, -4,75 236432 R, 7 . Let$ 3.0
2007 =waTT 2405 . e, e80T 342
21,00 -%.2C 2L2.7 ’ 31437 “.59 3ra.t
20 . =448 2LL.C 8207 . 4077 312.9
33037 -L471 24761 33,97 L,33 I17.2
ILe 37 =-L.32 29,3 _ A4, 7 e _321.t
35037 -5419 2€1.5 a3,3" Lo07 32€.}
360:‘_._____,.___,_,'4:l21 R 253064 - 96.‘”"’: e ‘0.92 : - B 33:Ql‘
37.5° =535 2564 37437 L‘o,oi I344 8
38,0 =5.52 . . 2c8.2 984Tl ... We433 ___ 233,2
39%,.7 -5.71 28T 4 Q9,07 L,%F 3L3.6
L3403 -5.9¢ 2€2.% : 19,27 . L LGRYL . 34841
61,370 ~6419 2hbk .6 ) 171.0% 476 35245
L2,3° -Hebk8 ... 2BBe& 402,00 LeHhH . . 32C7..
43,77 -6e31 2EB .4 193647 LeTH 1.4
’ﬁl‘.ﬂ[‘-________“~-7.1ﬂ e — e = 27901“_________,__,17"40 0":_._____,,. — o lQQI‘E e 5.9
45,57 -7.59 271.7 1°5.2¢ 4433 1.3
46,37 =8.°5 272.9 106,00 YelG 14,8
4707 ~8457 273.9 177407 Ly 3 18,2
5,8.0421‘ f9-15 27L.4 8%.0C 3.8€ _ __ . 23.8
L9,30 -9,78 27443 119,25 3.67 28,2
59,62 -12.47 273.6 34000 347 . 328
5130 -11,23 271.8 111.00 3.2¢ 37.2
52.9° =11.95 268.8 142,92 3.532 41.8
53.0C -12.57 26442 113.0¢ 278 4663
1 -13.25 258.C 114,30 2.52. _._50e8
55,07 -13.59 25C .1 115,00 225 €S54
56637 =13.56 ____ 2L1.4 116,35 1,96 59,9
57.C" -13.14 232.9 117.9C 1.66 €Lk
56‘00 i '12035 22506 11&|’J" 103‘0 69!E
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Table 4.1.1 Continued

119.0" 1.0¢ 73.6
123.0°C s 55 78.2
121.90¢8 «29 82.8
122, 9¢ I =e9_ _87.4
123.DC -8 92.1
124,00 -.89 9508
1250@‘: '1.31 1?1.5
125.08C ———=1.75 _____ ____ _1(6.3
127.,23° -2.2° 111.1
128,020 . =266 . .. 116.C
129.00 -3.14 121.2
132,30 =3.53 12640
131.0¢ =bolt 131.1
132.': C o =lbebb .. 136.3
133.00 -5.,18 161.5
1344212 -=5.72 147.2.
135.0% -6427 152.5
125,0°€ -6,.,82 158.2.
137,30 -7.37 1840
138.00 o =7.92 ______  17G.CL.
139.07 -8.46 17642
,1‘4’_‘03"' _=9.iC 182.6;
141,37 -3,51 189.1
JL&Z-_QH ~10.C1 195..3._
143,37 =147 21 2.8
.luh‘]‘: =12.91 .209.9.
145,350 -11.29 217,1
146480 ____=131.82 . 224.3
1“7.7“ -2i.91 231.6
163,32 =124 . 2284.8.
143,37 -12.32 2L5,1
18202 =12.45 . 252.9
151.0° -12.582 259.E
4.5205: R '12057 — 2€5.1
1—30:‘- ’120‘:? 27203
A0% i =12.54  _273%.2!
155,02 -12.42 223,58
155,77 =1Ze42 28843
157,07 -12.36 293.¢
183,07 .~ . =12.26 2%8.¢
A8T,0 7 =127 . 3170
151,.,7¢ -11.27 31:07‘
152,00 -11.3¢ 31443
161‘00] - '11.70 J— 32:-E
1"504. '4.1.62 323.10
166497 =11,55 __ . 32€.L.
167,37 -11.%48 32844
169%9.00 _ =14,41 ... 330.6
169.13 -11.25 332.€
179622 .=11.30 e 33644
171.3¢ -11,.,25 335,73
172,27 -11.21 327.5.
173.3° -11.17 33847
174,80 SN § 'S LS . 339.8
175.C7 -11.11 3L ,8
176.12 —=11.39 . 3L1.5
177.900 -11.,77 342,.1
173,.2°% =11.76 _362,5_
179.0“ -11.C5 342.8
189,98 =115 34248

79



Table 4.1.2: Bare wedge cylinder; 3.75 GHz.

——-...3ACKSCATTERING CROSS SzCTION. .

JHZTA __ 13*LOG(SIGMA/LAMBCA)L _ PHASH

1. .‘:_..___._,-.._.._'398. —— ——— 134.3
loar -¢98 13‘0.5
_2-:’ ’192 — 13‘0-‘5
3.0° -+ 95 125.€
—4.00 =.93 13645
5-0:‘ -.89 13708
j— .2: ‘..85 139-3
7.00 -e80 161.°
8.0 -,.7‘0 - ,1“305
gyg‘: -e658 1“5.2
A2.% =62 147.€
11.1¢0 -e52 150.2
12,62 —el3 . 153.2
13.9% -033 156.2
4,52 ~s232 —— 1£9.5
1503’ -.12 162.9
15.0¢ =2l 1EE.E
1707 12 173.2
19,00 o e24% . 1744
19.°" 37 178.1
20430 o ek9_ . 182.7]
21.7° 62 186.¢L
22,121 7L _1¢C.7
2300 .85 165,14
24,07 «9% .. ... 4i93,7
25.40 1.°¢ 2i 6.2
25477 1042 2 2.
27.0° .20 213.8
2327 1.25 28,7
29.CC 1.23 222.¢
R D Pl e 22547
31,77 1.27 2234t
3260 .- . 1.23 . __ 233.1
33.%1 1.18 bbb
34,0° 1..5 .. z2te,.t
35437 093 255.4
_36.355 — Y b N 5
37.0° b7 2€6.8
23.90_ _e18 . 272.8
390'." ‘017 278.9
-5'10_3. __:.Fs 285-1.
L1,3°7 =1.78 291.6
BUY- R ¥ % - ¥ (RS 298.4
43,320 ’2.36 3"50‘.-'
Lu,07 . =3e.18 ____ ___312.9
45,37 -4,15 321.¢C
45,21 -5.31 329.8
47.010 -6.70 339,13
L8.07 -8.37 358240
L9,0¢ -12.36 7.7
- ':uc‘: '12-52 2909
51.7°2 -14.02 61.€
52,17 =13.54 37.3
53,27 -11.409 125.5
__5_‘#.0_'3 ‘9023 _‘___1‘05.1
SS.OE -7e24 159.7
. 5600\3_________ =5.56____ _171.°
57.5-} -“.17 181'7
58.0% =-3.01 161.1
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59.0C -2432 199.9
—560.00 -1.21 20843
61,07 -¢53 21645

-. 6240C - ~he e 22he5
63.0C Wbl 23244
__54,0" 786 24042
6543 97 2L8,C

- B6he07 e L 255.¢8
B57.0C 1.7¢ 263.8
—b68.8C + 9t —— 2714
59400 .69 27¢%.2
23408 2C 287«1
71-0‘. -e26 295.0
—72.02 ~1.CC 3332
73,00 -1.39 311.2
..._11003' =3.29 319.5
' 75.0C -5.%6 32842
—7642C -7.55 337.°%
77.0C -11.45 3483
1—75003 ————‘1QQZF -—-11.8
7942 -21.72 164,3
—82%.12 ——-‘lioss— 17209
81.9° -£.35 185.0
—B82.3¢ -3.73 19“.6
8%.2° 1.4 273.¢
—84,4C o 45 212.3
85.,0° 1.97 220 o4
4_56014- -3025«v———~~—-—-~ 225.5
37.0C Lo 35 22€.8
—88.2¢ .29 2LhLa.C
B83.0f Goll 2¢3.1

~.9%. 02 - . 5.81 2el.t
a1,.02% 7oLl 2rG.2
9262 L. L7830 e . E77a2
93,21 R.38 28%.3
94,22 3a76 .. .. 2934
95,37 9.8 Jitlel
- 95600 — . 9.3¢ 3.3e4
97.3¢C 9,48 31744
..98%,37 _ 2.52 2% eu
92,137 3.7% 33344
-1c2.0¢ 9.72 36144
171,37 3.ES L9,
402,00 . 9¢61... ... 3%7.3
123.3° 9.47 53
itk 9.29 13.2
165.0¢C Q.36 2i.1
129448 2.78 - 29.¢C
127.3° 8.040 3€.2
~4L08%8.3C e BB .. LL.S
i609.0¢C 7.51% £2.7
1120020 L Tal2 6LeE
111,07 5¢57 €844
-112.2¢C 5435 .TB3
113.7° 5.27 8L.2
114,00 . LkeS52.. __ _ . 92.1
115,37 3.7¢C 1038.°
2116020 - 2.79 12842
117.3° 1.79 146.1
~113.0¢0 B8 124.3



Table 4.1.2 Continued

119,97 =S¢ 132.¢
21220 -1.93 161,33
121.0f =348 153.3
122,20 =5.286 ____ . 160.C
124,.,3° -9.7¢ 183.8
125.0¢C -12.65 201.0
126,02 =15.82 .. 22669
127.00 -17.83 2EE.3
128.5L—___.‘.16.82_.______.__.. 3C6e2_
129.C¢C -14,53 332.4
132,08 =12.58 349,84
131,38 -1C.93 260
132.22 =374 12.3_
133.0C -8.83 21.3
134,07 =8415 29.4
135.:”" '7.6" 37.;
126,00 =7.28 L.
137,97 =7.04 50.9
138,00 =691 S5Ta5_
139,36 -8.86 63.8
142,00 =5.90 69,8
141.3" -7.22 75.7
As2,p0 =7.2% 81.3_
ihL 3 '7514‘4 86-8
44,19 =7.75% 92.1.
1‘05.3. "8.11 97-1
145422 =8,53 102.0
147,350 =9.3¢ 1(6.¢
_1!18-1’ ‘9;=’ 11:4,-9__
149,00 -10.11 115.7
152.3¢2 =1Zl.74 118.7_
1514370 =11.43 122.1
152,20 =12.18 125.21.
153.43¢C -12.9% 127.7
ASL a0 =13,3¢L 129,¢_
155,19 “14.75 135.9
156,77 =13.74 13844
187437 ~1&8.,71 13¢.9
1538. -__._____._.‘170?2 ,____-__,..__12902,‘
159.35¢ -13,71 126.1
157,¢ =13.H7. . 121.%.
151,27 ~2"431 115.5
132,00 —— 20T 108,55,
163,0° =27,93 101.1
b LN =2748° -— 941
165.35° =254l 8840
150,12 -19.9¢ 83.2_
1570-"“ “.90"1 7905
1638.0° =18%,85 768.,8_
169.”‘ -13132 7‘0.9
172.482 -17,83 ____T3.8€_
171000 "17.39 72.7
172.¢ =15.99 T2e2.
173422 -1€.65 71.9
17_@.'”‘ '16.3‘_‘ ?1!8_
175.00 -16.12 71.7
176,2° =15.92 Ti.7_
177.0C -15.,77 71.8
4178- ar '1.5_0_6_6 71 1_5_
179.3¢ =15.6¢( 71.8
183.08 -15.58 71.9_
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Table 4.1.3: Bare wedge cyhnder‘ 7.50 GHz.

JHSTA __17*1L0G(SIGMA/LAMBDA) __ PHASE. . ‘
: 59,00 2,91 294.3
—%e01_ 4,21 257.8 60433 1.90 313.2
1.0° 1.21 258.C 51,00 55 33546
_2,10° 1.21 _258.F, 62400 . =4,10 . 1.9
3,00 1.22 259.5 63,07 -2.68 34,9
L, 0L 1.23 2€2.8] B4 01 -3.28 24,5
5407 1.24 262.5 65.1° -2433 113,3|
_6.0% 1.25 25446 _68.07 _ =63 . . 145.1!
_8.00 1.24 269.6 68402 2,32 192.6]
9,87 1.22 273.2 69,335 3.21 212.5|
19.9¢ 1.19 27644 70,19 3.72 231.2.
11.3¢ 1.14 281.1 71.0C . 3483 2L9,3
12407 1.06 285. 1/ _72.82 3.53 2€7.2.
13.00 +986 293.8 73,02 2,76 285.4
A4.00C _e83 296.5 _ 74,90 _1.42 3lboks.
15,0° 67 302.7 75,00 =72 3254
15.0¢ 248 3€9.6 75 0f =4,77 252,14
17.0¢0 25 317.1 77.00 -8,78 39,2
18,207 =e.1 325.5 7300 =825 . . 117. 6.
19.3¢L =e3L 334.7 79.0° -3.27 161,9.
23,77 =s61 344.9 _3j3.0n _e25 187.7.4
21.%¢C -s01 256,14 81,07 2.59 20843
22.0¢0 -1.19 8.5 _82,0% 3el4 22745
,?’-oCC___.____M_-l.QE e ... 3647 _.84.00 5452 R -.26201.,
25.22 1,42 €z.¢ 83,67 S.ul 279.4 1
29,00 =Le2f . B7.t _RH NI e W82 . 297.C.
270 ' - 21 8.5 87.0° 3.51 315.3;
2840 =433 . @z,e C_8%,2" _1.12 3547,
23,77 o 37 113.3 8g,2: -2.39 KPR
BVelUT 493 . 129,1 92431 =9.33 . 7i.4)
31.0¢ 1.5% 1L1.E 1,5 -2.52 15544
32637 2,13 155.% 82e3T___ . 2,35 .. 18745
33.5° 2455 167.8 23,07 5438 20 8.5
34,7 3.8 1844 - 8,71 226417,
25437 3is1 1e2.¢ 95,37 17,68 2.3,7
350 : Sehb —— 20543 L95¢T1 . 12,48 . . .. 26741
27.9° 2.75 217.7 Q7,6 ’ 1‘5 32 27262
33.3{___'_______”3.73 . 23263 - L P B W20 - B T-3 D
3%.3° 3.56 243.2" 97,357 {4630 3.7 7'
LI, 00 023 2‘5.5 410,57 345,19 222,z
4il.27 2473 2754 1:1.0° 15,39 379.5:
42.9° 2472 2f5.1 102.07 15439 . .3253.8:
43,27 .27 31 173.0° 15.21 8.9
Lbhenr =12 31245 176027 1L484 . 24,
65,0 -1.55 360 1725,0¢0 14,29 38.9
22a71 =3.26 3.9. 125,18 13.54 £3.7.
47,20 -4.16 37.9 1r7,nr 12.58 €844
48,00 =411 73.€ 108,20 Q ________ . B3..
43.0¢ -2.9°( 176423 1794,3¢C 9,92 97 .4
50.3C =1.24 133.2 112,77 e Bulb . 111,
21.00 «33 155.% 111,00 5.93 125.5
52.0" 1.64 175.° 112,02 2.13 139,00
53:00 2465 192.8 113,27 -eb63 1€1.5
Fee Nt -38 2f9.8 114,37 -6.34 16141
55-0(‘ 384 22643 115._05 -1R8.,68 1¢2.8
‘;‘6" < "'3 "2“2'7’ 116,3; ~_=12.18 .3642.
57.0° 3.94 259.3 - 117.00 =6.18  u2.6
SBOUJ . 3.58 : 27644 118,C? =346 1.5 -
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‘Table 4. 1,3 Continued

119.0¢C -2.38 63.7
429.00 =1.49 ___TE.2
121.C? 1,47 88.8
122.08 =1.93 _1{1.2.
12300: '2.53 113.2
124.00 -L.2nN 12L.R
125,2: -6.12 135.5
126.,0C_ o =B8,79_ BT
127,.¢° -12.59 148.9
© 128400 -18,15_ 1384
129.0¢C -25.68 85.5
132.50 =15.84 62.0
131,32, -12.42 6.5
132,30 o =12,37 . E€7.7.
123.0¢C -3,15 77.0
134,130 -8.51 87.2
135.9¢ -8,31 97.9
.136.""» =B.49 1[8-3—.
137.3¢2 -9,71 119.9
133.00 =9,89 131.1.
129,1¢ -11.14 14244
ili]‘G: .,,‘12‘ Blf______—-l.:“QC—
141,02 L. =15.15 1€6.1
Au42,.40¢C -18,39 172.5.
143,27 =23.44 197.7
du4,20 -32.t8 2L49.8.
145,08 - =27.61 350,86
146,02 =21,71 . 15.1.
147,30 -18.5% 29.1
148343 -16.,49 LG
163,7. -15.17 S0.5
.15:’.':2—._...‘1‘703:.__,.__; E—— 59.9
151.3¢ -13.7¢ €E8.7
122 7 0 =L3.69 . T7.1;
133,72 -13.54 ELeS
ASbe5l_ =L3.57.. . 92.3.
155.4" -13.287 ©€g.,1
156000 =i4,22 10942
1<70‘:: -154%.03 112.¢€
1536 -15.6% 115.1
itg.qf -1AR51 118.4
1536012 =17 4k 12C.2.
16142 -13,46 12263
462,27 . 0 . -19,L3 - 1133
163437 =2%.204 113.¢"
164450 - =27.73 . 137.7
185,17 -2"e82 17,7
-16600:" ‘_2“0‘46__~______;_,9l‘-3“
16700'.' -19.8%4 8843
1868,3¢ -19,%8 . . . 8&.L-
1569.00 -12,31 €442
A73.00 . =17.56 _ ___. 3.5
171.42 -16.89 83.5
A172,7%¢ =16.29. —_ 8540
173.0C -15.78 BL4.7
174620 =15.34 . 85.6
17503’ -14,98 8645
175,22 =14.69 8743
177.910 14447 8840
173.0¢C -14,31 €8.€_
179.92 -14,22 88.9
183,0¢ =14,19 89,0
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_Table 4.1,4: Bare wedge cylinder; 15. 0 GHz.

;___iBACKSSQTfEQING CROSS SECTION ___
JHETA __ 13*1 0G(SIGMA/LAMSDA)___ PHASE'

|
Lbe3L " 132.€

~2d3C
1.0° Le33 133.1
—2.08 4437 134.8.
3.3: LetS 137.5
Laod" 4,55 141.2.
5,00 4.68 145.9
_Belr 4,83 1%1.4.
7.3°7 4,99 1°7.8;
—3.L0 5.16 16540
9.0C 5632 172-9
40,20 SakE 181.4]
11.09 5.58 1S0.7
12,27 - 5465 20 24E
13.ar 5.6€ o 211.3.
14027 5.61 222.8
15467 5047 22543,
A8.°07 5.25 2L3,.8.
17.0° 4.95 26346
ARG8T LlWST_ 28l
19.0° 4,15 . 298.3
28600 3W75 . 213.T7!
1e3° J.u0 3L1.2°
224491 3446 5%
23430 .74 2l.8
RBWeCTT . 4429 . 55,85
2540 ’ 4499 79.4
26620 572 oo Ll2ae
27600 ne35 12440
28.7° Sef i L LL5 T
23.019 Te.2 166,.%
300;" e "‘,%'98 . 187-&
31.3° HeEl 2177
_32.‘.‘: . T 1. B . 233.5
33.00 4eBF . 29,5
I N 2,11 _..239,¢
35.27 1042 327.¢
35,28 e _eSB . 127
37481 1,45 6Tl
3867 Re17 . 99,8
39,07 .73 132.7
_La,0” 5,71 16244
41.3° Be22 19{.8
2,03 BeGT._ __ . 21S.%
43,725 529 25C.1
Lu.CT . 3e88. . . 284,.7
45,0" 2.12 27,0
46,07 1,14 1S.€:
L7437 2011 7342
4B.0°_ 3,98 117.8
49,07 5.L7 155.3
_S,J.Le_‘: B 26 R 189.7
51.00 6.29 222.6
52477 54517 26742
53.3¢C Ll.21 Jii.8
S54e0C 2.88 3%2,8
55.0" 3.06 €0l
_56.07 4073 _..1r2.1
57.00 bets3 144,9
58,30 . Te45 183,°7

oo
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EECEE R Non T

59.,C0 7.63 218.5
~563%.00- BeQL. — — _25E,9.
61.3¢ 5.35 298.5
62400 — 3,24 349,.¢
15327 2.22 53.1
84400 380 113.&
6542 S5e34 1€1.8
6500 5,18 _2r3.3.
67,00 5.88 243,14
68,0 be24 28544
659,00 1.31 33842°
-23,0¢ =e56 Shel-
7100 2.17 125.14
--22.5¢0 L.81 17447-
. 7300 6408 21€.1
N 47 B .89 2%6e0-
75.9¢C .19 259,.C
—7643¢C .97 3546
77utc - 4B 76.‘6
—28,00 2485 165,.8
79,0% 52 193.1
—32.3¢ 6451 --23363-
ﬂic]r : 5.82 272o2
—32.0¢C 3612 31447
33.3° -2.3% 18.3,
O —} Y SR -
834327 3.59 18643
- 80632 6419 .. ZZE.2
872" BeZ ! 264,0
—38.22 4,58 32248
39,7 -1.29 5 351'9
SRl =37 .. 12Z7.7
31,00 . L, 38 19:‘,‘_‘_’;
—92.0C . 8.5¢ z28.2
93.2° 12,08 2€3.0
—94.3 3 L5 29747
95.0¢ 5.937 33E.6
_.96.!.4 ..__‘>_~‘3a?1, RO N 67-7
97.3° 7e79 184,70
—98.00 13,5 S 2234
99,0¢ 17.2¢ 2°€.S
A°2,72 19.3¢8 i 28747
1:1.C" 27459 316.1
402020 21471 2745
173.3: 2073 17.2
AlheC 49,74 . . _ 45,0
175.¢2 17.98 T4el
456,12 15.28 1212
177.09 11.15 12642
_iﬂﬂnﬂﬁn_‘____~m_4.37“_“".__“*.1&3.7
139,37 -5.94 35,8
A13e5° 1,69 848
111,07 Le69 76e0
412.32 4.90 97.¢
113.C°7 3,20 11¢,2
414,900 =eH0 —_— 13503,
115.0C -7.%6 12842
416406 <g,.8% _ .. T8e1]
117.0¢0C ’2.5c 780
118,72° -+8% 93,




Table 4.1, 4 Continued

119,00 -1.38 111,9
129,02 =294 428.4.
121.00 -6.58 ~13648
122.5% =13.86 119.2
123.0& '9.29 9002
124,00 _ 6433 91.5
125,02 -5,29 1Cael
©128,.22 -10.12 I ¥ Y N
129.3" ’13081 127.5 i
139.0¢ =13,34 100.2
131,37 -1",62 95,9
134,0¢ -9,75 12848
135,00 -11,67 1266 |
135,0¢ -14,20 134,7
137.9° -15,8% 123.3
13%.32 -14,49 109.4 |
139.0¢C -13.04 111.,0
J“:|G~ '12.39 _119-6_
141,07 -12.74 13G.8
qu2,0° 14,18 14446
143,02 -16.91 163,2
Qa63% 0 - 21,97 ALt
145,08 -22.28 103.8 |
486452 ~13.5C 8Bl
1‘07-5”- ‘15066 89-7 !
168,08 -12,9¢ 1001
1L3,97 -12,25 112.9 |
ATTeT o =13.27 . _ 12644
158,37 -17.97 16741 |
152,30 . =1f.36 . _ 183,2 |
153, 7" -17.55 165,1
A55%600 =27 %6 o A7441
155,37 -23,9¢ 1704, €
1:'5-'::_____.___‘32'-.9., R . 1? .5_
157.90 -25,.t1 R3,5
458600 =2WabL . _ . 85,3
159,3" -22.321 oi.1 !
465467 =21,36____ . &g,c_
161,02 -21.,22 107.¢C
162,07 =21.89___ . _413.9
163,51 -22.71 118.6
_16’*-3:__.,___._. ,'2“-15 e e m 1199‘1
1562 ! =26ek" 171,64
1A7431 =25%,i1 87,3
168,08 =24 78,9
1€9.,9% -22.57 7€.€ ;
170602 2315 7841,
171,77 -19.,9¢ . 81.5 |
472,9° =18.9% 85,8 |
173.6G0 -18,29 9546
174,08 =17.45 e5,2 |
1750 - -16.95 99.[4
_1_7500“5 =16.56 __1&301_
177.3'3 -16.27 1C6.1
478,08 =16.07 108,3 |
179.00 - =15.96 17 9,€
180.08 =15.92 11C.1 |
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Table 4.2.1: Bare ogival cylinder; 2.0 GHz.

. ~ AATY T YL
'7'-[1:_-' r:’/)'Tl BRI A

104LOL ST

THITA

L K - -4
Le,nn -1,
B e
L7, 07 -0,
',T’Q'j RN

cTNes SL0

SOTTON

HA/LANRDLY

56 .
4 '3_:0.
14 5h,
Vg e 57,
:\(t r“'}a

7

86

ryaST

L
1

o N

HoX WO O D0

e}

-
(S04

2

<

P -
(M")'\Y)_)Oa-‘i—"'!’—fb—‘o

(-]

o

O

2o N e

a.o7 “?27,2%5 1R A
L LIS L B 178,
2,00 =2%,12 138,
7,00 T 27,82 177,
Q.CF ‘270L+l0' l;‘_j,f,'
oL, AN T T TR 2R G T T T AT
Hh, 0" “P R0 ? e,
AN L AT B & [
’, 01 -25,17 L2,
a,ny T H Y
11.'): "??ngi 10”:
S TR TS 11 R e Ar DA B RS N
12,0" -27,41 3R,
EEE I Rt S R A a7,
1, 37 ~2147h $hy
15,30 T e T ae,
15,00 ~10,73 28,
$7o T e T aty
13,00 -1%,%9 23,
19,00 7 AT LT a0
?0. 09 '1793('_’ 31,
R L E R 29,
22,00 -1h.70 a2
T T T s N 4
,)l"{j‘h' “?.[:47“? D{‘o
?(;o GC - N ‘1.(000‘7 ac,
25,00 =140l 2,
27,00 L EPLE ~2,
?"‘*Cf‘- _,1'{‘["5, “‘!c
PO e TR 20,
T30 -17,37 7%,
SRR S R 76,
2,00 =172.729 75,
Ty Q0 e - -1, - 72,
.07 ‘11.17‘7 71.
I e EIL P a3,
?(70'!-? ‘11)17 . (YN
TP e e oG,
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Table 4.2.1 Continued

l“"‘l!j?‘- "'"'?a”)7 L‘?«

N f: B T . me—— < - ~ -

s, 0 -y 7Th R0,
1.2 nn ~ 7

L5, Ut -igb L ?’r“

-y :_hf?.~._»_, T B S T o )
L, 9 T o
463, 19 o : ~7.,2n el
on, an =5y A
Cl'(]ﬂ R - g b
52,067 -5y G

SRR Q0 T A g T T gy
5[;.5’?‘{‘ ‘ -(4‘:1':1 3
65,0 T et A L
56, 00 -7,a0 >

TR7,00 0 o =3a.t?
59,00 -2,37 K
Fa, 00 -7, uh 2
£, 00 -1.9% =

T T L N 3
£2,0) =435 2

TR, T T e g T INT
R4, 0N -, 1% 755,

TRSL,ON T T T T IRR T T 34,
£A, 0D .91 347,
A7 0 T T LA 4 41,
£, 01 1.R? 2Lr,

gaL, g T T 2,00 7 ¢ 7RG,
70,00 .36 239,

AT S T e 21y
72,07 70 7n

B A B T B 2,35 — 330
74, 07 Tahb 23e,

B AT T 1 R S0 I e S € T
781‘)“ {‘0’.8 77?-

_77'?‘.}»_..____. L LT T T 2R 2,
78,130 Lyeh 232,

B A 1 U A Y
o nr - y -
"’J'n’" o l"\ 27‘1'

~N A
[aadll s
[
- d

.
32,00 5,35 77,

B P I /O A O £ .
Ll 5.0 130,
CEGL AT G g0 s xan
e, 10 5,77 130,
S S £ 1
°x, qr 5, 9% 730,
TRA,QYT T T oA JTT T Efeke}
G0, 00 5 ‘
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1,40 -24,71 275,5
143077 7T =20 RA T 27%.9
7,00 =21,52 277,08
3,907 70T Aoy 0 T 272, R
L7 ' -?27,Ch 281,7
TR AT T T2 Ry T T T 2R3, 00
hai? ~20,12 227,10
TN T T T e L2 o T 72301
8. 00 =174 2¢3,1
IR 1 N e A T 25858010
11,190 -17,25% 238, A
AT TR, 4 T RIS
12,00 -15.,A5 RIS
T3, AT T T T TR, R 0L,
14,00 -16L,09 I0A. 4
IS T T T T e 2 TATLH
15,07 -12,5 20R,7
A L I PO I 1 T 3cae,5
1a,00 -11.17 21N, 1
13,177 ) “tr,aT o TN, 6
24,07 -4 10,0
24,00 - -3,1Q - 11,0
22,010 ~2,R7 i1t
T 230 SOOI TR
74,00 7,50 310,38
PHLOT e w7 42 - J10.5
7550’ -5, 71 KIC.‘_
P27 0T T e R e 200, 4
23,00 -5,59 799,19
B PR Hata Trne L
0,100 -5,44 7.6
B L al s I 336,7
32,00 =5,0hK- 305,6H
IS0 Ay 05 04,5
J4, 90 -1,29 307,14
TRSL AT T el 189G B R
76, 00 -L,a6 213,
I 1 P IR 247,09
RN -5,265 206, 7
7,00 -5451 237, 4
40, 0" T, F 2243, 2
B T e L T open g
47,97 AR 20,5
BRGNP =7, 19 2761

Table 4.2.2: Bare ogival cylinder; 3.75 GHz.
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Table 4. 2.2 Continued

Wi, 20 7,77 Z2H9, 4
hE L, ar o R 2514
L, i -7, 0 T64,4G
T R R R S 241,3
LA, -7, hh 230,1
43,08 - TR, 719,14
S, 00 =743 3 23°.1
51,487 T -G 85 T 200.5
=2, 00 -~ 122, 4
TSR YT RS,y T T T TTLET S
Gh, NN =l h 143410
56,00~ e 7 70 e 179,3
5A, 07 -3.12 176, 4
R7S00 =2,hk 174,72
58,30 -7,27 172,95
07 -7.02 171,05
2, 07 -1t,a0 170,9
A1, 10 I - 170,2
R2, 60 =2.,27% 17,3
2,07 o ~2,4%3 0 T 72,5
h, N ~2,%5 170, 7
S o AP O S B
F5, 87 -L,5F 103,7
A7, 00 T T AR 122, 3
=9, 00 ~7.00 25807
23, 00 T =TTy T T 228,
79,100 ) -7,25 24L7 ., L

B A R SO "Re.T70
772,40 =345 cs0.1
7T 0T T et UL RTTTT T 253,60
74, 07 v 3R 2%, 72

4 ST L U~ b R e
7h, 00 W15 731.7
e g T oy e i n g
749,07 S, 33T 0
7,007 T T e Ri T RA,7
LRI 7407 297.6
A1, 00 T T T s, T 3Ry
£2,.9" 2,117 130,10
B S S T A s
L, 0" 10,12 259,80
TOOAGONT T N R I P L T |
f5, 00 oAb 710,3
A R I £ M S i P
AR, 67 11,268 10,6
TR IR T T N T T R a,
9, 00 11.42 1.7
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Table 4.2.3: Bare ogival cylinder; 7.5 GHz,

TT-2IMG

HARKSE

90

AR AN~ O
EAST S

~fTT NN

THTA  A0ELAG(STRYMA/LANANY)  OHAST
n,n° -214,aG% 191,49
q,Aan T -21,36 - 1A
P, 07 ~21.59 12,1
f;&“ "~”“~ -",1h ) 117.3
b, an -22,54 111.3
B L (e DA 4 S 115,7
SIN -12,37% 127,34
A «17,30 o 127,49
8,01 ~15,72 127.2
TGy T ~15,72 07 123,13
13, 00 ~1L,54 132.,0
B P L N /S 122, R
12,20 -12.47 136,7
4R, AT T gy By 128,
1’-).DG _1:}‘&%‘ 1‘5:&7
BRI P ERCIA S 35,7
15,00 =2,10 135,4
[ A0 1 A A S 1 T O
12,07 “7,5 0 132,72
19,9~ - T e7,3T 132, 3
2n,0° -5, 00 131.4
DALY e L a g 1223,8
25, oo ~5, 7 127,20
TRRLNNTTTTTTTTR A S Tes.A
24,97 -h,11 122,9
25,00 T T -h,1h 119,7
24, 1" -5, 23 115,49
27,000 - la A 111,
7,07 =700 115,93
e R B A T L B B
20,07 ~Te0n 91.0
B SN
22,00 -5, 49 56,5
TRLODTITI s mea,ap s e Eg 7
24, g0 -9, A0 L2, 7
RO O Sl e e S 7y e
6, 00 -7:31 2049
LA BRI U 3 B 11,0
2,90 ~A,37 hob
2y, Ap e S, 77 1GR, 8
449,90 -5, 2R 739, 5
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Table 4. 2.3 Continued
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Table 4.2.4: Bare ogival cylinder; 15. 0 GHz.
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Table 4. 2.4 Continued
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Table 4.3.1: Bare ogival cylinder, extended size; 2.0 GHz.
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Table 4.3.2: Bare ogival cylinder, extended size; 2.5 GHz.

EACKSCATTERING CROSS SECTION
THETA lOmLOhkﬂluHﬁ/Lﬁ.Hﬁﬁ) FHAGE

50,00 e A4 3223
82,00 &0 13 321,98
834.00 &4 68 3215
846,00 7.01 v 3213
38,00 7423 2141
90,00 730 3211

F2.00 723 3211
94,00 7.0l : 321.3
25,00 &0 B 321,45

98.00 H.13 3218
100,00 Se 44 F22.3
102,00 4,57 3229
104,00 3,49 323.8
10&.00 2.18 F24.9
108,00 0,58 3265
LiG.00 =143 38,9
112.00 | =396 324
114,00 =729 325
116.00 -11,87 JEE.3
L1E,00 =165 50 40 5 4
120,00 «18,92 P32
122,00 =10,00 : 113.7
124,00 -7 39 1218
L2800 -3 b7 1362
129.00 w2 1329,0
L30.00 ~3 77 S3L.0
132,00 . ~X:s31
134,00 -=3,09
L3600 =% 0h
138,00 =32 20
140,00 =348
142.00 =389
144,00 e 43
146.00 ~5.07
1:8 00 ~5 e 82

]
=
8
&

35,6

G2.00
! 4,00
l -...'u + OO
L3800
14000
L& 00
164,00
166,00 ~14h,47

148,00 . =17 84 ?
170,00 =1?,09 112,8
172.00 A0, 14 10&.2
174,00 30, 9

178,00 ECH R 3 P4, 4
178,09 =21 e 73 Y0,
180,00 =21 .82 89,7
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Table 4, 3.3: Bare ogival cylinder, extended size; 3.75 GHz.

_ BACKSCATTERING CROSS SECTION

THETA 1OHLOGETEMA/LAMEIA ) FHASE

80,00 74,49 202,98
82,00 @19 3055
84,00 10,31 306 .4
865.00 11.07 30742
88,00 11 52 307.4
20,00 11 .67 307.7
F2.00 1152 307 .4
24,00 11.07 307.2

946,00 10,31 306, 4
28,00 2,19 305,59

100,00 7,68 707, 8

102,00 5,70 301.1
104,00 3,10 296.,3

104,00 -0 25 DB7 62
108,00 4, 24 04743

110,00 -7 03 23277
212,00 =98 191.9
114,00 ~3e4b 7%,
_ 11.()‘00 AOAO L{IS.L‘:’#
118,00 R Lé. €
120,00 -, 0], 165, 4
122:00 ~”2;J$) 1675
124,00 839 1709
12600 ~&2 57 186.,3
_12R.00 =2+ 31 1267
130,00 =11.,52 PRu.J
l\’?-:.g OO ““'I Lo O? <‘ l.),ﬁ
134,00 ~8 . 89 MuQ 0
_ 136,00 =62 89 29822

138,00 —5 A9 —“W‘s 03,5
140,00 o -, ER 3082

142,00 4,07 J11:6
144,00 3,88 14,2
I q();()() "“:5095) .\“s)o {
__148.00 -4;""'3 318,0

lnﬁ G0 e 75 3193
G5 00 -3 s \.452. e 3'?52__4
00 “6.37 320 .2
154,00 -7 40 3217
158,00 -8 59 32
140,00 =9,93
16200 -11.+41 320,
164,00 ~13,02 B18.,0
166,00 14,75 14,8
148,00 =1H,549 J10.2
170,00 18,30
_A7RN00 0 -A9.89
174,00 =21 413
! /'\() Iy ") O LD

l 78,00 T . ; { e ——

180,00 =224
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Table 4.3.4: Bare og'ival cylinder, extended size; 7.5 GHz.

RACKSCATTERPING CI0S3 S ECTIGY
THETA TYXL0OG SZGH@/LllWDi) PHAST
30.0) 3.21 1740
31.09 ¢, 09 133,02
32,00 9,18 205.2
83,09 9,42 222.5
34,00 11,13 237,72

~
85.00 12,59 262,

36.00 13,37 255.8
87.00 14,91 257.,9

82,00 15.67 250,2
29,09 15,12 RGO
20,909 16,27 265.5
91,00 - 15.12 266.0
92,99 15,67 2Eu,7
93,09 16,91 26C.9
94,09 13.87 235,38
95,02 12.56 263, 1
95,00 11.18 237,72
97,09 1,32 222.5
38,00 9.15 205,
99,0) a,no ing,n2
100,00 2,21 174,¢
191,00 ] 2,43 183,0
102,00 e,42 156, %
103,00 9,08 .8

0
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105,00 6.9
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113,00 1,43 w5,
114,99 1.40 L0,
115,00 .53 117,
116.0) -0.07 333,
117.00 -3.58 23720
118.09 “3.42 326.5
119,09 “i2,28 295, 8
120,00 -12,53 1762
121.07 -5. 6 165.4
122,09 -1.56 12,7
123,00 ~1.50 151, 3

124,02 =1.02 161.3
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Table 4. 3.4 Continued
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Table 4,3.5: Bare ogival cylinder, extended size; 15,0 GHz.

EACRSCATTERING CROSS SECTION
THETH LORLOG (STOMA/LAMEBIA) FHASE

30,00 1%3,84 54,9
31,00 13.42 24
12,00 14,28 5.7
1300 16,02 63,9
34,00 17,62 93,4
15,00 18,35 P8, 2
16, 00 18,18 111.9
37 .00 . 17,38 1271
183,00 16,54 144,0
859,00 14417 158, 2
Q0.00 16.13 16307
PL.00 14417 1582
G200 16,54 144,0
P3.00 17.38 12741
?4,00 18.18 LLl.9
Y500 18,33 98.2
@é .00 17,62 834
Q7,00 16a0” L34 9
P800 14,29 3547
29,00 13,62 244
1G0,00 13,84 334,9

)

~

2.

101:00 13,45 LA
102,00 11.75 4935
103%,00 R, 284, 4
104,00 ] 219,35
105,00 70 186G, 8
10600 Beal la802
1OY .00 6498 140.8
108.00 302 11867
109000 , =130 G763
110,00 1.9l 2.9
ol 390 _ 34248
24 00 3,17 300.1
300 =+ 70 71?
OO ""79({)1 ‘(){Ue \:
00 =193 ' 182.8
G0 1.28 158 .1
00 1,20 1619
+ Q0 =208 15744
00 ~13.07 1472

20,00 -8.88 f”QeJ
21,00 =2 3G

122,00 =1.03

132300 =279

124,00 =G 18

L2500 lﬂeoﬁ
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Table 4. 3.5 Continued
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Table 4.4.1: Ogival cylinder with uniform coating of OG-C-1 material; 2. 0 GHz.
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Table 4.4.2: Ogival cylinder w1th 9@9{111 coating of OG-C-1 material; 2.5 GHz.

BRCRSCATTERING CROSS SECTION
THETA LORLOG S TOMA/LAMEDA) FERSE

80,00 =024 0.5
82,00 0.41 . 0.4
£24,00 0.91 0.4
86,00 1425 0,4
83,00 1.46 0.3
20,00 1,53 0.3
92,00 1.46 _ 0.3
Q4,00 - 1.25 0.4
?6,00° 0.921 0.4
2H.00 0,41 0.4
100,00 =024 0.3
102.00 -1.07 0,35
1G4.00 =209 0,5
108600 "3»34 0.4
108,00 4, 87 0.7
116,00 b+ 7h 3EP.7
112:.G0 =P 14 ’Qo7
114,00 -12:38
114500 =17.13 f 0»0
116,00 ~25,57 38240
120,00 ~24,02 223,49
12200 -17.,38 204.0
124,00 ~13.87 199,59
1286.00 =11.468 198,0
128,00 ~10,21 1976
130,00 -2,20 197.8
132,00 ~-3,.51 198.,2
124,00 -3+ 07 193.9
L3400 =748l 199. 8
138,00 =772 200,49
140,00 ~7:76 Q01,2
142,00 -7 P2 202,0
144,00 =817 202.4

145,00 =352 203.2
148,00 =8 P4 20304

150,00 =944 203.,9
Jt;l\\o(}o “100\)0 "30509
154,00 =10.862 203X, 4
13546.00 =11.28 203,0
138,00 =11.98 2020
145G 00 =12 71 200,7
152,00 =13+44 198,¢
L&, 00 ~14,14 V 124,08
L5400 =14,84 194,33
L&B, G0 =15,48 191,58
170,00 =16,03 138,7
l/ 000 ) "',-")4'4)’ “‘)'0
17400 16,85 .l. 33,5
1746.00 : =17+11 1814
173,00 1724 180.4
188,00 =173 180.0
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Table 4.4.3: Ogival cylinder with uniform coating of OG-C-1 material; 3,75 GHz.

BACKECATTERING OR
THETA 100G IS TEMA/LAMBIN) FHAGE
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Table 4.4.4: Ogival cylinder with uniform coating of OG-C~1 material; 7.5 GHz.

ACKSCYTTIRING CXNSS SNCTIoN
THETA 107 LCG (S IGNA/LAYRDA) PHASS
80.090 ~N.8h 64,3

32.00 ~1.12 177.7
38,00 1.24% 212.3
86,00 4,31 237.9
83.09

60~6 23‘3.9

120.00 6490 J41.1

92,09 4426 233.¢

4,00 4,31 230.9
28,00 1.2% 212.
93.00 ~1.12 177,
100,00 =0.88 LTS

102.00 =050
124,09 =1.,78
106.09 =5.48
123,00 =13.36
119.00 ~12.50
112.09 =8,69

-y =
. . & 4 e

- A J D L ooy

MO 0 N D D DY W N D D N o s U o <N
L ]

(W (o W (ot

3

7

3

6

3

5

1

7

2
114,00 =3,05 10.3
114,00 -197.45 10,5
118,00 -17.37 17.4
120,00 =26, 42 93,14
122.09 =15,52 122.1
124,09 =12.12 130,14
126,09 -13.70 14,5
128,070 =15, 23 159.1
130.00 -19,43 1¢7.3
132,00 -13,833 202,7
134,00 =-17.24 2629,
136.09 -17,12 284.,7
138.00 =13,69 269.5
140,00 -21.82 322,z
142,00 24,60 5.0
144,07 «23,22 Lg,
146,09 21,30 70.2
148,00 =20,65 31.7
150.00 -21.35 £9.7
152,00 ~23,52 97,2
154.00 =27.63 " 109.2
135,00 -~2%,53 17,9
158,70 ~32,15 223, 4
160,00 =27,17 250,90
152.60 ~24,3R 255.5
150,00 22,88 255,
166,00 22,16 259,8
158,00 ~-21,99 252,23
172.00 «21,95 258,72
172.00 ' -22.17 256.5
174,09 “27,U5 2604
175.00 -22,71 252,9
178.00 -22.89 281,7
180,00 ~22,95% 251, %
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Table 4.4.5: Ogival cylinder with uniform coating of OG-C-1 material; 15,0 GHz.

SHECRECATTERING CROSE SECTION
THETA 1TOXLOGESTEMAZLAMEBIA)D FHAGE

80,00 P77 31341
81,00 2,596 340.1
82,00 10.19 13.1
83.00 11.926 411
84,00 13.56 HD W 4
8E,00 14,28 75,0
85.00 14,08 88,6
27,00 13,26 103,98
88.00 12,39 1320.9
89,00 12,01 13%5.2
$0,00 : 11.97 140.8
21,00 12,01 135,32
P2.00 12,39 120,9
23,00 . 13.26 103.¢
94.00 14,08 88,6
95,00 14, 2¢ 75,0
24,00 1356 &0 4
R7.00 L1+98 4L, 1
28.00 104,19 1341
29,00 9,06 34041
100.00 Rs77 J313.1
101,00 ?.35 93,0
102,00 752 273.9
103,00 4,17 26,0
104,00 1.46 197, 4
10500 2498 16543
106,00 3,91 1312
107,00 272 114,11
108,00 =97 90,3
109.G0 =4,98 33,
110.¢0 =211 2410
111.G0 -, 08 320,99
112,00 e G2 S09 .4
113.00 -4, 82 2751
114,00 =13.59 2379
116,00 =747 155.2
116,00 ~3: 466 143, 4
117,60 =357 13347
118,00 =&, 84 126,46
119.00 =17.08 P5.0
12300 =1L 5Y
121,00 -5, 87
122,00 =y A4
123,00 ~%e b4
124.00 =968
125,00 =16.863
126 .00 =12 1GG.3
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Table 4.4.5 Continued
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Table 4.5, 1: Ogival cylinder with linearly tapered coating of OG-C~1 material; 2. 0 GHz.
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Table 4.5.2: Ogival cylinder with linearly tapered coating of OG-C-1 material; 3. 75 GHz.
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Table 4.5.3: Ogival cylinder with linearly tapered coating of OG-C~1 material; 7.5 GHz.
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Table 4.5.3 Continued
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Table 4.5.4: Ogival cylinder with linearly tapered coating of OG-C-1 material; 15.0 GHz.
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Table 4.5.4 Continued
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Table 4.6.1: Ogival cylinder with OG=C-1 coating, cylindrical tip; 2.0 GHz.
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Table 4.6.2: Ogival cylinder with OG-C-1 coating, cylindrical tip; 2.5 GHz.

BACKSCATTERING TRO&Ss SECTION
THETA FOHLOGCSTOMA/LAMETIA) FHASE

80,00 0.31 2.0
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Table 4.6.3: Ogival cylinder with OG-C-1 coating, cylindrical tip; 3.75 GHz.

BACKSCATTERING CROSE SECTION
THETA 1OXLOG (SLEMA/ L AMEIGD FHASE

80,00 ~1.07 353,46
82,00 0. 4”’ 3H2.2
8 Y o(\’) .I LR 0 \.I\J()é }

86,00 2.23 JA9, 3
88.00 264 347 6
<

70,00 275 ’“Uo?
(})2 +00 2. \J({) F44,
4,00 2;06 _34?»5
Q4,00 . 1.24 KTV

828,00 O 07 J3Ré

100.00 =153
I{):) ® O‘f) "75 + \.)3
164,00 : =&+ 43
104,00 =10,28 322.2
LO8.00 =15,92 F05.9
119,00 =21l.94 248,7
112.00 -18,02 192.1
114,00 =145 17641
116,00 ~13,02 L&D 5
118.00 12,63 : 165.7
13( 00 ~=13,17 163,0

122,00 -14,58 160.7
124.00 =17.07 L57.9
126:00 =321,30 152.9
128,00 =27 34 132,33

130.00 79o34 15,7

132,00 =213 56,8

133,00 ~18,573 31300

34,00 =185 '

0,00 =15.43 L)

0,00 ~14,89 3934

2,00 ~14.78 FE5.0

44,00 =13.01 35741

146,00 15,52 X597

148,00 =16.26 2.9

150.00 =17420 B8

152.00 ~18.31 11,2

154,00 =19, 55 16:3

L84 G0 =320,88 23,0

a8
[N 24
~

.3 2.3
#3 g

.
&

>
-\";' ?.
-

PR

188,00 22,28 28,4
160.00 23,7 Aa.l
L&2.00 =215 42,1
164,00 2559 49,2

L6600 =23,02 6.1
L68,.00 =29, 44 Hde7
170.00 T E .83 69,0
172,60 =320 105 74,7
174,00 =38 35 79,8
] 700 -84, 32 84,0

L78.,00 ~34,96 86,7
.I. a0,00 ~33,18 877

115



Table 4.6.4: Ogival cylinder with OG-C-1 coating, cylindrical tip; 7.5 GHz.
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Table 4.6.5: Ogival cylinder with OG-C-1 coating, cylindrical tip; 15,0 GHz.

BACKSUATTERING CROSS SECTION
THETH LOXLOG ST EMA/LAMEBDRA)D FHASE
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Table 4.6.5 Continued
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CHAPTER 5

CONCLUSIONS

Our analyses of the types of scattering contributions that the ogival and wedge
cylinders present has shown how it is possible to specify the impedances that would be
most effective in reducing the scattering; and given the impedances it is then possible
to define an impedahce variation over the surface that would be optimum in reducing
the backscattering cross section over a given range of aspects subject to some con-
straints or (say) the maximum allowed value of Re. n. This knowledge can be used
to specify the desired properties of a coating material and program RAMD then en-
ables us to compute the cross section reduction that would be realized with any

actual coating material.

Of the materials available for assessment, that designated OG-C-1 proved
most effective, and the optimum application of it has been determined. The resulting
coating should produce approximately 10 dB cross section reduction at near edge-on
aspects and over most of the frequency band, but though the performance is quite
impressive considering the small thickness (< 50 mils) of material allowed and the
broad range of frequencies to be covered, it is not felt to be the best that is attainable.
Indeed, no use has been made of the existing technology of 'thin film' materials, and
judged by the capability that existed even in the late 1960's, thin films would appear

to have just the properties which are desired for this type of application,

119



10,

11.

12,

CHAPTER 6

REFERENCES

Bowman, J,J., T.B.A. Senior and P. L. E. Uslenghi (1969), "Electromagnetic
and acoustic scattering by simple shapes', North-Holland Publishing Co.,
Amsterdam.

Knott, E,F. and T.B.A. Senior (1973), ""Non-specular radar cross section study",
The University of Michigan Radiation Laboratory Report No. 011062-1-T.

Knott, E.F. and T.B.A. Senior (1974), ""Non-specular radar cross section study",
The University of Michigan Radiation Laboratory Report No, 011764-1-T.

Knott, E,F., V.V. Liepa and T.B.A. Senior (1973), ""Non-specular radar cross
section study”, The University of Michigan Radiation Laboratory Report
No. 011062-1-F.

Liepa, V.V., E.F. Knott and T.B.A. Senior (1974), "Scattering from two-dimen-
sional bodies with absorber sheets', The University of Michigan Radiation
Laboratory Report No. 011764-2-T,

Muliuzhinets, G.D. (1959), "Excitation, reflection and transmission of surface
waves from a wedge with given face impedances", Sov. Phys,-Dokl, 3 (4),

Senior, T.B.A. (1960), "Impedance boundary conditions for imperfectly con-
ducting surfaces", Appl. Sci. Res. 8 B, 418-436.

Senior, T.B.A. (1962), "A note on impedance boundary conditions', Can. J.
Phys. 40, 663-665.

Senior, T.B.A. and E.F. Knott (1968), '"Research on resonant region radar
camouflage techniques, The University of Michigan Radiation Laboratory

Report No. 8077-9-T (CONFIDENTIAL).

Senior, T.B.A. (1972), "The diffraction matrix for a discontinuity in curvature",
IEEE Trans. AP-20 (3), 326-333,

Senior, T.B.A. (1976), "Cell curvature effects", The University of Michigan
Radiation Laboratory Memorandum No. 014518-502-M.

Senior, T.B.A. (1977), unpublished notes.

120



APPENDIX A

COMPUTER PROGRAM RAMVS (as of August 1976)

Program RAMVS was developed during the latter stages of Contract F33615-
73-C-1174 to compute the field scattered by a two dimensional body in the presence
of (lossy) electric and magnetic sheets. With an impedance boundary condition im-
posed at the surface of the body and the usual transition conditions at the thin sheets,
the program solves the set of three coupled integral equations for the currents induced.
The electric and magnetic sheets can be superposed to simulate the effect of a thin
layer of absorber of arbitrary permittivity and permeability and it had been our hope

to do this for an absorbing coating applied to a body.

The original program was documented by Liepa et al (1974), but since that
time a number of minor errors have been found and corrected and we have also
modified the expression for the self cell contribution by including higher order terms.
In order to save space we will not repeat the entire formulation of the present
RAMVS, but will list the differences from the version in Liepa et al by citing the

equations from that reference:

on p. 10, equation (2.8) should read
Hs)=2 b 7"G- HEM ks +2_(s)7 (s.)
s 1 4 "z 1 m 1°7s l@
C
1

+luo-

The free space impedance circled was left out.
on p. 14, equation (2. 18) should read

AlJz(sl)=. ..

1 ' 1 1 1
+ @ f 5 s (e ats) + @ f 3 (sDB lier) d (ks
+ 20

C,- (AF20)
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the factor -i-having been omitted;

on p. 17, equation (2.22) should be

« iy, alsy) | Afs,) %
d = + -+ il —— 4 7
A5 S(sl) Zm(sl) + 5 YO@ ;T 0, 02879837 Js(sl)

+....
The factor 2 appears in the denominator as the result of retaining higher order

terms in the expansions of the Hankel functions.

on p. 33, the equations at the top of the page should be

ZE\ _ i - i - R
(A ) 2r(c_- D& 2a(4, +13.)(.05) 0.382 +10.509

(e
A "27r(ur -1)A  27(1. +il1.)(.05)

=1.,59+1i1.59

The use of electric and magnetic impedances which are normalized with respéct to
the wavelength somewhat simplifies the computer code and eliminates one hand
computation in preparing the input data. In addition, quite extensive changes have
been made in the RAMVS source code to incorporate the above modifications and to
make such other corrections found necessary, and instead of citing them individually,

we include the complete program listing later in this Appendix.

This latest version of the program has been applied to perfectly conducting
cylinders, cylinders with specific surface impedance variations, and thin electric
and magnetic cylindrical shells. It presumably works (but has not been used) for
cylinders surrounded by electric and/or magnetic sheets provided the sheets are
not too close to the cylinder or to each other. It has been shown to work for single
and multiple (but well separated) sheets extending outwards (like fins) from an ogival

cylinder,
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The words "not too close to'" and "well separated"” hint at the difficulty experi-
enced in trying to use the program as a tool in our present work. By placing one or
more sheets close to the surface of the perfectly conducting ogival or wedge cylinder,
we had hoped to simulate the effect of an absorbing coating whose electric and mag-
netic properties could vary in depth as well as along the surface, and would be ex-
plicit in the specification of the sheets. Unfortunately, the program now ran into
difficulties. Because of the formulation used here and in most other programs based
on discrete sampling to derive a system of simultaneous equations from an integral
equation, RAMVS fails when the distance between two surfaces becomes comparable
to the cell size or sampling distance. This was recognized when we examined the
effect of changes in cell size on the solution for a sheet close to the surface of the
body, and though we immediately began an intensive investigation in an attempt to

work around the difficulty, our endeavors were not successful.

In the hope that there was a cell size or sampling distance that would be
adequate to produce fhe desired accuracy, a numerical experiment was performed
using an ogival cylinder surrounded by an absorber sheet. As the sheet-body spacing
h and the cell sizes were varied, the changes in the backscattering cross section
averaged over 30° about edge-on were recorded, the expectation being that when the
sampling rate was sufficient, the results would be substantially independent of any
further decrease in the cell size. To minimize the computer costs, we chose a
wavelength of 10,7 inches for which the ogival cylinder is only about 0. 44X in length,
with 12 (i.e. 6 times 2) sampling points on the sheet and either 12 or 16 on the
cylinder. The sheet-body spacings considered were h = 0, 5(0. 25) 1.5 inches. Fig-
ure A-1 shows the changes in the average cross section as a function of h/A where
A is the cell size on the cylinder for either 12 or 16 sampling points there. From
the amplitude and phase data, it is evident that the accuracy rapidly diminishes for
h/A <0.8 and, in effect, the program fails if h <0.8A. Forh >4, the differences

of 0.5 dB in amplitude and 0, 50 in phase could doubtless be reduced were more

sampling points used.

Having determined the minimum (practical) spacing h in terms of the cell

size, program RAMVS was now run for a sheet spaced 0.2 inches from the surface
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Figure A-1: "Failure' of RAMVS as the body~-sheet spacing decreases,
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of the ogive. The sheet paraineters were chosen in an effort to simulate a layer of
the OG-C-1 material 0, 05 inches thick, but the results were substantially different
from those measured by Emerson and Cuming. To some degree this was not sur-
prising since it is known that to obtain an accurate simulation the sheet must be
placed at the mid-point of the layer, but because the discrepancies were much
greater than we had hoped, we now ran the program for a circular cylinder with a
surrounding sheet and compared the results with data obtained from a Mie series
computation for a cylinder with a uniform coating. The comparison left no doubt
that the sheet must be located within the layer it is designed to simulate, and only
if the sheet is about 0. 025 inches from the body could we hope to reproduce the
effect of a coating 0,050 inches thick., In view of our previous findings we were now
faced with the need for a cell size (or sampling distance) not exceeding (about)

0. 020 inches, a quite intolerable requirement for the size of body to be considered.

Various approaches were tried in an attempt to overcome this limitatio®,
for example, by choosing sampling points not directly opposite each other on the
two adjacent surfaces. By moving the points around, we sought the most effective
arrangement, and though it did prove beneficial to have the points staggered or
interlaced, the allowed reduction in the minimum sheet-body spacing was no more
than 10 percent. This finally convinced us that there was no simple remedy to the
problem., We did look at the possibility of reformulating the program to permit its
use for the purposes of this Contract. As a minimum, the reformulation would
require the special treatment of all pairs of adjacent cells on the two surfaces and
because of the magnitude of this task, it was felt impossible to accomplish it with the
time and funds available on the Contract. We therefore had to abandon RAMVS as

a tool for use in our investigation.

A complete fortran listing of RAMVS is as follows:
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FORHAT
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FORNAT
MORE=0
HORE=1
IPOL=1
IP0L=2
YAVE
ZSFAC
ZEFAC
LETAC

FORMAT
KODE=0
KODE=1
FIRST
LAST
INK
CANG

WD e Mn NS W W U T Y D T G TP D WD " - A - - > =P D A W P W W W e WD WD D W V" WD AT A B B W . W W -

- {DATA D, E, AND T REQUIRED FCR EACH ABSORBER SEGHENT;

AT

REQUIRED. ABSROREFR SEGHMENTS MUST BE READ IN FIRST.)

FORNAT
TYPE=1
TYPE=2
N

XA,YA,XB,YB SEGAEUT ENDPCINTS

ANG AFGLE SUBTENDED BY THE SEGHMENT
FORMAT (12,3X, 5“10 5) EORH,ZEA,ZEB,ZEX
FORM=-1 ZE(I)={ZEA~ZEB*S5 (1)) **ZEX
FORU= 0 . ZE(1} 7LA*ZEB “S (I) *X*ZEX

FORM= 1 ZEA(TI) =ZEA+ZREB*EXP (-ZEX*S (1))
ZEA,ZEE COMPLEX IMPEDANCE CONSTANTS
ZEX REAL IYPEDANCE CONHSTANT

PORMAT (I2, 3X £F10.35) FORH,ZUA,ZHB,ZHX
FORM=~1 ALY = (QHA-ZNBRS (T) ) *¥IMY

cceeceeeeceeeecceeccceeeecccecececcceceecccececcecceeeeceeeccececeeceecceccccec

xxk RAMVS %%

(10-03-74 VERSION) VVL
(CDIFIED 30-08-75) VVL
(MODIFIED 24-11-75) VVL
{¥ODIFIED 25-5-76) vVL
(EODIFIED 1-10-76) A.L.

{AFAL-TR-74 ) 1974.

*x% THPUT DATA FORMAT **x
(182a4) TITLE CARD; USE UP TC 72 COLU#HS

(I2,I3,4F10.5) MORE,IPOL,WAVE,ZSPAC,Z2EFAC,ZHFAC
THIS WILL BE THEZ LAST RUN FOR THIS DATA SET
THERE ARE MOREZ DATA TO BE READ AFTER THIS SET
E-POLARIZATION
H-POLARIZATION
HAVELFUGTH
MULTIPLYING FACTOR{REAL) FOR ALL ZS

BMULTIPLYING FACTOR(REAL) FOR ALL 2ZE
HMULTIPLYING FACTOR(REAL) FOR ALL ZM

{I2,3X,4F10.5) KODE,FIRST,LAST,INK,CANG
COMPUTES BISTATIC SCATTERING PATTERK
CCHPUTES BACKSCATTERING PATTERW
INITIAL SCATTERING AND INCIDENCE ANGL’
FINAL ANGLE
ANGULAR INCREHEWNT
ANGLE FOR SURFACE FIELD CONPUTATIONS

T LEAST OEZ ABSORBZR AND ONE IMPEDANCE SEGHENT IS

{2,13,5710.5) TYPE,d,XA,YA,XB,YB, AN
ABSCRBER 3HEZET
IUPEDANCE SURFACE
NUNBER OF SAMPLING POINTS OW THIS SEGHENT

2 Ne s N RN Ee Ko Ko s K2 Ke Ko R K e N e X N K2 Ne Ko K Ko N Ke N X K2 K2 K e N Ko K2 Ko e R e K K K2 Ko K K2 K e e K Ke K K2 X2 K2 e N2 Ke s X2
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FORM¥= 0 ZH(I) =ZMA+ZMB*>S (I) **ZuX
FORY= 1 ZH (1) =ZHA+ZUB*EXP (-ZHX*S (I))
ZMA,ZMB COMPLEX IMPEDANCE CONSTANTS
ZMX REAL IYPEDANCE CONSTANT

- D . D G D - = P D D P D WD W e S Y WD D AR WD W W D WD W D W P W WS W WP W U A D D G AW W =S W U W W @D W

(DATA G AND H REQUIRED FOR EACH IMPEDANCE SEGHENT.)
G FORMAT (I2,13,5P10.5) TYPE,N,XA,YA,XB,YB,ANG
TYPE=1 ABSCRBER SHEET
TYPE=2 IMPEDANCE SURFACE

N NUHBER OF SAMPLING POINTS ON THIS SEGHERNT
XA,YA,XB,¥B SIEGHEHT ENDPOINTS
ANG ANGLE SUBTENDED BY THE SEGMENT
H FORMAT (%2,3X,SF10.5) FORM,%51,25B,25X
FORMH=-1 ZS{I)=(ZSA-2SB*S (I))**Z5X
FORM= 0 ZS(I)=ZSA+ZSB*S (1) **ZS5X
. FORH= 1 ZS(I)=7SA+ZSB*BYP {(-25X*S (I))
ZSA,ZSB CCHPLEX IFPEDANCE CONSTANTS
Zs5X REAL IHPEDAHCE CONSTART
I FORMAT (I5) INTEGER ZERO IN COLUMN S SHUTS OPF

READING OF SEGMENT PARAHETERS
(USE THIS CARD ONLY IF, IN B, MORE=1)

Jd FORMAT (12,13,4F10.5) MORE,IPOL, HAVE,2SFAC,ZEFAC,ZHFAC C

Cc

CCCcceceeeceeceeececcececeeecceeececcececececceeecececceecececeececeeeeceeeoceeacecececece

eE2 N2 X2Ez e 2Nz N K Ko Ke Ke KX Ne Kz Nz N Ne Ne EnNs Ne K Ko
aaoaooaanoaaoacaaoacaaoaaaoaana

*k*¥ DIHENSIONING FORHAT *%x*
VECTORS ARE TCIMENSIONED ONLY IN THE HMAIN PROGRAN,
IF X=i0. POIRTS{CELLS) ON THE IHPEDANCE SURFACE AND
¥=NO. OF POINTS{CELLS) ON THE ABSORBER SHEET, THEN
HK=M+K AND AUK=H+HU+K

2Nz K2}

c
c
C
c
C
vees .MAIN PROGRAM-----A STARTER PROGRAH C
COMPLEX A (MK, MNK+1),PHI ({4K),PINK (MMK),LL (HMK) ,HM (MNK) c
COAPLEX ZE (MKX),ZM (MK) c
DINENSION X (MX),Y (MK} ,XMN (MK), YN (HK),S (MX) ,DSQ (1K) c
DIMENSICN LUMP(2,HK) c
DATA MI/MMK/ . c
CALL SHAIW (MI,A,PHI,PINK,ZE,ZM,X,Y,X¥,YN,S,DSQ,LL,H,LUHD) c
END c

c

c

c

* % % % e

* CARDS TO BE CHANGED WHEN REDIHENSIONING

aaoaaaaoaoaocaacghaoaaonoaaan

CCCCCCCCCCCCCCLCCCCCCCCecCCCCLCCCCCCCCClCCccreeceeeeccecececcceececccecec

C

Ceees .MAIN PROGRAM==--- A STARTER PROGRAM

C*%%x* RAMVS VERSICN
COMPLEX A (150,151),PHI(150) ,PINK(150),LL (150),HH (150)
COHYPLEX ZE (100),Z8(100)
DIMENSION X (100),Y(100),XN(100),¥YN(100),S{100),DSQ {100)
DIMENSION LUNP({2,100)
DATA MI/150/ o
CALL SHAIN(MI,A,PHI,PINK,ZE,24,X,Y,XN,YN,S,DSQ,LL,M4,LUNP)
END
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SUBROUTINE SMAIN(MI,A,PHI,PINK,ZE,ZM,X,Y,XN,YN,
&§S,DSQ,LL,H4H,LUHP)
C*%%% RAMYS VERSION E-EH-~POLARIZATIONS
DIMENSION LUMP(2,1)
COMPLEX A(HMI,?1)
COMPLEX PHI({1),PINK(1),ZE({1),2H4(1)
COHMPLEYX SUM,DEL,SUME,SUMM,SUHK
DIMENSION X(1),Y(1),XN(1),¥N(1),S{1),DSQ (1) LL(1) HH (1)
DIMENSION ID(18),IPP(2)
cotMon/PIES/FI,TPI,PIT,PIPI,YZ,RED,DIG
REAL LAST,INK
DATA IPP/udEEEE GHHHHH/
Ceees.READ IWPUT DATA AND GENERATE BCDY PROPILE
5 READ{5,100,END=999) ID
READ (5.200) HORE,IPOL,WAVE,ZSFAC,ZEPAC,ZMFAC
IP(ZSFAC,EQ.0) ZSTAC=1.E-10
IFP(ZEFAC.EQ.0) ZEFAC=1.E-10
IFP(ZMFAC.EQ.0) ZMFAC=1.E-10
READ (5,21C) KODE,FIRST,LAST,INK,CANG
HRITE (6,150) ID
CALL GLOM(LUNP,X,¥Y,XN,YN,S,DS5Q,2E,2H, K H)
IP (KODE.NE.O) GO TO 25
NINC=1
NBIT=1+IFIX ({LAST-FIRST)/INK)
GO TO 28
25 NBIT=0
NINC=1+IFIX((LAST-FPIRST)/INK)
29 CONTINUE
Ceeoe o CONSTRUCT MATRIX ELEHENTS
Hi=H+1
MK=4+K
HMK=HK+H
M¥1=M1+H
DO 35 I=M1,MK
35 ZE(I)=ZE(I)*ZS5FAC
FACE=ZEFAC*HAVE
FACH=ZMFAC*YAVE
XK=TPI/HAVE
DO 37 1I=1,M
ZB(I) =Z2E{I) #*FACE
37 ZA(I)=ZM(I) *FACH
DO 39 I=1,MK
S(I)=S(I)/WAYVE
39 DSQ(I)=DSQ{I)/WAVE
GO TO S0
40 FAC=ZSTAC/BZSFAC
DO 45 I=11,MK
4S ZE(I)=7E{I)*FAC
FAC=WAVE/PUYAVE
PACE=2EFAC/FZEFAC*TAC
PACM=ZMFAC/PZUFAC*FAC
DO 47 I=1,HM
ZE(I)=ZE {I)*PACE
47 ZM(I)=ZHM(I)*FACH
PAC=PHAVE/YAVE
XX=TPI/HAVE
DO 49 I=1,HK
S(LYy=S({I)*FAC
49 DSQ(I)=0DSQ(I)*FAC
50 CONTINUOR
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IF (IPOL.EQ.1) CALL MTXEL1(MI,M,K,XX,X,Y,X%,Y%,DSQ,2E,Z4,A)
IF (IPOL.EQ.2) CALL HTXEL2(MI,H,K,XK,X,Y,XN,YN,DSQ,2%,ZM,R)
I=LUNP (2,HK)
WRITE (6,400) IPP(IPCL),ZSPAC,ZEFAC,ZMFAC,MK,I,NINC,NBIT,HAVE
Ceee..COMPUTE INCIDENT FIELD AND INVERT HMATRIX
TETA=RED*CANG
CT=COS (TETA)
ST=SIN (TETA)
DO 60 I=1,M
HOLD=-XK* (CT*X (I) +ST*Y (I))
DEL=CHPLX (CCS (HOLD) ,SIH (HOLD))
PINK(I)=DEL _
60 PINK(I+H)==DEL* (XN {I)*CT+YN (I)*ST)
DO 63 I=M1,HK
HOLD==XK* (CT*X {I) +ST#Y (I))
63 PINK (I+M)=CHPLX (COS (40LD),SIN (HOLD))
CALL FLIE(A,MHK,4I,LL,HHM,PINK,PHI,1)
WRITE (6,150) ID
Cevee ,PRINT OUT STUFF FOR THE ABSORBER SURFACE (SPECIFIED ANGLE ONLY)
WRITE (6,350)CANG
YRITE (6,375)
DO 67 I=1,H
DEL=PHI(I)+(1.E~50,0.)
AMPE=CABS (DEL)
PHASER=DIG*ATAN2 (AIMAG (DEL) , REAL (DEL))
DEL=PHI (I+H) +(1.E-50,0.)
AMPH =CABS (DEL)
PHASEH=DIG*ATAN2 (AINAG (DEL) ,REAL (DEL))
IF (IPOL.EQ.1) HRITE(6,395) (LUHP(J,I),Jd=1,2),X(I),¥(I),S(I),
£DSQ(I) ,Z2E(I),24 (I),ANDPE, PHASET, AMPH, PHASEH
67 17 (IPOL.EQ.2) WRITE(6,395) (LUNP(J,I),J=1,2),X(1),¥(I),S{I),
£DS0 {I) ,ZE (I),%% (I) ,AMPH,PHASEH, AMPE, PHASEE
Ceve..PRINT OUT STUFP FOR THE INMPEDANCE SURFACE (SPECIFIED ANGLE ONLY)
YRITE (6,300)CANG
WRITE (6,325)
D0 65 I=M1,HK
IH=T+H
DEL=PHI (IN)+(1.E-50,0.)
ANP=CABS (DEL)
PHASE=DIG*ATAN2 (AIMAG (DEL) , REAL (DEL))
DIL=ZE {I)
65 WRITE (6,250) (LOMP(J,I),J=1,2),X(I),Y(I),S(I),DSQ(T),
EDEL,AMP, BHASE
Ce....DOPE OUT THE ADPROPRIATE PIELD FACTORS
WRITE (6,150) ID
THE=FIRST-INK
IP (KODE.EC.1) GO TO 70
WRITE {6,800) CANG,IEP (IPOL)
GO TO 75
70 WRITE (6,600) IPP(IPOL)
75 THS=THE+INK
IF (THE.GT.LAST) GO TO 105
IF (THE.EQ.FIRST .AND. CANG.EQ.FIRST) GO T0 85
TETA=RED*THE
CT=COS (TETA)
ST=SIN (TETA) :
Ceeeso.IN THE FOLLOWING LOOP COHPUTE THE MEW INCIDENT FIELD
DO 80 I=1,H
HOLD=~XK* (CT*X (I) +ST*Y (I))
DEL=CHPLX (Z0S {4CLD) ,SI# (30LD))
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PIN¥X{I)=DEL
80 PINK(I+M)==DEL* (XN(I)*CT+YN(I)*ST)
DO 83 I=M1,HK
HOLD==XK* (CT*X {I)+ST*Y (I))
83 PINK{I+¥)=CKPLX (COS (HOLD),SIl (EOLD))
IF (KODE.EQ.0) GO TO 85
CALL FLIP{A,¥HK,MI,LL,HH,PIHK,PHI,2)
85 CONTINUE
Ceeve.ADD UP THE CURRENTS FOR FAR PIELD
SU4=(1.E-25,0.)
SUME=SUH
SUdA=suH
SU4K=SU0M
DO 93 I=1,HM
IN=I+4
DS=DSQ (I)
SUME=SUME-PHI {I) *PINK{I)*DS
93 SUMM=SUMM+EHT (I1)*PINK (IN)*DS
SUMM=SUNM*YZ
IF (IPOL.EQ.2) GO TO 90
DO 95 I=41,MK
IN=I+NM
95 SUNK=SUHK+ (=1.+ZE (I)* (XN (I)*CT+YN (I)*ST))*PINK(Id)*DSQ (I)*PHI (I}4)
GO T0O 99
90 DEL=SUME
SUME=-SUNM/Y2
SUNM=DEL*YZ
DO 97 I=H1,HK
IN=I+H4
97 SUMK=SUMK+ (-ZE {I)+ (XN (I) *CT+IN(I)*ST)) *PINK (IM) *DSQ (I) *PHI{IH)
99 DEL=SUHE+SUAH
SUN=DEL+SUMK
ANPR=REAL {SUHE)
AMPI=ATINAG (SUHE)
PHASKE=DIG*ATAN2 (AHPI,ANPR)
AMPR=PIT* (AHPR*AUPR+AMPI*AUPI)
SCATE=10.%ALCG10 (AMPR)
AHMPR=REAL (SUAH)
AMPI=ATIHNAG {SUHY)
PHASEH=DIG*ATAN2 (ANPI, AUPR)
AMPR=PIT* (AHPR*AHUPR+ANPI*ANPI)
SCATH=10,*ALCG70 (AMPR)
ANPR=REIAL {DEL)
ANPI=AINAG (DEL)
PHASED=DIG*ATANZ (AMPI, AHPR)
AMPR=PIT* (ANPR*ANPR+AUPI*AMPI)
SCATD=10.*ALCG10 (AMPR)
AMPR=REAL (SUMK)
AMPI=AIMAG (SUHK)
PHALSEK=DIG*ATAN2 (AMPI,AHPR)
AMPR=DIT* (AUPR*AMPR+AMPI*AMPI)
SCATK=10.%ALCG10 (AUPR)
AMBR=QEAL {SUH)
AUPI=AINAG (SUH)
PHASET=DIG*ATAN2 (AMPI, AHPR)
AYDPR=PIT* (AMPR*AUPR+AMPI*ANPT)
SCATT=10.%ALCG1C (ANPR)
WRITE (6,500) THE,SCATE,PHASEE,SCATM,PHASEY,SCATD,PHASED,
ESCATK,PHASEK,SCATT,PHASET
GO TQ 75

-
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105 PZSFAC=ZSFAC
PHAVE=WAVE
PZEFAC=ZEPAC
PZMFAC=ZNFAC
IF (MORE.EQ.0) GO TC 5
READ (5,20C) MORE,IPOL,4AVE,ZSFAC,ZEFAC,ZHMFAC
IF{ZSFAC.EQ.0) ZSFAC=1.E-10
IF (ZEFAC.EQ.0) ZEFAC=1.E~-10
IF (ZMFPAC.EC.0) ZHFAC=1.E-10
WRITE (6,1508) ID
GO TO 40

100 PORMAT ({18A4)

150 FORHAT (1H1,1844)

200 FORMAT (I12,I3,4F10.5)

210 FOR:AT (I2,3%X,4F10.5)

250 FORMAT(1H ,2I3,4F8.4,1%,2FP11.3,F9.4,F9.3)

300 FORMAT(////18HOIMPECANCE SURFACE, *;INCIDENT FIELD DIRECTION=!',FP7.2)

350 FORMAT (17HOABSORBER SURFACE, ! ;INCIDENT FIELD DIRECTION=!,P7.2)

325 FORMAT(8HO I SEG,u4X,1HX,7X,1HY,7%,14s,6X,3HDSQ,
£11X,10H-~- 2SS ---,5X,7HH0OD (JS),2X, THARG (JS) /)

375 FORMAT(8HO I SEG,4%,1HX,7X,1HY,7X, 1HS,6X,3HDSQ, _
£11X,104--- 2% ---,13%,10H4-~-- 24 ---,5X,THHMOD (JE),2X, 7HARG (JE) , 2X,
§7HXOD (JH) ,2X,THARG (J¥) /)

395 FORMAT(1H ,2I3,4F8.4,2(1%,2F11.3),2(F9.4,F9.3))

400 TFORMAT (//25%,14HKEY PARAMETERS//
£10X,21HINCINEUT POLARIZATION,18X,1A1/
£10X,24HSURFACE IMPELANCE FACTOR,F22.5/
£10X,25HELECTRIC IMPEDANCE FLCTOR,F21.5/
£10X,25HMAGNETIC IMPEDANCE FACTOR,F21.5/
£10%,30HTOTAL NUMBER OF PCOINTS ON THE BODY,I6/
§10X,23HNUNBER OF SEGHMENTS USED,I17/
£10%,3SHNUMBER OF INCIDENT FIFLD DIRECTIONS,IS/
£10X,29HNUMNBER OF BISTATIC DIRECTIONS,I11/
£10X,10HWAVELENGTH,F34. 3)

600 FORMAT(///.,33X,28HBACKSCATTERING CROSS SECTION,/.
£37X,20H10*LCG (SIGHA/LANBDA) ,/,
£39%, 1H(, 1A1,14H-POLARIZATION) ,///,

§16%,10H (ELECTRIC) ,7%,10U {4AGNETIC),7X,10H (ABSORBER) , 7X,
6111 (INPECANCE) , 8X,7H {*OTAL) ,/,6X, SHTHETA, 2X,
£5(174 DB PHASE ) /)

800 TFORMATI(///,31X,33HBISTATIC SCATTERING CROSS SECTION,/,
§37%,20H10*1L0G (SIGMA/LANBDA) ,/,
630X ,29HPOR INCIDENT FIELD DIRECTION=,F6.1,/,
539X,1H(, 1A1,Y4H-POLARIZATION) ,///,s
£i6X, 10H(ELECTRIC),7X,10H {4AGNETIC) ,7X,10H (ABSORBER) ,7X,
&11H (IMPELCANCE) ,8X,7TH(TOTAL),/,6X, SHTHETA, 2X,

&5 (17H DB PHASE ) /)
900 FORMAT (4X,F7.2,5(1X,2F8.2))
999 RETURN ‘

END
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SUBROUTINE GEOM(LGMP,X,Y,XN,YN,S,DSQ,2EB,ZM,K,H)
C*%%% RANVS VERSION
COMPLEX ZEA,2EB,ZMA,ZMB,ZP0N,ZE(1),2H(1)
DIMENSION X{1),Y (1), X8 {1),Y¥(1),DSQ(1),S(1)
DIMENSION LUMP(2,1)
COMMON/PIES,/PI,TPI,PIT,PIPI,YZ,RED,DIG
I=0
K=0
1=0
M=0
WRITE (6,500)
Ce.eo.READ INPUT PARAMETERS AND PREPARE TO GENERATE SAHPLING POINTS
Cee...IF TYPE=1 ABSORBER SHEET, M CELLS TOTAL
Cueves .IF TYPE=2 IMPEDANCE SURFACE, K CELLS TOTAL
Ceevoo.TYPE=1 SURFACE MUST BE READ IN FIRST
10 READ (S5,200) ITYPE,N,XA,YA,XB,YB,ANG
IF {N.EQ.0) GO TO 120
LIN=2%§-1
READ (5,25C) IZEFRM,ZEA,ZEB,2EX
IF (ITYPE.EQ.1) READ (5,250) IZMPRM,ZMA,ZMB,ZMX
TX=XB-XA :
TY=YB-YA
D=SQRT (TX*TX+TY*TY)
IF (ANG.EQ.0.0) GO TO 20
T=0.5*%*REC*ANG
TRX=TX+TY/TAN(T)
TRY=TY-TX/TAN(T)
RAD=0.5%T/SIN(T)
ARC=2.0%RAD*T
ALFP=T/N
DID=2,0*RAD*ALF
GO TO 30
20 RAD=999.
ARC=D
DID=D/N
Ce.e..START GENERATING
30 LAST=2
IF(YA.EQ.0.0.AND.YB.F0.0.0,AND.ANG.2Q.0.0) LAST=1
DO 110 JI¥=1,LAST
L=L+1
DO 100 J=1,1LIM,2
I=I+1
LuMP(2,I)=1
Luup{1,1)=1
IF (I.EQ.1000) HRITZ (6,400)
IF (JIN.FQ.2) GO TO 90
IF (ANG.EQ.0.0) GO TO 40
SINQ=SIN (J*ALF)
C050=C0S (J*ALF)
X(I)=XA+0.5% (TRX*(1.0-COSQ)~TRY*SINQ)
Y(I)=YA+0.5% (TRX*SINQ+TRY*(1.0-C0SQ))
XN(I) ==0.5*% (TRX*COSQ+TRY*SINQ) /RAD
IN(I)= 0.5%(TRX*SINQ-TRY*COSQ) /RAD
GO TO 50
40 X(I)=XA+C.5*J*TX/N
Y(I)=YA+0.5%J*TY/N
XN (I)=-TY/D
YN(I)= TX/D
50 ST=0.5%J%DID
S{I)=ST
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Ceveo.COIPUTE THE ELECTRIC PARAMETERS
IP{ITYPE.EQ.1) GO TO 60
Ceeee+25 IS STORED IN THE 22 VECTOR
Z¥{I)=ZFUN(IZEFRM,2ZEA,ZEB,ZEX,ST)
GO TO 100
60 ZM(T)=2FUN {IZ¥FRY,ZHA,ZHD,20X,ST)
ZE{I)=2FUN(IZEPRY¥,2LR,Z2EB,%28X,ST)

GO TO 100
CeveoFROM HERE TO 100 HWE CREATE THE SEGHENT IMAGE
90 K=I-N ’
X{I) =X (K)
Y{X)=-Y (K)

XN {I) =4N (K)
YN (I)=-YN(K)
S(I)=5(K)
2E (I) =ZE (K)
24 (1) =2H (K)
100 DsSO(I)=DID
IP (JIN.EQ.T) GO TO 102
YA=-Y2A
YB=-YB
102 IF(ITYPE.EQ.1) GO TO 105
WRITE(6,300) L,N,XA,YA,XB,¥YB,ANG,RAD,ARC,IZEFRH,2EA,2EB,ZEX
K=I-H
GO TO 110
105 WEITE(6,350) L,¥,XA,YA,%B,YB,ANG,RAD,ARC,IZE?RM,22A,2EB,28X
WRITE(6,351) IZHFRHU,ZMA,ZHB,ZMX
H=1
110 CONTINUE
Go T0 10
260 FORMAT (I2,I3,5F10.5)
250 TFORMAT(IZ2,3X,5F10.5) :
360 FoRr#AT(1H ,I2,5H INMP,IN,1X,4F9.4,1X,2F7.2,P7.3,I4,1X,2F9.3,24,
€2F9.3,710.3)
350 FORMAT{H ,I2,5H ABS,I4,1X,4F9.4,1X,2F7.2,77.3,1I4,1X%,2P9.3,2X,
§2r9.3,F10.3)
351 FORMAT(71X,I4,2H (,F8.3,1X,F8.3,3H4) {(,F8.3,1%,F8.3,28) {,
§F3.3,1H))
400 FORMUAT {37HOHARNING: WE'VE GENERATED 1000 POINTS/)

500 FORYAT (13HOSEG SEG NUM,3X,6H  =-- ,21HENDPOINTS OF SEGMENTS,6H -
B==  ,5X,2TH ======memmme e , 18HSEGHENT PARAYETERS,27H -
L e e L TP B /184 NUM TYP CELLS,U4¥, 2H¥A,7X,2HYA,7X,

&2HXB,7X,2HYB,6X,24HANGLE RADIUS LENGTH FORM,6X,BHZEA (ZHA),12X,
E8HZEB (ZME) ,6X,8HZEX (ZHX) /)
120 RETURN
EN¥D

Cxx%% RAMVS VERSION

COUPLEX FUNCTION ZPOUN(IFORM,ZA,%ZB,ZEX,ST)
COMPLEX 24,2B
IF(IroRy) 10,15,20

10 ZFUN=CEXP(ZEX*CLOG (ZA-ZB*ST))
RETURN

1S ZPUN=ZA+ZB*ST**xZEX
RETURN

20 ZFUN=ZA+ZB*EXP (-ZEX#*ST)
RETURN
END
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SUBROUFINE MTXEL1{4I,M,K,XX,X,Y,XN,IN,DSQ,ZE,24,R)
Ch*%%x RANVS VERSION E-POLARIZATION
DIMENSION X({1),Y(1),XN(1),YN(1),DSQ(1)
COHPLEX ZE(1),2ZM (1) ,A(MI,1)
COMPLEX AA,HZ,HZA,HZB,H1,H1A,H1B
REAL NEDR,NDR,NDNP
coM4ON/PIES/PI,TPI,PIT,PIPI,YZ,RED,DIG
M1=M+1
MEK=M+K .
WAVE=TPI/XK
DO 300 II=1,M
I=11
IM=II+M
XI=X(I)
YI=Y(I)
XNI=XN(I)
YNI=YN(I)
Cevees GENERATE ELEMENTS IN 1,2,4, AND 5
DO 100 JJ=1,M
J=JJ
JN=J+Y
DS=DSQ (J)
pDS=1./PIPI/DS
DDS=0.25%DS*DS
TPIDS=TPI*DS
TEST=TPIDS*2.5
TDS=TPIDS/24.
PITDS=PIT*DS
IF (I.FQ.J) GO TO 120
CALL DIST(XI,YI,X{J),Y(J),XNI,YNL,XN(J),¥N(J),5,
&R, NPDR,NDR,NDNP ,SDR,SPDR)
RK=R*XK
IF (RX.LE.TEST) GO TO 110
CALL HAUKZ1(RK,2,HZ,H1)
A{(I,J) =HZ%*PITDS
AA=H1¥PITDS
A(I,JN)=Y2*%CHPLX{0,,NPDR)*AA
A(IM,J)=CHELX(0.,NDR)*AA
B=lPDR*MDR
AA=Bx%[iZ+ (SPDR*SDR~B) *H1/RK
A(IN,JH)= AA*PITDS*YZ
GO TO 100
. 110 CONTINUE
RH=R/WAVE
B=RW*R{+DDS
C=DS*RY*SPDR
RAK=TPI%*SORT {B+C)
IF (RAK.NE.RBK) 60 TO 103
HZA=11ZB
H1A=H1D
GO TO 105
103 CALL HANKZ1(RAK,2,HZA,H1A)
105 RBK=TPI*SQET (B-C)
RK=R*XK
CALL HANKZ1(RK,0,HZ,H1)
CALL HANKZ1(RBK,2,HZB,H1B)
AA=TDS* (HZA+4, *HZ+HZB)
A(I,J3)=AA
A(IB,JH)=(0.25%SDR* (H1B-H1A) +NDNP*AA) *Y2Z
AA=CHPLX(0.,-0.25) *SPDR* (HZB-HZA)

134



A(I,JH)=AA*NPDR*YZ

A(IM,J)=AA%*NDR

GO TO0 100
120 AA=CHPLX(PIT,ALOG(DS)*0.02879837)

A(I,J)=ZE (J) +AA*DS

A{r,JN)=(0.,0.)

A(IN,J)=1{0.,0.)

A(IN, JH)—(ZM(J)+CHPL¥(O..PDS)+(AA c4rPLX (0.,0.5)) *DS/2.) *1Z
100 CONTINUE

CeveeGENERATE ELEMENTS IN 3 AND 6
DO 300 JJ=M1,HK
J=JJ
J¥=J+ Y4
PITDS=PIT*DSQ (J)

CALL DIST(XI,YI,X(J),Y(J),XNI,YNI.XN(J),YH(J),H,
SR,NPDR,NBR,NDHP,SDR,SPDR)

RK=R*XK

CALL HANKZ1(RK,2,HZ,H1)

C *x%REMEMBER 2S IS STORED IN ZEX**
HZA=ZE (J)
AA=HZ~-CMPLX (0. ,HPDR) *H 1*HZA
A(I,JH) =AA*PITDS
B=NPDR#*NDR
AA=B*HZ+ (SPDR*SDR-B) *H1/RK
AA=CMPLX(0.,NDR) *H1-AA*HZA

300 A(IW,Ji)=AA*PITDS
DO 500 II=NH1,MK
I=11
IN=I+H4
XI=X{1)
YI=Y(I)
XKUI=XN(I)
INI=YN {I)

Ceeose .GENERATE ELEMENTS IN 7 AND 8
Do 400 J3=1,4
Jd=3J4d
PITDS=PIT*DSQ (J)

CALL DIST(XI,YI,X(J),Y(J),X¥I,¥NI,XN{J),¥YN(J),0,
&R, NPDR,NDR,NDNP,SDR,SPDR)
REK=R*XK
CALL HANKZ1(RK, 2 HZ ,H1)
A(1I4,J)=HZ*PITDS
400 A(IM,J+M)=CHPLX(0.,NPDR)*H1*PITDS*YZ

Ceoee oGENERATE ELEMENTS IN 9
DO 500 JJ=¥1,HK
J=JJ
IP (I.EQ.J) GO TO 510
CALYL DIST(XI,YI,X(J),Y(J),XHI,YNI,XN(J),YN(J),O,

ER, NPDR,NCR,NDNP,SDR,SPDR)
K=R¥XK
CALL HAWKZ1(RX,2,HZ,H1)
AA=HZ-CHMPLX (0. ,NPDRY*H1*ZE (J)
A(IM,d+H) = PIT*AA*DSQ(J)
GO TO 500
510 D5=0DSQ (J)
A(IM,J+M)=0.5%ZE (J) +DS*CHPLX (PIT,ALOG {D5) +0. 02879837)
500 CONTINUE
RETURN
END
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SUBROUTINE MTXEL2(HMI,H,K,XX,X,Y,XN,YN,DSQ,ZE,ZH,])
C##%x RAMVS VERSION H-POLARIZATION
Cxxxx RAMVS VERSICN

DIMENSION X(1),Y (1) ,XN(1),¥N(1),DSQ(1)

COMPLEX ZE({1),ZH (1) ,A(NI,1)

COMPLEX AA,HZ,HZA,HZB,H1,HI1A,H1B

REAL NPDR,NDR,NDHP

COMMON/PIES/FI,TPI,PIT,PIPI,YZ,RED,DIG

M1=M+1

MK=H+K

WAVE=TPI/XK

DO 300 II=1,H

I=II

IM=II+N

XI=X(I)

YI=Y({(I)

XNI=XN{I)

YNI=YN(I)

Ceees .GENERATE ELEMENTS IN 1,2,4, AND 5

DO 100 JJ=1,M

J=JJ

Jl=J+H

DS=DSQ {J)

PDS=1./PIPI/DS

DDS=0.25%DS*DS

TPIDS=TPI*DS

TEST=TPIDS*2.5

TDS=TPIDS/24.

PITDS=PIT*DS

IF (I.EQ.J) GO TO 120

CALYL DIST(XI,YI,X(J),Y(J),XHI,YNI,XN(J),YN(J),5,

tR, NPDR,NLR,HDNP ,SDR,SPDR)

RK=R*XK

IF(RX.LE.TEST) GO TO 110

CALL EANKXZ1(RK,2,HZ,H1)

A(I,J)=HZ*PIIDS*12

AA=H1*PITIDS

A{I,JH)=CMPLX(0.,~NPDR) *AA

A(IN,J)=CHFLX(0.,NDR)*AA*YZ

B=NPDR*NDR

AA=B*HZ+ {SPDR*SDR-B) *H1/RK

A(IH,JH)=-AA*PITDS

GO TO 100

110 CONTINUE

RH=R/HAVE

B=RW4*RY+DDS

C=DS*RH*SPDR

RAK=TPI*SQRT (B+C)

IF (RAK.NE.RBK) GO T0 103

HZA=HZB

H1A=H1B

GO TO 105

103 CALL HAUKZ1(RAK,2,HZA,H1A)
105 RBK=TPI*SQKT {B~C)

RK=R*XK

CALL HANKZ1(RK,0,HZ,H1)

CALL HANKZ1(RBK,2,HZE,H1B)

AA=TDS* (HZA+U,*AZ+HZB)

A(I,J)=AA*YZ

A(IM,JH4)=-0.25*SDR* {(H1B~111) ~NDNP¥AA
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AA=CHMPL¥X {0.,0.25) ¥SPDR* (HZB~HZA)

A(I,JH4)=AA*NPDR

A(IH,J)=-AA%NDR*YZ

GO TO 100
120 AA=CHPLX (PIT,ALOG(DS)+0.02879837)

A(I,J)=(Z4(J)+AA*DS)*YZ

A(I,d ={0.,0.)

A{(IH#,3)=(0.,0.)

A(IH,JH)=-ZE (J)-CHPLX(0.,PDS)~ (AA-CHPLX(0.,0.5)) *DS/2.
100 CONTINUE

Ce....GENERATE ELEMENTS IN 3 AND 6
DO 300 JJ=#1,HK
J=J4J
IN=J+Y
PITDS=PIT*DSQ (J)

CALL DIST(XI,YI,X(J),Y(J),XNI,YNI XN (J),IN{J), .4,
&R, NPDR,UCR,NDNP,SDR,SPDR)

RK=R*XK

CALL HANKZ1(RK,2,HZ,H1)

c *%%REMEMBER ZS IS STORED IN ZE#***
HZA=ZE {J)
AA=HZ*HZA-CHPLX (0., NPDR) *d1
A(I,JM)=AA%*PITDS
B=NPDR*NDR
AA=B*4Z+ (SPDR*SDR~-B) *H1/RK
AA=CMPLX{0.,NDR) *H1¥HZA-AA

300 A(IN,J4'=AA*PITDS
DO 500 II=i1,MK
I=1I
IN=I+M
X1=X(1)
YI=Y(I)
XNI=XN(I)
INI=YN{I)

Ceeeo .GENFRATE ELEMENTS IN 7 AND 8
DO 400 JJ=1,H
J=JJ
PITDS=PIT*DSQ (J)

CALL DIST({XI,YI,X{J),¥(J),XNI,YNI,XN(J),¥N(J),0,
&R, NPDR,NDR,NDNP,SDR,SPDR)
RK=R=XK ’
CALL HANKZ1(RK,2,HZ,H?1)
A(IH#,J)=HEZ*PITDS*YZ
400 A(IM,J+M)=CHPLY(0.,NPDR)*H1%PITDS

Coeveeo.GENERATE ELEMENTS IN 9
DO 500 JJ=M1,MK
J=3J
IF (I.EQ.J) GO TO 510
CALL DIST{XI,YI,X(J),Y(J) ,XNI,YNI,XN(J),¥N(J),0,

&R, NPDR, ¥CR,YDUP,SDR,SPDR)
RK=R#*XK
CALL HANKZ1(RK,2,HZ,H1)
AA=HZ*ZT {(J) ~CMPLX (0., NPDR) *H1
A(IH,J+H)=PIT*AA*DSQ (J)
GO 1O 500
510 DS=DSQ (J)
A(IH#,Jd+8)=0.5¢DS*CHPLY (PIT,ALOG (DS)+0.02879837) *#ZE (J)
500 CONTINUE
RETURHN
END
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SUBROUTINE DIST {XL,¥I,XJ,¥J,«WI,¥YNI,XNJ,YNJ,T,
&R, KPDR,NDR,NDNP,SDR,SPDR)

CeeeesI=0 R,NPDR

CeeeeeI=1 R,NPDR,NDR

Ceees.I=2 R,NPCR,NCR, HDNP
CeeeesI=3 R NDNP,SDR,SPDR
Ceeeso I=U4 R,NPCR,NDR, SDR,SPDR
Ceevs.I=5 R,NPDR,NLCR,NDNP,SDR,SPDR

10
15

50
90

REAL NPDK,NCR,UDNP

IF (I.LT.0.0R.I.GT.5) GO TO 50
RX=XI-XJ

RY=YI-YJ

R=SQRT (RX*RX+RY*RY)

IF (I.EQ.3) GO TO 10
NPDR=(RX*XNJ+RY*YNJ) /R

IF (I.EQ.0) FEETURN
NDR=(RX*XNI+RY*YNI) /R

IF (I.EQ.1) RETURN

IF(I.EQ.4) GO TO 15
NDNP=XNI*ANJ+YNI*INJ

IF (I.EQ.2) RETURN
SDR=(RX*YNI-RY*XNI) /R
SPDR={RX*YNJ-RY*XNJ) /R

RETURN

WRITE (6,90) I,R

FORMAT {31HOSICX DATA IN DIST *QUIT* 1I=,12,2X,2HR=,E11.3)
CALL SYSTEM

ElC

SUBRCUTIKE HALKZ1(R,N,HZFRO, HONE)

Ceoos .HANKEL FUHCTICNS ARE OF FIRST KIND~-J+IY
Connne N=0 RETURNS HZERO

Ceoeen N=1 RETUR!S HONE

Ceonen N=2 RETURNS HZERO AND HONE

Coeeso .SUBROUTINE REQUIRES R>D

Ceee..SUBROUTIHE ADAN MUST BE SUPPLIED BY USER

DIMENSION A({7),B{(7),C(7),D(N),E(7),P(7),G{(T7),H(T7)

COUPLEX LZERO,HONE

DATa 2,B,C,D,E,?,G,H/1.0,-2.2499997,1.2656208,-0.3163866,
0. 0444473,-0.003%444,0.00021,0.35746691,0.60559366,-0.74350384,
£§0.25300117,-0.04261214,0.00427916,-0.00024845,0.5,~-0.56249985,
§0.21093573,-0.03%54289,0,00443319,-0.00031761,0.00001109,
£-0.63661938,0.2212051,2.1682799,-1.3164827,0,3123951,-0.0400976,
§0.0027873,C.79728456,-0.00000077,-0.0055274,-0.00009512,
£0.00137237,-0.00072805,0.00014476,~0.78539816,~-0.04166397,
&-0.00003654,0.00262573,-0.00054125,-0.00029333,0.00013558,
£§0.79738456,0.00000156,0.01659667,0.00017105,-0.00249511,
£€0.00113653,-0.00020033,-2.35619449,0.12499612,0.0000555,
£€-0.00637879,0.00074348,0.00079824,~-0.00029166/

IF (R.LE.0.0) GO TO 50

I (¥.LT.0.OR.N.GT.2) GO TO S0

IF (R.GT.3.C) GO TO 20

X=R*r/9.0

IF (¥.EQ.1) GO T0 10

CALL ADAN(A,X,BJ)

CALL ADAM({B,X,Y)

BY=0.6366198%AL0OG (0,5%R) *BJ+Y

HZERD=CUPFLX (BJ, BY)

I (H.EQ0.0) RETURH
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10

20

30

50
90

10

10

20

30
35

CALL ADAM({(C,X,Y)
BJ=R*Y
CALL ADAM(D,X,T)

BY=0.6366198%AL0G (0.5%R) *BJ+1/R

HONE=CHPLX (BJ,BY)
RETURN

X=3.0/R

IF {N.EQ.1) GO TO 30
CALL ADAHM(E,X,Y)
FOOL=Y/5CRT (R)
CALL ADAM(F,X,Y)
T=R+{
BJ=FOOL*COS {T)
BY=FOOL*STN¥ (T)
HZERO=CMELX {BJ,BY)
IF (N¥.EQ.C) EETURNW
CALL ACAM(G,X,Y)
FOOL=Y/SCRT {R)
CALL ADAM (H,X,Y)
T=R+Y{
BJ=PO0OL*COS {T)
BY=POOL*SIN(T)
HONE=CMPLX {BJ,BY)
RETURN

WRITE(6,90) N,R

FORMAT (J2HOSICK DATA IN HANKZ1

CALL SYSTEN
END

SUBROUTINE ADA#(C,X,Y)
DIMENSION C(7)
Y=X*C(7)

po 10 1=1,5
Y=X*{C{7-1I)+Y)
Y=Y+C{1)

RETURN

END

*QUIT*

SUBROUTINE FLIP (A,N,MI,L,H4,X,Y,YAT)
COMPLEX A{NI,1),X(V),¥(1),D,BIG),HOLD

DIMEBUNSION L(1),H#(1)

IF (IAT.GT.1) GO TO 150
D=CHPLX (1.0,0.0)

D0 80 K=1,HM

L{K)=K

H{K)=K

BIGA=A (K,K).

DO 20 J=K,\N

DO 20 I=K,N

IF (CABS(BIGA).GE.CABS(A(i}J))) GO T0 20

BIGA=A (I,J)

L(X)=I

M (K)=J

CONTINUE

J=L (K)

1?7 (J.LE.K) GO TO 35
DO 30 I=1,H
HOLD=-A (K, I)
A(K,I)=A{J,I)
A(J,T)=HOLD

I=M (K)

IF (I.LE.X) GO TO 45
DO 40 J=1,N

HOLD=~12 (J,K)
A(J,K)=A(J,1)
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40 a(J,I)=HCLD
45 IF (CABS{BIGA).NE.0.0) GO TO 50
D=CHPLX (0.0,0.0)
RETURN
S0 DO 55 I=1,M
IF (I.EQ.X) GO TO 55
A(I,K)=-A(I,K)/BIGA
55 CONTINUE
Do 65 I=1,N
DO 65 J=1,N
IF (X.EQ.K.OR.J.EQ.K) GO TO 65
A(I,J)=A(I,X)*A(K,J)+A(I,J)
65 CONTINUE
Do 75 J=1,N
IF (J.EQ.X) GO TO 75
A{K,J)=A(X,J)/BIGA
75 CONTINUE
D=D*BIGA
80 A(K,K)=1.0/BIGA
K=N
100 K=K-1
IP (K.LE.0) GO TO 150
I=L (X)
IF (I.LE.K) GO TO 120
DO 110 J=1,N
HOLD=A {J,K)
A(J,K)==A(J,I) -
110 A {J,I)=HOLD
120  J=H (K)
IF (J.LE.X) GO TO 100
DO 130 I=1,N
HOLD=2A (K,I)
A(X,XY==-3(J,1)
130 A({J,I)=HGLD
GO TO 100
150 DO 200 I=1,N
Y(T)=CKPLX{0.0,0.0)
DO 200 J=1,N
200 Y (IY=A(I,J)*X(J)+Y (1)
RETURN
END

BLOCK DATA

c¢oduoN/PIESsPI, TPI,PIT,PIPI,YZ,RED,DIG

DATA PI,TPI,PIT,PIPI,YZ,RED,DIG/3.1515927,6.2831853,
€1.5707963,9.8696044,0.0026525824,0.01745329,57.29578/
END
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APPENDKX B

COMPUTER PROGRAM RAMD (as of January 1977)

Program RAMD solves the integral equations for the currents induced on a
two dimensional body subject to an impedance boundary condition when illuminated by
a plane E or H polarized electromagnetic wave, and then computes the scattered

field. The equations on which the program is based are (Knott and Senior, 1974)

le (s) = K(s)+ lim i f

{n(s')H( D) - 1(fy- Q)H(i)(kw}x (s"d(ks") (B.1)
o—c* % s

for H polarization and

1
Y E -n(s) Kz(s)+11m Zf

{(1)(kr) in(s") (A" %H‘”(kr)} (s") dlks')
p_’c C 0o VA

(B.2)

for E polarization. When the limit and integral operations are interchanged, the
integrands become singular when the field and integration points coincide, and although
the singularities are integrable, for a numerical solution it is still necessary to
evaluate the self cell contributions analytically. The forms used in the digital solution

are actually as follows:

i a A
Hz(s) = [:0 5+47r Y {2 +1i (0, 0287985 -*-!nA }n(S)] KS(S)

+£—f n(s') Ks(s')H( )(kr)ds -%f Ks(s')(ﬁ'- @)H(i)(kr)ds' (B.3)
C-A C-A

and

YoEiZ(s) = [(0. 5+ % )n(s) + % {§+ (0. 0287985 + In %NKZ(S)

+§f K (s Yy gt )<kr>ds'-i—‘$f nsK (s') (A f)H(l)(kr)ds

4
C- -
& A (B.4)
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for H and E polarizations respectively.

In each equation the first term on the right hand side is the contribution from
the self cell of size A, and the integrals then represent the contribution from the rest
of the body. The only difference from the equations used in the original program
RAMD is in the self cell terms, and instead of writing a new program we have chosen

to modify the old one. The changes made are

(i) inclusion of a curvature effect contribution
(ii) addition of a number of impedance generation subroutines designated
ZFUN

and (iii) some cleaning up to make the program simple and more versatile.

The added term representing the effect of the curvature of the self cell is
4—0:; where a is the angle in radians subtended at the center of curvature. Although
its expression is simple the need for such a term became apparent only when the
results obtained with RAMD for a perfectly conducting circular cylinder were com-
pared with those computed from the Mie series expression. An analytical derivation
of this term is given by Senior (1976), and its inclusion in the program markedly
improved the accuracy achieved for a given number of sampling points. Since the
magnitude of the correction increases with increasing curvature, the improvement
is most dramatic for bodies of small radius, for example, a cylinder having ka = 1.
It is relatively unimportant for a body such as the ogival cylinder of interest in this

investigation, and the results previously obtained for this geometry are in fact still

valid.

The second modification to the program was the addition of numerous ZFUN
subroutines to generate the surface impedance at each point when either a specific
surface impedance variation, or the thickness and material properties of a homo-
geneous coating is given, In the main program there are options to generate an
impedance having either a power law variation with distance s or an exponential

form, and subroutine ZFUN is used only when a more complicated variation is

142



required. As many as 8 ZFUN's were used in the course of our study. Some com-
pute specific impedance variations and others are directed at the case of a coating
in the form of a layer. Three ZFUN's are included in the program listing to compute

the impedance for

(i) a 'cylindrical tip' impedance
(ii)  a 'cylindrical tip' layer thickness

and (iii) a two layer coating,

Of these three, only the first complements RAMD and derives all the input informa-
tion from the input data. When the impedance is computed from the given thickness
and material properties of a layer, more input parameters are needed than can be
assigned in the input data list. Instead of changing RAMD to accept all input infor-
mation, we chose to input part of the data via the original data input and the rest
through the source statements in the subroutines. Thus, in the second ZFUN for a
cylindrical tip layer thickness, w(MU), € (EPS) and frequency (FREQ) are inputted
as data, but the tip thickness (TTIP), the taper length S1 and the maximum layer
thickness go in as source statements. Although a change in the data then requires
recompiling the subroutine, the procedure is not difficult when running the program

from a terminal,

The other change made in the original RAMD was to remove the option for
reading in the geometry and surface impedance on a point by point basis. This
seemed a worthwhile option when RAMD was developed but there has proved to be
little need for it. All the geometries and impedances for which RAMD has been used

so far have been generated internally and in the subroutines ZFUN.

A complete Fortran listing of RAMD is as follows:
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1 Ok K kSRR R ROk ok ROk A KR KR R K KRR R K ok A Tk A R AR R R kR
2 C INFUT FORHMAT FOR PROGRAM RAHD-B----VERSION OF AUG 5,1976 C
3 C MOLDIFIED NOV 18,1976 C
4 C PROGRA{ NOW COMPUTES SURFACE FIELD FOR SPZCIFIED ANGLE CANG C
ek Aol ot o o o R KR OK AR ok KK KK KK R KKK OK K RO ROR KR KRR K
6 C CARD 1 PORMAT ({18AW4) TITLE CARD; USE UP TO 72 CCOLUMNS C
T O Aok ok O ROk SO R R HOK AR ROK O R R KRR K 2 A AOROR KR Rk K AR Sk kR R K R C
8 C CARD 2 PORHMAT ({12,I3,2F10.5) MORE,KODE,ZFAC,HYAVE C
9 C MORE=0 THIS %ILL BE THE LAST RUN FOR THIS DATA SET C
10 C MORE=1 THERE ARE MORE DATX TO BE READ FOR TIIS SET c -
it C KODE=0 COMPUTES BISTATIC SCATTERING DPAYTERN C
12 C KODE=1 COMPUTES BACKSCATTERING PATTERH C
13 C ZFAC A FACTOR MULTIPLYING ALL ELEMENT IMPEDANCES C
14 C WAVE WAVELENGTH C
15 Cmom ok gk o ok 3K o R A KA KRR ORI K KR R R R SRR R R KR AR KK X R R KKK C
16 C CARD 3 FORMAT (12,I3,4F10.5) 1IPP,IOPT,FIRST,LAST,INK,CANG Cc
17 C IPP=1 E-POLARIZATION C
18 C IpPP=2 H-POLARIZATION C
19 C I0PT=0 SURFACE PARAMETERS NOT PRINTED C
20 C I0P1I=1 SURFACE PARAMETZRS PRINTED C
21 C FIRST INITIAL SCATTERING AND INCIDENCE ANGLE C
22 C LASI FINAL ANGLE C
23 C INK ANGULAR TIMCREMENT C
24 C CANG ANGLZ FOR SURFACE FIELD COMPUTATIONS c
26 Cotskodo Rk Rk R ROk oK R R R AR Ok 40K AOROK K SRR K KR R kR R K R KRR R AOR RO R R
26 C CARD 4 FORMAT (I12,I3,5P10.5) N,INP,XA,YA,XB,YB3,ANGLE C
27 C N NUMBER OF SAMPLING POINTS ON THIS SEGHENT o
28 C IMp=-1 TYPEDANCE GIVEN BY USER~-SUPPLIED SUBROUTIN C
29 C INP=0 ZS (1) =2A+7ZB%S (I) **ZEX C
30 C Iup=1 ZS(T)=ZA+ZB*EXP (-ZTX*S5 (1)) C
31 C XA,YA,XB,YB SEGHENT ENDPOINTS C
32 C ANGLE ANGLE SUBTENDED BY THE SEGHENT C
33 ook kodok Rk ok Kok ok e kR R R KO KR R RO AOK KR oK Ak R OX R R R R R IR R R RRARC
34 C CARD 5 FORMAT (5X,5F10C.5) ZA,ZB,ZEX C
35 C ZA,ZB CCMPLEX IMPEDANCE CONSTANTS C
36 C ZEBX REAL INPEDANCE COHSTANT Cc
37 CoRm ok ok K ARk R A OKKOK ok 3K SOk AR K K SO Ok SR O RO KRR K KRR R X KRR AR
38 C CARD 6 FORMAT (I2) INTEGER ZERO IN COLUH#M 2; SHUTS C
39 C OFF READING OF SEGXENT PARAMETERS C
B0 CHAmk ook dokk R ok ¥ kok 30K ok ok kKR kKoK Kok SR SR SRR ROR R ARk 2 R X KRR R R AR R KRR
41 C CARD 7 PFORMAT (12,I3,2F710.5) NORE,KODE,ZFAC,HAVE C
42 C THIS CiRD IS USED ONLY IF, O CARD 2, MORE=1 C
43 Cootton sk ok doR AR JORRRR R KoK R R ok KOk ROk ok R R R R ROR R R R R kR R
uy COHPLEBX A({1C0,101),PHI(100),PIUK(100),SU4,DEL,B{,B2,ZS(100)
45 COMPLEX ZSFAC(100)
46 REAL LAST,IHK
47 * DIMENSION X(100),Y(100),XN(IOO),YN(100),S(100),DSQ(100),AHG(100)
48 DIAENSION ID(18),LUNP(100,2),IPOL(2)
49 DATA RED,DIG,PIF,IPOL/0.01745329,57.29578,0.07957747151,4HEERE, 4HHHEH/

50 Ceee. .READ INPUT DATA AND GENEFATE BCDY PROFILE
51 5 READ (5,100) ID

52 READ (5,200) MORE,KODE,ZFAC,HAVE

53 READ (%5,200) IPP,IOPT,FIRST,LAST,INK,CANG
54 WRITE (6,150) ID

55 WRITE (6,300)

56 CALL GEOM(LUNP,X,Y,X¥,¥Y¥,S$,DSQ,ANG,ZS,H,LL)
15 20 IF (KODE.NE.O) GO TO 25

58 NINC=1

59 NBIT=1+IFIX{(LAST-FIRST)/INK)

60 GO TO 30
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117
118
119
120

25
30

35

Cc...o

38

NBIT=0

NINC=1+IFIX ({(LAST-FIRST) /INK)

WRITE (6,400) IPOL{(IPP),2ZFAC,LL,M,NINC,NBIT,HAVE

XK=6.283185/4AVE
DO 35 I=1,H

ZSFAC({I)=7S(I)*ZF
DSQ {I)=DSQ{I)/HAYV

DO 55 I=1,H

DO 55 J=1,H4

IF (I.EQ.J) GO TO
TX=X(I)~%X(J)
TY=Y(I)-Y (J)
P=SQRT (TX*TX+TY*T
RPQ=P* YK

CuvessCNR={N-PRIHE DOT
CNR== (TX*XN (J) +TY%YN {J)) /P

40

45

50
55

C.I..'

60

Coocva

63

65

CALL HANK(RPQ,1,B

AC

B

40

1)
R)

J,BY)

CONSTRUCT MATRIX ELEMENTS

B1=1.570796*DSQ (J) *CHR*CMPLX (-BY, BJ)

CALL HANK(RPQ,0,B

J,BY)

B2=1.5707¢6#*DSQ {J) *CHPLX (BJ,BY)"~

GO TO 45

B1=CiPLX{0.5,0.0) +AlG (J) *PIF

B2=DSQ {J) *CHPLX (1.570796,0,0287985+AL0OG (DSQ {J)))
IF (IPP.20.1) GO TO 50

A(I,J)=B1+B2*2SFA
GO’ T0 55
A(I,J)=B2+B1%*ZSFA
CONTINUE

TETA=RED*CAUG
CT=CCGS (LETA)
ST=3IN (TETA)
DO 60 I=1,M

C({J)

C(J)

COMPUTE INCIDENT FIELD

AND INVERT MATRIX

HOLD==XK* (CT*X (I)+ST*Y (1))
PINK(I)=CMPLX (CCS (HCLD) ,SIN (HOLD))
CALL FLI?{A,H,PINK,PHI,1)

WRITE (6,151) ID
WRITE (6,350) CANG
WRITE (5,500)

DO 65 I=1,H
AMP=CABS (PHI(I))

PRINT OUT CURRENTS AND ELEMENT PROPERTIES FOR FIRST ANGLE
IF (IOPT.EC.0) GO TC 63

PHASE=DIG*ATAN2 (AIHAG (PRI (I)) ,RZAL(PHI (I)))

IF (IOPT.E0.0) GO T0 65
WRITE (6,250) (LUNP(I,J),Jd=1,2),%(I),Y(I),S(I),DSQ(I),A4P,PHASE,

§ZSFAC({I)
CONTINUE

C.e...DOPE OUT THE APPRCPRIATE FIELD FACTORS

70
75

THE=FIRST-INK

I? (KODT.EQ.1) GO TO 70

WRITE ({6,80C) Can
GO TO 75

WRITE (6,60C)
THE=THE+INK

IF (THE.GT.LAST)
IF (THE.EQ.PIRST
TETA=RID*THE
CT=COS (ITTA)

G

GO TO 105

«AND,

FIRST.EQ.CANG) GO TO 85
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121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
1M
172
173
174

ST=SIN (TETA)

CeseeoIt THE FOLLOWING LOOP, PINK IS NOT NECESSARILY THE INCIDENT FIELD

80

85

DO 80 J=1,M
HOLD==XK* {CT*X (J) +ST*Y {J))

PINK (J)=CMPLX(COS(UCLD) ,SIN{HOLD))
IF {KODE.EC.0) GO TO 85

CALL FLIP(A,M,PINK,PHI,2)
SUN=CYPLX{0.0,0.0)

CeoseoADD UP THE CURRENTS

90
95

105

108

*00
150
151
260
250
300

350
500

DO 95 J=1,HM

DEL=DSO0 (J) #PHT {J) *PINK (J)

IF (IPP.EQ.1) GO T0 90

SUM=SUM+DEL*{ ZSFAC (J) -CT*XN {J) ~ST*YN (J))

GO T0 95

SUM=SUH+DEL* (1.0~ ZSFAC (J) * (CT*XN (J) +ST*YN {J)))

CONTINUE

SCAT=20,C*ALOG10 (CABS (SUH))+1.9612

FASE=180.0+DIG*ATAN2 (AINAG (SU¥) ,REAL (SUN))

WRITE (6,900) THE,SCAT,FASE

GO T0 75

IF (YORE.EQ.0) GO T 5

DO 108 I=1,M

DSQ (I) =DSQ (I) *WAVE

READ (5,200) HORE,XODE,ZFAC,dAVE

WRITE(6,150) ID

GO TO 30

FORMAT (18A4)

FORMAT (1H1,18RY)

FORUAT (1HO, 18A4)

FORMAT (I2,13,5710.5)

FORMAT (215,5P10.5,F10.3,2F10.5)

FORYAT (10HOSEG  NUM, 11X, 24HENDPOINTS OF THE SEGHENT, 11X,
E1 =m=mmmmmmmm—ememamemes STGMENT PARAHETERS =-====-=-=====--ac- -—---
R '/118 NU4 CELLS,6X,2HX),8X,2HYA,8Y,2HX3,8X,
£2HYB,6X,21HANGLE RADIUS LENGTH,2X,'FORI',10X,'2A', 16X,
£'2B', 14%,72X")

PORMAT (1HO, 'SURFACE INPEDANCE;  INCIDENT FIELD DIRECTION=',P7.2)

FORMAT (//25X,14HXEY PARAMETERS//
£10X, 2 1HINCIDENT POLARIZATION,22X,1A1/
€10X, 'SURFACE INPEDAECE FACTUR',720.5/
£10X,23HNUMBER OF SEGUENTS USED,I21/
£10%,34HTOTAL NUNBER OF POINTS ON THE BODY,I10/
£10X,35HNUXBER OF INCIDENT FIELD DIRECTIONS,I9/
£10X, 29HNUMBER OF BISTATIC DIRECTLONS,I15/
€10X, 1OUKAVELENGTH, F34.5)

FORMAT (11HC I  SEG,4X,8HX(I),6X,4HY (I) ,6X,4HS(T),5%,6HDSQ(T),
4%, 611110D (J) ,4X, 6HARG {J) ,4X,54RS (I) ,5%,5HXS (I) /)

FORHAT (///,20X,284BACKSCATYZRING CROSS SEZCTION/17X,
EIGHTHETA  10*%LOG (SIGHA/LAKBDA)  PHASE))

FORUAT (///,19X,334BISTATIC SCATTERING CROSS SECTION/18X,
629HFOR IHCIDENT PIEID DIRECTION=,F7.2/2iX,
£28HTHETA  10*LOG (SIGMA/LANBDA) /)

FORSAT (9%,FP13.2,[15.2,F16.1)

END :
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175 SUBROUTINE GEOY (LUNP,X,Y,XN,YN,S,DSQ,ANG,ZS,HH,LT)

176 COMPLEX 2S(100),ZA,ZB

177 DIMENSION X (100),Y (100),XN(100),¥1 {100),DSQ (100),S (100) ,ANG (100)
178 DIMENSION LUHP(100,2)

179 DATA RED,/0.01745329/

180 I=0 :

181 L=0

1€2 Ceses . READ INPUT PARAMETERS AND PREPARE TO GENERATE SAMPLING POINTS
183 10 READ (5,20C) N,IMP,XA,YA,XB,YB,ANGLE

184 IP (N.EQ.J) GO TO 120
185 LIM=2%N-1

186 READ (5,250) Za,ZB,ZEX
187 TX=XB-XA

188 TY=YB-YA

189 D=SQRT (TX*TX+TY*TY)
190 ' IF (ANGLE.EQ.0.0) GO TO 20
191 T=0.5*%REC*ANGLE

192 TRA=TX+TY/TAN(T)

193 TRY=TY-TX/TAN(T)

194 RAD=0.5%D/SIN(T)

195 ARC=2,0%RADXT

196 ALF=T/N

197 DID=2.0*RAD*ALF

198 GO TO 30

199 20 RAD=999.999

200 ARC=D

201 DID=D/N

202 C.....5TART GENERATING
203 30 DO 110 J1H=1,2

204 L=L=+1

205 po 100 J=1,LIN,2

206 I=I+1

207 LOHP (I, =1

208 LUMP(T,2)=1

209 IF (JIN.EQ.2) GO TO 90

210 IF {ANGLE.EC.0.0) GO TO 40

21 SINO=SIN {(J*ALF)

212 COS5Q=C0S {J*ALF)

213 X(I)=XA+0.5% (TRX* {1,0-C0OSQ) ~TRY*SINQ)
214 Y(I)=YR+0.5* (TRX*SINQ+TRY* {1.0-C0S5Q))
215 XN {I)=-0.5% (TRX*COSQ+TRY*SINQ) /RAD
216 TN (I)= 0.5% (TRX*SINQ-TRY*COSQ) /RAD
217 ANG {T) = (AUGLE/N) *RED

218 GO TO 590

219 40 X{I)=XA+C.S*JI*TX/N

220 T(I)=YA+0.5*I*TY/N

221 XN (I)=-TY/D

222 IN(I)= TX/D

223 ANG (I)={ANGLE/N) *RED

224 50 S(I)=0.5%J*DID
225 Cev oo .COMPUTE THE IMPEDANCES

226 IF (IMP) 690,70,80

227 60 CALL ZFUN(ZA,Z%ZB,ZEX,S{X),ZS(I))
228 GO TO 100

229 70 ZS(I)=ZA+ZB*5 {I)**ZEX

230 GO TO 100

231 80 ZS5(I)=7A+7ZB¥BXP (~-2EX*S(T))

232 GO TO 100

233 C.....TROH HERE TO 100 NE CREATE TiZ SICUENT IHAG
234 90 K=I-¥
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235 X (1) =X (K)

236 Y (I)=-1 (K)

237 XN (I) =XN (K)

238 YN (I) =-YN (K)

239 ANG (I) =ANG {K)

240 S (I)=5 (K)

241 ZS (1) =25 (K)

242 100 DSQ (I)=DID

243 Ir (JIN.EQ.1) GO TO 110
244 Ya=-YA

245 {8=-YB

246 110 WRITE (6,300) L,N,XA,YA,XB,YB,ANGLE,RAD,ARC,
247 £I¥P,2A,Z8,2EX

248 GO TO 10

249 120 HM=I

250 LL=1

251 200 FORMAT (I2,I3,5F10.5)
252 250 FORMAT (5X,5710.5)
253 300 FPORMAT (I3,16,3X,4P10.5,P8.2,F8.3,F8.4,I5,2X,

254 §2(F8.3,F9.3,2X) ,F9.3)

255 RETURN

256 END

257 SUBROUTINE FLIP (A,N,X,Y,IAT)
258 COMPLEX a(100,101),X (100),Y (100),D,BIGA,HOLD
259 DIMENSION L (100),H(100)

260 IF (IAT.GT.1) GO TO 150

261 D=CMPLX (1.0,0.0)

262 DO 80 X=1,N

263 L (K) =K

264 U (K) =K

265 BIGA=A {K,K)

266 DO 20 J=X,N

267 DO 20 I=K,N

268 10 TIF (CABS(BIGA).GE.CABS{A(I,J))) GO TO 20
269 BIGA=A (I,J) :
270 L{K)=I

271 4(K) =J

272 20 CONTINUE

273 J=L (X)

274 IF (J.LE.K) GO TO 35

275 DO 30 I=1,N

276 HOLD=-A (K, I)

277 A(K,I) =2 (J,T)

278 30 A(J,I)=HOLD
279 35 I=¥(K)

280 I? (I.LE.X) GO TO U5
281 DO 40 J=1,H

282 HOLD=-A (J,K)

283 A(J,K)=2A(J,])

284 40 A(J,I)=HCLD

285 45 TIF (CABS(BIGA).NE,0.C) GO TO 50
286 D=CHMPLX (0.0,0.0)

287 RETORN
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288
289
290
291
292
293
294
295
296
2917
298
299
300
301
302
303
304
305
306
307
308
309
310
In
312
313
314
315
316

317
318
319
320
321
322
323
324

325
326
327
328
329
330
331
332
333
334
335
336
337
333
339
340
3n1
342
343
344
345
346

50

55

65

75
80

100

110
120

130
150

200

Do 55 I=1,¥ o
IF (I.EQ.K) GO TO 55
A(I,K)=-A{I,K)/BIGA
CONTINUE

DO 65 [=1,N

D0 65 J=1,N

IP (I.FQ.K.OR.,J.EQ.K) GO TO 65
A{I,J)=3{I,K)*A(K,J)+A(I,J)
CONTINUE

DO 75 J=17N

IF (J.EQ.K) GO TO 75
A(K,J)=a{K,J)/BIGA
CONTINUE

D=D*BIGA
A(K,K)=1.0/BIGA

K=N

K=K-1

IP (X.LE.0) GO TO 150
I=L {K)

IF (X.LE.K) GO TO 120
Do 110 J=1,N

HOLD=A {J,K)
A(J,K)=-31(J,1)
A{(J,I)=HCLD

J=HM (K)

IF {J.LE.K) GO TO 100
DO 130 I=1,N

HOLD=A (K,TI)
A(K,XT)==-21{J,I)
A(J,I)=HOLD

GO TO0 100

Do 200 I=1,N
Y(I)=CH*PLX (0.0,0.0)
DO 200 J=1,¥
Y(I)=A(I,J)*X{J)+Y(I)
RETURN

END

SUBROUTINE HANK(R,Y,EJ,BY)

Cevee.SUBROUTINE REQUIRES R>0 AND N EITHER O OR 1

DIMENSION A(7),B(7),C(7),D(7),E{T),P(7),G(7),H(T)

DATA A,B,C,D,E,F,G,l/1.0,-2.2495997,1.2656228,~-0.31638%56,
€0.0444479,-0.0039444,0.00021,0.,36746691,0.50559366,~-0.74350384,
80.25300117,-0.04261214,0.00&27916,-0.0002&8&6,0.5,-0.562“9985,
§0.21093573,-0.,03954289,0.00443319,-0.00031761,0.000011¢C9,
£-0.6366198,0.2212091,2.1682709,-1.3164627,0.3123951,-0.0400976,
£0.0027873,0.79788456,-0.00000077,-0.0055274,-0.00009512,
£€0.00137237,-0.00072805,0.00014476,-0.78539816,-0.04166397,
&§-0.0000355¢L,0. 0026?573,~0 €0054125,-0.00029333,0.00013558,
£0.79788456,0.000060156,0.01659557,0.00017105,-0.00249511,
£0.00113653,-C. 06020033,-2 35619449,0.12493512,0. 0000555,
§-0.004537879,0.00074348,0.00079824,-0.00022166/

I? (R.LE.0.9) GO TO 50

IF (R.GT.3.0) GO TO 20

X=R*R/9.0

IF (N.NE.O0) GO TO 10

CALL ADAM(A,X,BJ)

CALL ADAM{B,X,Y)

BY=0.6366158%AL0G (0.5%R) *BJ+Y

RETURN
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347
348
349
350
351
352
353
354
355
356
357
358
359
369
351
362

369

370
in
372
373
374
375
376
377

378
379
380
381
382
383
384
385
386
3187
388

389
399
391
392
393
394
395
396
397
398
399
490

e NeNeNe]

aoaaonoaan

10

20

30

40

50

10

IF (N.NEZ.1) GO TO 50
CALL ADANM(C,X,TY)
BJ=R*Y

CALL ADAH({(D,X,Y)
BY=0.6366198%AL0G (0.5*R) *BJ+Y/R
RETURN

X=3.0/R

IP {N.HE.0) GO 70 30
CALL ACAM(E,X,Y)
FOOL=Y/SQRT (R)

CALL ADAH(F,X,Y)

GO TO 40

IF (N.NE.1) GO TO 50
CALL ADANM({G,X,Y)
FOOL=Y/SCRT (R)

CALL ADAH{li,X,Y)
T=R+Y

BJ=FOOL*COS5 {T)
BY=FOOL*SIN(T)
RETURN

N=100

RETURN

END

SUBROUTINE ADA#(C,X,Y)
DIMENSION C(7)
Y=X*C(7)

Do 10 I=1,5

Y=X*{C (7-TI)+Y)

Y=Y+C (1)

RETURN

ZHND

SUBROUTINE 2FUN {ZA,2B,2EX,S8S,22)
IMPETDANCE FOR CYLINDRICAL TIP CONTOUR
ZA -~ TIP YALUE (COHMPLEX)
ZB -~ MAXIHNUY YALUE (COMPLEX)
ZEX - JOIN POINT (REAL)
COMPLEX ZA,ZB,22
DATA PIT/1.5707963/
272=18B
IF (SS.LE.ZEX) ZZ=ZA+(ZB-Z}A)*SIN((PIT*SS)/ZEX)
RETURN :
END

SUBROUTINE ZPON(MU,EPS,F,S,27)
IMPEDANCE FOR A CYIINDRICAL TIP
MATERIAL THICKHESS VARIATION
TAPER 1 INCH LOWG, MAX THICKNESS 0.050 INCH.
DATA INPUT INFO:
ZA = HU
ZB = EPS
ZEX= F, PREQ IN GHZ.
COYPLEX MU,EPS,ZZ,XPLUS,XMINUS,ETA .
DATA TOLD/-1./, PIT/1.5707963/,ANG/90./,TP1/6.283185/
DATA RAD,/.C174533/
COMPUTE LAYER THICKNESS T
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C 401
02
93
uou
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

420
421
422
423
424
425
h26
427
428
429

437
438

440
441
442
443
B4y

sEeNeEs N Ke]

$1=1.0
TTIP=0.0
T=0.050
IFP (S.LE.S1) T=TTIP+{0.05-TTIP) *SIN (PIT*S/51)
22=ETA
IF (TOLD.EC.T) RETURN
CCHMPUTE IMPEDANCE FOR GIVEN T
ARG=AUG*RAD
SINSQ=SIN (ARG)
SINSO=SINSQ*SINSQ
ETA=TPI*T*F* (0.084667) *CSQRT (NU*EZPS-STNSQ) * (0.,~1.)
XPLUS=CEXP {ETA)
XMINUS={(1.,0.) /XPLUS
ETA=CSQRT (MU/EPS) * (XPLUS-XMIVYUS) / (XPLUS+XNINUS)
ETA=ETA*CSQRT {1.-SINSQ/ (HU*EPS))
ZZ=ETA
TOLD=T
RETURHN
E¥ND

SUBROUTINE ZFUN (MU,EPS,F,S,22)
IMOFDANCE FOR S**1 MATERIAL THICKNESS VARIATION,
MAX THICKNESS 0.100 INCH.
DATA INPUT INFO:
ZA = NU
ZB = EPS
ZEX= F, FREQ IN GHZ.
COMPLTX MU,EPS,2%Z,XPLUS,XHINUS,ETA
DATA TOLD/-1./, PIT/1.5707963/,ANG/90./,TP1/6,283185/
DATA RAD/.0174533/
_ COMPUTE THICKKESS
T=0.,1%*5/4.9912
ARG=ANG*RAD
COHNRPUTE INMPZDANCE
SIN3Q0=SIN {ARG)
SINSO=SINSC*SINSQ
ETA=TPI*T*F* (0,084667) *CSQRT (HU*EPS-SINSQ) *(0.,-1,)
XPLUS=CEXP (ETA)
X#Inus=(1.,0.) /XPLUS
ETA=CSQRT (HU/3ZPS) * (XPLUS-XHINUS) / (XPLUS+XHNINUS)
ETA=ETA*C3SQRT (1,-SINSQ/ (HU*EPS))
Z22=LTA
TOLD=T
RETURN
END
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