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ABSTRALT

The boresight error of a practical three-dinensicnal antenna-
radome system is analyzed by the Plane Wave Spectrum-Surfate integration
technique. The Planc Wave Spectrum formulation offers a verv afficient
method for calculating the near field of 4 targe circular aperture
antenna. The rest of the antenna-radome analysis is carried out by
using plane wave transmission coefficients through the radome and
employing a surface integration technique to calcuiate the pattern of

the antenna in the vresence of the radome.
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CHAPTER 1
INTRODUCTION

Accurate prediction of radome boresight error has proven difficult
even after years of effort by many researchers. The boresight error
is defined[1] as "the angular deviation of the electrical boresight of
an antenna from its reference poresight." Enclosement of an antenna
by a radome can significantly change the electrical boresight such as
the null direction of a conical-stanning or monopulse antenna system,
or the beam-maximum direction of a highly directive antenna. Achieve-
ment of small boresight error at all look angles is a major design goal
of an antenna-radome system. The boresight error of a well-designed
system will be less than a few tenths of a degree. The purpose of this
work is to present an accurate boresight analysis for practical three-
dimensional antenna-radome systems.

The conventional two-dimensional ray-tracing technique[2] is one
of the ear!iest existing methods for radome boresight analysis. It
treats the antenna aperture distribution as a series of rays which
are traced through the radome wall. A modified aperture distribution
is then constructed using plane wave transmission coefficients to
account for field distortions introduced by the radome. This procedure
has been reversed by Tricoles[3] who considers plane waves incident on

the outside of a radome and invokes reciprocity to determine boresight




errors. However, the accuracy of the ray-tracing calculations is
usually uncertain due to the inherent errors associated with the
ray-tracing approximations of the antenna near fields.

A two-dimensional wedge diffraction method[4] may be employed to
account for the antenna near field effects on boresight calculations.
This approach provides a very efficient method for calculating the
antenna near field. A similar three-dimensional radome analysis formu-
lated by Paris[5] is recently available in which the near fields of a
small horn antenna are calculated by aperture integration methods.

These methods give good approximations to the diffraction of the antenna
fields and the transmission through the radome. However, the analysis
of practical three-dimensional antenna-radome combinations has been
impractical for medium and large antennas, i.e., on the order of 75>\2
or larger. The principal difficulty encountered is the excessive
computation time required for the large number of antenna near field
calculations which must be made in the three-dimensional analysis.

The Plane Wave Spectrum-Surface Integration (PWS-SI) analysis
that is the subject of the present study provides a method for the
accurate prediction of radome boresight of a practical three-dimensional

antenna-radome system., This method can be divided into the following

basic steps:

(a) The near-fields of the antenna which are incident upon the
radome are calculated, i.e., the fields at 2 in Fig. 1 due to the

antenna at 1.




BORESIGHT
CONTRIBUTION

BACKLOBE
CONTRIBUTION

Fig. 1--3-D antenna-radome system.
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(b) The transmitted fields through the radome surface are cal-

culated, i.e., from 2 to 3 in Fig. 1.

(c) The radome boresight contribution is calculated from the

transmitted fields, i.e., the radiation in region 4 is determined from

the fields at 3.

In this investigation the following approximations and assumptions

are adopted:

1. The near field distribution on the inner radome surface can

be locally treated as a plane wave incident on a ¥lat-dielectric

sheet. The plane wave propagates in the direction of the Poynting

vector. These approximations permit the use of the plane wave

transmission coefficient.

2. Multiple scattering by the antenna and radome is ignored,

as are scattering by any vertices and surface waves.

3. The surface integration technique considers only fields on

the radome surface that lies in the antenna's forward halfspace,

In Chapter II, the plane wave spectrum solution for the near}
field calculations of a uniform circular aperture antenna is formulated
as associated with step (a). A brief outline of the plane wave trans-
mission coefficients for planar dielectric sheet[6] is given in

Chapter III for the analysis of the transmitted field through the

|




vadome as associated winh step (b). In Chapter IV, the resulting
antenna pattern ts then calculated from the sccondary source on the
radomé surface by a4 surfeca integration technique as associated with
step (). In Chapter V, the complete PWS-S} prccedure is reviewed and
e exemple horesight caiculation is obtatned that illustratas each

step of the procedurs and the 1esults are compared with measurements,




CHAPTER 11
NEAR FIELD OF AN APERTURE ANTENNA

In this chaepter, a near field analysis for a Circular apertuve
antenna 3y presented using the angular spectrum of plane waves.[7)

) [t has been shown by Booker and Clemmow[8] that any electromagnetic

) tield can be represented by a superposition of plane waves including

inhomogeneous waves which are commonly described as surface voves.

The amplitude of these waves can be datermined using the Fourier

integral technique if either the electric field or the magnetic field

is known over the aperture plane.

4 The representation of the electromagnetic field as an angular
spectrum of plane waves is becoming increasingly popular in the treat-
ment of certain problems., A significant feature of this Plane Wave
Spectrum (PWS) formulation is the simplictty of near field calculations
for large, rotationally symmetric, circular aperture aitennas. Another

aspect of the PWS formulation is that it can be used to check the

-
. accuracy of the local plane wave approximation commonly employed 1n
'5@ radome analyses which will be discussed later on.
%, The equivalence of the Plane Wave Spectrum (PWS) formulation and

the conventional aperture integ-atior formulation is demonstrated

for an aperture antenna. 3imilar derivation of the equivalence of

the Plane Wave Spectrum representaticn and of one of Rayleigh's




integrel transforms demonstreted by Laior,[9] A brief outline for
the near field analysis by the conventional aperture integration

formulation tor & uniform circular eperture s given in Appendix A,

A, Equivalence of tie PWS Formulation and the Conventional
Aperture_Tntegration Method

To show the equivalence of the PWS and the conventional aperturs
integration formulations, we will start with the eleciric freld ax-
pression derived from the vector potential formulation, A brief
derivation of the eleciric fieid 4u2 to both the ¢lactric and the
magnetic currents is presentad in Chapter IV. Hence the conventiord)
aperture integration formulation of tne electric field of on aperture
antenna with only the magnetic current density M (12st term of Eq. (58))

is given by

~Jkr y
m E--%-“» U vxﬁ(»‘;.-»rm)mx
!

. -Jkr
--Ja-.‘-'- l[ (dk#’%‘}ﬁxr g—-F*-'—* dA,
"
Where P 18 the unit vector along r. The integral representation of the

scalar free space Green's Yunction 13 given by[9)

DRy
T z

e~J(kx(x-x') +ky=y') - k,2)

dkx dk

Y
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where k o S = gk, * ky + kz is the free space propagaticn constant,
and
kx sk oning Cosy
e kv v k osing sing

kZ &k ¢cos0

AR PR g MR s A

As a word of caution kz 5 3 Jka - ki - ks is double-valued, and we must

chouse the correct root, Hence,

(

| 2 2 f 2 2 2
- K o= +* <
k Lx ky if kx ky k

e 2 e, 2
tjj_kxﬂcy KE A8 kS + K

in order to yield proper bchavior of the fields at large |Z] for the

+jwt

time convention e substituting Eq. (2) into Eq. (1), the

¢luctric field of an aperture antenna is given by

-3(k (x=x' )4k, (y=y' )+ 2)

%) £e- an‘J 1{ [z | Ry 2 Kz y

\ ]
dkx dky dx' dy'.
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Since the operator v is only a function of the urprime coocrdinate

system, 1.e., (x,¥,<) Eq. (5) is reduced to

~3 (K (XXt ¥k (y=y " )4k 2)

:s..l. / L
(s) xz) = U e

1

K x M (x',y'") dk dky dx' dy'

where the vector K is given by

(7) kK= xk, +y ky * 2k,
The equivalent magretic current density for the field of an
aperture in an infinite ground plane can be expressed in terms of the

aperture electric fleld as
(8) Mi(x'y')e2Fxn

where the unit normal vector n in this case is the unit vector 2.

The factor 2 in Eq. (8) results from the use of image theory with the
equivalence principle.[10] For a y-polarized aperture electric field
(1.e., 1n the case the magnetic current density is x-polarized), the

electric rield of Eq. (6) can be simplified to

sl i, o i

ot i B




(9) E-(xlylz) = "'2 Jr

Whero F(kx.k ), the angular spectrum of plane waves, is the Fourisr

Y
transform of the aperture electric field Ey(x'y'), given by

+ilk x'+k y')
(1) Flk, & ) = ij Ey(x=,y') e JURTRY

dx' dy'.

Lquation (Y) is the PWS formulation for the fields of an aperture
distribution Ey. Thus the equivalence of the Plane Wave Spectrum
\PWS) formulation and the conventizcnal aperture integration formu-

iation Fq, (1) for an aperture antenna is shown.

8. Near-Field of a Circular Aperture
Antenn: by the PWS Formulation

As menticned above, the PWS formulation facilitates near field
calculation for a certain class of aperture antennas. The electric
and magnetic fields of a y-polarized uniform electric aperture
distribution (i.e., Ey(x,yﬁo) = 1) as shown in Fig. 2 are derived in
the following paragraphs by the PYS formulation. The equivalent
aperture integratior formulation for this problem is shown in

Appandix A.

10 !
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Fig. 2--Geometry of circular aperture antenna,
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From Eq. (10), the angular spectrum of plane waves for a circuiar
aperture of radius a, with uniform electric aperture distribution as

shown in Fig. 2 is given by

d a -y +i3 ' i
Jlk x'+k y¥)
) Rk = [ [ e Y e gy
-a _ |az_y.2
a +3kgy' 2 sin k, Jaz-y'2 .
= J e kx dy
-a
a
-4 cos k y' sin k ]az-y'2 dy'
k yy X
X
0
\
——
J] (a k2+k2)
=21 a X Y

oyl
x N} X
x
< ™~

+

where J] is the Bessel function of first order. Substituting the
values of k, and ky of Eq. (3) into Eq. (9), the radiation pattern

function

2 na J1(ka sing)
"k siné
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for a circular aperture with a uniform distribution is obtained. The
electric field is then obtained by substituting Eq. (11) into Eq. (9).

With a change of variables

(12) | X = p COS¢
y = p sin¢
kx =k Sp cos¢'
ky =k Sp sing'
K J]-sg if s <l
k, =kS, =
-jk\lss-l if s >
dk_ dk =«%s dS de'
Xy p P

and using the identities

2n
(13) J cos ng' er cos (8" -a) dg' = 27 J" cos na Jn(b)
)

2 .
(14) J sin ng' er cos(p'-a) dg' = 27 j" sin na Jn(b),
0

the ¢' integration in Eq. (9) can be analytically evaluated in terms
of Bessel functions for the spectrum function F(kx,ky) as shown in

Eq. (11). Hence, the y-component of the electric field is given by



P PGS DR I R RN e 0 1

\
- ka f Jolk 'S o) 9y(k's  a) e
! |

4
“ 2y i adkaS )  -jk S.z
1! 1 Tel z
N k'S,
B ¢ B ¢

- jk Sp o cos(¢-¢")

e Sp dSp de

-jk Sz
Z 4s .
o]

Employing the identity of Eq. (14) the z-component of the electric

field can be obtained in a similar way giving

(16)

ol |

2 s, 2madlkas) SIS
Rk
0 z e
-jk S p cos(¢-¢")
sing' e P Sp dSp de!

o ° Eg . -3k s,z
= j sing ka J Sz J](k Sp a) J](k Sp p] € d Sp.
(¢]

The corresponding expressions for the magnetic field of the uniform

electric aperture field polarized in y-direction are derived using the

Maxwell equations giving

= M T ems e




[P

RE

) Y, T i 2na 9 (ka s)) Ik S22
b 3 [
X A2 - k Sp Sz
-jk S cos(¢-¢')
_2 2| J Dp '
(1 Sp cos¢') e Sp dSp d¢
7 3k S a) 53
=--Y0 ka f —————L-SZ ]-2 Jo(k Sp o)
> A
s? -3k S 2
+ Eﬂ-cos 2¢ J,(k Sp p)| e dSp
- Ykasin 26 7 sZ | -3k S,z
(18)  Hoe ST J 55' J (kS a) 3,k S o) e ds,
0
and
- ¥ -3k S,2
(19) W, =~ Y, ka cose f s, y(k 'S a) 9y(k'S_ o) e s ,
0

where Yo = Jzzis the free space admittance. Hence, the electric and

magnetic fields at any point in space for a circular antenna with
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uniform electric aperture field polarized in y-direction are shown in
Eys. (15-19). The near field incident on the radome inner surface can

thus be obtained if the radome geometry is defined.

C. Discussions and Results

The limits of integration of Eqs. (15-19) can be restricted to the
homogeneous plane wave, i.e., Sp < 1, because the contribution from the
inhomogeneous plane waves is insignificant at distances‘greater than
about one‘wavelength from the aperture because of the exponential decay
term in the integrand. Furthermore, the spectrum is concentrated at
very small values of Sp for larger antennas with uniform phase
distribution.

The y-component of the electric field using the PWS formulation
is compared with that of the conventional aperture integration method
as shown in Tables 1 to 4. Comparisons are made in the x-z plane for
several values of x at z = 2x, 10x, 201 and 40\ from the aperture
“antenna as shown in Fig. 2. Both the magnitude and normalized phase
of the electric fields of a 10A diameter uniform circular aperture are
also plotted as shown in Appendix A along with near fields of a two-
dimensional strip antenna. Note that the electric field is symmetrical
about x because of the symmetry involved in this problem. It is seen
from Table 1 that the electric field using the two methods is within
one percent in magnitude and about one degree in phase in the geo-
metrical optics region (i.e., -5 < x < 5) even as close as 21 from

the aperture antenna. However the agreement is not as good in the deep




null regions because numerical accuracy is hard to obtain there.
Furthermore, contributions from the invisible region in the PWS
formulation may not be negligible for very sinall vglues of z. For
larger values of z, it is noted from Tables 2 to 4 that the maximum
deviations between the two methods are within one percent in magnitude

and one degree in phase.

TABLE 1

NEAR FIELD OF A UNIFORM CIRCULAR APERTURE ANTENNA
; ON A PLANE SURFACE 2) FROM THE APERTURE

\ PWS FORMULATION APERTURE INTEGRATION METHOD
X MAGNITUDE  PHASE MAGNITUDE  PHASE
‘ 0.0 1.3101 10.8 1.3356 1.9
| 0.5  0.9186 2.6 0.9170 -2.4
| 1.0 1.0547 -0.2 1.0640 -0.2
1.5 0.9679 2.2 0.9670 2.0
2.0 1.0022 2.7 0.9963 -3.9
2.5  1.0566 4. 1.0663 4.3
3.0 0.877 -2 0.8666 -2.3
3.5 1.1379 -5,2 1.1447 -5.3
4.0 1.1066 10.2 1.1083 10.3
4.5  0.8102 15.8 0.8115 16.0
5.0  0.4765 2.4 0.4751 2.3
5.5  0.2883 -40.7 0.2911 -40.8
6.0  0.1713  -116.9 0.1756  -117.6
6.5  0.1060  -215.5 0.1003  -216.7
7.0 0.0737  -332.9 0.0771  -333.6
7.5  0.0569  -467.2 0.0602  -467.0
8.0  0.0457  -513.0 0.0493  -613.1
8.5  0.0373  -768.5 0.0411  -768.0
9.0  0.0313  -928, 0.0346  -928.9
9.5  0.0260  -1093.6 0.0293  -1093.9
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TABLE 2

NEAR FIELD OF A UNIFORM CIRCULAR APERTURE ANTENNA
ON A PLANE SURFACE 10 FROM THE APERTURL

PWS FORMULATION APERTURE INTEGRATION METHOD

X MAGNITUDE  PHASE MAGNITUDE  PHASE :
0. 1.0212 52.5 1.0302 53.5 i
0.5 0.8843 30.4 0.8873 31.1

1.0 0.9815 -11.5 0.9837 -11.6
1.5 1.0879 -19.7 1.0902 -19.9
2.0 1.1468 -1.6 1.1470 -1.6
2.5 1.2978 8.9 1.3032 8.9
3.0 1.1293 10,9 1.1308 10.7
3.5 0.8817 20.1 0.8780 20.2
4.0 0.3008 21.8 0.8011 22.0 i
4.5 0.6138 10.2 0.6145 10.1
5.0 0.4244 5.4 0.4234 5.5
5.5 0.3836 -6.8 0.3860 -a.7
6.0 0.3050 -38.9 0.3063 -39.4
6.5 0.1954 ~66,2 0.1931 -66.5
7.0 0.1770 -89.7 0.1773 -38.8

7.5 0.1735 -141.2 0.1763 -141.G
8.0 0.1259 ~203.2 0.1283 -203.9
8.9 0.8116 -251.6 0.0812 -252.8 §
9.0 0.0845 »201.1 0.0850 -307.0
95 0.0927 -380.2 0.0945 -330.1




TABLE 3

NEAR FIELD OF A UNIFORM CIRCULAR APERTURE ANTENNA
ON A PLANE SURFACE 20) FROM THE APERTURE

PWS FORMULATION APERTURE INTEGRATION METHOD

X MAGNITUDBE  PHASE MAGNITUDE  PHASE
0.0 1.8412 -20.5 1.8472 -20.5
0.5 1.7179 -18.7 1.7226 -18.7
1.0 1.4222 -11.8 1.4242 -11.9
1.5 1.1528 2.7 1.1527 2.7
2.0 1.0769 19.2 1.0768 19.3
2.5 1.0960 25.9 1.0975 26.0
3.0 1.0282 22.9 1.0305 22.9
3.5 0.8355 16.2 0.8370 16.1
4.0 0.6069 13.1 0.6064 13.0
4.5 0.4757 17.3 0.4741 17.2
5.0 0.4586 14.9 0.4581 15.0
5.5 0.4346 -1.8 0.4352 -1.8
6.0 C.3497 -25.5 0.,3500 -25.7
6.5 0.2380 -45.6 0.2372 -45.7
7.0 0.1773 -52.2 0.1765 ~51.8
7.5 0.1897 -67.2 0.1907 -66.8
8.0 0.1983 -103.0 0.2004 -102.8
8.5 0.1694 ~-147.8 0.1712 -148.2
9.0 0.1160 -191.0 0.1167 -191.9
9.5 0.0758 -216.3 0.0749 -217.1
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TABLE 4

NEAR FIELD OF A UNIFORM CIRCULAR APERTURE ANTENNA

ON A PLANE SURFACE 40X FROM THE APERTURE

PWS FORMULATION

APERTURE INTEGRATIUN METHOD

OO ONO NV VLO WD

MAGNITUDE  PHASE MAGNITUDE  PHASE
~1
1.6528 33.8 1.€536 33.9
1.6209 33.1 1.6224 33.2
1.5304 31.0 1.5315 31.0
1.3878 7.6 1.3891 27.7
1.2071 23.4 1.2080 23.4
1.0040 18.6 1.0048 18.6
0.7987 14.4 0.7992 14.4
0.613] 12.1 0.6135 12.1
0.4721 13.6 0.4721 13.5
0.3947 18.2 0.3946 18.2
0.3754 20.5 0.3754 20.5
0.3811 15.6 0.3814 15.6
0.3815 3.5 0.3820 3.5
0.3625 -13.6 0.3631 -13.6
0.3222 -33.8 0.3228 -33.9
0.2658 -55.7 0.2661 -55.9
0.2020 -76.8 0.2020 -77.1
0.1433 -93.1 0.1427 -93.4
0.1067 -99.2 0.1058 -99.3
0.1054 -102.8 0.1046 -102.4

20
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In order to obtain numerical convergence, sixteen points per
square wavelength sre neceded for the aperture integration methed.
For a 10x diameter aperture, i.e., about 75A2, the computation time
for IBM 360/7% it roughly 1 second per field point. For the PWS
method, 2.5 integration points per lobe are needed to converge. The
numher of lobes in the PWS formulation can be determined by adding
the zeros of the Bessel functions and sine and cosine functions. For
example, there are about forty lobes in each of the Eqs. (15-19) for a
field point 10) away from a 10) diameter aperture. The computation
time for the near-field calculation is roughly 0.3 second per field
point, Hence the PWS formulation results in about one third the com-
putational time of the aperture integration method for a 10X diameter
aperture,

For larger aperture antennas, the computation time for the near-
field calculation increases proportional to a2 for the aperture inte-
gration method as compared with a for the PWS formulation where a is
the radius of the circular aperture. Hence the PWS formulation is
a powerful tool for calculating the near field of a large rotationaily

symmetric circular aperture antenna, especially if it is much larger
than 10) diameter.

T v At o i M <
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CHAPTER II1
FIELUS TRANSMITTED THROUGH RADOME WALL

In this chapter the transmitted fields at the outer radome surface
are obtained. Since there is no rigcrous plane wave transmission
analysis for a curved dielectric layer, a curved radome surface is
replaced locally by a planar sheet tangential to the point of interest
as shown in Fig. 3. A brief outline is presented for the matrix formy-

lation of the plane wave transmission and reflection coefficients

for low-loss planar dielectric multilayers.[6]

PLANE SHEET SURFACE

-

TRANSMITTED
RAY

INCIDENT
RAY

CURVED suamcssﬁl/d

el 4

Fig. 3--Transmission through a curved dielectric.

22
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The near field distribution on the inner radome surface is locally
treated as a plane wave and is decomposed into components perpendicular
and parallel to the plane of incidence. The transmitted field through
the radome is then ohtained by mulitiplying the decomposed near field
by its corresponding perpendicular and parallel transmission coef-
ficients.

The transmitted field on the radome cuter surface is also obtained
in terms of the Plane Wave Spectrum (PWS) formulation,[11] Since the
near field of an aperture antenna can be expressed in terms of an
angular spectrum of plane waves, the field transmitted through the
radome can be calculated by introducing the transmission and reflection
coefficients as a function of the plane wave s.ectra. This provides an
accuracy check on the local plane wave approximation as shown in

Appendix B.

A. Transmission and Refiection Coefficients

Referring to Fig. 4 the transmission and reflection coafficients

are defined respectively by

Fo(p)

(20) n ® m..

-

(21) R = F;TET
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Fig. 4--Plane wave incident on plane multilayer,

where F is the electric field for perpendicular polarization and
the magnetic field for parallel polarization. The subscripts i, t, r
refer to incident, transmitted, reflected fields, respectively.

An "insertion transmission coefficient" becomes

F
F

(@)

10

1

Jjkdcose

(22) T = =T, €

where d is the total thickness, o is the angle of incidence, and k

is the free-space phase constant.
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The resultant field in each layer consists of an outgoing plane
wave and a reflected plane wave. Let the complex constants An and Cn
represant the outgoing field intensity at the two boundaries in layer
n. Similarly, let Bn and Dn represent the reflected electric’fie1d

intensity. The field in an arbitrary layer, say layer n, is given by

-y.Z +y 2 -jky sin9
"+be ")e

(23) FX = (ae

By evaluating boundary conditions at the left and right boundaries
of iayer n, it can be shown that the matrix relationship between the

constants for each layer interface beccmes

(24) = ,

where dn is the thickness of the layer and Y, is the propagation con-

stant. For Tow-loss dielectric slab, the approximations

- are employed where




26

kK e
€n tanan

v
n v J_—_—
v
: 2 €, sin”o
n - k

(26)A u

2
(27) K 'sé-sinze

and ué is the relative permittivity and tanan is the loss tangent of

layer n.

The matrix relationship between constants of different layer

interfaces becomes

C ) 1 BLEYS I Anal
(28) =3 : ,
n,n+ -
n : rn+1,n ! B

n+l

where tn 1 denotes the interface transmission coefficient for a

nt+

’

wave in layer n incident on the boundary of layer n+l and o+l .n

denotes the interface reflecticn coefficient which satisfy the

equations

(29) "non+l = 7 "ol ,n

(30) tatlon 1+ Mol .n

(31) thndl © 1+ P4l = 1 - Fot1.n
(32) tn+1,n tn,n+1 “Tn4l,n Tntl T 1,
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and the interface reflection coefficients are given by

J n+]-sin26 -J ea-sinze
(34) Tnsl, n % (perpendicular polarization)
Jeﬁ+]-sin29 +'J€6751n29
and
I €q41-S1N 2, n+1J€ s1n§e o
(35) roslon = (parallel polarization)
I -sin e + enﬂ,'e -sin 6
Combining the two matrices gives
Cn-] cn
. (36) = —— m .
n"],n
Dn-] Dn
where
y.d v,.d
e NN S nn
(37) m. = ) d .
-Y Y
nn nn
'Y‘n,n_] e e

Repeated application of Eq. (36) for a total number of layers N

relates the constants at the "incident surface" and "exit surface" as




28
Co AN+]
K = ] . . s s a0 .
(38) = ¢ Mpemyemg My S R
% By
where
1 -r
(39) S = N+] ’N .
"Y'N+-| ,N ]
and
(40) =ty Y2 by

Equation (38) applies even in the general case where plane waves
are incident on both outer surfaces of the multilayer, provided the
two incident plane waves have the same frequency, angle of incidence,
and polarization. In the situation used to define the transmission
and reflection coefficients of the structure, a wave of unit ampli-
tude is assumed to be incident on one outer surface only (say surface

z = 0), so that

(41) Ay =T,
(42) By, =R,
(43) ¢ =T,

0 n
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and

(44) D

U
o

Thus Eq. (38) becomes

[T 1
(45) (0 = (1/t) My o My o My o My e My - S .

The transmission and reflection coefficients are thus obtained

using Eq. (45).

B. Transmitted Field Through A Radome Surface

In the transmitted field analysis of the three-dimensional antenna-
radome system, the near fields on the radome inner surface obtained
from Chapter Il are decomposed into components perpendicular and
parallel to the plane of incidence. The plane of incidence is defined
by a unit normal vector n and a unit Poynting vector 6. The unit n
which is the outward normal to the radome surface can be obtained
from the radome geometry. The unit Poynting vector is obtained from

the knowicuge of the near fields on the radome inner surface giving

(46) o - Re(E x H¥)

P =IRe(E"x ﬁ*)l
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where Re denotes the real part of the quantity (E x H*) and * denotes
conjugate of a complex number. A unit binormal vector b which is
perpendicular to the plane of incidence can be expressed in terms of
the vectors n and ﬁ giving

(47) b=, LXP
In X p'

A unit tangential vector t in the plane of incidence which is tan-

gential to the radome surface is obtained in terms of vectors ﬁ and

b giving
148) t=nxb.

Hence the vectors E, ﬁ, and b provide a coordinate system for decom-
posing the incident field into perpendicular and parallel components.
It is noted that (5 . E)B is the perpendicular component of the

incidence field and is also tangential to the radome surface. The

part of the parallel component o4 the incident field which is tangential

to the radome is given by (t - Pt.

Hence the .total tangential component of the transmitted electric

field is given by

(49 E = U6 - DI, + [(E- DEIT,

T IR e
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where T, and T, are the transmission coefficients for perpendicular
and parallel polarizations, respectively.

The tcrrespondihg expression for the tangential transmitted magnetic

field ﬁi is given by
(50)  H,=[(b-MbIT +[(t-MIT,

where E and H in Eqs. (49) and (50) are the incident antenna near
fields on the radome inner surface.

Considerablie simplification is obtained by assigning the trans-
mitted fields right on the radome inner surface instead of tracing
out to the radome outer surface “rigorously." It is believed that this
approximation is much mcre accurate than that of the local plane wave
approximation and the infinite planar dielectric sheet. Equations (49)
and (50) are used to obtain pattern distortions and boresight errors

of a practical three-dimensional antenna-radome system.




CHAPTER IV
SURFACE INTEGRATION FORMULATION

In this chapter a surface integration technique using vectorl
potential formulation[12] is derived that can be applied to a
three-dimensional antenna-radome combination. The pattern due to the
presence of the radume of an antenna-radome system is expressed in
terms of the transmitted fields on the radome surface as obtained in
Chapter II1I. The same result car be obtaines from the vector formu-

lation of the Kirchhoff-Huygens integral.[13]

A. Vector Potential Formulation

A basic postulate in the analysis of the surface integration
technique is the validity of the Huygens' equivalence principle.[10]
Let » be a closed surface consisting of a radome surface SI and an open
- portion of the radome S, as shown in Fig. 5. For harmonic (ej”t)
fields, Maxwell's equations predict that the field at every point
(X,Y,Z) as shown in Fig. 5 of a linear, homogeneous, isotropic, and
source-free medium bounded by & can be expressed in terms of the

equivalent electric and magnetic currents 3}, Fﬁ on S, and ﬁé, ﬁé on

S We use the equivalence principal with the reservation that the

”
currents Jé, ﬁé remain small on the open portion of the radome S,.

32
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P(Xl y!zl)

Fig. 5--Radome geometry for surface integration analysis.

Hence the electric and magnetic fields derived from the vector potential
formulation can be expressed in terms of the currents J, M on surface
S] giving

(51) £=- %- vxF--~-1vxvxh

where the potentials A and F may be written as



3 w -jkr
(.)2) A = Iy jf v ds
_ : _ o Jkr
L =z b .
B F o e[ R e

A few transformations are necessary:[14]

-jkr
r

e-Jkr e-Jkr

e

(54) v xJd

- — (vxJ) -Jx¥V

1
o

(55) Vv xJd

Since the differentiation is with respect to observation coordinates,

-jkr -jkr .
e - . 1, e
(56) Vi = - (ik + r) - r
e-Jkr _ -Jkr
(57) v x|y X Jd = VS Ve J
_ -jkr e-Jkr
- J Vv = + (J +v) v =

Substituting Eqs. (52) and (53) into Eq. (51) and with Eqs. (54) to (57),

we have
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' ) . . _ _ -jkr
(58)  Ee- g [[1E v v e T e x vl S s

Jrwe

" The first term of Eq. (58) can be simplified to

]
L |
1
~
™~

-
R
s
A
-

~ik
(59) (3:9)v (e‘:r)

(k+ D (T- v+

+
~<{w

-jkr
. 1 e J
(jk + ;ﬂ ] -

Sl

Equation (58) is exact everywhere if the currents J and K are known
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over a closed surface. The magnetic field expression can be obtained

using the theorem of duality as shown in Appendix A. In the case

where the equivalent magnetic current is determined from image theory

with the equivalence principle, as is in the case of the circular

aperture antenna in Appendix A, Eq. (58) can be reduced to Egs. (78)

and (79) in Appendix A -exactly by substituting Eq. (59) into Eq. (58).

Since only the far field is of interest in the surface inte-

gration formulation, only the !

Hence the electric field can be expressed in terms of the currents

J and M on S, giving

terms avre vetaines irn whe iriurand.
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- 2~ 2w Ay -

(60) £- i ” [k -k (T -mr
.~ e-jkr

- kwe 'Y’XM]‘ - ds.

The surface currents J and M can also be expressed in terms of the

magnetic and electric fields on the surface giving

(61) J = nxH

=
u
il
>
3>

(62)

where n is the unit normal vector on the surface 51. Substituting
Eqs. (61) and (62) into Eq. {60), the electric field in terms of H

and £ on surface S, is obtained giving

(63  F - ﬂ ([Bixm - (Exm -7 )

1

- . e-jkr
-rx (E x ﬁé] - ds.

From Eq. (63), it is clear that the field E(X,Y,Z) can be obtained
with merely a knowledge of the tangential compdnent of the fields on
surface S]. This fact is commonly employed in the analysis of
microwave antennas where the E- and H-field distributions over a

tinite open surface located in front of the antenna are known.
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B. Application of Surface Integration Formuiation
to an Ogive Radome

Equation (63) can be further simplified to a form most suitable
for the surface integration analysis of antenna-radome combinations.
Since only the far field radiation pattern is of interest, the

following approximation is made:

(64) e Jkr ~ e~ JkR e+ij(e')(sine sine' cos(¢-¢')+ cose cose')
r

where R{@'), a function of ¢' related by the ogive radome geometry,
is the distance from origin to the radome surface. Other variables
are defined as shown in Fig. 5. Substituting the apbroximations for
the scalar free space Green's function of Eq. (64) into Eq. (63),
~the far field at any point, (X,Y,Z) can be calculated.

The Y-component of the electric field in X-2 plane is derived in
the following to calculate the boresight error for perpendicular

polarization. The far field approximation of the unit vector rin

the X-Z plane is given by

"

(65) r = sine X + cose 2.

The contribution of the first term of Eq. (63) to the Y-component of

the electric field is given by
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(66) E(” x F'.1;)'\( - E‘"z Hex = nx ez

There is no Y-component in the second term of Eq. (63). The contri-
bution of the last term of Eq. (63) to the Y-component cf the electric

field is given by

(67) Fx (B, xn)|y = [0r - n) Ep - (rc B 0]y

(sino ny + cose nZ) EtY

(sine E

tx * cose EtZ) Nys

where Nys Ny» Ny are the X Y Z-components of the unit normal vector n.
Hence the Y-component of the electric far field is given in terms of

the tangential field on the radome surface as
. -jkR
= :_JL _e.__..— ] - i
(68) EY(o) If [sine ny EtX + coso ny Etz sino ny EtY

- CO0S9 nz EtY

- JE g Hyg + JE ng H)

e+ij(e')(s1’ne sing' cos¢' + cose cose') ds

[> - S SN —

ol
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Note that EtX’ EtY’ EtZ’ Htx and th are the components of the trans-
mitted tangential electric and magnetic fields E; and ﬁi of Eqs. (49)
and (50) on the radome surface and 8' and ¢' are the variables of

integrations.




CHAPTER V
ANTENNA-RADOME ANALYSIS

The Plane Wave Spectfum—Surface Ihtegration Method developed
in Chapters IT through IV is ncw applied to a practical three-
dimensional antenna-radome ccmbination. A description of the com-
plete procedure for boresight calculation is presented and an example
is worked cut to illustrate each step in the procedure.

As pointed out in Chapter I the basic approach for analysis of
the three-dimensional antenna-radome combination can be divided into

three steps which are restated as foliows:

1. The near fields of the antenna which are incident upon the

radome are calculated.

2. The transmission through the radome is calculated.

3. The radome boresight is determined from the beam maximum
of the distorted antenna pattern which in turn is calculated

from the transmitted field.

Detailed explanations for the three steps are presented in the

following paragraphs.

40
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A. Near Field Calculation

In order to apply the PWS method developed in Chapter II to
calculate the near field at the radome inner surface, it is necessary
to define the radome geometry. Figure 6 show: a two-dimensional
cross section of an example ogive radome with a uniformly i]]umin:
ated, linearly polarized circular aperture antenna enclosed. Two sets
of coordinates are used in the analysis. The antenna coordinates

(X,y,z) are employed for near field calculations and the radome co-

ordinates {X,Y,Z) are used later in the surface integration computa-

tions.

ANTENNA

GIMBAL
POINT

Fig. 6--The antenna and radome geometry.
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The radome geometry, as shown in Fig. 6, can be defined by a

general second degree equation. For ogival shapes, the equation is

(69) f(p.2) = 22 + (p - L,)2 - R 2 =0

where R] is the radius of curvature, L2 is the distance from origin
to the center of curvature as shown in Fig. 6. Thus, for a given
Z=1, the value of p at ¥ =0 plane can be calculated from Eq. (69).

Unit normal vectors at the radome contour are computed by

~ V f ~ ~

(70) n = N = n, 7+ np o

where Vf equals the gradient of Eq. (69),
Z is unit Z vector,

6 is unit X vector at Y = 0 plane.

Now to define any point on the three-dimensional radome, the
angle ¢ is the angle from the X-Z plane. Hence the values of X0

and‘Y0 are calculated from Po and 9 giving

(71) X =op coso,,

0

(72) Y =p sin¢o

0

and the corresponding unit normal vector is given by
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(73) n=n, X+ ny Y + ny /4

X + ing Y +n, Z.
np cos¢ X np sing ny z

Since the near field expressions as derived in Chapter II are in the
antenna coordinates (x,y,z), it is necessary to obtain the points on
the radome inner surface in terms of the antenna coordinates.

The aperture antenna in this case is restricted to rotate at
the gimbal point along the Y axis. Hence the coordinate transformation

from (X,Y,Z) to (x,y,z) systems of coordinates is given by

X cosQ 0 -sinq X 0\
(784) y |={ 0 1 0 Y- O
z sing 0 cos® Z L3

where @ is the look angle of the aperture antenna and L3 is the
distance from the aperture antenna to the gimbal point in antenna
coordinates as shown in Fig. 6. The points (x,y,z) on the radome
inner surface of Eq. (74) are obtained in terms of antenna co-
ordinates. The near fields of an arbitrary planar antenna which are
incident upon the radome are calculated from Egs. (9) and (10). The
antenna near field components for the present example are restated

here for convenience from Eqs. (15) through (19).




and

where

1t

S -jk S_z

.. p 2
i sing ka j J (k 5, a) J,(k S o) e ds

SZ

Vo s a) _sj_
- Y, ka J ---—P——SZ 1 - 3k S o)
0

. .2 \
- Y ka sin 2¢ S -jk S_.z
L B Z
z
0
! -jk Szz
- i K !
J Yo ka cos¢ j So J](k Spa) J](a Sp p) e dSp
0

a4

ds
p
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(80)  p=dxl+y?
and
(81) ¢ = tan”! %

The limits of integration of Eqs. (75) through (79) are restricted
to the homogeneous plane waves, i.e., Sp < 1 since the contributions
from the inhomogeneous plane waves, i.e., Sp > 1, are insignificant

as discussed in Chapter II.

B. Transmitted Field Through The Radome Wall

The fransmission through the radome wall developed in Chapter III
is performed in the antenna coordinates. In the transmitted field
analysis, the néar fields on the radome inner surface are decomposed
into perpendicular and parallel components in the plane of incidence.

A basis which contains vectors ﬁ, n, b commonly known as tangential,
normal, and binormal unit vectors is formulated for decomposing the

incident field into the perpendicular and parallel components giving

-~ ~

= NXPp
|n X p|

o>

(82)

(83) t=nxb.
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The unit normal vector n obtained in the radome coordinates Eq. (73)
is transformed to the antenna coordinates.

The transformation for the vector components from the radome

coordinates to the antenna coordinates is given by

A cosi: 0 -sinw A

X X

(84) Ay = 0 1 0 AY
AZ sing 0, cosQ AZ

where A, Ay, A, are the components of the vector R in the (x,y,z)

system of coordinates.

The unit Poynting vector 5 is obtained from the knowledge of the

near fields on the radome inner surface giving

(85) o = _Re(ExH*)

IRe (ExH*) |

and the angle of incidence is given by

A

(86) 0= cos”) (n - 5).

Hence the tangential components of the transmitted electric and mag-

netic fields that were given in Chapter III are giVen again for

completeness by

PN e———

ey

I
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1

(87) B, =[b-BD)b]T, +[(t-E)t]T,

(88) Ho=[(b-A)bIT +[(t-M)tIT,.

Where T, and T, are the transmission coefficients for perpendicular

and parallel polarizations, resepectively.

C. Surface Integration Analysis

The Surface Integration Method developed in Chapter IV is now
applied in order to determine pattern distortion and thé corresponding
boresight error. Since all of the mathematical operations are per-
formed in the radome coordinates, it is necessany‘tb transform to
radome coordinates all of the calculated quantities which were in
terms of the antenna coordinates. The transformation from the antenna

coordinates to the radome coordinates is given by

A\ cose 0 sinQ A

X X
(89) AY =l 0 1 0 Ay
Az -sing 0 cosq AZ

With all the calculated quantities in terms of the radome co-

ordinates the pattern distortion can be determined by
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. -jkR
= = k e - ] 13
(90) €y = & S [ Tengtsing £y + [Fiy)

+ nY(s1n0 Eix + coso EtZ)
. m +jkR(e')(sino sine' cos¢'
+n, (-coso EtY +-J:-Htx)] e

+ €0S0 C0S0") ds

where EtX’ EtY’ EtZ’ Htx’ th are the tangential components of the

transmitted field in radome coordinates.

The trapezoidal integration method is employed for Eq. (90).
Equal increments are taken along the ogive surface as shown in Fig. 6
starting from the tip of the radome and integration around the rings
is performed. Enough points are taken around the rings such that at
least one point per wavelength square is used in the integration.

The problem of interest is to analyze the distortion introduced
by the radome as a functioh of antenna look angle @. The deviation
of the electrical boresight (defined as the beam maximum) from the
geometrical boresight axis at Q as shown in Fig.16 is defined as the

boresight error.

The boresight error of an antenna-radome system can be determined
by numerous methods such as beam maximum deviation, null-shift of a

monopulse difference pattern and phase distortion of a monopulse
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antenna. The boresight error is evaluated in this analysis from the
deviation of the beam maximum. If the antenna is scanning in a
particular direction and the boresight error is in the same direction
it is defined to be a positive error.

In calculating the boresight error several considekations
simplify the task. The beam maximum is generally within a fraction of
a degree from the look angle @ (boresight axis). Hence only a small
portion of the pattern is necessary to determine the boresight errors.
The pattern in the presence of ihe radome is calculated from Eq. (90).
In addition, the pattern over a small interval enclosing the beam
maximum is monotonically decreasing on both sides of the beam maximum
and approximately symmetrical. The beam maximum is determined by
computing one pattern point on each side of the antenna look angle so
as to enclose the beam maximum in a bracket. By use of the symmetry
and monotonic prbperties of the pattern the re]ative values of the two
calculated points indicate which point is closest to the beam maximum.
From this information a third pattern point is calculated which halves
the size of the bracket containing the beam maximum. Examination of
the field magnitudes at each end of the new bracket now predicts the
calculation of a fourth pattern point which again halves the bracket}
containing the beam maximum. This process can be continued indefin-
itely to obtain the beam maximum Tocation to any desired accuracy.
Starting with a two degree interval the beam maximum will be known to
within 1/2"'] dégrees for n such calculations. In this analysis twelve
such calculations are performed which gives a precision of about 0.00049

degrees or 0.0085 milliradians in the beam maximum location.
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D. Discussions and Results

To check the validity of the surface integration formulation,
free space integration is performed using Eq. (90). This is done by
setting the transmission coefficients equal to unity (i.e., ideal

.radome) in the transmitted field expressions of Eqs. (87) and (88).
J](X)l

X

This integration should faithfully yield the far field

pattern. Figure 7 shows the calculated result for an ideal ogive
Jq(x)

X pattern.

radome with fineness ratio 1:1, as compared with '

It is seen from Fig. 7 that the PWS-SI analysis yields excellent

agreements in the free space check. ‘
Boresight error calculations using the three-dimensional Plane

Wave Spectrum - Surface Integration (PWS-SI) analysis have been ob- |

tained for two ogive radomes with half-wavelength wall design and with

fineness ratios 1:1 and 2:1 are.shown in Figs. 8 and 9, respectively.

The corresponding measured boresight error data shown in Figs. 8 and

9 were supplied by the U. S. Naval Air Development Center at

Johnsville, Pennsylvania.[15] It is noted from Fig. 8 that there is

essentially no boresight error in the nose-on region for the radome

with fineness ratio 1:1. However the boresight error for the radome

with 2:1 fineness ratio peaks up at look angles around 10 to 15 degrees.

Considering that some experimehta] error may be present in the

measured results, it is concluded from Fig. 8 and 9 that the PWS-SI

method is a powerful technique in analyzing three-dimensional

antenna-radome combinations.
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Fig. 9~-Calculated and measured boresight error for
an ogive radome at design frequency.
Ferpendicular pclarization,

Fineness ratio 2:1.




CHAPTER VI
CONCLUSTONS

The resecarch prusented here effers a practical method for
determining horesight errors in an antesna-radome system.  The Plane
Wave Spectrom-Surtace tnvegration (PRS-S1) anelysis contains the
ditfraction mechanism negessary to dccurately treat practical antenna-
radome problems, The Plane Wave Spectrum analysis offers accurate
and efficient methods for calculating near-fields of Jarge aperture
antennas,  Good ayreament between theory and measured boresight data
is ubtained,

[t is known that the contribution to boresight error is primarily
due to the transmission through the rademe of the incident antenna field
since only the antonna main lube region i5 of interest, Hence, the
bavic approach for the radome boresight calculation is outlined in
stops (@), (b)y and () as shown in Chapter [. In Chaptar V a
description of the complete procedure for boresight calculation is
presented and an example 1s worked ouf to 11lustrate each step in the
procedure. A listing of the PWS-S1 computer program is given in
Appendix C along with instructions for use of the program.

In the recent developments of antenna~radome systems, considerable

attention is being given to the prediction of antenna sidelobes and

54
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back®obes. As an extension of the present study, sleps may be included
in the PWS-SI technique to account for sidelobe and backlobe contri-

butions as outlined in the following additional steps:

(d) The first order reflected field is calculated, 1.¢., the

fields at 5 due to the antenna incident field at 2 in Fig. 1.

() The transmission of the reflected field through the radome

is calculated, i.e., from 5 to 6 in Fig, 1.

(f) The total antenna pattern including sidelobe and backlobe
contributions may be calculated from the fields on the outer surface
of the radome, 1,e., the radiation in region 4 or 7 is determined

from the fields at 3 and 6.

With steps (d), (e) and (f) added to the PWS-SI technique, it
will be capable of accurately calculating antenns pattern distortion,
and antenna sidelabe and backlcbe behavior for practical three-
dimensional antenna-raedome compinations. lseful applications include
radome systems in the R and 0 stage as well as operational radomes

with borasight or other deficiencies.




APPENDIX A

APLRTURE. INTEGRATION FORMULATION OF A
CInCULAR APERTURL ANTENNA

In this oppendix an exact field formulation of an aperture antenna
iy discussed, In the geometry éf Fig. 10, a Yinear current density
polarized in the x-direction flows on the circular surface in the
x-y plane, Cylindrical coordinates (o, #, 2 = 0) are used for the
current Mx(p. %) and the integration point Q on the circular aperiure.

For a point of observation P whose pesition in space is given by
spherical coordinates (R, v, ¢) the electric flelu[16] derived frou
the vector potential method (see Eqs. (56) and (58)) due to the

equivalent magnetic current density Mx is given by

: . g=Jkr
(41) b - &g jr (Jk + }) Mxr "F’” da.

Similarily, the magnetic field is obtained by applying the duality
relations in Table 5 to Eqs, (58) and (59) giving

Ahw\l

(92) ) j[{( » Ak, 3 )(M-r)“

-Jkr
kZH-~(Jk+




F1g. 10--Aparture and field coordinates,
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TABLE 5
DUAL RELATIONS IN ELECTRIC AND MAGNETIC SYSTEMS

[ N

Electric System Magnetic System
J=h xHK Hefxn
£ H
H -E
" E
[N i
k { K

The distance from Q to P as deroted by r yields

(93) ra= (Rz + 92 =2 Rpsino C05(¢"3))]/2'

The unit vector v is given by

{94d) roox [S sino cosy = & cos{2¢-8)]
+ & [B-sino sing - & sing)
r r
. R
+ 2 COSU-F
where x, § and 2 are the unit vectors and p and g are variables of
integration, Hence the electric field of the circular aperture

antenna with magnetic current density Mx(p.ﬂ) polarized in x«direction

is given by

Mk GEE e MR e
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(95) E, =0
2n a jk?‘
1 . 1 R B
(96) Ey 4 j f (jk + r) Mx(p.ﬁ) ;o COS0 9A?;---o dp dp
0 9
21 a -jkr'
R
(97) E, * %?, I [ (I + }) Mx(p.ﬁ) [% sing - 2 sino sing] & T
0 0

e dp dg

where & is the radius of the circular aperture. The corresponding

magnetic field i¢ given by

21 8
I R {( Y
0 0 r
(w sine cos¢ - E cos(2¢-a))2
1 wJkr
+ (k2 . “ 3;?)‘( M L;—-—p dp df
2 @
(99) ”"Z’?mu [ I(ki’ %L*%z)
b
R R
(3 sine cose - % cos(2¢-8)] [ sino sing -

-Jkr
% $ing) Mx(p.e) 5—;*- p do dg
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..'r"v 2{" a
B = . .-,.J-.. - 4 3& 3
“00) HZ 4Mm J J (k * r * Y‘)

0 0

R : - ) . . . R
(ﬁ sing cosy ~ % cos{2¢-8)) coso v

-Jkr
Mx(mi’:) g s dp dp .

T The current distribution function Mx(p.ﬂ) for the uniiorm case

is given by
(101) Molooi) = 2 Ey

whero Ey is the aperture electric field polarized in y-direction,

A  § Hence in order to compare this aperture integration with the PWS

formulation as derived in Chapter 11 for the unity aperture field,

the magnetic current density Mx(p.ﬂ) equals to 2.

The y-component of the electric field of a uniform circular
;.}' aperture antenna using the aperture integration method Eq. (96) is
= compared in Chapter Il with the PWS formulation Eq. (15) on a plane
surface 2ry 104, 204 and 40A away from the aperture respectively,
As mentioned in Chapter I, excellent agreements between the two

methods hive been obtainad.
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Comparisons are alsc made for the near fields of a 10) diameter

uniform circular aperture antenna vs. a two dimensional 10 strip
antenna with uniform illumination. Both phase and magnitude distri-
butions are compared on & plane surface vlaced 2x, 10Ar, 20x and
40% from the aperture antenna as shown in Figs., 11-14 respectively.
As seen in Fig. 11 the fields at 2) away from a circular aperture
antenna are almost the same as a two-dimensional strip antenna, However
the finiteness of the circular aperture antenna becomes apparent as the
distance away from the aperture is increased. Thus 1t {s seen from
Figs. 12-14 that the main lobe of the circular aperture antenna is

shaping up faster than that of the two-dimensional strip antenna as the

distance from ‘he aperture antennas increases,




{SIINOIA ) ASYHA QI21TWPNNON

e vy A IR T W s

‘{ucrlEziaeiod 1) -ewsajae 41235 g-Z2 "SA
PLUIIUE umaade ze{ncitd J0 Spidry seax ;0 eCSLINimy -3 “Sig

15+19MINIAYR I NOUIVANISEC 20 Iwrid %O IS

coc-Z L L) v 2 o 2- -~ 83— g o
]
= T, T 1 T T 17717
.
309- T ' . i zo
i e Fea !
. T w2 18 2 »
s~ 1 » M
NG iVANISEO =
K Inve o )
<
we —— ven3i 0w *o R
d18iS -7 — e
ranliny Janislev lA.
| . g tF "Ib]

cos -}— -—4{so °
-
-
S
x
002 - }— ||Je.- _

O - / e 140 ]

rlﬂ_ LNE1w 1Si3
[»] IS g —r R




64

WGVHA DUTIITWHON

{ S¥44090 )

T IuBIIEZisR 104

(g

TTRFIwR 43S -7 CSA

310
TULBIUR JURTSAER JR(TUIIID 4o 52 215 STIR 3L aoSisedmon--7p Big

1 SH. Sn3IT3ore 3

WFLTAETND #5 ST e 8O IWYISHD

€] 9 9 * z (] - »- s &= o~
A04L— 7 v
F n‘gﬂﬂrﬂ ) y
re- Y o
: XS5 i_ g 13
oe— Wi TRaISE0 . ¥ »o
oCy— TWGINT
AWAS C— Z o o
TNEIikT JoTigIeY
¥ 261)

G irdiel15td

001 - IO lamy

to.»anuﬁpm&
o SYHG

LS TCYYR R [ LIYAPT T




6d

JI1 YA NON

FAR G TN

(BEERL LKAV

- o e T

s W B GMAS MR D Soee

“{uCiIPZIABIOg T! TRuuajuR 4143S G-Z SA

PLUTIUT BUNISAGT JPIMII2 3o <531 483 O rostsedwon—-g3 “Big

o]
Gy~

HiSHY:i3ACM §

RNSILTARISES JO INTI4 WO ITWVLISIO
z [+ CAne » - ke 8- -

CZ-F

s
) ) y
| i

w01 61e4S:5
ISTwg

H i ! :

e

*»°0

0

-

&

pod

o 5

[

oy o

Te

-

S

23 K
»e
wanliNY —das

PITTL - LR
rNIINY JaSiaIeV
P R I

»s




{ 8334D30) ISYMd Q321 IVWHON

-(uo13eZ 4104 31} -TuuIIue dra3s g-2 TSA

PUUIIUE uN]LS0L JE[NI4LD 40 SPiILy Jedu

(SHION3IIAYA ] NONVANISEO 40 NV MO IV iSO

() S 9 v Z o

-

jo ucsiiedsc)--¢y by

= 9

00L — T Y T L1
N T R S N S
l H
4 -
309 — m ” 20
1 i
§ i
005 — n 0
i
NS NC: 1 TANISEG
~ 42 w34 )
o0y — b— u 0
NC1iNBIN1S510 Y\
301 174NV
O0E —§F— 0
YNNI NY
\ J J d81S 0-7 —— ——
00T~ p— VIINY NNV o A
*viInds:d i

001 —

NOI 108151510
ISwyud

(M qivoa ) 3ONLITgNY




APPENDIX B

APPLICATION OF PLANE WAVE SPECTRUM REPRESENTATION
TO THE TRANSMITTED FIELD ON RADOME QUTER SURFACE

Virtually all radome analyses trcat the transmission through a
point on the radome the same as the transmission of a local plane
wave through a planar sheet tangential to the point on the curvad
radome surtace. The PWS formulation will row be used to check the
local plane wave assumption,

For simplicity a two~dimensional model 1s considered as shown
in Fig. 1h for an aperture of width a with a uniform y-polarized
electric field,  The antenna near ficid at point (x,2) in terms of

the angular spectrum of plane waves(11] is given by

. 2
s ST A ksa  ~Jk(sx + 11 - 5% 1)
(102) hy(x.z) \ J ks sin =y~ e ds.

Consequently, the transmitted field on the outer surface of the radome
can be derived by & welighting function w(oi) which represents the

etfect of the radome on each plane wave in the spectrum., This gives

1
2
(103 E (x,2) v & i Wo,) F(s) g dk(sx + i1 - s¢2)y

€66
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Fig, 15-~Radome geometry.
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[hie weighting function corresponds to the plane wave transmission
coefficient in the portion of the spectrum for which the plane waves
are incident from inside the radome. For incidence outside the
radome Lhe weighting function is given by the sum of the incident and
reflected waves, thus w(ui) =1+ r(oi) for perpendicular polarization.

The transmitted electric field Ey(x.z) on the outer surface of
4 2-D half-wave-length wall ogive radome with low loss homogeneous
material is shown in Fig. 16 using the above analysis. The 10x
antenna is situated at a look angle of 20° as shown in Fig. 15. The
tip of radome is at z = 24.48)x, Results calculated by the Wedge
Diffraction formulation[4] are also shown for comparison. It is
seen from Fig, 16 that both magnitude and phase of Ey(x.z) check well
using the above two formulations for z > 12X. Hence the local plane
wave approximation used in the wedge diffracticn analysis is accurate
in that region. However for z < 12X, small deviations are observed
between the two techniques. It is concluded that the local plane wave
approximation used in conventional radome analyses is not as accurate

as the PWS formulation in the ¢lose near field region,

—— R . _— S—
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Flg. 16--Transmitted field on the outer radome surface
using PWS and conventional formulations.
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APPLNDIX C
INSTRUCTION FOR USE OF COMPUTER PROGRAM

A complete listing of the PWS-SI computer program using Fortran
IV proyranming language is given in this appendix for radome boresight
analysis, The input date for the calculation of boresight error of
a typical one layer fiberglass ogive radome having a 1:1 fineness
ratio is listed at the end of the computer program on page 81. There
are seven input cards which are explained in the following for this
calculation,

I. Number of layers,

2. Dielectric constant, wall thickness and loss tangent,

3. Number of geometry sections used to define the radome shape.

4. Coefficients of a general second degree equation which defines |

the radonme geometry, 1.e.,
222 +oXZ+ X%+ dZ keX 4 f O,

5,6,7. Radfus of the aperture antenna, ook angle and the distance
from the gimbal point to the aperture antenna,
Three buresight error calculations are obtained st look angles
15°, 18° and 22° respectively. The output of this program also con-
tains information for & check of free space pattern as discussed in

Chapter V.

0

e




77 15000,0LASS=D

7/7ENRT FXFC POGME TEYRORT o PARME TMAR § 1ENDY , T TME S (0, 30)
J7SYSPRINT DD SYSONT 0 o DERAtRICTRe) AT RECL=) 20,

17 DLKSTIEw 600 ) JAPACH~ICYL (o1 ) sRINE)

Z759YSIAN DD UNIT SYSDA L DSNANY s LELOADSET JDISPe (MDD, PASS ),
7/ SPACER CCYL o (101 1) o DUN e IRFCTM=FI G LRI CL=R0yBLKS]1Z2E=400)

7/5YSIR bn * .
C THREE DINMELS INNAL ANTEENA-RADOME BNRESTIGHT ANALYSIS

C PHS ANDG SURFACE INTFGRATION MFTHODS FNR RADOME BORESIGHT ANALYSIS

C THIS IS A PRAGRAN rne FVALUATING THE FIFLDS IN RADOME PRUBLI'MS,
COMPLEX AHZ JATF ¢At'H, /‘.NF.ATH.SHX.SHY.SHZ
COMPLEX SEX,SFYSFZ9SYR,,SYRP
DIMFNSION THFETA'3),THETR(3),AE(3)
COnpLEX A 38T 185 % ym130,451, $2H130,45)
COMPLEX EHX{20,45),FHY{30,45),EHZ(30+45]
COMPLEX ERX(30,45),SRY(30,45),FR2130,451)
COMPLEX SRX{30,45),5RY(30,45),SR2130+45)
COMPLEX EY F2 sHX yHY yHZ o+ NRyAEY ¢ AEZ v AHZ y AHX y AHY
COMPLEX CHXCHYCHZ,0Y
DIMENSINN AAL(S),BRI5),CC(5)sDDI5)+EELS5)FF(5)4DELT(5)
102 FORDBATI20X,7H THFTA=,F10.5)
COMPLEX EXJPFYR,FYRP
DIMNENSION UXR(30,45),U0ZR130445),PH13044
COMION  2,PHT P TP, TPA
PDIMENSTON X(25),W(25)
CUMBUNI XX/ Xy ¥
X(()])=h.n"')‘1."(‘\'In"h?!lh‘l".l-'/(l‘i"\
X(O'/)rll.(N‘I(HMh'l"';'l)’)ln(\:'h'm"’(0
X{OAI2 0L 101 22 A0060A1 YT RONG
XAV E0 2246 THATUNALLLROON] 225
XLOH) s 0. 2B TR624RTAFHLK05T6T36
X{06)20 AR INNARGIO21LOTIRLIA0
X(07)= 0ehOBLEHAF (HONTIHTI2CY 16
X(OB)Z0.466002¢04 750855404545
X(ON)I= OS2 ANCTLTZ22230336TH
X(10)=0.HTT2227260F3972703518
X(11)=0.62LHATIOATTHS13623995
X{12)=0,6TTET12379632 663905212
X{13)1=0,724034130G823814654674
X{14)=20,76715C032815740339254
X{15)=0.80706620007044262T083
X(16)1=0,.8425R82616246393530711
X(1T)=0.BT657202027424TRRSG06
X{18)=0,9N587G12A715569672822
X(19)=0.9313F660070£55643233114
X(20)=0.9529877T031604320860T23
X(211=0,9705915Q75462472504661
X{22)=0,984104503722126857745
X{23)=0,963530172266350757548
X(26)=0.99477100725%2426118601
HIG1)=0.0064T371606R126R39225034
WL02)=0,0644661AL435C500R2207
W03 =0.063C242TRERLHGELB6624
HI06)=0,063114192286256025657
W(05)=0.,062030946231508925663904
Wi06)=0.0607046439165893HRN053
WE07)=0,05¢114R39¢£468395635746
W{0R)=0,057277292100403215705
1{09)20,055109450369696616285H8
Wi10)20,052890189485193667096

-
-

n

v 10001
100704
. 10070%
100704
100707




KIEL1)Z0D, 080 R0GDAEERIN64L4T4LUSH
Wl12)2006 TR ARSAHG2404THRD6
Wil a0 entbe 1650056054 2R0419
WIl&)=0,DeIRLEORICLILLLT6G2 14
WISz 003:2013810:65030706317
W{l&)Y=0.,036TT77222566T7TT043R49)
WIL1T)I=0.0211A8722T74A279R0DARGND2
WIIRI=0,02T626508T0M. 5694000
BILY) 2 G028 70TANLIUI LTI G L
WELOIED 01961 614064735062 T4 .
W)=, 0107448722986 84L0T210
WEL2) 201 ATTI236G5T92 34539490
W2 20 ,C0T327583v012T76262102
Wl26)=0,00715334605230583R633
OR . %0,.e0.¢€
oY # 20. !'10,(
OX 2 O
URITE: Ybe6<
& FORMAT =21X,63HTHIS IS A PROGRAM FOR EVALUATING THE FIELDS IN RADOM
2E PRIGLEMS <
DIMENSTION DC(10)
REAL LDUIO)Y,LTL10)
COMPLFEX TPAR,,TPFR
REAS(5+25) NKoINCUI) oLDUI}oLT{I)pI=19NRS
25 FORMATIIIO/3F10.4)
IPE=0
1PR=1]
REANIS,100IMe (AL T)sBBILIYCCUI) DODUINZEE(TI)oFF(I)sDELTI(I)e1m1yN)
100 FORMATLIS/TF10.5)
DO Q99 [CA=1,23
HEAD(S,101) ALFM,OMEGA,R3
101 FORTANLIFLG.S)
Pl 146104265
TP, ]
TitA= [P eALTM
Kl /180,
RN ) 7Dt
(eaRs PINFGLACHR
COMsUS (OMR)
SGeS IN(UMR)
KLz 0,
Rui= 1,
[
RADOMF GEOMETRY
CuT=C0M
SDUT=S0M
EYKR=(D.40.)
SYR=({(0.90,)
PO 300 J= 14N
As AALY)
B=n3(J)
C=CCtH)
D= LN Y)Y
F=eF(.1)
F=rrid)
RRC=SORT(DeN+ELF=6 ¥F ) /2,
G=SORT{RRC*RRC=F*E/4,)
THE1=ATAN2(G,E/2.)-0,0001
THE?2=0,.
JTT=20
FTUT=3TT+1
DEFINE PNINTS ON THE INNER RADOMFE SURFACE



660

DN 400 JT=1,J7TT

FIT=JT~1

FIT=FJT+0.5
2Z=RRC*SINITRHELI-FITE(THEY=THEZ)/FTJT)
CALL YC tAJByCoDsEsFe2242Y)
NX=36

!F(XY.LE.2.5) NX=1R

FX=NX

FIND NORMAL VECTNR

CALL NORMUAsBsCoDyEg22+XY9AZR«AXA, ANORM)
RR=SQRT (22%2Z+XY#XY)
STH=XY/RR

CTH=22/RR

NP=NX/2+1

PAHI=TP/FX

DN 500 JP=1,NP

PHAI=TP®R2 (/FX

IF{JP.EO.1) PHAI=PHAL/2.
IFLJP.FOMP) PHALI=PHAL/2,
FIP= gP=-1

PHITI=PAHISFYP

COP=COS (PHIT)

SIP=SINIPHIL

XXu XY®(NOP

YY= XYSS 1P

AXREAXABCOP

AYR= AXA%S ]P

XAz COMRXX-SOMR27

YA=YY

2= SOMBXX+(OM*27-R3

IFLZ2) 6504650,660

AXRA= AXR®COM=-AZR=SOM
AYRA=AYR

AZRA= AXRESOM+AZR*COM
P=SORT{ XAXXA+YA3YA)
PRIZATAN2(YA XA)

cosSP=XxaA/pP

SINP=YA/P

CALL GAUS (RLyRUSMGyEYSE2Z ¢ HX s HY ¢H2Z)
EYEEYSTPA

EZ=E2%QY%S INPETPA

HX= -HX>TPA

HYZ —HY2N HETPAXS IN(2,%PH] )
HIz=H7?sOVYETPAZCOSP
EYPP2ATAN2 AJIAG(FY ) REALLEY ) )*RD
CHX # CONJGRHXL

CHY # COMJG2HYL

CHZ # CONJGIHZLC

GX # REALATFYH(HI-EZ%CHYL

GY ¥ REALUEZ*CHXL

G2 # REALY~EY®CHX<L

ANMP # SORTZGXGXEGYRGYEG2®(62L
UX # GX/7AMP

Uy # GY/ZAMP

Uz # GZ/A1P

TX= AYRA®UZ-AZRABUY
TYZAZRAXUX=-AXRA®LIZ
TZ=AXRA=UY-AYRABYX
TTsSORTUTXITX4TYATY+T2%T2 )3 (~1,)
TX=TX/TT

TY=TY/TT

TI=YZ/TT
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TXX2COMET X SOMST 2
T272=SOMRTX 40 NMAT 2

TNX®R TYRAZRA«T 2HAYRA

TNY®T2HAXRA=TX®AZRA

TNZaTXXAYRA=TY®RAXRA

TN= SQRT (TNXHTNX+TNYSTNY+TN22TNZ)
TNX3TNX/TN

TNY=TNY/TN

TNZ=TNZ2/TN

PN{JT »JP J2UXRAXRA+UYSAYRA+UZ*AZRA
UTHET=ARCOS (PN (JUTyJP)) )
CALL TCPDIIPEWNKyUTHETLD«DCWLT+TCHFIPD)
TPER=TCXCEXPICMPLX(0. 9y=FIPD*DR )}

TC1=TC

FIPDI=FIPD

CALL TCPD(IPRyNKyHJTHET LD¢DC+LTH»TCHFIPD)
TPAR=TC®CEXP(CMPLX (04 y=~FIPD*DR))

TC2=TC

FIPD2=FIPD

ATE=TY*EY+TZ%E2

AMF=TMNY%E Y+ TNZ*FZ

ATHZ TXUHY+ TYRHY +T 2H 2

ANHE TNX BHX+ TMNYPHY+TNZ%HZ
AEXZATFRTXRTPER4ANEXTNX®TPAR
AFEYZATEXTYXTPFR+ANFRTNY%TPAR
AEZ2ATEXT2RTPER4ANERTNZXTPAR

AHX= ATHXT X#*TPAR+ANH*TNX 2T PER
AHYSATHRTY*TPDARSANHETNY2TPER
AMZ2ATHRT 25 TPAR+ANHRTNZ #T PER
SEX=ATEXT X+ ANFUTNX

SEYSATFEXTY+ ANERTNY

SEZ=ATEBT I+ AME®TN?

SHX= ATH®T X+ ANHSTNX

SHY= ATHXT Y+ AMHXTNY

SHZ=ATHST Z+# ANHZTNZ
ERX(JT+JPI=COMUAEX+SOMEAEY
ERY{JUT 4 JPI=AERY

ERZ(JT yJP )2 =SNMEALEX+OMXAEZ

SRX{JT 9y JPI=COMUSEX+SOM*SEZ
SRY{JTyJP)=SFY

SRZ(JT ¢y JP IZ=SOMXSEX+COMNSEZ

EHX{JT oJPITCOMEAHX+SOMRAH2
EHY(JT yJP )= AHY

EHZ(JT ¢ JPI=COMKAHZ =SONEAHX

SXHIJT oy JPIZCNMASHX +SUM%SHZ

SYHIJT yJP)aGHY

SIHIJT ¢ WP )I=CMM S HZ = SOMBSHX

UXREJT o JPI=COMEX+SOMRLIZ

UZR{JT g P I==SNMANIIX+COMN2

EXJu RRETPH(SDOTHSTHHCOP+COOT*CTH)
EXJN=EXJI¥RD

EXJPECEXPIOMPLX(N,sFXJ))

EYRPa (= AXR¥U{SNNTHERY(JT ¢y JPIEHZ(JIT o JP) ) +AYR®[SOOTHERX(JT9yJP)+COOTH
1ERZUJIT o JPI Y +AZRFI(EHX(JT ¢ JP)I=CODTHERY{JTyJP ) ) I HEXJIPRXYRPHAL
EYRaIEYR+EYRP

EYRR=2 CARSIFYR)
EYRASATANZ2 (AIMAG IFYR) yREAL(EYR))*RD
SYRP= («AXRU{SONTHSRY {JT ¢y JPI+SZRIJT yJP) ) +AYR® (SOOTHSRX (JT9JP)+COOTH
1SRZEIT Y JPII+AZR¥ (SXHIJT ¢ JP)=COOTHSRY(JTyJP ) ) ) REXJPRXYRPHAL
. SYR=SYR+SYRP

SYRR®=CABS (SYR)
SYRASATAN2{AIMAG(SYR) yREAL{SYR))*RD




GO T0 750
650 ERX(JT4JPI= {04404}
ERY(JTyJP )= {0440,)
ERZ(JT4JPI= (0, 40,)
SRX(JT»JP )= (09D )
SRY(JT4JPI=(0440.)
SRZIJTHyJPI=(0,40,)
PNIJT»JP)I=0,
UXRIJIT 4 JP )20,
UZR(IT4JPI=0,
EHX{JUT o dP )™ {04 40,)
FHY(UT 40P )= (0, 40, )
EHZ(JT 3P I {(0es0,)
SXHEJTyJPI® (0, 40, )
SYH(JT'JP )'(0.00.)
SIHEIT 4 dP)2 (04 90), )
750 CONT INUF
500 CONTINUE
WRITE(&H96) XX yYY 22 9XAYAy2
6 FORMAT 2/1X,20H FIFELDH POINT ¢ X & 4FS5,292Xy4HY = 4F5,2,2X,4HZ 8
2F54212X44HR = 4F5,292X95HTH = 3F5,292X46HPH] = 4F5,2<
68 WRITE(6+188) TX I RYEYPP sTYZEZ9TZ yHX ¢AXRAYHY yAYRAZHZ yAZRA
88 FORMATZ/SXy6HEY = 4TXp4R2X4E15.8</5Xy6HEL = 4 TX1382XyE15.,8</5X,6
2HHX = 37X 93%2X4E15.R</5X96HHY = (s TX93%2X91EL15.8</5X46HHZ = ,TX,4
3%2X,E15.8¢<
WRITE(6+105) AFEX AEY JAFZ 4AHX s AHY o AH2
WRITE(6+105) SEX SFYySEZySHXySHYySH2
105 FORMAT(2X412F9,6)
WRITE %6,57< UXylYylt2
WRITE (6457) AYR,AYR,AZR
WRITE (6457} TXXyTYT22
WRITE (6+57) UXRIJT»JdP)yUY UZR(JIT 4 JP)
57 FORMAT %/46H THF NDIRECTION DF POYNTING VECTNR IS ¢ UX = yF10.5,8
2H UY =2 4F10.5,81 UZ = 4F1l0.5<
WRITE{ARO) UTy P FRXIJIT ¢ JP )y FRY(JTyJP )y EBRZ{IJIT,JP)
WRITELOIHT) JTodP o SRX{IT IR ) 9 SRY(JUTyJP )4 SR2Z{UT,JUP)
HO FORMATIZ2110,612%X48124%))
WRITE(H900) FYRP 9P YRYFYRR FYRAZEXID
WRITE(OH,900) SYRPZSYRZSYRR,SYRA
WRITELA900) PNLITWJP)JUTHET 2 TCLyFIPDL1,TC2,F1PN2
WRITHE(6,4900) FYNP.FYR.FYRR,FYRA;THAB
900 FORMAT(TILX,ELlG.T))
WRITE(6+900) SYRP,SYRySYRRySYRA
WRITE(6,1111) JUT,JP
1111 FORMAT(2120)
400 COMTIMUE
300 CONTINUFR
THETB={OMEGA=-11.Y%DR
THAR=NMEGA~11,
DO 350 JLP=22,22
THAR=THAR+],
HRITE(Ay102)THAR
THETB=THETA+NR
IF(JLP.ERL12)Y GO TO 350
EYR= (D404 )
SYR2 (0440,
SODT=S IN(THETR)
COOT=COS(THETR)
DO 460 JT=1,J77
FJTeJT=1
TFITuEYT+0.5
LI=RRCHS IN({THEL=FJT* (THE1=THE2)/FTJT)

75




560
460

350
554

850

CALL YO (AByCoDyFoFo2ZaXY)

NX®s 34

-¥e NX .

PAMI=TR/FX

FIND NORMAL VECTOR

CALL HNOKM A R yCoyNDeE2vZZ o XY 9 AZR ¢ AX Ay ANDRM)
RR2ESGORT (Z2%Z2+XY%*XY)

“STH= XY/ RR

CTHs ZL/RR
NP=NX/2+1]

DN 560 4P=1,NP

PHAT=TPx2 ,/FX

IF(JP.ENL1) PHALI=PHAL/2.
IFIJPLEN.NP) PHAT=PHAL/2.
FypP=yP-1

PHIT=PAH]®FJP
COP=CNS(PHIT)
SIP=SIN(PHIT)

XX= XY#COP

YY=XY#%S]P

AXR=AXACOP

AYK= AXA%S P
EXJ=RRETP&(SONTHSTHRCOP+COOT*CTH)
£ XJ0= EXIARD

FXJP=CEXPICHPLX (DL y13XJ))
EYRPa {=AXRY(SOOT«ERY (JT o JPI+EHZIUTyJP) )+ AYR®(SOOTHERX(JTyJP)+COOT*

TERZUIT 4P )Y +a2RS{LENX{ITyIPI=CONTHERY (JT9JP ) ) I*EXIPRXYRPHAL
FYRZLYREFYRP

EYRR=CARS(FYR)

FYIRASATAN? (ATMAGLFYR) yREAL(FYR))I*RD

SYRP= (=AXR®(SONTRSRY (JT 9 JPI+SZHIJIT yJP) ) +AYRA(SOOTHSRX(JTJP)+CO0OT%
ISRZUIT yUP Y ) 4A7RH(SXHIJT 4 JPI-CONT*SRY(JToJP ) ) ) REXJPEXYRPHAL
SYRaSYR+ SYRP

SYRR=CARS (SYR)

SYRA=ATAN2 (AIMAG(SYR)REAL {SYR) )®RD

COMT INUE

CONTINUE

HWRITE(61111) JT,JP

WRITE(6,900) EYRPIEYRWEYRRZEYRALEXJD
WRITE(64900) SYRP,SYRySYRRySYRA

CONTINUE

FORMAT( 10X 46HBMAX= 4F10e596H BSEME,F15.8)
KK= ()

KL=0

THETA(1)=0MEGA-],

THETRU1)=THETA (L1 )%DR

THETA(?2)=NMFEGA+]Y,

THETR(2)2THETA (2 )%DR

KKz KK+ ]

EYRZ(04sds)

WRITE(A,102) THFTA(KK)
COOT=COSITHETR(KK))

SNNT=SIN{THETR(KK))

DO 462 JTe]4JTT

FOTaJgT-1

FJT2FJT+0.5

L2oRARCES INITHEl=FJT® (THEL=THE2)/FTJT)
CALL YC (A4ByCoDyEyFe224XY)

NX2 36

FX2NX
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562

462

8453

851

852

960
969

PAHI=TP/FX
CALL NORMUALBoCoNoF o2l XYoAZRyAXAyANDRM)
RRESORT (Z22%274XY®XY)

STHeXY/RR

CTitm 27/7RR

NP=NX/2+ 1

DO 562 JP=1,NP

PHAI=TP#2./FX

IF(JP.EV.Y) PHALI =PHALI/2,
IF(JP.EQ.NP) PHAI=PHAL/2.

FJpP=zgp=-1

PHII=PAHIXFJP

COP=CNS (PHIT)

SIP=SIN(PHII)

XX=XY®COP

YY=XY#S 1P

AXR= AXAXCOP

AYR=AXARSIP
EXJ=RR¥TPX(SONT#STHXCOP+COOT*CTH)
EXJD=EXJ%RD

EXJP=CFXP {CHMPLX {0+ yEXJ))

EYRP= (=AXR* (SOOT*ERY (JT 9 JPI+EHZ(JIT 9 JP)) +AYRX(SOOTHERX(JT,,JP)+COOT%
1ERZUJIT ¢JP))+AZRX (EHX{JT 9JP)=COOTRERY{JT9JP) ) ) REXJIPRXYRPHAT
EYR=EYR+EYRP

EYRR=CARS (FYR)

EYRAzZATAN2 {ATMAG(FEYR) JREAL{FYR)I®RD
CONT INUE ’

CONTINUE

WRITE{64,900) EYRPWFYRYEYRR FYRAZEXJD
AE{KK)=EYRR

1F(KK.FQ.1ANDJKL.FQ.0) GD TO B850
IFIKLFQL11) GO TN KA52

KLeKL+1

IFLALCLY=AF(2)) A%14,450,8653
THETAL2)= (THETA(Y ) +THETAL2)) /2,
THLETRI2)=THETAL? ) %#DR

KK=1

60O TO 850

THETA( 1)Y= (THFTA(1)+THETA(?)) /2.
THETR(1)=THETA (1) *DR

KK=0

GO TO 850
BMAX={THETA(L)+THETA(2))/2.

RSEM= {BMAX~OMEGA)I*DR*1000,
HWRITE(64554) BMAX,RSEM

CONTINUE

CONT INUE

STOP

EMD

SUBROUT INE GAUSTRL yRU My AYEY, AXEZ ¢ AXHX g AXHY y AXH2Z
COMPLEX  SUMXySUMY ,SUMZ ySUMV ySUMV ¢GEY ¢GEZ yGHX ¢ GHY ¢GHZ 9 AXEYAXEZyAX
2HX g AXHY gAY HZ ¢ XEY yXEZ 9 XHX ¢y XHY g XHZ
COMMON/ XX/ XaW

DIMENSION X(25),W(28)

SUMV # 20 4904€

SUMY # %0De904¢

SUMX # %0 44004

SUMY # %0ev0e<

SUMZ i %0 e90e<

EM M

H1 #%RU=-RL </ EM

AO#RL
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10

20
10

HIRL &, 5
DO 10 MULEL WM

AL wRANIAH

DO 20 I=1424

H2 pHBX 2 (<

DAM # ALEND

DAX ¥ Al-H)

CaLl FINTGOD 2DAHLGEYLGEZ 2 GHX yGHY yGHZC
CALL  FINTOD YDAXVXEY ¢ XF7 o XHX o XHY 9 XH2<
SUMV # SUMVEWS T CSGEYEXEYL

SUMW # SUMMEWST O REZRXEZL

SUMX # SUNXEWSTCHAGHX EXHX L

SUMY # SUMYRWZISUYGHY EXHY

SUMZ # SUM?2AWRICHXGHZ EXH2<
AOKRADLHL

AXEY # H=SUMY

LAAEL # HaSUMW

AXHX # HNSUMX

AXHY # H¥SUMY

AXHZ # HuSUMZ

RETURN

EMD

SUBROUT INF FINTGD RYFEYGFEZyFHXsFHY,FH2Z
COMPLEX FACWFEYZFEZyFHX $FHY FHZ
COMMON  Z4PHIWP+TP,TPA

SY # SORTH) ,=Y¥Y<

YS # 1./5Y

FAC # CEXPUCMPLXZO, p=TP2SYRZ2LL
REX # RFSL1:LTPARXYL

VX # Tpuywup

BEVX0=RESLO(VX)

REVXTI=HFSLI(VX)

IFIVX.EN.OL) GN TO 10

BEVX2= (2 ,#HEVX]1/VX)~BEVXO

G0 TO 11

REVX2=0,

CNNT INUE

FEYIUFVXNUREXRXFAL

FE2= ~YUYSEREXNAFYX]I%FAC

BXZ (] e=0o5%YUY)RHEVXO+{ 0.5%YRY)RCNS( 2. %*PH] )*BEVX2
FHX & YS®AFEXXRX%FAC

FHY=Y sYRYS®REXRREVX2%FAC
FHl=-Y®REX*REVX]1%FAC

RETURN

EMD

FUNCTION BESLOZX<

IXeGT o0eg

ZUABRS $X<

YﬂX/3.

Y2 BY =y

Y3nyp ey

Yo #Y2¢Y2

Y5nuY3%y2

Y6 RYGRY2

YBUYLRY2

Yyionygsy2

Y124Y10%Y2

IF52.GT 3,400 TN 10

BESLOH] a~242499997%Y26]142656208%Y4=,3163866*Y64u,0444479%Y8-,003944

26%Y10~,000248462Y]12
60 T0 11
CONT [NUE
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F#,79788456-2.00000077/Y<~-%.00552740/Y3<-%.00009512/Y3<ELZ.00137237
2/7Y4<=%,00072R805/Y5<RL.0001446T76/7Y8<
TEX-.7RA53CR16-2.046156639T/Y<~%,00003954/Y2<E2.00262573/Y3¢~-X.000541
225/ Y4<~%.,00028333/Y5<EX.00013558/7Y6<
NESLOBFESCOSZTLC/SNRT XS
11 CONT INUE
RFTURN
FND
FUNCTION BFSL1XX<
c POLYNUOMIAL APPROXIMATION X.GT.0.
YIX/3.
Y2 oYY
Y3rY2sy
YL rY32Y
YSuY4Y
Y6 1YS LY
YBEYE®Y2
Y10HYBxY2
Y12#Y10%*Y2
IF3X.6T.3.<60 TN 10
BFSLND .5~ .5626090R52Y2E6,21093573%Y4~,03954289*Y6£,00443319%YA~-,0003
21761%Y108£.000011002Y12
BFSLI#X=AFSL
G0 10 11
10 CONT INUE
Fit ,<79TRRLSAEZ.NO0N0L4E/7YCEL.0165966T/Y2<E4.00017105/Y3<~%,00249511
27Y6<8%,001136537Y5<~-%,00020033/Y6<
TEX=2.35K10440E6%.1246996127Y<L%.00005650/Y2<~%.00637879/Y3<EX,00074
234B/Y4<RY. . 0D0TOR24/Y5<~2,00029166/Y6<
BESLLI#F2CNSKTL/SNRTEXL
11 CONT INUE
RFTURN
FMD
CSURROUT INE wyYC» CALCULATFS ThF sYRY=-ORDINATE OF A GENERAL SECOND DEGREE
CEOUATINON WHEN THF X-ORDINATE IS GIVEN
CINPUT ARy CoeNDFoF ARF CONSTANTS OF THE SECOND DEGREE EQUATION
CINPUT X IS THF X~-NRNINATE
CQUTPUT Y 1S THE Y-NRNDINATE
SURROUT INE YC %A RsCoDsEsF XYL
T1#sC
T2H83=XELE
T3rasXeXED2XEF
Yit3-T2ESORTST2%T2-4,02T1%T3<<{/%2.,02Ti<
KETURN
END
C MORMAL OF A RADNOM
SURBRODIT INF MORM“A,B8+CeDsE ¢ XRyYRyBXRy AYR 9 ANDRMC
Tlw2 . LEXREBEYRED
T2#2 J4CPYRELEXRAE
T3+SORTUTI®TIAT2%T2<
AXRHET1/T3
AYRHT2/T3
ANMORMEATANZSAYR JAXRLS
RETURN
END
CSURRODUT INE *TCPN% CALCULATES THE »T%TRANSMISSION »CwCOEFFICIENT AND %Px
CPHASE #0aDELAY THRU THFE RADOME
CINPUT %#PaDETERMINES POLARIZATION IF PHO.0 POLAR IS PERPEND, If P#1,0
CPOLAK 1S PARALLEL,%NK=]S THE®NK®NUMHBER OF LAYERS,*T# ]S THE AMNGLE OF
CIMNCIDENCE ®T*THETA %RADIANSS *D#,%Ex,3TD* ARE ARRAYS FOR THICKNESS,
COIELECTRIC CONSTANT AND L0OSS TANGENT OF EACH LAYER
COUTPUT =TC%* AND®FIPD® ARE THE TRANSMISSION COEFFICIENT AND INSERTION
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11
65

15

20

25

OrLAY
minuT INF TCPD % PN, T D EsTDLTCFIPOL
D ISens T n:ln<'E!lO(.TD![O(.SR!IO(.G!lO(.R!lO(
PL1= V146199269
AT G IR0 /P
NEWRAN=EP /LB
12T0ine R P
SR 1A |
FENELSEY,
aphan .o
no s | .3 WY1
THDLRHINAI XS X4 .
BN JOAP LGS RTLCENND
Su S P TCLS INRTLC
CREYCSNRTLESIC=5L
1EXPCE 6T
RRIETSREIC-COSLTCC/XSRTELCECOSETLL
0O 10 [#1,.N
11181
SRLIICHSORTIFRITIC-5C
WEICH2 JOPP L ENYCNSREILC
RZ!(ztSRilI(-SR21<<I%SRZII<&SRXI<<
L T 5%
uun!SR!l(-F!I<'CﬂStT<<I!SRKI<CE!1<'COS!T<<
Do ot o] N
1telnl
WKL CPSURTIFEETC-SL
WG s 0PI eDNTICaSRUTL
vﬂl<u1¢:l<¢SRtlI<-le!(OSRxl<</!Exl<'SRtll<CE!ll('SR!l((
a2l al=nn -
iy 19 Isl.N
AACE] .O0-RE1LKL
A4l O/A
H*‘l.
GG A1 <IN
COuCCSAGLL
oS IS G6GL
0.0 [REE1CATDRLC2DX1C/EWPSRELLL
X1CG% e =ANL
Y1 k=-SGE]e=ANC
X2 p-RRCGET] L AANC
Y2 £-RR:SGEZL LJRANL
X1p-RRUCGE51 4 =ANKL
Y31:RR856%%]1 o ~ADL
X6t Gus 1, 6AD<
Yo nsne%l L AADL
00 3% [#2 NN
[FX1=-NN<C25420,50
Ulel.0
U2 8-HINK
REELES RS
arleh
V1£0.0
v2sD.0
vaed.0
Ver,0
<0 70 30
[1el=~1
LDiP I YERT CHTDRICPDR I/ SWESREILL .
GonGa1K/d
CGrCOS266<
SG S INEGGL
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AT R K S R e

UL ACG2Y] . ~ADKL
VI #=~-SGo%] . -ANL
U24=-REIIC*CG2%L, £ADL
V2 #-REI1<CESGRY) L ADL
U3 A=-RZIICxCG2%Y . ~ADL
VIHREIICxSGx2] o~ADLC
V4 ECGEX]  £ANC :
V4 #SG¥%¥l JEADL
30 PlaX1¥Ul-Y1*V]1EX2%3-Y22V3
01 #Y1*ULEXLFVIAY22U3EX2%V3
P2EX15U2-Y1SV2EX22U6=-Y2%V4
Q2 BYL1 %U2EX1$V2EX2RVLEY22US
P3#X3*Ul-Y3oV]EXGRS3-Y40V3
Q3£Y3SULEXIFVIEXLGBVILYL*U3
P4 EX30U2-YI#V2EXL¥UL-Y42VS
Q4 BY3I*U2EXIEV2EXLSVLEYL* 4
X1#P1}
X2up2
XanP3
Xo w4
Yiernl
Y2102
Y3103
35 Y4t
RCRUL=XIuXb~YIEYLL/UXNLEXL EYLRYLL
RCINL-YIEXAEXIZYLC/OXG¥XLEYLRY4LL
RC2HKCPR*RCREKCI®RC]
"RCESORTXRC2<
TREXX]1LX2 ¥RCR=Y?2*RC I<%A
TIH4YL1EY2*RCREX2ERCIK®A
TC2ATR2TRETI*T]
TCH#SORTATC2< .
JIFZTR.ENCe e AND.TIEQR.O0.LTIHT]IE, OVD0001
XX FATANZ2ZT],,TRL
FIPDH-RADEGE2XXEND/ KL
IFSFIPDLLT.0.CFIPNAFIPDEIGO,
S0 RETURN
END
7%
2/LKED EXEC PGM= IFVIL +PARM=YL IST yXREF',TIMF2(0,10)
J775YSPRINT DD SYSOuUv=C
77SYSLIB DD DSNARF=SYSY G FNRTLIR,DISP=SHR
// DB HDSHMAMFuSYS 2 B NIRTSSP D] SPeSHR
275YSLIN DD DARNAMER EREDADSET JDISP=NLDNELETE )y DCAm{ALKS [ 2En400)
J7SYSULMOD DD DS RANRP2 KLGOSET (L)) 4 DISP=(MOD,PASS ),
77 UDNITSSYSDAZDCR= LRFCFMa yRLKSIZ2ERT294) 3 SPACE=(CYLy(1lely1))
J758YSUTL DD UNITESYSOASPACEX(CYLy(202))
776N EXEC POGM= %, LKEN,SYSLMON,TIME=29 ,REGION=500K [
J/FTO6FO01 DI SYSOUT=( NCA=(RECFM=FRA,LRECL=]133,
7/ ALKSI1E=665),SPACE=(CYLy(191)+RLSE)
77SYSUDUMP DD SYSOUT=F DCB=(RECFM=VBA,LRECL=125,BLKSI2E=1629),
/7 SPACE=(CYLs(2+2))
L/7FTOTFO0Y1 DD SYSOUT=R,SPACE=({CYL,y{1,1))
//FTO5F001 DD *
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