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ABSTRACI

The boresight error of a pra.ictical three-dinensinnal antenna-

radome system is analyzed by the Plane Wave Spectrum-.$urfa.,e integration

technique. The Plane Wave Spectrum formulation offer, a very effic(nt

method for calculating the near fi:id of a large circular aperture

antenna. The rest of the antenna-radome analysis is carried out by

using plane wave transmission coeff~cient~s through the radome and

employing a surface integration te(,hnique to calcu ate the patterrn of

the antenna in the uresence of the radon.
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CHAPTER I

INTRODUCTION

Accurate prediction of radome boresight error has proven difficult

even after years of effort by many researchers. The boresight error

is defined[l] as "the angular deviation of the electrical boresight of

an antenna from its reference boresight." Enclosement of an antenna

by a radome can significantly change the electrical boresight such as

the null direction of a conical-scanning 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 earliest 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
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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 75X2

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.
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BORESIGHT
CONTRIBUTION

I 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 flat-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
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idome as assoiated wiv step (b). In Chapter IV, the resulting

antenna pattern is then calculatod from the secondary source on the

Ydadonme sui'fae by A Sur.,ci integration technique as associated with

step (c), In Chapter V, the complete PWS-S prccedure is reviewed And

en example toresight calculation is obtained that illustrates each

step of the procedure and the iesults are compared with measuremerts.

I



CHAPTER II

NEAR FIELD OF AN APERTURE ANTENNA

In this chapter, a near flud analy-ls for d circular aperture

-rILUL11r1d is p)rvSented usingy the angular spectruim of plane waves.[7]

It has bee•n shown by Booker and Clomnow[8] that any electromagnetic

field can be representud by a superposition of plane waves including

i,;homnogeneous waves which are conmmonly described as surface v;cves.

The amplitude of these waves can be deterrmined using the Fourier

in tegral technique if either the electric field or the magnetic field

"is known over the aperture plane.

The representation of the electromagnetic field as an angular

spectrum of plane waves is becoming increasinqly popular in the treat-

-crit of curtain problems. A significant feature of this Plane Wave

Spectyum (PWS) formulation is the simplicity of near field calculationn

for large, rotationally symmetric, circular aperture aoitennas. Another

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

accuracy of the local plane wave approximation commonly employed in

radome analyses which will be discussed later on,

The equivalence of the Plane Wave Spectrum (PWS) formulation and

the conventional aperture integration formulation is demonstrated

for an aperture antenna. Similar derivation of the equivalence of

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

6
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integi,&l transforms dcemonstreted by Lalor,[9] A brief outline for

tne near field analysis by the conventional aperture integration

formulation tor ý uniform circular aperturp is given in Appen•dix A,

"A. Equivalence of tim PWS Formulation and the Conventional

6jpetrýTrfiatlon Meho

To show the equivalence 0f the PwS and Ohe conventional aperturo

integration formulitions, we will start with the electric field ex-

presion derived from the vector pntcnLiAl formulation, A britf

derivation of the elecLric fio'id ,uo to both the electric and the

magnetic currents is presented in Chapter IV. Hence the conventiornl

aperture intugratlon formulation of tne Ovctric fie•ld of an ipcrture

antenna with only the magnetic current denslty 9 (16st term of Eq, (588)

i given by

(I( -m - ( jkr \
(1) x R )dA

-jkr
f (,ik + •- • x !r - dA,

Whure r is the u~iit vector along r,. The integral reprosentation of the

scalar free space Green's func-tion 13 given by[9)

-Jkr J(k (x 'x ) + ky(y-y') k Z)

rIT) r e

dkx dky

i .. ..... .. ... .... ......

- . . . .
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where k .. x + k Y + kz is the free space propagatlcn constant,y z

'Ind

k A k sinu cos,;,

y
J,•) k k Osi inO

k, k cos f)

A word of: c:aution k k 2 is double-valued, and we must
y

choose' the correct root, Hence,

1 7 2  
if2 2 2

k .4. ky kx ky

(4) k d

j F7 J - J if. + k , k2.•~~~ .x k y- ky _

in order to yield proper behavior of the fields at large IZI for the

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

electric field of an aperture antenna is given by j

(5) - I- -j(kx(x-x).+ky(y-y')+kzZ)]

dk xA dxI dy'.

I

II
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Since the operator v is only a function of the unprime coordinate

system, i.e., (xy,.ý, Eq. (6) is reduced to

.(5) Lx,y,z) ft1 'f kx-x)4 ky (yy')+k Z)

X M" (x',y') dk dk dx' dy'
X y

where the vector k is 9iven by

(7) k-- x k + y ky + z k.

The equivalent magnetic current density for the field of an

aperture in an infinite ground plane can be expressed In terms of the

aperture electric field as

(8) M (x'y') • " 2 x n

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

The factor 2 in Eq. (8) results from the use of image theory with the

equivalence principle.[lO] For a y-polarized aperture electric field

(i.e., in the case the magnetic current density is x-polarized), the

electric Celd of Eq. (6) can be simplified to
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Sk xX+kyy~k~z 10

(9) E(x,y,2) 1 1- ' I)(yk
4 z

F(k ky) dk dkY.

',here F(k ,ky ), the angular spectrum of plane waves, is the Fouricr

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

(in) F(kx ky) = Ey(X, y') e4j(k '+kY )

dx' dy'.

Lquation (9) is the PWS formulation for the fields of an aperture

distribution E Thus the equivalenco of the Plane Wave Spectrum

(PWS) formulation and the conventional aperture integration formu-

iation Eq. (1) for an aperture antenna is shown.

B. Near-Field of a Circular Aperture
Lnzi th-e I Forn'------uLatLon

As mentioned 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,y,O) = 1) as shown in Fig. 2 are derived in

the following paragraphs by the PWS formulation. The equivalent

aperture integratior formulation for this problem is shown in

Appendix A.

I
1

m m m



III

/

APERTURE FIELD
// #(E y (x , y , o), )

I /

x

Fig. 2 -- Geometry of circular aperture antenna.
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From Eq. (10), the angular spectrum of plane waves for a circu'lar

aperture of radius a, with uniform electric aperture distribution as

shown in Fig. 2 is given by

a a2_.y, 2

a ~+j(k xx'+k~yy)
(11) F(k X,k ) f = e dx' dy'

-a 2 2_y,

-~'Y' 2i kx dy'

-a x

a
= 4_k j cos kyy' sin kx Ia2"y2 dy'

0

2 2
J, (a fk+k 2

x y

function

2 v a Jl(ka sine)

k sine
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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 ý P coso

y = p siný

kx = k S P coso,

ky = k S P sino'

k F1-S2 if S < 1
P P

kz = k S

-jk JTS, if S > I
P P

dk x dky lk 2 S P dS P do'

and using the identities

(13) 2n cos no' e ib COSW-a) do' 27 J n cos na J n (b)
f
0

2

(14) f sin no.' ejb cos(a'-a) do' 2. jn sin na Jn (b)t

0

the 01 integration in Eq. (9) can be analytically evaluated in terms

of Bessel functions for the spectrum function F(k x k y ) as shown in

Eq. (11). Hence, the y-component of the electric field is given by
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2 I 2 a J,(ka S) jk Sz
(15) Ey , k S P e

0 p

-jk S p cos(o-S')e PS dS dp'
p p

Si-jk S zZ
ka dJo (k So p) J1(k S a) e dS .

0

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

field can be obtained in a similar way giving

CO2T-s 2i k -jk S z
(16) E 2 a (ka S) e S

-jk S p cos(c-@')

sino' e P S dS do'
p p

siok is PjP -jk S i
fj sin ka -P- Jl(k S a) J1 (k S p) e d S .

0

The corresponding expressions for the magnetic field of the uniform

electric aperture field polarized in y-direction are derived using the k
Maxwell equations giving

I
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-jk S zZ

(17) H = 0 CO ' 2 aa J (ka S ) e z

x Jk S S
0-0 p z

(1 - S2 cos 2€') eS dS de'P p p

= 0 ka Sz - 2 ) Jo(k So p)
0 L(

S 2 (kSp -jk S z Z

+ 2P- cos 2J 2 (k S e2 P dS

pO 2
(1) H -Yoka sin4 2¢p)$ -jk S~z

(18) Hy : 0 2 si 1 (k Spa) J2 (k S p) e dSp

and

( -jk S zZ

(19) Hz = "j Y ka cos f S Jl(k Spa) Jl(k SP p) e dS0j pl p 1p p'

0

where Yo --J-His the free space admittance. Hence, the electric and
mc
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

Eqs. (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., S < 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 S for larger antennas with uniform phasep

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, lOX, 20X and 40x from the aperture

antenna as shown in Fig. 2. Both the magnitude and normalized phase

of the electric fields of a lOX 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 2X from

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



nul", regions because numerical accuracy is hard to obta-.n there.

Furthermore, contributions from týe invisible region ir, the PWS

formulation may not be negligible for very sin,7,11 values 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 I

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

PWS FORMULATION APERTURE INTEGRATION METHOD
X MAGNITUDE PHASE MAGNITUDE PHASE

0.0 1.3101 10.8 1.3356 11.9
0ý5 0.91,86 -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 -3.7 0.9963 -3.9
2.5 1.0566 4.1 1.0663 4.3
3.0 0.8771 -2.1 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 0.1093 -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 -613.0 0.0493 -613.1
8.5 0.0373 -768.5 0.0411 -768.0
9.0 0.0313 -928.4 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 lO FROM THE APERTURE

PWS FORMULATION APERTURE INTEGRATION METHOD

X MAGNITUDE PHASE MAGNITUDE PHASE

0. 1.0212 52.5 1.0302 53.5
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.I170 -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
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 -6.7
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 0.1/33 -141.2 0.1763 -141.0
8.0 0.1259 -203.2 0.1283 -203.9
8.5 0.8116 -251.6 0.081 -252.8
9.0 0.0845 -301.1 0.0850 -301.0
9 5 0.0927 -380.2 I 0,0946 -380.1

I
I
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TABLE 3

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

PWS FORMULATION APERTURE INTEGRATION METHOD
X MAGNITUDE PHASE MAGNITUDE PHASE

0.0 1.8419 -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 1.07b9 19.2 1.0768 19.3
2.5 1.0960 25.9 1.0975 26.0

I 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 0.3497 -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

I

I

I
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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 INTEGRATION METHOD
X MAGNITUDE PHASE MAGNITUDE PHASE

0,0 1.6528 33.8 1.6536 33.9
0.5 1.6209 33.1 1.6224 33.2
1.0 1.5304 31.0 1.5315 31.0
1.5 1.3878 27.6 1.3891 27.7
2.0 1.2071 23.4 1.2080 23.4
2.5 1.0040 18.6 1.0048 18.6
3.0 0.7907 14.4 0.7992 14.4
3.5 0.6131 12.1 0.6135 12.1
4.0 0.4721 13.6 0.4721 13.5
4.5 0.3947 18.2 0.3946 18.2
5.0 0.3754 20.5 0.3754 20.5
5.5 0.3811 15.6 0.3814 15.6
6.0 0.3815 3.5 0.3820 3.5
6.5 0.3625 -13.6 0.3631 -13.6
7.0 0.3222 -33.8 0.3228 -33.9
7.5 0.2658 -55.7 0.2661 -55.9
8.0 0.2020 -76.8 0.2020 -77.1
8.5 0.1433 -93.1 0.1427 -93,4
9.0 0.1067 -99.2 0.1058 -99.3
9.5 0.1054 -102.8 0.1046 -102.4

S" ....... .. . .... ... .. ... .mm mm m m m m mI
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In order to obtain numerical convergence, sixteen points per

sqUdre wdvelength are needed for the aperture integration method.
m 75X2

For a l0• diameter aperture, i.e., about , the computation time

for IBM 360j.75 is roughly 1 second per field point. For the PWS

method, 2.5 integration points per lobe are needed to converge. The

number 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 amI

field point lOx away from a lOx 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 lOx 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 rotationally

symmetric circular aperture antenna, especially if It is much larger

than lOx diameter.

£I

1j



CHAPTER III

FLELUS TRANSM~ITTED THROUGH RADOME WALL

In this chapter the transmitted fields at the outer radome surface

are obtained. Since there is no rigorous plane wave transmission

an~.ilysis for a curved dielectric layer, a curved radome surface is

replaced locally by a planar sheet tangential to the point of interest

ds shown in Fig. 3). A brief outline is presented for the matrix formu-

h~ition of the plane wave transmission and reflection coefficients

for low-loss planar dielectric multilayers.[6]

PLANE SHEET SURFACE

IlIS

d TRANSMITTED
RAY

RAY

iIlk

I EL CURVED SURFACES

Fig. 3--Transmcr sion through a curved dielectric.

22
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The near field distribution on the inner radorne surface is locally

tre.ited 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 obtained by multiplying the decomposed near field

by its corresponding perpendicular and parallel transmission coef-

ficients.

The transmitted field on the radome outer surface is also obtained

in terms of the Plane Wave Spectrum (PWS') formulationj[llj 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 Reflection Coefficients

Referring to Fig. 4 the transmission and reflection coefficletits

are defined respectively by

(20) T Ft(P)

(21) R aFr( P)
Fi(P)

ii
m
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INCIDENT EXIT
SURFACE SURFACE

FREE EN C2 Ef FREE
SPACE SPACE

ANI A Co7AjC
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B N4i+ DN D2 82 B18 Do

ýEd E t
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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

Ft(Q) ekcs

(22) T = F (Q) = Tn ejkdcosO.

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

represent the outgoing field intensity at the two boundaries in layer

n. Similarly, let Bn and Dn represent the reflected electric field

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

-y~z +ynz -jky sine

(23) F = (a e-Ynz + b e ) e
x

By evaluating boundary conditions at the left and right boundaries

of layer n, it can be shown that the matrix relationship between the

constants for each layer interface becomes

An leYn dn 0 Cd

(24) =

yndn
B 0 e nn D

where dn is the thickness of the layer and y is the propagation con-

stant. For low-loss dielectric slab, the approximations

Yndn andn jadn jn d
(25 e 0 e + an d) e

n n

are employed where
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k F' tancn
( 2 6 ) n 2

2 Fe'-si nnn

(27) •n:k •nSin2o

dnd .'n is the relative permittivity and tanan is the loss tangent of

layer n.

The matrix relationship between constants of different layer

interfaces becomes

(2)C n -l tI r n+ln l A n+l' ,

Stnn+l -r Bn+l
)n -rnn- ,n

where t n+1 denotes the interface transmission coefficient for a

wave in layer n incident on the boundary of layer n+l and rn+l,n

denotes the interface reflection coefficient which satisfy the

equations

(29) rnn+l = rn+l,n

(30) tn+ln =1 + rn+l,n

(31) tn,n+l = 1 + rnn+l= 1 n+ln

(32) tn+l,n tn,n+l - rn+ln rnn+l : 1,
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and the interface reflection coefficients are given by

'-sino- -sini2 0
(34) rn+l,n -l (perpendicular polarization)

c n~l, -sin2 + cne-Sino :

and

* .2
(35) rn l ,n = % %+i ,Jc-sin 6

(35) r(n+l,n n .si 2 parallel polarization)
cn Jcn+l-sin 2e + Cn+l -sin2 e

Combining the two matrices gives

Cnl Cn

(36) - 1 mn
tn-l,n

DRI DR

where

e nn -rn,n.1 e

(37) =

-rn~nl e"Yndn eYndn

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

relates the constants at the "incident surface" and "exit surface" as
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(38) (n ) *m M " ".. m"
(Do 0B N+l

where

(39) S = (1 rN+I,N)

-N+1 ,N l

and

(40) t = t0o l " t1, 2  ... tN,N+l

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- I
tude is assumed to be incident on one outer surface only (say surface

z = 0), so that

(41) AN+l =1,

(42) BN+l =R,

(43) Co = Tn
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and

(44) D = 0.

Thus Eq. (38) becomes

(45) ( n (l/t) M I M2 •M 3  M4 ... MN S (I)
0R

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 II 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 p. 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 knowi'cge of the near fields on the radome inner surface giving

(46) Re(Ec x iH*)
Re(Ux *)
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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 binomial vector b which is

perpendicular to the plane of incidence can be expressed in terms of

the vectors n and p giving

(47) b =
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 n and

b giving

(48) t n x

Hence the vectors t, n, and b provide a coordinate system for decom-

posing the incident field into perpendicular and parallel components.

It is noted that (b • E-)b is the perpendicular component of the

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

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

to the radome is given by Ct • -)t.

Hence the total tangential component of the transmitted electric

field is given by

(49) Et= [( ' )b] T. + [(t E)t] T,1
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where T. and T,, are the transmission coefficients for perpendicular

and parallel polarizations, respectively.

The corresponding expression for the tangential transmitted magnetic

field Ht is given by

(50) -t = [(b •H)b] T,, + [(t • )t] T.,

where E and H in Eqs. (49) and (50) are the incident antenna near

fields on the radome inner surface.

Considerable 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 more 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 vector

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 Il1. The same result can be obtained 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.[lO]

Let : be a closed surface consisting of a radome surface SI and an open

portion of the radome S2 as shown in Fig. 5. For harmonic (ejwt)

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 E can be expressed in terms of the

equivalent electric and magnetic currents J,, M-1 on S1 and J-2 1 M-2 on

S2 . We use the equivalence principal with the reservation that the

currents j2, M-2 remain small on the open portion of the radome S2.

32
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X

SS

i Y

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 T, Mon surface

S1 giving

(51) = .1 x T - V x V x

C•m b r e

where the potential,. A and T may be written as
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(~) = u ds
44 r

-jkr ds

(5 ) L I 4-r. r d

A few transformations are necessary:[14] 1
=--k ~ k e~jkr

(54) v x T (v x xJ) - x

r r r

(55) v x = 0.

Since the differentiation is with respect to observation coordinates,

(56) (e-jkr') ejkr(6v Lr (jk + 1) e-j r
r r

r r
fX-jk =~ V-jkrI

(5 )v x~ r ---) --- v •*

V- ejkr + (Y"v) vejkr
r r

v r

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

we have
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(5•) - if [(" v) V + k2J- jR x v] e-jkrr

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

(59) ( v) v (ekr = -k 2 ( . r) r

+ 3 (jk + 1) (a r)
r r

S (jk+ ) e-jkr

rr r

Equation (58) is exact everywhere if the currents 'i and K are known

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 Eqs. (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 r-1 terms are retein-?. *, , r• ,,nd.

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

Sand M on S, giving
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(60) Ef [ k'a k' (ýF * )

. -jkr
-kwe .r x r ds.

r

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

magnetic and electric fields on the surface giving

(61) J n nxH

(62) E-x n

where n is the unit normal vector on the surface S1. Substituting

Eqs. (61) and (62) into Eq. (60), the electric field in terms of F-

and ECon surface S1 is obtained giving

(63) E -n x H (- xH• r r

n e- ejkr

-r x (Eex r ds.

From Eq. (63), it is clear that the field E-(X,Y,Z) can be obtained

with merely a knowledge of the tangential component of the fields on

surface Sl* 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 Formultation
to an O0ive 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:

6ekr e-jkR +jkR(e')(sine sine' cos(0-0')+ coso cose')
(64) r e R

where R(O'), a function of e' 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 approximations 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-Z plane is derived in

the following to calculate the boresight error for perpendicular

polarization. The far field approximation of the unit vector r in

the X-Z plane is given by

A

(65) r = sine X + cose Z.

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) n x Ht) y JTnz HtX - nX H

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 of the electric

field is given by

(67) r x (E-t x n)ly = n)r • En) - (r • ) n] y

= (sine nX + cose nZ) Ety

(sine Etx + cose Etz) ny,

where nx, ny, nZ 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

(68)Ey(O:• e-jkR rr
(68) E (0 - e- j [sine ny EtX + coso ny Etz - sine nX Ety

- cose nz Ety

I

- • nX HZt +J "Z HtX)

e+jkR(o')(sino sine' cos"' + cose cose') ds.
eI
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Note that Etx, Ety, Etz, Htx and Htz are the components of the trans-

mitted tangential electric and magnetic fields Et and Ht of Eqs. (49)

and (50) on the radome surface and e' and *' are the variables of

integrations.

L

I



CHAPTER V
ANTENNA-RADOME ANALYSIS

The Plane Wave Spectrum-Surface Integration Method developed

in Chapters II through IV is now applied to a practical three-

dimensional antenna-radome combination. A description of the com-

plete procedure for boresight calculation is presented and an example

is worked out 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 follows:

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 illumin-

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.

X

ANTENNA

z

GIMBAL
POINT~ pz

LV

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,Z) =Z + (p - L2 )2 -R 2 = 0

where R is the radius of curvature, L is the distance from origin

to the center of curvature as shown in Fig. 6. Thus, for a given

Z = Z the value of p0 at Y = 0 plane can be calculated from Eq. (69).

Unit normal vectors at the radome contour are computed by

vf

(70) n= Ivf- = nZ Z + np p

where vf equals the gradient of Eq. (69),

Z is unit Z vector,

p is unit X vector at Y = 0 plane.

Now to define any point on the three-dimensional radome, the

angle 0 is the angle from the X-Z plane. Hence the values of Xo

and Y0 are calculated from p0 and p0 giving

(71) X0 = PO cos 0

(72) Yo = PO sinp0

and the corresponding unit normal vector is given by
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(73) n = nx X + ny Y + nz

= n cosý i + n sine Y + nZ Z.
P P

Since the near field expressions as derived in Chapter II are in the

antenna coordinates (xy,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,YZ) to (x,y,z) systems of coordinates is given by

x cosQ 0 -sinQ X 0

(74) : 0 1 0 Y - 0

(Z sinQ 0 cos, )() (L 3

where s2 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 Eqs. (9) and (10). The

antenna near field components for the present example are restated

here for convenience from Eqs. (15) through (19).
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l -jk SzZ
(75) Ey = Ka 1 J0 (k S p) Jlkk S a) e dS

1iS -jk d S z
0

(76) EH = j sinY ka p a) (k S p) -jk d S

0

12 -jk S, z Z

+ -- cos 2o J2 (k S pJ e dS22 P p

0Yka sin 2p 1 S2 -jk S zz
(78) Hy 0 2 J f -' Jl(k S a) J 2 (k S p)e dSp

0 
p

and

1 -jk S zz

(79) Hz = " J Y0 ka cos€ f S J 1(k Spa) Jl(k S p) e dS

0

where
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(80) = >x2

and

(81) ' : tan-I y
x

The limits of integration of Eqs. (75) through (79) are restricted

to the homogeneous plane waves, i.e., S < 1 since the contributionsp

from the inhomogeneous plane waves, i.e., S > 1, are insignificant

as discussed in Chapter II.

B. Transmitted Field Through The Radome Wall

The transmission through the radome wall developed in Chapter III

is performed in the antenna coordinates. In the transmitted field

analysis, the near fields on the radome inner surface are decomposed

into perpendicular and parallel components in the plane of incidence.

A basis which contains vectors t, 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

(82) b= nx p
In xp

(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

(84) Ay 0 1 0 Ay

A sinQ 0 cosQ Az,

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

system of coordinates.

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

near fields on the radome inner surface giving

(5) p --Re(ExH*)

iRe (xH-*) I

and the angle of incidence is given by

(86) = cosl (n • P).

Hence the tangential components of the transmitted electric and mag-

netic fields that were given in Chapter III are given again for i
completeness by
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(87) Etb= [(bTE)b] + [(T) t] T1,

(88) Ht = [(b H) b] T, + [(t ) t] T,.

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 the corresponding

boresight error. Since all of the mathematical operations are per-

formed in the radome coordinates, it is necessary to 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

Ax coso 0 sing2 A

(89) Ay 0 1 0 Ay

A Z -sing 0 cosp z

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

ordinates the pattern distortion can be determined by
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(90 ER jý ['nx(sine Ety + Htz

+ ny(sino EtX + coso Etz)

+ nz (-coso Ety +J---HtX)] e+jkR(o')(sino sine' coso'

+ COSO COSO') ds

where EtX, Ety, EtZ, HtX, HtZ 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 perfornmd. 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 function of antenna look angle f. The deviation

of the electrical boresight (defined as the beam maximum) from the

geometrical boresight axis at si as shown in Fig. 6 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 considerations

simplify the task. The beam maximum is generally within a fraction of

a degree from the look angle Q (boresight axis). Hence only a small

portion of the pattern is necessary to determine the boresight errors.

The pattern in the presence of the 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 properties of the pattern the relative 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 location to any desired accuracy.

Starting with a two degree interval the beam maximum will be known to

within 112n-l degrees 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).

This integration should faithfully yield the far field

pattern. Figure 7 shows the calculated result for an ideal ogive

radome with fineness ratio 1:1, as compared with ---l pattern.

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 experimental 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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CHAPTER V1

CONCLUS I ONS

The ros•,xrch prusented here uffers d practicel nmthod for

dI h t'r-oiniro hborei qht. orror', i n it dr) turV:in --rddond systern. The Plane

W w y ,;Ae tP-,tru -Surf dLL Iii .,;!;rdiLion (PWS-SI) anolysis contains the

diffraction a;vchidrsm nocesýary to accurately treat, practical antenna-

ruldome problems. The Plano Wave Spectrum analysis offers accurate

and efficient methods for' calculating neir-flelds of large aperture

,intenn1ns. Good agreeme~nt between theory and measured boresight data

i0 ofbtained.

It is known thdt the contribution to lioresight error is primarily

dui, to the transmission through the radome of the incident antenna field

,r1e only the ,intonnau ma in lube reoion Ii, of interest, Hence, the

b,,ic ipproach for Lh, rodoml, boresight ctilcu,•ition is outlined in

%;tops (j), (b), and ((;) as shown in Chapter 1. In Chapter V a

de•;cript.lun of the c(omplete procedure for boresight calculition is

presented and an example is worked out to illustrate each stip in the

procedure. A listing of the PWS-SI computer program is given in

Appendix C along with instructions for use of the program.

In the recent developments of antenna-radome systnms, considerable

auttention is being given to the prediction of antenna sidelobes and

5
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back'obes. As an extension of the present study, ýJeUps may be included

in the PWS-SI technique to account for sidelobe and backlobe contri-

butions as outlined in the following additionail steps-

(d) The first order reflected field is calculited, i.e., the

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

oe) The transmission of the reflected field through the radorere

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 Lhe outer surface

of the radome, i.e,, the radiation in region 4 or 7 is determined

from the fields at 3 and 6.

With steps (d), (o) and (f) added to the PWS-SI technique, it

will be capable of accurately Lalculating antenna pattern distortion,

arid antenna sidelobe and backlobe behavior for practical three-

dimensional antenna-radome comoinations. Useful applications include

radome systems in the R and 0 stage as well as operational radomes

with borasight or other deficiencies.



APPENDIX A

APERTURE INTEGRATION FORMULATION OF A
CICULAR APERTURE ANTENNA

In Lhis jppendix an exact field formulation of an aperture antenna

is discussed. In the geonetr~y of Fig. 10, a linear current density

pohlirized in the x-direction flows on the circular surface in the

x-y plane. Cylindricdl coordinates (0, li, z 0, 0) are used for the

current M x(,,, i) and the integration point Q on the circular aperture.

For a point of observwtion P whose position in space is given by

spheric(al coordinates (R, u, 0) the electric fielJ[16] derived froi,

the vector potentidi method (see Eqs. (56) And (58)) due to the

equivalent magnetic current density Mx is given by

(91) L W - '- (jk + ) Mxr r da.

Similarfly, the magnetlc field is obtained by applyiny the duality

relations In Table 5 to Eqs, (58) and (59) giving i

(92) k 2 + 3jk + ý 2.)

r r

+ k2 (jk r F) --- da.

56
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TABLE 5

DUAL RELATIONS IN E[ECTRIC AND MAGNETIC SYSTEMS

Electric System MagnEtic System

I'n x x II

k k

The dlstanc:e from Q to P as denoted by r yields

(93) r - (R2 + 2 - 2 R 1, sino cos(.-.)).1 /2.

The unit vector r Is given by

iI.(94) r' - x ff sino) cos,p - cos(2,-t)]
r r

+ - R slf( sino - t sins]r r

+ 2 os
I.I

where x, y and z are the unit vectors and p and o are variables of

integration, Hence the electric field of the circular aperture

antenna with magnetic current density Mx(,s) polarlized In x-dlrectlon I
is given by I

I
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(95) Ex

21 a k
(96) Y 41, ( k + r. x ) r Cos () r

0 0

27, a e -Jkr
(97) Ez f f (jk + 1) M (P.6) [L si, -n nio silK r

0 0p do do

where a is the radi'us of the circular aperture. The corresponding

magnetic field is given by

2v a

00+ r

(I sine coso - cos(2*-8))2
r r

Lk'jkr

H -L ( -k2 •' &k +

Yriw f • Mf r r o

a ° °
sin co•sn o -,, I co,(4,-0] C-! sin° sino .

"•ll•si$ns] M lP,O) -- r p do dor1
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-i ~2n

(100) H k 2 + r + r

0 0

(sin cosR - cos(2ý-4)) coso
r r r

• -J'k r
•,t r P dp da3-j r

The current distribution function Mx(P ,) for the uniiorm case

is Oive by

!y
m (I,)I) M 1•,).2 E y

where E is the dperture electric field polarized in y-direction,

Hence in order to compare this aperture integration with the PWS

formulation as derived in Chapter I1 for the unity aperture field,

the magnetic current density Mx(P,1) equals to 2. 1
The y-component of the electric field of a uniform circular

aperture antenna using the aperture Integration method Eq. (96) is I
compared in Chapter I1 with the PWS formulation Eq. (15) on a plane

surface 2A. 10A, 20 and 40x away from the aperture respectively. I
As mentioned in Chapter II, excellent agreements between the two

methods have been obtained.

I
I
I
I
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Comparisons are also made for the near fields of a lOx diameter

uniform circular aperture antenna vs. a two dimensional lIN strip

antenna with uniform illumination. Both phase and magni tude distri -

butions are compared on a plane surface ulaced 2A, l0x, 20X drid

40X from the aperture antenna as shown in Figs. 11-14 respectively.

As seen in Fig. 11 the fields at 2x away from a circular aperture

dntennd 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 it is 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 the aperture antennas increases.
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APPENDIX B

AP. LLATWIN OF PLANE WAVL SPl'CTR'JM REPRESENTATION
TO THE TRANSMITTED FIELD ON RADOME OUTER SURFACE

Virt.u'll 1v il1l radd,11e andlyst,., treat the transmission through a

point L o , Lhe r1d(omre thu same as the transmission of a local plane

wivu( through i pl•nar sheet tangential to the point on the curved

radoniu surfiice, The PWS formulatlon will now be used to check the

10Ll platne wave assumption,

Fur sirmplicity a two-dionwnsional model is considered as shown

in F ij, 1H) for in dp(rtur. of width a with a uniform y-polarized

electric: fitid. The tintenna nuar field tt point (x,z) in terms of

tho inqultir spectrum of plono, wavesll] i•s given by

Io) Ey(x,A ) k sin .1. -jk(sx + ')ds,(I()•)

CoWsequently, the transmitted field on the outer surface of the radome

c~in be derived by a weighting function W(oi) which represents the 1.
vtfel;t of the radome on ech plane wave in the spectrum. This gives

(IO3~~ (X~z) ~ W(0i) F(s) "Jk(sx ils ZdI I

66
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1hu weiqhting function corresponds to the plane wave transmission

U.oefficient in the portion of the spectrum for which the plane waves

,Ire incident from inside the radome. For incidence outside the

ra•jdomŽ, hie weightirng function is given by the sum of the incident and

reflected WdVeS, thus W(,,)) = 1 + r(oi) for perpendicular polarization.

The transmitted electric field E y(x,z) on the outer surface of

a 2-0 half-wavc-length wall ogive radome with low loss homogeneous

mnditerial is shown in Fig. 16 using the above analysis. The lOx

driterina is situdted at a look angle of 20" as shown in Fig. 15. The

tip of radome is at z = 24.48x. 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 E (x,z) check well

using the above two formulations for z > 12x. Hence the local plane

wave approximation used in the wedge diffraction analysis is accurate

in that region. However for z e 12A, 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 1
as the PWS formulation in the close near field region,E I
j I

m m m m n m n m m •
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Fig. 16--Transmitted field an the outer radome surface
using PWS and conventional formulations.



APPENDIX C

INSTRULCTION FOR UJS[ OF COMPUTER PROG~RAM

A -nnylete listing of the PWS-SI computer program using r'ortran

IV proyrdnvhirl idnguiage is given in this appendix for radome buresight

in~ilysis. The input datd for the c6lculatlon of boresIght error of

0 typiCalI one layer fiberglass ogive radome having a 1:1 fineness

raitio 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

(CU I dti on.

1. 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 radome geometry, I.e.,

az 2 X + cX 2 + dZ + eX + f - 0.

5.6,7. Radius of the aperture antenna, look angle and the distance

from the gimbal point to the aperture antenna.

Three buresight urror calculations are obtained at look Angles

150, 18' and 221 respectively. The output of this program also con-

tains information for a check of free space pattern as discussed in

Chapter V.

70
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II )'00slC.LASS0I)
II FI)kr F XFC: I'C,Mr- IF YFIIK1 ,IIt PW Ir M All 11.11 %T IMIF Q(It o 01

//YIRIJI I) %YsrIIT, C* soiw-'"'1 CMI OA, III CI.-12) I ;A(ll 0 o h*

IIfLKJ~(1hIAC.C itI1,Id 1 00704

// SYSI. !N toi, 111 11 %Vs $' A ,n.0 ~ T. ir. I. IIAD SI:T 91 1 !;1'* (MOD,~ V ASS 1, 0 ooD%

I%)'A('.[" (CVI.v (I.M wfitrii 0,( I",'I~F ,l' 1141 CL-,tfiILKS I ZE.'/-O) 100706

//SYSI 14 On 100707
r TI-IOrI D n~r-fiSVInruL ANT I-tV&A-K ADOM OlRF SIC-I-T ANALYSIS

C PvWS Atff SURPACF INTFf.RAT InN MFTHOI)S FOR RADOIME BORES IGHT ANALYSI S

C THIS IS A PRfOG'RAr1 rr'8 EVALUJATIN~G THE FIFLDS IN RAnOME PRLJBLIMS.
COMPLFX AHZ,ATFM'VHv Al`!I-,ATH,SHX,SHY,SHZ

COMPLUX SE-XSFyvSF7,SyP.,SyR1`
OIMNS ICN THFTA '3 ),TIETR (3), AE(3)
C Ot-PLFX ATT 5TT AFX~y
e 14PLEX SXHVU-4,Z4,sv'-30,45,wSZI-13O,45)

COMPLEX EHX(30,~45),F:HY(30,45),EIIZ(3O,45)
COMPLEX ERX(3fl,45),ERIY(30,45),ERZ(30,45)

CnMPLFX SRX(30,45),SR!YC3O,4S),PSRZ (30,45)

COMPLEX EYEZ ,I.XHYI-ZORAEYAEZAHZAHXAHY
COMPLEX CHXCtIYCHZOY
DIMEFNSIO)N AA(5),H41tI5),CC(5S) ,DC51 ,EE(5) ,FFCS~hDELTC5)

102 Fr1P;!ATI?0X,7H TlIr'1AFiO.5)
COMPLFX EXJP9FYRvFYRP

I)IMFNSIf1N 'IIXH (30,45) ,t)ZR(30,45 I PN(30 ý:

C('MIDN ,vP)II,P,TP1,TI'A
D)IMFNIJS lft- X0(?51,W (25)

XC Io)) v. ? 0.l 1 701)1.3li 11* "A?011
X( 0;01 r (I*o. 01,1)(1464. ),.a;0'2,f;~,I

XC 01)r 0I. I1i'1 ; 2'? if'f~~'04%'J 711.*f111,16

X (1 ) - 0 .;1?~ 17 7- 141 1' 'ii 4'd. ,'i7671 2

X( 07)z 0.1?01-11-4'. 1'-)1 7 It tV 1

X( 011) =0.406b'"2ý (" 7;i)'ýt(,r40'!),45

XC( 10) =0.'j77??247;1OVPI 5972703'i 18
XC 11 ) =0* 6 2 ?f-. 6 73qh677651l36?3995
Xl 12) =0.6771-'7?'i796326)6390l52 12
Xf 13~.?. 34l3 ?'511146'1'.674
X 1 4 ) z0. 71,71 'cO24? -157403.19254
X( 15I0c.E11066?Af.02"pl44?6277083
XC(16)=0.I%43!5A8?616?43935307 11
XI 17)rO.P,7f5i20)20?7'?4781'5906
XC 18) =0.cf)5117c'1?A71 5569672822
XC 19V=O.93135*66007n(L554',33114
X( 20)=0.95?9E47703'I6043C8,6f72.3
XC 21)=0.97(l')91 20546247250461

X( 22) =0.*9841 P45817?221126 Or)7745
XC 2ti) O.55c353017??663507575411
X (24) =0.99,077100l7.',524261.I 601
I-)(01 )=0.06471 2~l16P.1922503
ViC 02) =0.*0644661 A443(SVOe 022 07
W( 03) =0.063ý474231tr,8464EF Ii 68?4

MC 04)=0.0631141922?86254025b57
WC05) =0.06?O394?3159u92 663904

WI 06) =0.060704439165893HR0053
WC07): 0.05' -114$39%'S8395635746
W(0 R)=0O.572772Q210040321 5705
W( 09)=0.0551,095036999841628t68
wC 10,uO.052890189485193667096
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WEI 11 00 -AOS 1553V54474458
WEI I?) =. 01l. 7t-I 6hc.llpc?49e(474Fi6

GE I (,.4.''.O566b'4?AO4 19

wE1 4) = (1 ?41 1C41464('70? 17

WE 1A)0O.01347772?;.56477043I4M43

WE 1 A') * ~~ 4

WEi) ri u.0 2 3'00l6n.6%l WA. 447 0141
WE1 0 1 0 0Oi. ,V 1? Q616604 14 1

W I i".' 1 0.fill 74153146052 305838633

fix J, 0.

4 F(14:AT %lX,63H1THIS IS A PROGRAM FOR EVALUATING THE FIELDS IN RADON
2E P~ilt-LEMS.<
DIMENsSION VC(1O)
REAL L11(10),LT(10)

COMPLFX TPA~vTPFRt

2i FOILk,.T( 110/3F10.4)

IPiF 0
IPK=1

100 F lMT 1 15/?7F 1O51

kFAD)E 10 1) ALFh#0MEFGAvR3
101 FIf:"A1 I I IF l..';

I PA- r 11 AI. I1'N
11K.- 1, 1 / I Mo.l
1415 I */D'4

(.1MI-Lils W(M. I
sr"v S IN WMPR I
141:0.
k1411 1.
F.; C.;- 4

C. AI):4FGEOMETRY
C:isiT= C OK
SOOIT= sn.M

SYR ((.O.,.)

or)t 30o Ju I ,N
A= A AI J)
Bz ri11 I J I
C=CCE il
0= DO I J)
F= 1~ .0)
F= i=:E IJ)
RRC=S0jT ([)OOE*F-4.*F)/2.
G=SQRT( RRC*RRC-F*F/4.)
THE1=ATAN2EGE/2. 1-0.0001
THE?: 0.
JTTc 20
FTJT:JTT+ 1

C DEFINE PnINTS ON THP INNFR RADOnME SURFACE
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00 400 JT=1,JTT
F.IT=JT-1
FJT=I:JT+0 .5
ZZ=RkC*SIN(THFI-FJT* (THE1-THEaZ)/FTJT)
CALL YC 1ARCtrlEIZZXY)
NX= 36
IF(XY.LE.2.5) NXwI1A

C FIND NnRMAL VECTOR
CALL NOIRM( A ,H ,C flEZZ ,XY,AZR.AXAANORM)
RRwSORT (ZZt-ZZXY*XY)
STH-XY/RR
CTW Z7/RR
NPNXI2+ 1
PAHI=TP/FX
Dfl 500 JP--1,NP
PHA I= TP*2 ./FX
IF(.JP.IF0.1) PHAI=PHAI/2.
IF(JP.FO.NP) PHA~wPHAI/2o
F.1Pu JP- I
Plit IIPAHI*FJP

S IPrsIN (I'llJI II
xx* xvocnp
rvBX* cS IP
AXRcAXA*CnP
AYR=AXA*cS IP
XA= C014*XX-SnM*?7
YA YY
ZI snm*XX4cnI*zZZ-R3
IF(Z 650,650,660

660 AXRA=AXR*COM-AZR*S014
AYRA=AYR
AZRA=AXR*SOM+AZR*C014
P= S0IT (XA*XA+YA*YA)
PHI4ATAN2(YAtXA)
COSP= XA/P
SINP=YA/P
CALL CGAUS(RLvRtJMflEYEZHXvHY9NZ)
EYc EY'TPA
FZnFZ*OY*S 1NP*TPA
HX -tHX*T PA
IIY=-HY*(O.r5TPAtr JNIZ.*PHI)
HZ. -H7* YT PAf PkS P
EYPPm ATAtN2 (A ItAr( FY) 3,REAL (EY) I*RD
CHX 0 C~t4J(;'gHX<
CHY # c0njG2,HY<
CHZ 0 CI)NJ(%HZ<
GX 0 REAL~tFY~Ct-Z-EZ*CHY<
GY 0 REAL',EZ*CHX<
GZ 0 RFA0S-FY*CHX<
AMP Ii SeHT?.GX'kGXF.Y*GYtGZ*GZ<
IJX A (X/AMP
UY 0 ('Wy/Amp
LiZ 0 GZIAII1P
TX= AYRA*tJZ-AZRA*t)Y
TY= AZRAx:UX-AXRA*IIZ
TZ= AXRA*tJY-AYRA*UX
TTsSORT (TX*TX+TY*TY+TZ*TZ 3*(-1.I
TX TX/TT
TY=TY/TT
TZzTZ/TT
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T XX2 CrMICT X+ S(1MT Z
T77.w -SflM*TX 4CflM*T Z
TNXWt Tt YA?. A-T ?.*AYR A
TNV~ TZ*'AXRA-TX*AZRA
TN?. TX*~AYRA-TY*AXRA
TN= SORT (TNX*TNX+TNY*TNY.TNZ*TNZ)
TNX=TNX/TN
TNY= TNY/ TN
TNZ=TNZ/TN
PN(JTJP )UX*AXRA.LIY*AYRA+UZ*AZRA
(IT HE TuA ICflS (PN(,IT,9JP) )
CALL- TCP)( IPFNKLJTHETLfl[).DCLTtTCFIPD)
TPERZ=TC*CEXP(CMPLX(O.,-F1PD*OR))
TC1l TC
F IPol=F PD
CALL TCPD( TPRNKIJTHET.Lf~tDCLTTCFIPD)
TPAR=TC*CEXP(CMPLX(O.,-FIPD*DR))
TC2=TC
F I Pfl2=F IPD
ATE=TY*EY+TZ*FZ
A NF= TNY:E Y+ TNZ*F Z
AT H= TX*HX. TY*HY.T ZI"HZ
A N~- TNX*'HX+ TPY*HY+TNZ *HZ
AEX- ATF*TX*TPI4R+ANiE*TNX'ýTPAR
A FYz AT F 91 Y*TPFR+ A NF*TNY*T PAR
A F Zo AT F*TZ 'IT PE 4~ A N'E-*TIJZ*TP AR
A HX= AT H9T X*TPAR+APIH*TNX*TPER
AIIYW ATH*~TY'T[PAR+ANH*TNY*TPER
A H72 AT I I4t 71'~TPA R A NH*TINZ*T PER
S E XZATE 'T X+ A N FTN'!X
SFYU ATF91TY.ANF*4TNY
SFZzATF*T7+ANEF'TN7
S HXr AT THOT Y+ A NH*TNX
SHY=AT H*TY+ A MIOTNY
SHZ= AT H*T Z+ A MH'TNZ
ERX( JTtJP)=Cr1MIAFX+SCIM*AFZ
ERY(JTJP )=AFY
ERZ (JT,JP)u-SflM*AF-X+CO.fM*AEZ
SRX( JTJP )Clm~tcsEx+som*SEZ
SR VCJ T, J P SF V
SRZ ( JT ,JP 3)-SO(M*SFX.COIA.*SEZi
EHX(jT ,jp)=cnt4*AHX+SflM*AHZ

FHY(jTJP )AHY
FHZ (JT9,jp )=Cfti*AH?-S(IM*AHX
SXH(JT,JP )=nf0M.qHX+SU?4*SHZ
SYH(JTtJP)=SHY
S ZH( JT 9,1P ):!COPM*SHZ-SOM*SHX
UXR ( JTJ1P )Uscot4ijx+snflM'LIZ
UZR( JT ,JP )=-S!4 *I IX4r (IM "(U Z
EXJ* RR*TP*(CSOOT'*STH*ICOP+C(M)T*CTH)I
FXj0~z FXJ*Rr)
E XJ PmCIXP C CMPLX (A. 9EXJ)
FYRPm(-AXR*(.SflfTý'ERY(JTtJP)+EHZCJTJP))+AYR*(SOOT*ERX(JTJP),COOT*
1ERZIJT.JP)),AZR*(FHX(JTJP)-COOT*FRY(JTJP)))*EXJP*XY*PHAIFY~nER+EYI

EYRvC ERS ( YRP
FYRA' ATANj?(A JMAfl (FYR ) REAL C YR Ii*Rn
SYRPN(-AXR91(snflT*SRYCJTJP),SZH(JTJP'flAYR*(SOOT*SRXIJTJP).COOT*
ISRZ(jTJPU,+AZR*(SXH(JTtJP)-COOT*SRY(JTJPHI)*EXJP*XY*PHAI

SYRRm CABS (SYR)
SYR AnATAN2 (A IMAr(I(SYR) tREAL (SYR) )*RD
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GO TO 750
650 ERXfJT9JP)=(O.,O.)

ERY(jTJP)= (0.90.)
FRZ(JTqjP)= (0. ,0.)

SRY(JT,JP)=co. .0.)

PN( JT JP )=0.
UXR4( JT .)P )=0.
U Zi fl JT 9J P )r. 0.
EHX (JT,9.1 )m (0.,90.)
F4Y UT ,IP )m (0o 90.)1
f.I7 JT ,.11 )a (0. ,O *
SXII .1 T #.)P )a (0. go )
SYH(JTtJP)a (O.to.)
SZH(I JT ,,P )w (0. ,0*

750 CONT INUF
500 CONT INUE

WRITE(6,6) 3XXgVz7.,XAYkZ
6 FORMAT T/1X,?OH FIELD POINT X t F5.,2iX,4HY tF5.2,2X,4HZ 8 t
2FS.292X,4HR =,F5.2,?X,5HTH t F5.2,ZXAHPHI =,F5*2(

68 WRITE(6,88) TX,F.YFY;PiTYEZ,TZ,HXAXRAHYAYRAHZAZRA
88 FORMAT3'/5X,6HFY = ,?X ,4!!XEl5.8</5X,6HEZ* = t7Xv35:2X9El5.8</5X,6

2HHX 0 7Xt3%2XqFl5.A</5X*6HHY = 7X,3%2XEl5.8</5Xt6HHZ - t7X,4
3t2XFl 5 .A<(
WRITE(6, 105) AFXtAEYAFZ,AHX,AHYgAHZ
WRITE(6,105) SEX ,SFYSFZSHX ,SHYSHZ

105 FORMAT(2X,12F9.6)
WRITE %6957< UJX 91JYf I1Z
WRITE (6#57) AYRAYR#AZR
WRITE (6,57) TXX,TY,TZZ
WRITE (6,57) LJXR(JTJP) ,IY9tJZR(JTtJP)

57 FORMAT %./46H THEr nRRECTIOIN OF POYNTING VECTOR IS :UX t FlO.5,8
2H LJY 0 F1o.r)0II UZ z 9F10.5<
WRIT) (6,09) JTJlPFRX(JTJIP) ,rRY(JTJP),ER7AJTJP)
WRITHA,869) JT,.IPSRtX(JTJP) ',SRY(JT,JPiSRZ (JTJP)

H 1) F 1 RM A r i ?i o 1, t (;) x , r i).!i

Wk I T I-( 1, 3ý SYRPI',SYR tSYkRRSYRA
WRITIF(A,9o) PN[.ITJP) ,UTHET,TC1,FIPD1,TC2,FlP0)2
WRITIH6,'000) FYOtptFYRoFYRR,FYRA,THAR

900 F0R?1AT(7(lXE14.7))
WRITE(6,900) SYRP,SYRSYRR,SYRA
WRITE(6il1l) JTJP

1111 FnRMAT(2120)
400 CONTINUIJ
300 CnN'TINUFJ

'fHETB=(ONEGA-Ill.)*DR
THAR=COMEGA-11.
DO 350 -10P22t22
THAR THAIA+ 1.
WRITE (6102 )THAR
THE-TB=TIIETR+flR
IF(JLP.E(~.I2) GO TO 350
EYR (0.90.)
SYR. (0.90.)
SOOTuSIN (TqF.T9A
COOTsoCOS (THETR)
DO 460 JTnlJTT
FJTnJT-1
FjToFJT+0.5
ZZaRRC*S INtTHF1-FJT* (THEl-THE2 )/FTJT)
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CALL YC (AiBC tr) F tFtZZXY)
NX= 11
lrc XY.iF.?.5) NXv1 8
1: Xc NX
PAH ic T P/r-X

r F IND NVIRMAL VECTOR
CALL 140PM (A,911,C flE ZZXYqAZRAXAtANflRM)
NRR2Q.RT (ZZ*ZZ+XYflIXY)
Sh ý- X Y/ RR
C THm Z L/MfR
N P= N X1/ 2 + 1
flfl 'ib0 1JP=I vN P
P HA I= T P v2 ./ FX
* IF(JP.EO.1 ) PHAI=PHAI/2..
JEC JP.EO.NP) PHA I=PHAI/2.
Fj P= JP- 1
PHI I=PAHI *FJP
cop= c m (PHI!I)
S1P=S IN (PHIl)
XX= XY*COP
YYz xv*sIP
AXR= AXA4COP
AYk=AXA*SiP
EXJ:kRRTP*(CSOOT*STH'*COP+COOT*CTH)
F X.1Oý E X.1*kr
FXJP=C[-XP(CfMPLX (0.,i:XJ3))
FYRPO(-AXRI*(S0OT'C'ERY(JT.JP)+EHZ(JTJP)),AYR*(SO0T*ERX(JTJP),COOT*

IFIýZHJT,jpfl.+A.R*(EHiX(J'tJP)-CfLnT*-ERY(JTJP)))*EXJP*XY*PHA1
I-Yr<= L:VR fF YRP
EYRR= CAR S ( F YR
FYIPA=ATAN? (A IMA(r (FYR) ,RE-AL (FYR) )*Rn
SYkP-(-AXRN(StflT*S;RY(JTJP)+SZH(JTJP))+AYR*(SOOT*SRX(JTtJP)4COOT*

1SRZ(JT,JP))eh7R*('SXH(JTtJP)-CoflT*SRY(JTJP)))*EXJP*XY*PHAI
SYR- SYR+ SYRP
SYRR=CA~S (SYR)
SYRA= ATA N2 (A IMAG (SYR) PRE AL(SYR))*RD

560 CO01-T INU F
460 CONTINUE

WRITE(6,l~l1 I JTJP
WRITE (6,900) EYRP ,FYREYRR ,EYRAgEXJD
UR ITE( 6,900) SYRP ,SYR#SYRR,SYRA

350 -CONT INUE
554 FORMAT( 10Xt6HB1AAX2 ,FlO.5,H BSEM-tFl5.8)

KK= C
K L=0
THETA( 1):OMFGA-1.
THFTR( I3'mTHF.TA(1 )*r.R
TllETA( 2)=nfmFr,Aj.1
THiFTk( 2)nTHETAI(2)*DR

850 KK=KK+l
Fyfr= (0. 93.3
v:9ITi:(ht102) THFTA(KK)
CC'OT=COS(THETR(KK3))
SrIOTUSIN(THFTR(KKI))
003 462 JTOI*JTT
Fj To JT- I
FjT" FJT*O.5
ZZ.RRC*S INC THF1-PJT*(THEI-THE2 )/FTJT)
CALL YC (ABC~flEFZZXY)
NX~s36
JEC XY.LE.2.5) NXwlB
FXsNX
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PA Iz TP/FX
CALL NORIM(Apfl C ,flFtZZ.,XYAZRAXAANnRM)
RRu SQNT ( Z79,~774XY*XY~
STHv XY/kR

NPwNX/2+ I

00 502 JP=19NP
PHAJi: TP*2 ./FX
IF(JP.Ef.1 3 PHAIcPHAI/2.
IF (JP .EQ.NP) PHAImPHAI/2.
FJPm JP- I
PHI I=PAHI*FJP
CPcnir(is (Pw i )
SIP=SIN(PHII)
xx: xy*co~p
YY= XY*S IP
AXR AXA*'COP
AYR:AXAIISIP
EXJ=RR*'TP*isonT*STH'*COP+COOT*CTH)
EXJD= FX.I*Rr
EXJP=CFXP (Cr4PLX (0. ,EXJ)
EYRP=(-AXR*(SOOT*FRY(JTJP),EHZ(JTJP))4AYR*(SOOT*ERX(JTJP)+COOT*
1ERZ(JTtJPflAZR*(FHX(JTJP)-CDOT*ERY(JTJP)))*EXJP*XY*PHAI
EYR: EYR+ EYRP
EYRR: CAR~S (FYR)
EYRA ATAN2 (A IMAr( (FYR ) RF AL CFYR) )*RI)

562 COWTI NUE
462 C ONT I NI)

WRITrUb,900) FYRPEYREYRR ,EYRAEXJD
AF(KK)cEYRR
Ir*(KK.FQ.1.AKNO.KL.F0.O) GO TO 850
IF(KL.FO.Il) 60 TO 45?
KLr KL.+ I
I F Al: ( 1) ;-Al" C? ý) l 91-51, 9AS 53

85'3 711TA(T 2) = (TIIFTA ( I ) +TIIFTA (2 3/2.
THIITitI ?I)uTHFTA (7?) *rR

GO TO 0350
851 THFTAC I): (THFTA(I ).THETA(2))/?.

THETRC 1)=THETA (1)xCDR
KK=0
GO TO 850

852 I3MAX=(THF.TA(1)+THETA(2))/2.
riSEM'.I ( MAX-flMrGA )*DR*1000.
WkITE(6t554) BMAX,R.SEM

960 CONT INUE
999 CO0NT INIJ F

STOP
F NO)
SIJ6ROUTINE 6AIJS9YRLRUM, AXEY, AXE Z tAXHX,9AXHY, AXHZ<
CC13'PLFX SLJMýXSIJI'IYsumz SUMV,S)MW,CtEYtGEZGHXGHYGHZAXEYAXRZAX
2HX ,AXHYAX4Z ,XEYXEZ ,XHX ,XHYXHZ

CDU14hON/XX/ X9Vl
DIMENSION X(25),W(25)
SUMV 0 OI O*
SUMW IA %0,o
SUMX # fso.
SUMY 'A XO.,fl.<
S IN Z Ai Tool0.<

Hi1 #% RU- RL</ EM
AO N L
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f) 10 ml 1'.1 ,M
Al1 frArl.H
W)l ?0 1=1I,94

I)AH Hi Alf,14P
flAX V Al-H?)
CA LL. r-IPTG'[)2D RHGF.Y9GF9GP.XGHYtGHZ<
CALL FIMTC~ffl 1r)AX,XF-Y,XFZXHXXHYXHZ<
Surly ~I sLf1t,,lvr I<*:l (,FY&XFY<
s UmW1 s SI MYW F. W .<,l 1'C . x FZ ~<
SIIJM X 1) S IJP1X FW 71< *fG H X tXHX <
SlIMY 10S I M Y rW TI(<!.G H Y F.HY <

20 S(iM7 M S UM 7F.W 3 1<* G.HZ EX H Z<
10 AOPAO&HI

AXEY d~ H S 1:4V
A ;(EZ M H S, IM.i4'
AXHX 0 F INPS I M X
AXHY 01 H *S LIJMY
AXHZ M H*S (JM Z
RETURN

S tIB R OUT I NF FINTMD XY,FFY,FEZFHXtFHYvFHZ<
C0MPLFX FAG ,FEY,FEZ ,FH.X#FHY#FHZ
C OtMMON Z,9PH ItP ,T PTP A
SY M SURT:';l.-Y*~Y<
YS 0 1 ./SyI
FAC 0 CEXP"IGMPLXXO0.,-TP*SY*Z«<
RFEX # RFSL1!.TPA*Y<
VX ff TPvY'*P
IIFVXO=SFFSLO (VX)
IIFVXI=FFSLI CVX)
IF(vx.Fo.o.) GO TO 10
BPVX?2 (2.*14FVX1/VX)-BEVXO
GO TO I1I

10 flFVX?=0.
11 C nNT f N1I F

PFF Y= FV X *F X* F A r
FE ? 7 - Y *YS R F X * rV X 1 * FA
fi~X=(1.-O.59 Y*Y)'IkFVXO+( 0.5*Y*Y)*CnS(2.*PHI )*BEVX2
PPIX it YS*'AFX4,RX*FtC
FHY= Y :Y*YS*BF X*RFVX2 *FAC

RET URN
F NO)
FLJVJCT ION BESL0XX<

C 9. X .6T .0. <
ZUABSX<
V viX /3.
Y?#Y *Y

Y6#$Y4*Y2

Vi 0 dIYt3*~Y? 2
VI? MY10 *Y2
IFXZ.rGT,3,<Gf Tn 10
fBFSL0il .-2.24q)9q99*Y2CI.2656208*Y4-.3163866*Y61..0444479*Y8-*0 0 3 e44

240'Y 1-0-.0024846'*Y12I

10 CONTINUE
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Ff1.79788456-1.O()OOO0O77/y<-X.00552740/Y3<-z.00OO9512/Y3<(X.00137237
2/Y4 <-%.00O72Fk5/YS<rY.00014476/Y6<
Ti'X- .7iJ53'4li1-!.f~l466397/Y<---.0003954/Y2<L.*0O262573/Y3<-X,00O541
2251Y4<-X.nOO293"431/Y<X.O00013558/Y6<
1%Fs, rI. OE*COSITT</SQ3RTXX<

11 CONTINUE
RFTUJRN
FNI)
FUNCTION BFSL12X<

C POLYNOMIAL APPROXIMATION XGT.0.

Y2kY*Y
Y3NY2*Y
Y4 grY3*Y
Y5PY4*Y
Y6 $-Y5 *Y
Yaf.Y6*Y2

Yl2tfYlo*Y2
IFZX.GT.3.<GO Tq 10

21761 *YIOE..0OOO109*Y12
RFSI 1MX*RFSL
GO TO 11

10 CONT INOE
Fv*.797884562.flflOfll!.6/Y<fW.O.1659667/Y2(C&C.00OI7105/Y3<-X.O02495l I

2/Y4<F*-.0.O I136P53/Y5(-:(.0O?20033/Y6<
TUIX-2.351944Q)E.12499612IY<F.X.0O0O565OIY2<-%.00637B79IY3<(X.OOO74

234l$/Y4<,X.0Ofl79P24/Y5<-!. 000)29166/Y6<
IIFSL1 NF*CnsT</SQ4tT'X<

11 COWTI NUE
RFTL)RN
F tfI)

CSIJI'ROITINIF *YC* CALCOLATFS THE *Y*Y-nRDINATE OF A GENERAL SECOND DEGREE
CFt)IJATInN WHENI THF x-nkflW.ATF IS 6IVEN
CINPUT AttRCDEF ARF CONSTANTS OF THE SECOND DEGREE EOUATION
CINPUT X IS THF- x-nRfINATE
COUTPUT Y IS THE Y-flRflNATE

SUBROUJTINE YC XA,RCtDtEtFtX,Y<

T2~f~qXCE
T3*;A*X*X&D*'XEF.
YtJ!-T2E~SQRTiT2*T2-4.O*Tl*T3<</%C2. *Tl<
RETI JR N
E KID

c NOR~MAL OF A RAOnm
SJJBRO;IT PF mn!RIAtA,B,CD 9E tXR,YR, AXR AYR, ANORM<

T2P~ot'C*YP.f(,lXRr.E
T3t S(RVTIT*T1FT2*T2(
AXRt.lTl/T3
AYRftT2/T3
AMlORt-lVATAN'2!AYR ,AXR<
RETURN
ENID

rSUf~ROUTINE *TCPfl)' CALCULATES THE *T*TRANS!4ISSION *C*COEFFICIEfH AND *P*
CPJJASE *r*r)ELAY THRU THF PJA)Ot1E
CI.'PUT *P*~DETFRvI1-ES PnLARIZATION IF P110.0 POLAR IS PERPEND. 11 P111.0
CPOLAk IS PARALLEL,Z*NK*-IS THE*NK*NUMFBER OF LAYERS,*T* IS THE AN~GLE OF
CINCIDEIJCE *T*THETA %RADIANS< *D*,*E*,*TD* ARE ARRAYS FOR THICKNESS,
CDJELECTRIC CONSTANT AND LOSS TANGENT OF EACH LAYER
COUTPUT *TC* AND*FIPD* ARE THE TRANSMISSION COEFFICIENT AND IN5ERTION
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U24-R%1 j<*CG*Yj1 * A0(
V2#-RI I<*SG*11 .r.Af<

IJ4#CGR'y I I< *CGl .- A

V4 OSG*'1 CAD<
30 P1#X1*ul-Y1*VlEX2*113-Y2*V3

01 #Yl*U11X1*Vlf.Y2*~ti3fX2*V3
P2 #Xl*U2-Y1 *V2&X2*U4-y2*V4
Cp2 #y1*U2&X1*V2EX2*V4IEy2*U4
P3PX3*U1..Y'*V1 CX4*1J3-Y4*V3
03 PY3*U I &X3*V1IF.X4*V3 GY4*113
P4N~X3*U2-Y3*V2f.X4*U4-Y4*V4
04tAy3*U2&X3*V2F&X4*V4&Y4*114

X'. hP4

35 Y4 f.04
RCRijXX3*X4-Y3*Y4</4.X4*X4E&Y4*Y4<C
RC UZ-Y3*X4f~X3*Y4</?.X4*X4EtY4*Y4<
RC2#kCP*RCRIRCI*IRCI
RC *S(JRT!.RC2<
TR#5Xl EX2 ;RCR-YP*RC I<*A
TI 4Y1,FY2*RCRFEX2*RCl<*A
TC26FTR*TRCTI*Tl
TC#$SQRT'tTC2<
IFZTR.EQ.0..ANn.TI .EO.0.<TI#TIE. 0000001
XXV~ATAN2%TI ,TR<
F JPD#-RADEC,*xxt0fl/w<
lF';FJPf.LT.0.<F !PnFlFPDC360.

50O RETURN
END

201601
//LKFID EXFC P.M=JFW-LPAR~l'LISTXRFF',TIMF2(0910) 201602
//SYSPRINT Dl) SVYflIIT=. 201603
//SYSL Ii DU O)SNA,~*=r' mI *FtIRTI IR ,lfl1PS.il4 201604

//WD) D~.Al~zY'IrIlS~l PSR201605
//SY'SLi nn 1)'IýNAI-rv f.EI fl.InsIT ,D ISP=( CUtLD.FLTI. ) , DC~oAu KS IZEu400) 20 1606
/S YSLMIfl) Or)snr ;.na:r(.".1S~ M1 PS * 201607

// I1141T'SYSI)A q0CP. (R~CFru,,M1JvLKS I 7I~w?94 3SPACE" (CYL,9(It It 1 201601"
//SYSUTl DO tIIrYtAý;A(t-C~(#) 201609
I//GD ExF.C PfM=*.LKrFn.SYSLM(.1IDTIME=9,REGI0Nu500K P
//FT06F0OI DO) SvSnu)T~r.,onrl(RECFMr-FRAtLRECI-u133, * 201611
// ;LKSIZE=665 ),SPACE=(CYL, C1,1hRLSE) 201612
//SYFSUrDUMP Dor SYSflL)T-,flC=(RECFM=VBA,,LRECL.125,BLKSIZEC1629), * 201613
// SPACEýCCYL,(292)) 201614
//FTC07F001 DO SYS0UTRtSPACEr-(CYLvf1,13) 201615
//FTO5FOO1 DD * 201616

1
4.2 .26766 .0005

1
1. 0. 1. 0. 17.0621 -164.9347

5.15 15. 2.1572
5.15 18. 2.1572
5.15 22. 2.1572
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