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Chapter 1

INTRODUCTION AND SUMMARY

1-1. Introduction

This Volume II of this final technical report of four volumes
documents a ray tracing radome analysis computer program written
in Fortran IV for use on the Cyber 70/74 computing system at Georgia
Institute of Technology and the IBM 3033 computing system at Johns
Hopkins University Applied Physics Laboratory. The program was developed
at Georgia Institute of Technology over the past four years; however,
considerable development work in computer aided radome analysis has taken
place here prior to that time [1-7].

This analysis package was used during the research carried out
under this grant to analyze the antennas and radomes using the fast re-
ceiving formulation as described in Volume I. Its documentation was
done in conjunction with the on-going radome technology program at JHU/
APL under the cognizance of R. C. Mallalieu (APL Contract 601053). It
is intended to serve as part of a technology base for the radome tech-
nical community.

The report is organized by chapters according to the approximate
order in which the subprograms are called, and each chapter describes
one subprogram. Each chapter is essentially self-contained since it is
meant to serve as the complete documentation on a single subroutine.
References are provided at the end of each chapter. 1In some cases,

figures are duplicated in different chapters for completeness. Each

chapter is terminated with the listing of the subroutine.




Chapter 2 describes the main program and instructions for its use.
Chapters 3 through 28 describe the thirty four subroutines required for
execution, including those for producing Calcomp pattern plots and three-
dimensional plots. Appendices A through D present computed results for
four test cases for use in verifying correct operation on other systems.
These results were obtained on the Cyber 70/74 computing system at Georgia
Tech. The remaining part of this chapter describes background of the pro-
gram development and summarizes the features of the computer analysis.

This report comprises Volume II of four volumes. Volume I describes
{' the salient results of this overall investigation to determine the accu-

racies and ranges of validity of various analysis methods. Volume III
documents the additional software required to analyze radomes using a
surface integration method. Volume IV presents the experimental results .
cbtained and is meant to serve as a data base for other investigators

«ceking to verify the accuracy of their computer codes.

1-2. Background
Development of the radome analysis computer program (RACP) was

initiated in 1971 in an effort to include the effects of the radome on

a ground mapping radar [l]. A three-dimension geometry and vector field

S formulation were used. A plane wave spectrum (PWS) representation of

the radiation from the antenna greatly facilitated the computations since
th¢ Fast Fourier Transform (FFT) could be used. The program was used to
comput.e power patterns on the ground for many different cases of antenna/

missile orientations. From these data, the effects of the radome on

l pattern shape, power loss and VSWR were determined.

"
k3
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Monopul se tracking antennas were next introduced into the computer
analysis to evaluate radome materials and shapes for seeker systems in
the 8-18 GHz band [2]). Tangent ogive shapes of various fineness ratios
were analyzed., Monolithic and multilayer wall structures were used.
Algorithms were developed to compute boresight errors trom the sampled
data difference patterns in two orthogonal planes. A modification of this
program was also used to conduct a trade-off and development study for
the Multipurpose Missile (MPM), later known as ASALM [3].

The next step in the development of RACP came in 1977 with the
introduction of a conical scan tracking antenna into the analysis [4].
This antenna necessitated a reformulation of the analysis from the trans-
mitting formulation used carlier to a receiving formulation. The big
advantage offered by the latter is that the antenna response can be
calculated for only one directicen of arrival of the target return (ilane
wave) . In the former, the FFT automatically computces "responscs” for

many directions of arrival and, hence, is computationally slower.

Subscquent versions of the program have used the same receiving for-

mulation with monojulse and other type:s of antenna models. {
The computed results obtained with the recoiving and transmitting

formulations are not always the same [5]. A computed-aided analysis E

which utilizes the Huygens-Fresnel jrinciple [6, 71 is generally con- 3

sidered to be more accurate than the two methods already mentioned, but

requires considerably more computation time that may not be warranted L

in all cases. A rescarch program is now underway at Georgia Toch whose

objective is to establish the accuracies and ranges of validity of these

three methods of radome analysis [H).
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I~3. Description of the Analysis
The current version of the ray tracing analysis computer program

utilizes a receliving formulation based on the Lorentz reciprocity theorem
[5)]. A plane wave of selectable linear or circular polarization is
assumced tncidont on the outside of the radome and 75 represented by a
syvstem of parallel ravia, There is one ray for ecach sample data point in
the antonng aperture instde the radome. Fach ray is traced from the point
where 1t imy inges on the outside surface to the corresponding aperture

t voint. The oloectric and magnetic fields *I":’i' H] associated with cach ravy

ave welghted by the flat panel transmission coefficiconts TL' 'I‘H as de-

Cvrmite 3Py the unit normal n, the direction of propagation k, and the

Do lectric propertices of the radome wall.  The weighted incidont fields
', Yt oat each aperture point are then used in the following integral to
R

chiatn the complex voltage response Vooof the antenna as
r

X }’Iq,) ©ozodxdy (1)

where 'lil’l" H,[‘ arce the aperture fields when the antenna is transmitting,

Colsoa complex constant, and o is the unit vector normal to the xy
{aj. rture) plane.  For digital computer implementation, the integral in
rpation (1) reduces to a double summastion, and the cqual-arca elements

»

dxdy b come !

<Ay and can be absorbed into the constant .
In its present form, the program accommodates only one radome
chape: vieo, the taugent ogive.  The length, diameter and fincness ratio
are, of course, ol variable in the input data.  Monolithic and malti-
ot o wa bl contiourations can b analysed; however, only uniform wall

Bt ations whioese protert tees doo not o vary from point to pornt oon the




wall can be handled. Provisions are made to allow for a metal tip on 1
the radome whosc effect is aperture blockage.

The geometry subroutines provide for three separate coordinate
systems and the point and vector transformations among them. A reference
coordinate system is provided to orient the antenna/radome combination
with respect to other bodies. The coordinate systems for the antenna
and the radome comprise the other two systems. Boresight error and
pattern computations are carried out and expressed in the antenna coor-
dinate system.

The primary outputs of the program are boresight error (mrad.),
boresight error slope (deg./deg.), gain loss, and when selected, prin-
cipal plane patterns. Outputs include both printing and plotting
(Calcomp) . Plotting options allow for selection of aperture fields
with and without the radome. A feature is also provided to cither ob-
tain or suppress intermediate calculated results for debugging purposes.

Boresight error calculations for monopulse antennas are carried

out by setting the first target return at a known direction within a
few degrees of true boresight. The responses in the two difference
: channels and the sum channel are then computed and stored. Another set
of responses for a return 180° away from the first is computed next.
The two sets of data are then used to construct a linear tracking model
! in the two orthogonal plancs, and the process is repeated until a bore-
sight null is indicated. The true direction of arrival of the plane
wave at this point represents the boresight error directly.
- The current. subroutine used to characterize the antenna permits

selection of various polarizations and two aperture distributions. A

uniform, circular aperture distribution having vertical, horizontal or




circular (LHR or RHC) polarizations is one combination. The scecond
distribution is a tapered reoectangular distribution having vertical polar-
ation as tound in flat plate antennas. This basico subrout tne would st

be difficult to modity to accommodatce other distribut ions, such as ree-

tangulay aperture with cosine taper.

Computation time is independent of radome sice but depends on the

number of samples used in the aperture.  For 256 sample points (le X 16
array), the time to compute the received voltages in the three cl annels
is 1.5 seconds.

The program is organized as a main program and a number of sup-
porting subrout ines, all written in Fortran IV, The complete program,

including plotting software, contains thirty four subroutines. The core

storage required for the complete program, including all library and
system /O routines, is Jjust over 46,000 (decimal) words. Integer, real

and complex variables and arrays are utilized. Single, double and three-

Jdimensional data arrays are present. Only single precision variables and
computations are required with the 00-bit word available on the Cyber 70 !
al Georgia Tech.
-1, Refoerences
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Chapter 2

PROGRAM RTFRACP

2-1. Purpose: RTFRACP 1s a Fortran computer program used to analyze
the effects of a tangent ogive radome on the performance of a mono-
pulse aperture antenna. It consiste of a main program ani 34 sub-
routines. It uses complex arithmetic and requires 57121 octal
words of core memory for excoution on the ChC Cyber 76 cystem (600 bt
words) at Georgia Institute of Tcchnology. Executlon time to com-
pute boresight error on the Cyber 70 is approximately two scoonds
per look direction when the antenna aperture is represented by
l6 x 16 = 256 sample data points. Execution time to compute trano-
mitting and receiving patterns and apeirture near fields, and to
! compute the necessary Calceompr - ommands for two- and three-dimensional
plotting, is ajproximately 35 seconds for one look direction,
The computor=-aided ralone analysia nses o 1ecesving Yormuation
based oa Lho Lorentz reciprocity theorem as Jdescribed carlier [1,2).  The
voltage produced at the terminals of a linear antenna by an i1ncident jplane

wave 1s given by

VR(k):ﬁ(_Eerfl_R—ngﬂT)-nda (1)

where ET' ET are the fields produced on the surface S enclosing the antenna

are the incident fields produced

when the antenna is transmitting; E_, H

R’ —R

on S by the incident jplance wave or perturbations thereof; k is a unit vector
which points trom the antenna toward the dircection from which the jplane
wave arrives; and n s oa unit vector normal to the surface § and pointing

)

Frecbvioou 1adk BlLankKetnOr Flieko




outward.  The fields gT, ET are taken to be those produced in the planar
ajorture when the antenna is transmitting in the absence of the radome.

The geometrical optics approximation

1noused to gonerate the magnetic field in the aperture from the aperture
tllumination specificed by ET' Rays are traced from each sample point in
the aperture in the direction é to the inner radome wall. The plane wave
ti-lds assoctated with cach ray are weighted with the flat panel insertion
viorltage transmission cocfficients as determined by the radome wall confiqu-
raticn, the angle of incidence, and the plane of incidence. The individual
ontribut tons are summed up oas indicated in Equation (1) .
The @ aramctors of the tangent ogive radome are indicated in Figure
b The it aeides buasse diameter Dk and fineness ratio F“q determine the

5

cutarde lengtl according to

e 2 (3)

e bar e bation holds tor the insi1de dimensions; viz.,

L A (4)

Tie twdras o fF curvature of the outside wall R is given by

[§23
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and the Jdimension B is given by

B=R =-D /2 (6)

The placements of a bulkhead (bottom disk) and metal tip (top disk) can
be specified by ZBOT and ZTOP' respectively. The thickness, dielectric
constant, and loss tangent of the wall may also be specified for up to
N=5 layers. The radome is assumed to be a body of revolution with uni-
form wall dimensions independent of location. The dashed cylindrical

shape of a diameter D in Figure 2-1 was used carlicr to simulate a lascr-

q
induced defect and is not pertinent here.

The subroutine which generates the antenna aperture fields repro-
srnts two types of antennas: circular aperture with uniform illumination
and any one of four polarizations (vertical, ho-izontal, RHC, LHC); flat
plate antenna with tapered illumination and vertical polarization. For
cither antenna, the ficlds are computed for one of throe selected channels:
s, azimutn difference, elevation difference.  Injuts include the number
otosamgp e s Nx, NY and the aperture diameter UAP/A in wavelengths.

The antinndsradome orventation is specified according to the para-

U Lefined an Praure 2-20 The angle 7 sclects the plane of scan of
P

tre radome tir o with Cespect to the antenna coordinate system: 5 o= 0°
et tre aamutho o Loy D0 Ge ety the o levaton 3 lane. The
P
arcade T the g an thee selectod plane.

I

Tt drograr computc s boredight o crrors an the asimuth and elevation

b ctote antennea, T radome arlentation as o ospecrtaed by and
‘ 1.

Tt ottt ot G bane o waver) g made teoarrive trom the hrrection

e




Xp (ALWAYS LIES IN PLANE OF SCAN)
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Zg (RADOME AXIS)
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Fignre 2-2. Coordinate Svstens Used in Radome Analysis.
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A - A - 5
k = i + i + z // - i
1 xA sin eos yA sin eos N 1 2 sin eos (7)

wvhere 9)b is the initial specified offset angle; co.g., 2°. The voltage
oS

received by cach channel is computed and stored. The second return is

made to arrive from

. : . - . - . 2
k2 = XA(—Sln eos) + yA(—s1n OOS) + zA/a - 2 sin eos (8)

and the voltages arc again computed. The data from these two points are

used to construct a linear tracking model in the two planes, and a direc-

tion of arrival k is predicted which will yield null indications in both
planns. The process is repeated until a desired error tolerance is satis-

fied or a maximum number of iterations is exceeded. Upon completion, the

output k indicates the direction from which the plane arrives which yields
an clectrical boresight indication. If o and B represent the boresight

crror angles in the azimuth and elevation planes, respectively, then they

~

arc related to the direction k = x_ k +

-~ -

a Ky Ya ky + Za kZ by 4
K T4
x ]

sin a = TrF——= (92)
/l—kyz *
K |
Y |
sin B =’/- (10) j
1 -k 2 i

x
e l
whe e k=v/l-k2-k2 . (11)
z X y .
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Options are also provided whereby principal plane patterns as
shown in Figure 2-3 and additional outputs around boresight can be com-
putcd and printed. These options are useful when preparing softwarce for
a new type of antenna and to ensure correct opcration whenever curious

results are obtained.

2-2. Usage: Line No.
DATA APIN/U., 47
DATA ZBOTIN .o/ 49
DATA RADIUsS/1LO/ 52
DATA THETAA, PHIA, AGAM3A/0.0,90.0,0.0/ 53
DATA NX, NY, NXE, NYE, NXY/16,16,256,1,512/ 56
DATA NREC, NS, MX, MY/32,16,16,1/ 57
READ (5,6) TITLE 62

READ (5,*) GRAF3D, GRAFSA, GRAFTR, GRAFRV, SUPPRS, IPENCD 65
READ (5,*) NFINb, NPHI, NTHE, DIAOS, RA, RR, ZTOPIN, FREQ,
OSANG 67

READ (5,*) LMAX, DMRAD, IOPT, RAPMAX, VAIRM, 1IPOL, ICASE,

N, IPWR 76

READ (5,*) DIN(I), ER{(I), TD(I) (I=1,N) 108

READ (5,*) FINR(I) (I=1,NFINE) 117

READ (h,*) PHI(I) (I=1, NPHI) 120

READ (L,*) THETA(T) (I=1,NTHE) 122
2-3. Arguments

a. Inputs., Units of arouments on input are distances in inches,
angles in degrees, and froquency in gigahert:, unless otherwise noted,

nits of arquments passed to subroutines are ceontimeters, radians, and
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gigahertz. An asterisk is used to denote those DATA arguments that do

not normally need

APIN*

ZBOTIN

RADIUS*

THETAA*

PHIA*

AGAM3A*

NX,NY

NXE ,NYE

to be changed by the user.

Height of a cylindrical base section of the tangent
ogive radome. It is no longer included in the ray
tracing algorithms and should not be changed from
its zero value.

Distance from base of tangent ogive radome to
missile bulkhead (Figure 2-1).

The radius R used in the far field factor e_ijfR
by Subroutine FAR. Do not change.

Angle Oa between z-axis and the position vector £a
to the antenna origin. This angle was used in
earlier work to locate the antenna origin in the
reference system using spherical coordinates

(ra, Ua, @a). Do not change. Seo Chapter 7.

Angle ¢a between the projection of 2y axis onto
the xy-plane and the x-axis. Do not change.

Angle between zA—axis and z-axis in Figure 2-2.

Do not change.

Integer powers of two equal te the number of sample
fomnts an the antenna aperture; o.yg., 1o, 32, 64,
e to, Changing NX and NY necessitates compatible
change s in Lines 16-18.

Integer powers of two which specify the expanded
number of sample points desired when computing

the transmitting patterns of the antenna by

mverse Fourier transforming the aperture ficlds.

e mee




Subroutine JOYFFT provides this capability of
increased resolution in once or both dimensions.
Changes in NXE, NYE necessitate compatible changes

in Lines 16, 20, 22, and 23. Note that NXE*NYESNX*NY
and cither NXE<NX or NYE-NY.

XY - Integer power of two used by Subroutine JOYFFT for
dimension of complex working array XYFPT. Note
that MX*NX<NXY and MY*NY'NXY. Sce below for My
and MY.

NREC - Integer power of two cqual to the number of points
at which to compute the receiving pattern in cither
principal plane.  The received voltage is computed
at points Gi cqually spaced in sinf, whoere © is
the angle measured from the zA—dxis as i1ndicated
in Figure 2-3, where sin ﬁi =~ KMAX + (I-1)*2*KMAN/

NREC, and where KMAX = sin ¢ < 1.0.

NS - Not used. It was originally used by subroutine

RECBS. Do not remove.

i i

Mx, MY - Integer powers of two cqual to the magnification
factors desired in the kx and kv (E-} lane) direc-
tions, respectively, of the transmitting antenna
patterns. Note that the restrictions MX*NY NXY
and MY*NYINXY must be observed. The data cited
above indicated increased resolutions in the NX
direction of MX=16 and no magnification (MY=1) in
the NY direction., Congcequently, note that

NEE=MX*FUR=2 06




TITLE

GRAF 3D

GRAFSA

GRAFTR

GRAFRV

SUPPRS

A Hollerith string of up to 72 characters which
describes briefly the analysis being done. A
format of 18A4 is specified and should work for
machines with word length greater than or equal
to 32 bits. The dimension of TITLE (Line 31)
should be at least 18.

A logical variable used to control the plotting
of the incident fields on the antenna aperturec.
This feature has been removed from the jrogram,
and GRAF3D should always be FALSE.

A logical variable which (if TRUE) controls the
plotting of the transmitting power patterns of
the antenna as follows: E-plane sum, E-plane

difference equation (AE ), H-plane sum, and

L
H-plane difference azimuth(AAz). The radome

is absent.

A logical variable which controls the plotting of
the amplitude and phase of the antenna aperturc
fields in the following order:

E E

s Byr Exapn Bvaen, Fxaaz’ Eyaaz’

A logical variable which controls the plotting of
the receiving patterns of the antenna with radome
in the same order as specified under GRAFSA above.
A loygical variable which controls the printing of

numerous results as illustrated in the test data

tn Section 2-6 below. When TRUE, the printing of

these numerous results arce suppressed. This feature

oy




[PENCD

NFTNI,

NPHI

NTHE

DIA

RA

RR

4

1n convenient to aid in debugging new portion:
ot softwarce prior to making production runs.,

An integer variable which selects pen and paper
for the Calcomp.  This variable may be syatem
dependent., For the Cyber 70, IPENCD=00 yields
ballpoint pen and 11" wide plain paper; IPENCD=40
vicelds a  heavier ink pen and the same papoer.
Tntoaer variable vqual to the number of fincness
ratios to be considered 'or the tangent ogiwve
radome; ¢o.qg., NFIND=].

Tnteger variable cqual to the number of scan plancs;
¢.qg., NPHI=2.

Inteaer variable equal to the number of angles

1 cach scan ylane at which to compute boreaight
crrors, etoe. Note:  The program is set up to
iterate on fineness ratio, scan plane, and scan
angle as outer loop, middle loop, and inner looy,

respectively. Therefore, for cach of NFINE fiue-

ness oratios, the analysis will be done for NTHE '

scan angles in NPHT different scan plancs.,

Real variable cqual to the outside base diameter 1
(in.) of the radome.  See Figure 2-1. 4
Real variable cqual to the distance (in.) from 1
the gimbal point to the antenna aperture. . f

A . !
Real variable equal to the distance (in.) from .

the gimbal peoint to the base of the radome. ‘1
4
e I




ZTOPIN - Real variable equal to the distance (in.) from
the base of the radome to the face of a metal
tip on the radome.

FREQ - Real variable equal to the frequency of operation
in gigahertz.

OSANG - Real variable equal to the offset angle in degrees
at which the first target return is to arrive on
the antenna; e.g., OSANG=3.0.

LMAX - Integer variable equal to the maximum number of
iterations allowed by Subroutine RECBS in com-
puting boresight error; e.g., LMAX=5.

DMRAD ~ Real variable equal to the tolerance in milliradians
allowed on computing boresight error; e.g., DMRAD=0.1.

IOPT - Integer variable which selects the polarization
of the incident plane wave as follows:

1. Lincar, elevation component
2. Linear, azimuth component
3. Right hand circular

4. Left hand circular

RAPMAX - Real variable equal to the maximum radius (in.)

s of the antenna aperture. See Figure j5-1.

VAIRM - Real variable equal t»> the maximum amplitude of
sum channel received voltage without radome. Any
rcal value can be entered for this variable since
a subsequent program modification (Lines 326-328)
causes VAIRM to be computed automatically.

I1POL - Integer variable which selects the polarization

of the antenna when ICASE=1 according to the

i 21
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R

ICASE

IPWR

DIN,ER,TD

FINR

PHI

same code as usced above for IOPT.

Integer variable which selects onc of two types
of antenna apertures for the analysis: ICASE-=1
or 2 selects a circular aperturce with uniform
illumination; ICASE=3 selects a flat platc
antenna with programmed illumination. See
Subroutine HACNF in Chapter 3.

Integer variable equal to the number of layers
(up to 5) in the radome wall. For cases where
more than 5 layers are required, the dimensional
arrays on Line 37 must be changed to NN=N+1. i
Integer variable which selects the component
for which to compute the transmitting power
patterns as follows:

1. Elevation Component

2. Azimuth Component

3. Total power

Subscripted real variables equal to the thickness

{(in.), dielectric constant (cr), and loss tangent
(tan §) of each layer of the radome wall. I=1
carresponds to the first layer and is the layer
on the exit side of the wall. Layer N is the
first layer encountered by the incident plane
wave. Sce Sulroutine WALL.

Subscripted rcal variable cgual to NFINE fine-
ness ratios,

Subscripted real variable equal to NPHI angles

{degrees) which specify the scan planes.

22




Subscripted real variable cqual to NTHE angles

(degrees) which specify the scan angles in the
scan planc.

b. Outputs. The parameters of analysis which are computed and
and outputted by the program depend on whether SUPPRS is truce. 1In what
follows, it is assumed that SUPPRS=FALSE so that all possible outputs
are obtained. Since many of the original input paramcters are printed
directly, only those parameters not already explained above will be in-
cluded below. Additional clarification may be found in Scction 2-6.

TABLE - Logical variable which, it TRUE, causcs a look-up

table to be used in computing transmission coeffi-
cients. When SUPPRS=FALSE, an abbreviated table
of transmission coefficients of the radome wall

1 is printed by Subroutine WALL with variables as
cexplained immediately below.

ANGLE -  Real variable equal to the angle of incidence

(degrees) of the plane wave on a plane sheet of
- infinite extent having the layered configuration

3 specified for the radome wall. The entries in

R
) the table are computed at 250 equal increments j
P in sin ¢, but only every fifth result is printed.
i
TPERI,TPARI- Complex variables equal to the voltage insertion

' transmission coefficients of the sheet for the
. 4

two cases of Ei perpendicular to the planc of

N incidence (Tl) and Ei parallel to the plane of
' incidence (T|i) . In the printed table, the }

hl
power transmission coefficients lTL' are:




Ty are printed; adpaceat to o cact, the phanes
ot and 'l‘“ are alao printed.
i i
BETER G, RVARTD- Comp bex variable s cqual to the ot lection cocffi-

Chennt s Rl‘ }\‘“ ot the planc dr boctrie sheet,

|

Actually, Ky aned | I sres trintod, acoom aroie o
oo the piee e Boand R
| 1
KXMA X - Real variable cqual to the folding wavenumbeor

associated with samp-ling the apcrtuare fields
according to FXMAX L.AXAX/A), where x 14 the
distance betweess sampdos, Sec Subrout tnes HACNTE
and FETA,

DXWIL ~  Real varrable coqual to Sx/),

KXM,KYM - Keal variables cqual to the tolding wavenumber:s
of the principal plane jatterns after magnifi-
cation for increased resolution.  KXM KYMAX*NXES
(MX*NX) and applics to the H=planc.
KYM~KYMAX*NYL/ (MY*NY) and applics to the E-plane.
Usually, the oxpanded dimension NXE and magnifica-
tion factor MX arce scelected so that KXMTKXMAX.
Alco, NYE and MY are usuilly selected so that
KYM<<KYMAX.

MIN, MAX Real variables equal to the minimum and maximum

valucs of the amplitude of the complex arrays
containing the aperture ficlds as processed by
subrout ine NORMH in preparation for 3D plotting

by subroutine PLTIDH,

? 24
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FINOS

FINIS

Th» following variables

puted and printed:

ICUT ~

TCOMP -

KMAX -

NRE -

Real variable cqual to the radius of curva-
turc of the outside shape of the tangent ogive
radome.

Real wvariable e¢qual to the distance B in inches
defined in Fiqure 2-1.

Real variable equal to the fineness ratio of
the radome as based on the outside dimensions.
Real variable equal to the fineness ratio of
the radome as based on the inside dimensions.

are printed when the receiving patterns are com-

Integer variable which defines the E-plane (ICUT=1)
or H-plane (ICUT=2) pattern. See Figure 2-3.
Integer variable which defines the field component
of the plane wave incident on the receiving antenna:
ICOMP=1 for elevation component; ICOMP=2 for azimuth
component.

Real variable equal to the sine of the maximum
angle off broadside for which the received voltage
is computed.

Integer variable (power of 2) equal to the number
of points at which the receiving pattern is com-
puted. The pattern is computed at NREC points
spaced equally in kxy=sin6 according to Akxy=

2 KMAX/NREC.

Real variable equal to 2*KMAX/NREC.

8]
]
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Pt i
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tar-

got return (k ,k Lk ). Expresscd in milliradians
X

A
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K P k’. Then AZTM is the

leet k X oy ko4
X Ay A

¥
A
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DAZ,DEL -

SLPAY, SLPELL-

Amp-litude and phase (degrees) of the complex

voltages received on the A and A__ channcls,

AZ EL

respectively, for target return k.

Average values of the monopulse crror slopes
(volts,/degree) in the azimuth and clevation
channels, respectively, obtained by a lincar

ap roximation of the tracking functions based on

theiy values at ANG 3 mrad. For o examp 1,

AL [VEALZ (3 mrad) - VRAZ (-3 mraddY ) (00 *5704)
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b. Supporting Subroutines. Thirty four supporting subroutines

are required by RTFRACP. The purpose of each one is briefly described

below.

(2)

HACNF--Computes complex vector aperture electric fields
of antenna for all thrce monopulse channels at NX x NY
sample points,

ORIENT--Comjutes matrices ROTATE and TRANSLate used for

coordinate transformations by Subroutines POINT and

VECTOR.
POINT--Transforms a point P(xA, Ypo zA) in antenna system
to the same point P(xR, YRt zR) in radome coordinate systom,

and vice versa.

VECTOR--Transforms a vector from radome to antonna coor-
dinate gystem, and viee versa.,

INCPW--Comp utes the rectangular electrie field components

of @ v lane o wave ncident from the direction kA in intonna

ocrdineats 0 The powe r densd by o P Tatie wave 10 unt
Pl TR AN H R A O e T B N P S ST R [

e ter s Date wave PWI{E U,y dey et .ot
% - .

ol ot e Ctper KALK L, b, R Cigorout s REGM
X , -

Wl et e

Chatte s et PRAC T, BXMET, N

[T B HEn! P
TIRN, Gk, RRT, o
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(")

(L)

~

diclectric wall with unit inner normal n. The unit vectors
;, ; arc used to resolve the incident plane wave into vector
components perpendicular and parallel to the plane of inci-
dence, and to determine the angle of incidence.  RXMIT calls
Subroutines WALL and AMPHS.

WALL--Computes the voltage inscrtion transmission cocffi-
cients of flat panel model of the radome wall as functicn

of the sine of the incidence angle.

AXB--Computes real vector cross product € = A X B.
CAXB--Computes the complex vector cross product C = A X B.
RECBS--Computes boresight crrors of antenna cenclosed by

the radome for the specified orientation, fineness ratio,
vte.  RECBS calls Subroutines INCPW, RECM, and AMPHS.
RECDTN--Computes receiving patterns of all three channels.
RECPTN call: Subroutines INCPW and RECM.

OGIVE—--Computes point of intersection of ray and ogive by
solving a quartic cquation.  OGIVE calls Subroutines CBRT,
SOK, and XYL

HRT~-Comput e cube root,

SUOR-~cComp it tosquare root with test for negative argument.

COTVEL- -Corg uten the unit inward normal vector to the ogive

artoa st the poeant P(XH, yR, :R).
Y- -Teed by Dabaoutiine OGTVE to compute the X and Yy com-
et tothe poant o of intersection of a ray on the

L T O S O Y

ok -t ot s et of antorsection of o ray and

Py ot drek roprcsa nting the bulkhead inside the
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(14

(20)

(29}

BOISKN--Computes unit normal vector to bulkhcad (n= +:»'.F>.

TRISK~~Computes the point of intersection »f a ray and
the base »f thie metal tin on the radome.
TDISKH--Computes unit normal vector to metal tig (ﬂ* ~:;[<)
FAR--Compute s the amp 11tude of the power pattorn {rom the
comg Lox v lane wave spectra Atk R OY, A (kLR ) of an
Xy Yooxoy
antenna,
AMEHY —~Conve v rs o complex mumber from rectangular to
polar form. This subreutine utilizes the tntrinsio
funcuion ATAN . The amp Jitude roduced 10 Iinear {(not
Jecibolsy, and the phase s in degrees on the ranage
(~130, 180).

DRVYY~--Converts a real, two~dimensional array from lincar

to logarithmic values in deciboela on i range 0 to =40 s,

NORMH~~-Normalizes a two-dimensional real arrayv to values
between ¢ and 1.

CNPLTH--Plots single dimengsional far ficld jatrexns on
axes patterned after standard vattern recordey paper,
CNPLTH calls Subroutine P81 in addition to the usual
Calceomp subrout ines,

PSI-~Used by Subreutine CNPLTH to compute the asinuthal
angle y.

PLT3DH~~Yiclds three~-dimensional plots of the data in the
two-dimensiconal real array FIELD. PLTSDH calls Subroutines
PLTT, NORMH as woell as the usaal Calcomy subroutines.
PLTT--Uced by Subroutine PLTIDH to oliminate meving the

pen for hidden lines,
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Lines 40-42; Declare namelists for printing data.  These
namelists are no longer used except for occasional
debugging purposce.

Lines 43-57: Scet data in DATA statements as described above
in Section 2-3.

Lines 61-62: Svt SMAX and VMAX to unity to prevent division
by »ero..

Lines 63-44: Read and write TITLE according to 18A1 format.

Lines oh-67: Read input data using free-field format.
Line 68: Compute sine of the offset angle UOS'
Line 69: Set TARLE=FALSE so that normalizing factor VAIRM

ca  he computed (Lines 319-329) via a call te
Subroucines RECM and RXMIT. In the latter, TABIE=
FALSE causes TL' T|,to be set to unity as in the
case of no radome.

Lines 71-75: Write input data.

Lines 76-77: Read input data and set VAIRM necdlessly.

Lines 78-104:  Comments explaining input variables. |
Linge 105: Set NN=N+1- Number of wairl layers plus one.
b
Line 106: Initialize DINCH- total thickness of rademe wall
in inches.
Lines 107-109: Read wall daca and compute total thickness.
Lane 11o: compute DIAINT inside base diametor of the radome
in inches.
Lines 11HI=110: compute indices of the conter element of near-field
Arrays corre sponding ta x_my 0.
; } A YA
i
4
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Lines 113-114:

Lines 11--122:
Lines 123-1200

L27=-108:

Lines

129:

Linhe

Lines 130-139:

Lines L4o-144:
Lines 145=-191¢:
Lines 15H2-15H8:
Lincs 159-177:
Not e s

Write acrray dimensional data.

Read finencess ratios, scan plancs, and scan angles,

Compute wavelenagth in inches and centimeter:s,

Compute 3=2n/) .
cm

Call RXMIT and compute table of transmissic., cocffi-

cients versus sine of incidence angle.  The first call

to RXMIT builds the table.  Subscquent calls use the

table if TABLE=TRUE.

Compute DAPWL= diamcter of antenna aperture in
wavelengths.

Convert variables in inches to centimetoers for

input to subroutines. Some variables are multiply

dofined to avoid cornflicts in labeled common; e.g.,

ZBOT and Z1. Note that DIACM is the inside diameter

of the radome in centimetoers.

Convert angles from degrees to radians using RAD=1/180.
Comjute near fields of three channel monopulsce antenna
using Subroutine HACNF.

Sot KYMAX-KMMAN, compute magnificd folding wavenumbers

KXM, KYM, and print resulta,

Initialize Caleomp plotter, iV required.  The commented

initialization (Lincs lod-174) applies to the IBM 3033
system at JHU/APLL
Lines P7a=-258 are used to plot the near ficlds of the

antenna and/or the transmitting principal plane power

faatterns.,
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Lines 178-179:

Line 180:

Lines 181-190:

Line 191:

Line 193:

Lines 194-201:

Initialize the maximum values FMXEL, FMXDAZ of

the E- and H-plane patterns so that when used ini-
tially as inputs to Subroutine FAR, the resulting
pattern will be normalized with respect to its own
maximum and FMXEL and FMXDAZ will be sct equal to
these respective maxima. On subsequent calls to FAR,
the resulting patterns will be normalized with respect
to FMXEL and FMXDAZ. Hence, the relative gain of the
difference and sum patterns will be correctly dis-
played in the graphs.

Iterate for each of three monopulse antenna channels.
Equate complex arrays EXT, EYT to the selected near
field and compute the amplitude NF of EXT.

Assume transmitting near fields are to be plotted
(GRAFTR=T) .

Call Subroutine PLT3DH to plot the amplitude of EXT.
The inputs XSIZE=6., YSIZE=2.5, HEIGHT=2.5 yield a

3D plot that will fit on a 8%" x 11" report page.

The inputs NF, NX, NY specify the real array to be
plotted and its dimensions. The input NMZ=.TRUE.
directs the subroutine to normalize NF so that its
values boe bhetween 0 and 1. The input LDR=,FALSE
indicates that the array NF contains lincar values
rather than logarithmic values (decibels).

Compute and plot phase of EXT on a scale of -180
degrees to +180 degrees. Note that Line 199 ensures
that the real array NF contains these phase values

scaled to the required 0 to 1 range.
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[.Ine:

Linc

Line

Linc

Linc

Linec

Lot

Lot

202-210:

216

D200

Ruepeat amplitude and phasce 3D plots for EYT.

Assume GFAFSA=-T so that principal lane pattorns

are plotted.

If IP=3, go to Line 243 and plot H-planc patterns;

otherwise, prlot E-plane patterns.

Call Subroutine JOYFFT to calculate the inverse

Fouricer transform of the xA—comyoncnt of ncar ficld
EXT to produce the plane wave spectrum XEEL from

which the radiation field can be computed. In the

process of computing the transform, jrovide incrcased

resolution from NX x NY joints to NYE x NXE points
through the point (NXC,NYC) in the array EXT. 1In

the kx direction, the plane wave spectrum is magnified

by My; it is magnified by MX in the k direction.
The array FFTXY is a working array.
Repeat for EYT to producce the plane wave spectrum
YEEL for the yA~componcnt of field.

Call Subroutine FPAR to calculate the E-plane clevation

(IPWR=3) power pattern FFSEL of the near ficld at
cgual samples in o sing over the range (-KXM, KXM -AK) .
If FMXEL " (and it is for 1P=1), normalize FFSEL with
rospoct to its own maximum.

Call Suboroutine DBRPV and convert the power pattern

to decibols on oa seale of 0 to —d4o dB.

Soale the values in FESEL to the range of O to 1 for
P lotting.




Line 231:

Lines 232-236:

Line 237:

Lines 238-242:

Lines 243-258:

Line 260:

Line 261:

Lines 262-266:

Line 267:

Lines 268-272:

Lines 273-283:

Call Subroutine CNPLTH and plot the power pattern.
If KXM<l, the pattern is plotted over the angular
range corresponding to sin-l(KXM); if KXM>1, the
angular angle is (-90°, 90°). Subroutine CNPLTH
actually plots conical cuts corresponding to

kx= constant or ky= constant as specified by inputs
KXC, KYC. 1In the call here, KXC=KYC=0 so that a
principal pattern is produced.

Write a figure title for the plot and establish a
new origin for the next plot.

If 1P=2, the E-plane patterns are finished.

Since JOYFFT changes the input arrays EXT,EYT, it
is necessary to recompute them so that increased
resolution can be obtained in the plane wave spectra
in the H-plane.

Repeat computation and plotting for H-plane power
patterns.

Iterate the radome analysis for NFINE fineness ratios.
Set FINE = outside fineness ratio.

Calculate and write ROS' B, FOS' FIS as defined in
Figure 2-1 for the radome geometry.

Compute RDML = distance from the basc of the radome
to the theorctical tip on the inside of the radome.
If ZTOPIN<RDML, the radome has a metal tip, and a
message is written to that effect.

Compute parameters needed by Subroutine OGIVE to

describe the radome shape. R and B are in centimeters

37




and apply to the inside dimensions. AP, the height
of the cylinder in centimeters, is not used. RTSQ=
square of the radius of the top disk. RBSQ= sguarce
of the radius of the bottom disk (balkhead). The
other variables, BSQ, RINV, RS9, RP, and RP.Z, arc
precalculated here to specd later computations in
OGIVE.
Line 285: Compute conversion factor DPMR for converting milli-
radians to degrees.
Lines 286-288: Initialize the "last" values of boresight crror in
azimuth (AZL) and elevation (ELL) and the "last”
value THL of scan angle. These variables are used
later to compute boresight error slope in degrees per
degree from the :resent and last values of boresight
erYor.
Lines 289-:2: Write title for analysis results.
Lines 291-293: Write parameters of radome wall.
Lines 294-2096: Write heading for table of boresight error and gain data.
Lincs 297-301: Write this same data to logical unit 7 for subsequent
. storage as a disk file, if desired.
Line 309: Iterate the radome analysis for NPHI scan planes.
Lines 310-312: Compute @r in radians as required by Subroutine ORIENT.
Line 313: Iterate the analysis for NTHE scan angles in cach
scan plance.
Lines 314-316: Compute Hr in radians as required by Subroutine ORIENT.
Line 317: 7all Subroutine ORIENT and compute the rotation matrix

ROTATE and translation matrix TRANSL required for coor-

dinate transformations using Subroutines POINT and VECTOR.
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Line 318:

Linc 319-322:

On the first iteration, TABLE is false so that

the maximum amplitude of the received voltage on

the sum channel is computed without the radome.

Set the direction cosines of the incident plane

Line 323:

Lines 324-325:

Lines 326-327:

Line 328:

Line ??29:

Line 330:

Lines

Lince 335:

333-334:

~

wave so that it arrives from the z, direction.
Call Subroutine INCPW and compute the rectanqgular
components PWI of the incident plane w..v.- :aving
polarization specified by IOPT.

Set TSUP=T and TABLE=F so that an air radome wall
be used and so that printing by Subroutines RXMIT
and RECM will be¢ suppressed.

Call Subroutine RECM and compute the complex vol-
tages VR received on the sum, difference elevation,
and difference azimuth channels,

respectively,

corresponding to VR(I), I=1,3.

Compute VAIRM=|VR(1) .
Set TABLE=T so that on subsequent iterations

VAIRM will not be recomputed, and so that the table
of transmission coefficients will be utilized when
RXMIT is called.

If SUPPRS-F, compute and print the E-planc and H-
plance recceiving power patterns of the antenna with
the radome in place.

Iterate in J for E-plane (ICUT=1) and H-plane

(ICUT=2) patterns.

Set the desired far field component.

.




Lines 336-337:

Line 338:

Lines 330-3400;

Linc:s 341-331:

Lines 345-346:

Line 347:

Line 344:

Lines 3490-3453:

Linge 35%4:

Lines 395-356:

larnie 307

Sot I(M.I\X:sin_1 (Omax)=.””6. Tf KXMAX, as comjute d
by HACNF, is less than KMAX, then use the smallor
as the maximum angle in the principal plance at
which to compute the pattern.

Set the temporary logical variable TSUP=T so that
printing will be suppressed.

Call Subroutine RECPTN and compute the comyp lox
rocetived voltages on cach of throee channels ot NREC
points over the range (-KMAX, KMAX - DK).

Increase the resolution and print results for all
three channels. Do not print results that are
known to be identically zero.

Transfer the received voltage into o one-dimensional
array VREC.

Tf NREC®NXE, there is no nced to increase the
resolution.

Call Subroutince MAGFFT to increase the resolution of
VREC from NREC points to NXE points. The resolt s
contalined in complex array XYFPT on outyjut.

Compute linear power pattern.

Select NXX=larger of NXE and NREC.

Writce heading for printed results from Subrouting
NORMH .

ol Subroutine NORMH to normalice the NXXN valuces n
real array MVREC to be between rero and one. The
input argument LDB-.FALSE. since the values are not

in decibels.




Line 358:

Lines 359-360:

Line 3¢l:

Lines 36.-368:

Lince 37.2:

Lines 373-374:

Lines 3dd-386:

Line 387:

call Subroutine DBPV to convert the power jatiersn
1n MVREC to decibels.

Write correct heading for F-plarne or H=p fane .
Compute the increment in sint at which the power
pattern has been computed and resolved.

Scale the power pattern to have viluces hotween
and 1. If SUPPRS=F, comjute the angle » ANG and
the phase ot the pattern, and jrint the results for
every fourth angle.

If GRAFRV=T, jlot the receiving power jatterns.
Call Subroutine ONPLTH and jlot the receiving
patterns 1noturn,  Write an appropriate figure
titl following each pattern plot. Re-origin the
rlotter pen for subsequent plots.  The result of
Lires 330-383 1s four principal plane patterns:

E-plane sum, E-plane A ! »»lane sum, H-plane A

EL’ AZ®

Call Subroutine PECBS and compute the boresight errors
AZT, ELT in the azimuth and elevation planes of the
antenna as caused by the radome. On output, the real
array KA contains the direction cosines of the last
target return and, hence, gives the true direction

to the target at the time that the tracking functions
in the azimuth and elevation planes indicated the
elcctrical boresight direction.

If this is the first iteration in scan angle, do not

attempt to compute boresight error slope.
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P den-ana dompute toresiaght o crror o slope (degrecs//degree) oo
LAt EL anad o bevatlon channe e,

Slnies 3 =3 Set tne "last” ovdalues of poresight crrors and seoan
angle teothe currert values o preparation o
next 1teration,

Line 393: Jompute loss pn o maximum galn of  the o antenrg .am
chiannic b due Lo the radome:

Lines 349=-39 : Write results to logical units oo oand 7.

Lines 3909=Joo: Write maximum amplitude of recceived cum voltage

VAIRM witlout radome.

Line 4ol: Terminate plotting softwarc.
STOP
END
R NN Test Cases

Feour test cases are presented in Appendices A, B, ¢, and D to
demonstrate correct operation of the radome analysis computer progran
FTTRACP .

Appendices A and B jpresent the test data and results for a
circularly (RHC) polarized antenna and five-layer tangent ogive radome
at g frequency of 11.80285GHz (A=1.0 1inch). The diameter of the aperture
1s 11.84) . The outside diameter of &hc radome is 16..267 inches. The fine-
ness ratio is 3.00, In Appendix A, the program is exercised withont
plotting, and printing is minimized. Tn Appendix B, all plotting and
printing options are exercised.

Appendices ¢ and D present the test data and results for a vertically

polarized flat plate antenna of diameter 5.1992A. All other rarameters of the

analysis arc the same as in Appendices A and B, Appendix € contains the

42




. v i . H ‘ ' L .
T R ’ o ' ' [ 1
L ‘ ’ M PO
! ool . ,
e . . v . .
L L oty ot . , . . e . .,
F
; ., oy + it . v . , [ IR ; . .
}
vl L 1r” 2l A e T H L i .
Dt ' .
Loty ! . oo . . .
o M 3! i i it Wy B ' . Y. I vy .
| T § 41 AT I v | ST S A TR U
[ 1 Lot r 1t * " 1 * " o M A
' B i Ve Leat oo v v ¢ ' PR
tr rocdee e g b v : N . . . o
mebboraty oo A0S SASLETEE SN U S IR ' Yot [ ' : 1
it ey oW gt sl lario a0 | T X O AR RPNV R : foe e

Yoot s addnt v crror o, aned the pe bt o e LI s
The tranamittpn g oancd oy servir oo sttty AR I T IS S 1D N -
B L g ment o contrar, by eXpe o . T Yooty it the
foot that the recelving pattorres boave o 01 4 SR oN T Lt ara e rint
Gf the qecmetrical optics appreximat ten ket by noothe ot oanad,
thee trannmit ting paatterns have o coor vartat s g oracctor st s b oan

accam taron cf only magnetye smrvent o Loogre oot erture e ERRS HETI

ment s cranirticant only for angles awery from o beores cabt

g




} . T F T T S G S ST VA A ENEVE R FHE S R S RIS ¢
P, P L.t g Aot
[ )
' . o TS |
. . - . .
' M * ! i ' Lo
. , . , P
, SO SIS S S THI S O
, b Al e
' : Lt : 1
c : . Uormara
N v P R
1
{
]
’
.. .

-
‘
-
-




"M IO ONS O

AN *TUIS4* 8 ANIg o S da/OAIDD/NDIRHIN

W1GZY (IO NNSN*INLIITM*ZL (I CGLE (DB (NDNIT/DSUTc L/NZARCT
USEH*L 2 220ASTUR/NOWKWI G

YL LTINS L /NDHNWD Y

OSlatdCLls/ NS IGL/HDHRWD D

(12)0Ll=-1%€a2)]1n3%¢32)aNis v

(T )3V TLC(S)ISNY el t (L8 3LTL2s Tode

(27¢)4Ne T 02N
dNS1*SeEddNC® 3TEY LAY 3749 %2 13032 0S¢ * e dveS 1721000
((T*T)N3Sa4* (T)ID3FSAR (T3S 2INA0AIN02

ELT YT I3FASUT YT ) 3A) SOM 1IN T
CAT*THIA3ZEXCUT*TIY3X) 3NN IT9ATL -

(3C2*T)I33 A% (56241 ) 122X XZaHC

(2TG) La3AX  (T4QG62) 2 *(T14352)3X X3ManOl

(E)IMa4(E2Lr4 xZAdWCL

(E) T (E) KAON* (4G22 T)N2343% (T 423%¢) T 44 17

(28) 23N (E228) e 02 At 4T 2 d 0

(9T *GT) LA (3T *QT) IX A 49 TPCTIAZVCH 12T+ AT ) Xx2YC £ Qg0
(QTCQTIANBC (9T *ITIXIICH (AT ITIARNNS (AT UT ) XANS 2 27dR0T
(EIT A E952) 23 4A 3T 5T) 90 -

(»} W= JIN1I0401

(43aY 1% 1NalNO=33dVYL*aNANI=5T3471 “LnolnN0* 194" 1) elvdile v49QUc¢e

i

]

PN

* UV /NHE LY £€7¢ wHI 3IH: NO CIINZW3Tadl NFFE SyH Ll CSTYUNTRT XV UINAS
UONIK AIND HLIIM  *92/07 e38A0 NC NOILN23xZ 233 ~I NOISe:h S1we

CANYH Ty a0 AN-ALMU LU sma M4

WY 49044 A90TUNHI3 L 3W00Y¥ae LINVII4INDLs 7 KhC 220 274 (=i 171774

*N IN3ZHOM) §£SITM4 0N LJUYNLNOT gV /NHE =408 T -1n W00 2w
(21980103810 SOISARdD) oM «2i=85047 aMNPa9 ~30NN AMIH9-Ter *YTC 009
VINVIIY *A9010NRIEL 40 3ENIILSNT vION0IQ [ 1540702n70 77" 0i¥edle

* (N®M113d 139%YLl) NOTIimZIsvl03 G:=231033dS 20 ZAatw NTo g, 0=y 37
AINYYG INZNIONT WY Gl awNOwax -AIDC LezZongs 7 2210 .1 T owizlnT
ISINACNOW ¥ 30 Qe oe= (H9IS+al = ONY S=SNLqs-2 -l gw? g
ALTOONEID3 ™ ZININOY (7 Solled MWIIMi-wL 4 ¢ Y otedredln
.zqaooamamp:aroome>quqw;ooqaroH»aqrxquuQ;Hud4»><lqu»

(SRR RS |

‘

PN L U6 I G VPR G

[ B4

(SN 4

45

e

4




9
52
nl
£2
21
1L
02
69
89
29
99
59
"g
£9
29
19
09
65
8
25
9g
56
s
£5
2
1§
06
6%
g
L4
9%
1)
)
£
2%
T4
0
6¢

BMAI*N®3SYOI*I0AI “NAHTUN* X TW AV a* 1dNT *T7and *XYK) (2*S5) J%se
(72°G64%,.. =9NYSO Wt CIt,=viinth WET It L= IMaN Lt it AN 3N L)LV RaCa Tl
INY RO I mINSTHoN*INTIIN D229 -L1cm
(2. =32y - $
2 SASATND W20 =ML 4JED W42 =TS YRS L4027 T Ul 3RS WiV eD s G932
3I8VLAEIVAD ¢l 47 eD U SAVaS Ul 3T el (6G20T)2LTIoM
*031NAW0T 38 NYD 80L274 ONIZITVAGON Lymi 2SS 357734 L3¢ ST -749vl 3
*3Sv a4t =34Vl
(*C8T/7aa9ONYSOINTIC=CONIS
ONYSO D4 NId0LIZ sy Yt SOVIT*ZRINS T HaN® IN T 4N (£*S)0vV3N
(37n) juvwena 022
FOINIGT *S HddNS *A49 5944 14Ux940S4v 492 3v4) («*35)373¢
311 (9¢Q)ZLIamM
ZILT LS S) JVEa
D*T=XVUWA
C*T=xuwWS
TIYM 2WN0Y e 30 NQTL4T#3S3C NI Qv 9
3
O g
714 3T*QT428 /AR Xn*SN* D3N iVl
727587 43C242TQT/ZAXNCIAN I XN ANS XN YIYC
P YR
/8655859263197 %2 /10 71¥C
200D DR L O/VENT Y Y IHO Y YLIAH, VIYU
/U53/7/35Nn10%v>« 7iv0
SINTLISNCT S4X07I41IN]
8ENS JV7I4 =2¢3IN 4C SLNaAlNT 330 XVWAX SXVRXM
700°0/N1LCRZL ViVC
JIHONI NI Q20070 3IWOCVYN NI (GY2ExTt) xS10 wCilCes 30 54003 &2 51 N14CTw7 J
/°1/Nlce? Vivl
MOY38 WD Gi LteasANDD ¢ STAINI NI 430NITAD 3C 1H9132% ST NIav
(wd NI 2Z°%TZ) ASIC d74i 32 3LVYNI0ad00 d£=C¢1
AS IO WCL110€ 27 ZLUNITGHGCOU &Z2=12
(MOT28 WD Ul 1¥3ANGD *SZHONT) 3Dyxl =8NS AF (27338 S3INTATA AXvUNNCE
WS TUAS XT hd T4 4L aNI*OTdWNUEXTWI/MIANZLS TS AN
NAASHXN S X YA AR SY ORR > /G LY IN/ZL 312U N
AANCTOXNS AWS XA AXNS CANCSSYNC ANSY NS NT JO 92 *NI3T Ve 50/w339/71S1T3nVN

O W

[ VRS S |

~

46




"1 (MILCWBAASXACAXNCIAN S IXNCANS XN L) LUWQUS

£1Y AWSXWCAXNOIANCGSIXNCANSXN (%*3)TLTaM

PA RS T42/7AN=0AN 4
117 Y42/ xN=TxXN

0Tt *2+HIN1QO-S0YIO=NIVIC

6071 HONIO+(IINIG=HONIO & 1
807 (DICL* 12 (IINID (w*3)CV3e

201 N¢T=]I 5 0Q

907 *1=nINI0 :
071 T+N=NN

507 *¥IMOD WL0L 04 €=4aWID HINAIZY g03 2= 0

£01 N¥311lVd G313 #3V3 40 4W0D A3NF NI ¥3MCo 604 T=MMA] z

20t ‘viv0 WILINT O9NIL1139 NI Sddas 4875 A8 23S0 9

107 NaNl3a 139avl 1Sald 30 LHOIS34I8 3440 3NVId €h NI 930 NI ZIA9NY=9N7SOC 3

00T TIYM 3WOOVHE NI S¥3AV 340 o2HWNN=N ]

66 (IIY 3SVYID) 10d 163N *WNITT 03T 41033dS HLIM 31V 0 4V 204 £= 2

g6 NOTLIUNINNIAT W¥ISINN *3¥NL¥IgY J&EID 204 2 ¥0 P=3SviI O

16 1d01 &C5 Sv 3200 3wWyS = o)

96 $1=3SYO0L N3HM YNNI INY 40 NOL17¥ZIa?710d4 S132138 1Wel 3

S6 I w= o S

"6 IHY €= ]

£6 (TTLINDZIadH) HLICNALIZY ¢= 2

26 (IvWSIla3N) AST3 TI= 3

16 $3AYM 3INVId INZJTDIONI 49 NOILIVZIZv24 S133735 1401 9D

06 *S2HINI NI 3N¥NL23dVY YNNILINT 30 SHICYS XUA=XUWAYY D

69 S1INS3a SNON2WNN 40 INIINIad 3HL S3SS2addNS *3N8L°*=SaddnNsS 3

88 Ik00Vva LNOHIIM NA3LLlVd INTLIIASNVYL 40 Si079 vS S3IAID *SNai°*=79S4vas O

1 (73 3 Zv) SNA31lvda SNIAIZID3Ix 40 SL073 vsS S3AID *2ies*=Aes3va9 2

9 (G313730) 38NL1¥3dV NO SOI3I4 IN3QIONI 40 510700 Ji S3AID *3Nnel*=C0g4%e9 O

1] 249 NI AJON3MU=44=E343 D

hed’] (dIi v i3~} XNSIO oCLl 30 (HI) JoC03 e¢Z2=N1d0iZ 2

£e S3HONTI NI Zd00V4 30 2343WVIY 2Svt JISNI=NIVIC 2

28 SNVId NYUS H3OY3 NI S3TuNy 40 ¥I8aNN=aHIN ]

T8 SENV NVIS 4C >I8WNN=IHdIM L .
0 S311Va SEAN=NIS 40 *On=3NfaN 3

6l TO=AMN T A=XY LV IOV O/M 29Y1II1DAN T,.03¢ WANnIaMw=xIV¥A O ’
g2 INCAVY 2AATIOO0 UIN3INYL 40 3S9e 33 azLlzAVI0 50153.00=32viC O R
22 LeT=pdlvNA (°2°37°'wadlIvM) 3J1 .




26t
1 51
DSy
6"7
gnt
AL
9Nt
st
"t
£NT
rAAY
int
ont
6E7
oLl
LET
9gY
ael
nel
g€t
A 4
13
oel
621
82t
L21
921
821
"2l
£21
ect
12t
petT
611
811
211
911
s17

XUNXA=XT AN

(ISYDT XYM IMXG * INaVI *2* 03T S ANSXNC ALY D) IND VK 1v )
(ISVDTEXYMANS IMAC * NI PN AT 10T S ANSXNG XZYUC) aND T YD
LISYOT XTRX NS INXD * ANV *2 4N 0d I 2 ANSAN AY3T) ANDY R WD
E3SYDT XY WANS IMXC *IMI YO T *A0I T2 AN XN xT30) INTYH TIve
E3SVOLCXURWX Y TMXQ * TMOVI * 2 TUc I TEAN XN AANSY NI VR 1T D
(ISYOTISXTWXRCINXO*IMIVN ST 03 TP TEANS AN XANS) INJVH v

19NT 11 TaxX zw;& YNNILINT JU SCIZI3 Zihewdd

U caVERTYOY=TENTIV
QvNa¥IHdg=¢IHc
CYaaVVLi-rl=vviz=Hl1
(nusT)luvme.d 9
T 38T1/71d=0v &
nGg* 2#NIVIU=WIVIC
MR T X-RT-T
NG 2ayYN =V
4012 =22
dCLll=u«
*5*2aNTd01é=d0L L
Caa(XTmdUAan35°2) kT RESE
1082=1T¢
5% 22NI1082=10k2
SNYIOVS ONY a3L3414N50 0L 1232ANDD
NI/ X Pnd Tt ea® 2=1M07C
(Y1394S8ddNS* 3187 L* T weON TN IMoIM) JInXE 1IVD
3SINZIDIZIZ30D Neix 30 373Y) 3Z21I0Vv11INI
WIIM/Tdatl=V ta®
NG 2 NI IHIWDIM
(2C*2al'5a4)/7C2h €6 pecaNIIM
IHIONZTI3AYM 31NHoW(0D
(I)9i2Hl (a*5)07-8 21
SHIN*T=T 6T (¢
IVIHAd (a*<€)d7ze 1
iHdN*I=I 91 CC
(SIINOZC) NN4 SIkL ~Dy SNITLWLEINZISD 29

.
.

(I)aNIL (s*3)uvze
IVI4NT=I gV G
SNOISMNIWIO ZAISLING NG Caswd--hne SIAL 303 SCI

~

e
SE3INENIS

4

13

SR

(VRS

&

&

Q

J

P

48




0671 ZNN1AINDD gt

6971 (UL *I)1IX3)33V0= (P 1) 3N

881 (FeIXAZUN=(PSI)LAS (£°32%al) 41

28T (P*I)X270=(P*T)1IX3 (E°U3°cI) 31

gl IF*1)AIS0=(N*I) 1A3(2°63%01) 51

68t (F*I)X130=(M*I)LXE (2°D3°el) 31

"eT (P*I)AKNS=(P*TILAZ (T°L3°0l) s3I .
£9°% (F*I)XWAS=(F*I)2X3 €T°03°341) 41

281 AN*T=l 6§ OC

181 XN*T=] 5§ GQ

081 £¢1=¢l € 0QQ

647 *0=(V0xm 3

841 *2=T13xks3 1C2

241 32 01 CY

9327 102 01 29 (VS3Va9'ecl®eldved) 3l

(P4 .

L 73 D R R e L L D TPy

£t o)

211 (OIN3III*E427¢4 3N61)1S1072 1I¥)

L1 {S=**§=-**3)107 1vI 2 g

0% 29

691 ( AY34 )ISLINI V7S 2 '
891 {  WA9O0TCNHDIZL 40 ILNLILSNI YIY=C39 . . 2

191 ‘. NOLS3IINANKH *X°9 .- . 5

997t LWV O Cad §31NdWID SISAIVLY 3400 Vaw) 267111 1193 o)

91 ) _
2971 cememecccccccccmerecancaeee NOILVZ2IIWILINI dROJIW) -<ecmcecemccceacaca=?

£97 2

291 INNILNQGD (D¢

191 602 U1 9

097t 002 0L 09 (ANIVAO XD Y 14740 =0 7530 49°40°CE 4¥a9) 41 1
647 3¥UML40S B53141037¢ BFZIATILINDI D .
®5T z 1
26t (G 83 0=mAd Wb G° 4%, =WXH  W/uTHLONIT2AVM .0 6°9 55 '
941 Cu=ONIOVOS AX LI EICLEXVNANSXVAYY L) AIVad0d ¢ R
661 WAXSWXAC IMAC X TAXA (£43)3 1M ‘
nGT ALZAW/IAN X TWANZ aA A

€67 XN/ X AL 2X N2 XT NK A= WK '

BT S aa - L R



g22 AxN*T=F 3T2 UL

222 SAN*T=I 97¢ JC

922 (T*3IXN*3AN® 12S44)A0u0 1WD

G622 SITINS 32 NIILYAITZ 30 510749 ¥S 92

"22 (CI3XNIBMdT “SNTIOVS WX RS WANS G IA2 424N I AICTIIZAC 23X V353D avd 199

£22 (SCAXNSEAIANOSIXNCTIANCTIITACIANC XN XH ARCAN SYN® LAT) L34A00 109

222 (CCAXNCLIFIAXNSIXNCITANCTIITXNCDANS IXNS XH P AWCANCXN® IX3) 1 4440 1I¢D

122 *1A3I*LX3 SZONVHD 1343A0F  LUHL 310N D

022 A0S SC AN3 3 2WI D

612 322 01 09 (£°B3*dIr 31

212 INNTILNGD ST2

112 pg 04 59 .
912 612 04 D9 (¥vYS3ve9) a1l

st (*3STIV4°4*2S Ty "  ANCXN® 4N G*2%5°2¢%20) 081 Td T1TYD

w12 INNILINOD 3¢

£12 *LQE (Gl +3IVI AL IY N

212 (IIV I (M4 IILATISHARY YD

112 *0=(r*I) 3N

032 ANST= 0¢ 0Q s

662 xN*I=I pc 0Q I

802 037y 3SVhd JOW 9

402 (*3STIA* **3NYL S ANSX NS IN*G24c*2*°G) H0EL T4 1Y)

902 2ANI LNOD G

602 (LP*I)LAS)SEPI=(r*T) 3N

402 AN®T=F g+ 00

£02 XN*T=] 6+ 0O

202 SININQdWIU=A SGI2I3 ¥v3IN G 107¢ 9D

102 {*3STIVPI e *ISIP S  ANSXNS INCG*Z4Cc*24°2) 4081 e 1VT

002 ANNILNGD 0%

661 CYF /(LT 43I 7Y S(P T AN

8671 t4IV¢4I (M 1) LX2) Shawy 1V2

16T ‘3= (%1 ) 3N

961 ANST=C 9% O R
s61 xN¢T=T ¢+ 2C v
%61 9377 3StHg L0 D .
£671 (°3STIVS ZNal *CANSX MY INCC Z -2 4 L) qLEL g TIVD i
261 SANINCGWOD-x SJII3I 4 8Vv3Y 08 L10Vc J 4

161 §T12 01 U9 (=a49%9°Li0N°) 3] .

P T T, I Ty e T gtk Y WS



. 992 INISCLANIANTACNIEC NI (C2¢3)3LTer

992 NIVID/(ZaaNIE-2an (HONIJ=N]I&))180S=3M]4d
LLY: *2/50910-N1y=NIgy
£92 (CE3NI 92 *2)NULY2*2-Td)INIS) /50vI0e3NIs=NIS
292 AT 4%s SSANINIZ 331SNI S49A37WD 2
192 (ON) aNI4=3NI g
092 INTAN*T=9N 20T OQ
682 J
862 JANT LNOD <02
262 ANNIANGD CF

) 962 tg=**2%4*g3¥10%a 1YY
682 (C*°0*3Mda*PT*t°505*°65b)d3WNN VD
L 274 tLg*°C%%
£q2 343M0d HINKIZY ONTLLIWSNVYL INNOTIHLE*0I0HT*€*345°)708wAS TIWD 922
262 (°0*°0* WX ®IXN*S3I3)HLTIIND YD
162 SANIANGD 57
062 Ne0h/¢r*I)S33+42°T=(F*I)Sa3d
642 JANST=r 9T 00
gn2 T¢3xN*T=I 01 00
192 (T*IAN®3XN*S3I4)AdEC 1D A
992 $13NS5Y¥ HINAIZY 40 S107d4 vS 9D
642 (ZVOXWA*EMAI *SNI OVEC WANSHX NS 0324 *3ANCIXNIAC3INSIeT7s T WD
(1Y (EOAXNSLAJAXCIANCTIXNCIACTANSIX NS ANCX WO AN XN 1A3)L34A0F TTVD
£02 (EOAXNSLA4AXSIANCSIXNSTACOANS IX NS AW SXWE ANCXNS 1X 3D 2144400 1VD D2
2%2 (3SYDTCXUNXI STIMXO*Maya*2* W0dI*TEANXN*LA3) INDJVH TTVD
Ihe (21 .. =N¥31iV¥3 30 d43MI41 LD LivAWa0d 638
0% aMdl (5T72%9)31llaM
6£2 (ISYST XURXMNCTIMXC* MO T4 0T T AN XN 4x3) INIYH T1WD
e£2 $1144A0F 403 AANS*XWNS 31NdWOD3d8 2
182 08 01 09 (2°0D3°al) 31
9¢e (£-%°0*5°%)107d 1WV]
-3 4 (D IOy MgusnT** 566 b50) 43BWNAN 1TV
g2 (dMdT) LY0 Ta=XMdy
g2 (EE**D*a3M%
2s2 Od NOIL1VA3T13 ONILLIWSNU NI INAGT AHEE * (20T ¢c*345°)1CERAS NS
1£2 (D e oM IXN®VI3544)4174N2 1w D
pe2 INNILNDOD 912
622 S0/ M*1)13S9343°F=4Mr*1)13833




h0¢ CSAONINDIY I w/ NI W*S°Ed*W=HIINZT NI L*c*vdt.za2l3nv]C.c
£0¢ ¢ 202 34°%,=0T20U> 5S3UAINTS L/7%T%T 1
20¢ /7 WSISAIYNY 3WII%a 40 SLINSZE L*X3*THI)LUncId ¢
T0¢ (6%2)311am
(111 Ry (IDJLP (IR TINIDYT (L*2)=211am ¥
662 vVel=T T 00
862 19014=2Sv21s
62 $0AI * IMNGY I a0 VAP DIVSINISDL ZPSOVIU P (ONINNT4* 211 (2% 2)=1T4M
. 962 (/7.(80) (930,930) (930/93Q) (QV W) (Jved) (9233) (937) o 3
v 562 /7aNIV9 Zvd1S 73418 2v3S8 F23ISE v13HWL  IH0  W//)1Umedas &
62 (6%9)31Txum
£62 (44 C 2T 43 L4*CT*X2VLvaA20 ¢
262 (I)0L1*(I)a3*(IINIJ*L (2*9)s51TIam ¢
Tee N¢T=]1 v GC
062 1401¢2Svl1s
682 $ 104 IMAYO*HACUE DIUINTIH0LZSOVIG*(ON) aNIS* =111 (2°9)2L1em
1 882 M Y
482 *i=13
992 *0=72v ~
S92 *UCITeldd /s (8T=2nd( o
e )
£€2 DSe+T0Sy=2de
292 0S-TUSd=3d
182 Cased=T0SY
082 &/°T=ANlY
6l Caxc=USE
822 Caal9- (Cax{aV=-1082)=-2a2¥) 1 8US)=0SJ¥
242 Caal9= (2 anld¥=-d0lZ)-Cxad) saUS)=USILE
322 16 2aNlaV=avVv
sl2 *2/WIVIL->=¢
hl2 CCC3INT 32 *2INVLV R c-IdINIS) /7RI VIC2IN]I 3=¢
£2 JAIOC ¥ONS A8 C=UZaN S33L3Imydvce 3ilNgW03 7
2l2 (/76°213%. =NId0LZ LV %SIQ d01 Vv SuH 3A0CVY SIHL ../)1vVaald 3C
v22 19 ¥3*.=SINTS o ¢
022 $£°64%,,=SONTS .*X32/°%5%63%.=(HI)SOE L*S%0 4t v
692 W= INIIS0& .4 3SH3L3ATeYd 3AILC LN=SNTL ) ivAdels 2
892 NIdOLZ (62%3)31IeM (Owloe®l°N1IaClZ)Y 31}
192 NIdu+IvId«aNTId=TROe




*A 1Y
The
One
6Ef
2 %Y
A%
9tf
ofe
hee
£€¢
cLf
1£€
0ee
62¢
8ce
22¢
92¢
62¢
hee
£2¢
22¢
12¢
0lg
61¢
A%
21¢8
91¢
sig
A1)
£1¢
21¢
11¢
nD1g
60¢
80¢
L0¢
90¢
so0g

N =NYHD T
gtI=w 628 0C
(XUYRDSS*dNSL 3167 L ISNYHL 34V 102 023 X UnAAX TR 2 520N D2 NS
CXUNNCCHODTCINDT*ANYXNC AZYC * X ZUC* AN20 * X 30 AANS*XWNS)IN L0338 TV
*INMNL*=eNS

XU WXASXT WA (XTWXACLS XY vn) 31 '

CEB =RKUnX i
<cdTI=4r0)1 ;
rF=iNn31 *

2*1=r 22¢ 2C
ORI ANGD %
neg 0. 0¢
%2 C1 09 (SdddIT*LCN*) 41 g2
*INei®=30¢evi .
((T)AA)SETI=Ax]VA - 4
(XVYRDSH* NISL42TBYL *AARCAZ T X2VL AT Z0*X T2 AUNS X IWNSY i
CISNVXL LIV ION DIFICXUMAN X UWXN AN XN YN I M) WO T W
*3373° =31Vl
*EINN1*=dNsl
(1aldI*IMot YX) MdIONT 7w 2
T=(eduX>
*N=¢2)I X
VN R 1 D
tACLIIOYI INIZITTUWEON Z1New02 9
£2 01 C9 (3IBVL) 41
(ISNYBL*IAVION VENYO U HIMd *NYL I4L 25 *YING VY LIRL YA INSTISH0 YYD
UV ded l3hl=5043m4
WWLzAL="6T=a7Lrl
(ZHi1)vl2H1=v1aHl
IHintT=3nmlI ZCT CC
CYeadIMaz=NIHd
*J81+4dlHd=d1lnd
(IH31)IHo=dInHd
IHGN®*1=TrHel 00T OL
(/.ONY L 53 (*NIVSSINATIAL asAT T .2
7/721%0=1d01 42T %.=5SV¥IT *21%.=00¢T W/LWSHLIUNZI3AD ¢
tn*g4%,.=C YNNIINVY *Nl W53t 094t..=es *NI LtStBat.EVe LT
Zo ZFD WMECL 48

A

53




ceg
bit
eLg
.t
9.¢
Ssif
higE
£48
2lg
1€
0.2
69¢
89¢
19¢
99¢
s9¢
%9¢
£9¢
29f
¥9¢
069t
66¢
gst
458
96¢
55¢
b1
gt
2sg
T6¢
0st
bhe
gne
ing
9n¢
She
hhg
£he

Vd #3M0d 9AD3N

Vd 43M0d 9AJ3d

SNNIANCD

ANNI INCD

(E=-%"2%CS*w)iCTy T XD

(THe**2*IAINYTId Zv-Nezll#

SHNOI4HTHE DN T ¢ A4S ) ICEAAS IWD (2°03° 1) 4l
(E%*°*D*3INVI4 A313-Nog-=L1$
IENOTSHER TN T4 *a45*)N06MAS TIWD (T°0D3°r) 31

(I DX PR RXNCTIGAWIHLTIIND 171V 0

22¢ 01 Ou (A33733°L0ON*) 41
(T°Q4¢XE*.*v4*XS*T°64) 1VALD S

(/.. 3(8C) dWOD 13¢INT ZV *1d3Livd YDenlis /) 1lyWa03
(/e 81(80) dh0J 13 *iND 13 *NY31iVs Dwmadd¥ /) LiVnnl4
*3n/(I)DI3NAR+0T=(I)D32AN

SHA*(I)D23AWONY (0TE¢Q)3LIeM (LU (R*T) QoW 4]
(SHG WY * (11238 A) SHARY 1193 (3XN°39°022eN) al
(SHa*dhV* (1) 154AXK) SHAWY 1VD
I147°26Ta (002 (T=-1) +XUVHN=INISY=CNY

23:0L 29 (Sadan3) 31

TeaxN*T=1 ¢23f CO

XXNZXTUnda®2=00

(60£%9)3LIxm (c°B3°r) 31

(60€*3)31TIaM (T°L2°TrY 31

(TCTI*xXN* JDIaAAIACEC 17D

(*SSTIVS T SXXN* D IuAR) Hw0ON DD

(/. SNO3L1IVC 9uedIN 3C S3INITA Xxvw IV NIA /7)1lCW2la
(328%49)=1l1am

(JIAN*IXAN)OXTm=XKXN

2aa LLIND3NNYSZYT=(]DD e

TiaN*TI=1 2¢ COQ

sy Ol O0¢

Caa LUI) 1a3AX)SCVI=t1)D 5NN

2XN* =1 ¢o¢ CC

(3XNS L3AX ST INC DAY L 330w T2

1¢ CL M0 (=xN*19°03e&N) 41
(NTHZI*1)8236eA=t]) T -9A

=aNtI=] 32 (C

62¢ 01 C9 (€2°0I°*NUHOTI)ONV* (2°L3°1Nn21)) 51
GZ2€ 0L 2% ({8 Cs NyrL,IYCCNT T U271 ) 41

0cg
5¢¢

1g
erg
¢l
VAN

32

4



£0% ON3

20% d01 S

0% (666%°0¢°0)10d TIWWI (ANSVYNO O *~w id4Va9° N0 YS4r49°20°0gdrd9) 31

g0n (775°213%,.,=3n00%6 INOHIIM 39V1I0A wNS U3NI333d ../7) LVAd03 SOT
66¢ WeIUA (G601°%9)311IaM

86¢ 3NNILNOD CO0T
l6¢ *U3Nn0OW3¥ N335 SyH NOILdD CEdv™ D
36¢ (T° 2432 °*9T3*n*p4%2°683442°63*T°G3°T°*G4*xT)iviwa04 11
s56¢ WNIVO®ZY g1S*13aN1S  LZV L34 IVi3nHL*alrg (TT%2)=>11aM

%6¢ RNIUO® ZVdTIS*I3dNS LZ Yyt L34 IY1aHi*dIHd (TT*3)311aM

£6¢ (AN TYAZXURS) 2TO0 1T 2° 32=WNIVY

26¢ IVLI2HL=THL

16¢ 133=13=

06¢ Lev=2v9 20g
68¢ (MHLI =91 3H1) ZawdUa(IV3-113)=T13497S

88¢ (CYHLI=-TVL3HL) /8WHdC e (V1ZVY=12¢) =2VdT

i8¢ 00¢ 04 09 (T°DZ°">rMLI) 431

98¢ (SHAINS SXYRS* XU WA *X YWDSH* 1 1= 22V In4SONIS 2785, &
q8¢ CXYWANSXYWXNCDINS SN Va1 =100 0van02A*LdII*CH XYL 3
e8¢ CSANSXNSAZYO*XZ YT *AN3* X IIC *ARNS* AWNS) SEd = TV D

£6¢ SNINTIANDOD 6 <¢
ces 0825 LH9ISH*578 ZLINdWOD D

T8¢ =ONILNOQ (s¢




(R E e e g g =
————T e ————
—— ¥

2 N3

9 3
S G C L7210 1w viv(

2 9
£ HLCHZC(I)CONNNI0LTYM 24 €01 Ce)u5 (NI G/ D5NVSL/NIWRDD

4 A
T

V170 »39%97¢




!

Chapter 3

SUBROUTINE HACNF

Purpose: To compute near-field aperture distributions for two
types of three-channel monopulse antennas: (1) circular gor-
ture with uniform amplitude and phase distributions; () f£lat
plate antenna with a programmed amplitude distribution and uni-
form phase. Four polarizations can be sclocted for the circular
aperture. The flat plate antenna is vertically (;A) olarized
only.

Usage: CALL HACNF (E, NX, NY, ICHAN, IPOL, IXY, DAPWL,

DAWL, KXMAX, ICASE)

Arguments

E - Complex array of NX by NY elements which, on
output, contains the values of the specified (IXY)
rectangular component (;A or ;A) of the electric
ficld distribution over the specified (ICASE)
antenna aperture having the specified (IPOL) pola-
rization for the specified (ICHAN) channcl of a
threce-channel monopulse antenna.

NX,NY -  FEven integer number of peoints in a rectangular

array at which the aperture distribution is com-
puted in the xA and YA directions, respectively.

The joint I=NX/2 + 1, J=NY -2 + 1 corresponds to

SRS W ST VSC U S
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; N ey ot rod o vartalbde with ovalues 1, 0, or 8
A N the o s, clevation dittorence, ot
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FRTIN Comme tt o Mot
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oot by coctrol o var o b oWk s bt toe antoenna

f’\
- oHoertoontal (x)) "
[5Y
BRI S drenlar "
Voo oL Freviant o glar U

N

Cnboap o ety b ovartal le naving velues 1oor Ot
. componont oof oaperture clectrice

IaY FAY
f-l( Lti.
lameter, 1nowave bengths, of the antenna aporture.
Sravings in o wave lenathes, botweon samples in ajoer-
ture in x_ and y_ dircotions (output) .

A A

Maximum value of normalized wavenumber corresponding
to FMAX = 1./(2.*DNMWL)  (cutput).
Integer control variabile having valucs 1 or 2 to
specify a circular aperture antenna with uniform
ami litude and jhase. I TCASE =3, a flat rlate
antoenna having a programmed amplitude distribution
{soe Tabile 3-0) with vertical rolarization is selected,
ol

POONY must ocach beocqual to ecach othor and to an

o, NXONY - Loy In addition, when TCASE-3 (tlat 3 late




b. The actual shape of the circular aperture, as apjroximated by

a rectangular array of sample points, 1s shown in Figure 3-1 for the case
of NX=Jy=16. Row | and Column 1 of the array contaln null elemento. The
clements inside and on the boundary of the aperture may contain non-zero
values as shown in Table 3-1 for the various cases when ICHAN=1 (sum

channel) . Note that specification of DAP in Figure 3-1 determines the

samj.-le spacings according to

D cosa D cosu
Ap

A (N -2) (N -2) (1
X y

WOere o = Tan_l(2/7).

The aperture distributions for three monopulse channels are formed
by phasing the clements in the four quadrants of the aperture appropriately.
The sum channel distribution is formed by assigning equal phases to all
clements. The azimuth difference channel is formed by multiplying all
elements in Quadrants II and III of the sum distribution by minus one and
Iy zeroing all elements along xA:O. For the clevation difference channel,
Juadrants III and IV are negated, and all elements along the Line yA:O
re made core for symmetry reasons.

The 1 hasing chosen models a tracking antenna and provides outputs
in two orthogonal channcels from which the direction of arrival of a target
roturn can Lo mathematically determined. lLet i be a unit vector which

roints from the antenta origin toward the direction from whence the plane

wave (taraet return) emanates; 1.e.,




FIGURE 3-1.

APPROXIMATION OF CIRCULAR APERTURE
BY RECTANGULAR GRID OF SAMPLE POINTS,

[t




Table 3-1.  Values of Non-Zero Elcments in Circular Apcrture
(ICHAN=1, ICASE~=l or 2)

IPOL IXY Value Polarization Type
1 1 (0 4 J0) Vertical
1 2 {1 + 30) "
2 1 (1 + ) Horizontal
2 2 (O + 30) "
3 1 (¢ + 31) RHC
3 2 (1 + 30) "
5 1 (0 - i) LHC
4 2 (1 + J0) "




Define the tracking functions for this plane wave as

- ., :
y

(o¥
~

) ot
i x Ty Y (k

—

X

channel and U represents the sum channel output.  Then for small kx>0, the

chase of £ is + 71/2; for small kX<O, the phase of f! is -n/2. Similarly,
(R4 e

tor small ky»o, arg (f;) = n/2; for small ky<0, arg (f{) = -n/2. Hoence,
the change in phasce by 7 oin cither channel represents the boresight dirce-
tion of the antenna, and tracking is done using the imaginary jparts of

the tracking functions rather than their real parts.

o. The shape and sampling grid used to model the flat plate antenna
arc shown in Pigure 3-2,  In Subroatine H50NF, the integers NX and NY must
both cqual Lo, and only lincar polarization (;A) ig gpplicable to the flat
l-- i late antenna (ICASE=3). The vhasing of the four quadrants 1s done as
s riboed above to model the three monopulse channels so that tracking can

boo siimulated.  Note that specification of “A} determines the sample spacing

veording to

N Oty

Lo (4

where 5. represents the output of the olevation (v) or azimuth (a) differcence
1
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FIGURE 3-2. GEOMETRY OF FLAT PLATE ANTENNA.




Wi Yo o 'l\mh1 (4,70) .
The @ hase of cach sample point in Yiguve 3-2 for the sum channel
Lo mads cqual, but the amp litudes are tapered o the xA and yA directions
an oshown in Table =0 The amp Htude distribution 1o scepavable and sym-
sotrioal votioat
! /\(X_-\"‘\) \ng\)it(yf\) Lvh(—:\;\,\,,_) - 1 [(x ,-‘/A) (")
It notod oot o samples 1o, 12, 14, and 1o g aetaally spevitfied in
ol regra, and sy e o, DL, T3, and Y are obtadned from them Ly
Ve Y g,
[T Program Plow
Diape i Acsian compleox values to CFAC o use an generating
vort teal, horicontol, RHC, ond Ll jolarication
docerndrng to [EOLL.
Lt -0 cempute toe angbe o and the oupger hound R of the
max
Yaatis of the cireular ape rtunrn
Lrres =1 BEoonare that TPoL Lan corre ot valuwes of 1, 2, 3, or .
Lt ’ IEONSANY, write corvor e ssage atdd stop the program,
Line R nsure that IXNY ooy 0.
B STRRR T NN and NY v not cven, stop the pragram.
Tt Teot value of FCASE: P TCASE S aenerate frebds of 1
flat ;late antenna (Lines 37-93) 5 othorwise, aens rats
]
Pl el of civeular aperture (Lines 20=04)
i Ti=d1: Accion complex ficld o value to cach samp beopoint
(x_ .5 ,0) in the apertuan gdueecording to the values
A o X
5 .
shown in Table =10 Tt /XI\' + s > 1\‘ i~ make  tin
G
PR = .




Table 3-2. Symmetrical Amplitude Distribution for Flat Plate Antenna

X y

3 Sample No. A Amplitude A Ampilitud

; 9 0 1.0280 0 1.0280

] 10 Ax 1.0280 Ay 1.0280
11 20x% .9120 28y Lol
12 34x . 7959 3Ay L8060
13 4Ax .6077 4hy L6155

; 14 5Ax .4194 50y L4250

: i 6Ax .2097 6Ay L2125
16 70x 0.0 18y 0.0




Lines 42-43:
Lines 44-46:

Linc 47-43:

Line 49:

50:

Line

Lines 51-54:

Lincs 55-62:

Lincs 63-71:

Lines

Lines 76-79:
Lines 80-83:

Lince 84:

Linces 85-89:

Lincs 90-98:

field value zero (Line 40). Multiply the non-zero

elements by CFAC(IPOL) to gencerate the correct pola-
rization (Line 38).

Compute sample spacing AxA/A and go to statement 60.
Error message and STOP.

Flat plate antenna-- 1f NX#LO, write orror message
and STOP (Lincs 109-111).

Compute sample spacing AxA/A.

Ensure NX=NY

If IXy=1

Zero all elements in the aperture.

(xA-componunt), go to statement 60.

e

Assign tapered amplitude values to cight "even®
e¢lements in Quadrant III.

Compute amplitude values for the "odd" clements
in Quadrant ITII.

Compute amplitude valucs for clements 3-9 along
yA=O line and along x,=0 line.
Generate symmetrical amplitude valucs in Quadrant IV.
Gencerate symmetrical amplitude values in Quadrants

I and II.

Compute kxmax-

Test to determine if the sum channel data generated
should be phased to produce the aperture distribution
for a specified difference channel (ICHAN).

Form aperture distribution for difference clevation
channel by zeroing all clements along yA=O and

necating all clements for yA<O. RETURN.
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Lines 99-107: Form aperture distribution for difference azimuth
channel by zeroing all elements along XA=O and
negating all elements for xA<O. RETURN .

Lines 108-112: Error message for ICASE=3 and NX#16. Comment of
DAPWL=5.047 applies to the test described in Chapter
END

Test Case: See discussion in Chapter 2.

References

1. D. R. Rhodes, Introduction to Monopulse, McGraw Hill, New

Yoxrk, 1959.

Program Listing: See following pages.

67

)

L .




et
LE
9f¢

Nt

- ™
MMM

AONMITNCNTCT OHNMNNM TN ONDOO
WA NNN NN NNV NNNMW

“NMmM TN ONT O
-l

~v et oA

(10dIIDv4De (Mt ) 3=(r*D 3
07 0L C9 ti2°D3°aAxI) *20°(£°17°*WWal)r 31
(°iI¢*T)y=ar*ly =

*930 C6 A9 A3 SSv X3 '°3°1 (T=*0)=x3 $¢2¢T)=A3*%THT 41
*930 06 A8 A3 SQVv3IT X3 *°3°I (T*5)=x3 *(2¢T)r=aA3d *IHa 4I

6 01 09 (e L3 AXI)Y* NV (2°23°*I0a] ) 31
6 Cl 09 ((T°0I°AXI)IONVY* (T°0D3°10c1)) 41
6 J1 09 (XVwWe&*l9*x) 31
(Caaatl aaX) 1HUS=S

(T=T+(2/7AN)Y=)LVC 3=

AN*T=f 01 04

(TI=-I+(2/XN)=) 170 3=X

XN*T=I 1 0oU

G¢ 0l 39 (£°23°33voy 3J1

€T 0L 09 (3°3H*(2*xXN)QONW) 41

C=AXT (U219 AXI)C&ED*(T*1°AXI)) 4dI

€T Ul 29 (AN®2AIN®xN) 31

T=10dl ¢7°173*0dI) 31

H=3a1 (»°19°W03l) 31
TO0*+(ONYIS2I/(T=2/7XN) =X VIn&

(*Q/ *H)INVIV=9ONY (£°*D3°*3S731) a1
(*L/7°CINVLY=SNY
ZE°T=4*0)(*T+°0)*(*n¢*T)*(*C**THY/0v 4D wlivwg
XywXx V5

(H)2V 3D 1A xN) 3 x31dW0DD

*(IIT 3Svd) Wd IyIIIy3A *“yNN3LINV 5ivid-iv14 404 €=
(II ONY I 3SVD) 33N133dV N7 ININID *wWeO3INN &334 2 a0 T=3SvIl
(LNdIN0) HABANNIAUM RNARWIXYV R XTAXX
(LNGINOY ZXN1430%7 NI ONIDUT4S 2NgnvS=IMX0
(LNANI) SHIINIIIAUM NI seid3dY 30 ¢313WVI0=IMdYQ
I0d JHT 804 u= =
I0d IHE 809 &= 3310 2Y 503 =
1Md Xx=Z21&Ir Aa034 2= 441C A2Y- o034 2=

*dW0J-A 803 ¢=
*dWCJ~-Xx ¥0d4 T=AX]

*13d A-La3N 204 T=0¢] TINNYHD WIS 304 T=NvHTDI
*N3IAZ 5% 1SNW INT AN TYNUZ ASNa XN

*CAN®*XN) I NI 3WYS SHN¥NL3ec CNY ((2/2INVLI%)ISO2/1-2/xH)=XYRY 5110v> 40
34N1¥3aV AVINIHID v 24A0 TUININOIWOODNTI3II 4 JI2LDZ273F T3104m0D SNJVH ¥ €E0S
(3SUYDT XUNXA* IMXO MY 0 AXT * DT *NYH DT CAN XN F) 4 U~ IMNTL0CTeENS

DO OO QI IO

[$¥+]

b .
-l .

. ",
R

-’&0.

i
h




9¢ 6= 15 00
9l (F43) 3=(*p) 2 6%
L ¥ 5%%=r g% 00
£ te*I)3=(ré¢1)= on )
el bte=1 ¢*» CO
12 3NNTILINDD &f
0l 2/ U0 I)E+(I=-TI)I)=(r* 1) 3
69 2% i *¢=r ¢¢ 00
89 T3t =1 gy (O
419 IINTLINOD DF '
99 /UL T+IIZH(CT=-1)Z) =) 3
99 0€ 0109 ((0°U3°(2*II00KW)ITONV*(L*03° (2*MT0W)) 41
99 Tewte=1 (€ OC
£9 2teth=r 0¢ OO0
29 (*04823°T)=(e* %)
19 (*(*6G66¢L°)=(y*T) 3
69 (*.*75T%°)=(8*") 3
69 (°J*0900°)=(2*w) 3
8s (°08126°)=1949 3 R
2,5 (*0*8yul®)=(3*m) 2 N
9 (*it0s2n°)=("*y) 3
95 (*2*h23c*)=("*9) 5
bl 39 0L 09 (T°03°AXI) J1
£s (*S**0)=(r*n3 92
2% AN*I=f Q2 00
1o XN*I=1 92 0@
0s XN=AN
6% (2=2/XN) /UONV)ISOD e (* 2/ IMav ) =INX(
$h 36 01 9 (3T °3N*XxN» 41 <2
A $(2=3SYUI) II1 35SVv) ~04 SI 9NIMOIW3I 3HL D
94 d0lS
g% (//7.3NDOUH ¥HENS NIN3IAI ICN XN H0 AN®3IHN*XN /7)) ivwd04 C
wh (l2*9)31Tam a1
£h 09 Ui 09
2n (T=2/XN) ZLONV) 5002 (*2/77%dVC) = IMaC
k 1<) IANILINOD O
0% t*.t =tz e ’
6f 2% 21 09




t
;

217 ON =
19 %4 d0. 8§
0171 (/7/anxedNOUYH MEBNS NI ST 21 VNI 3 LON AN 1L1IXZE 20563 axee//))1vna04 96
60T (66¢9)3lI=m Tb
80T 111 =S¥ 874 (+D°s=AIMdv90 o
0% NeaNise
a0t (CeIY=-=(r¢n 3 =%
507 AN*T=I g¥ 00
201 XVAI*T=T ¢y OC
£0T 2/ XN=K YW]
201 (*.¢*2)=(r*1y)2 2¢
70T AN*TI=r ¢ 00
00T Te+2/7XMN=]1 6/
66 S ANNTHD 30v3¥334I0 HANWIZT 0vON 2
86 NANLZA
l6 (C*I)3-=(r*1)32 2f
96 XN*T=I ulZ GC B
S6 XYWl *1=r 72 00 ~
76 S/ AN=XUKI
£6 (*3¢°0)=(r*1)2 55
26 XN*T=1I 59 0Q
16 T42/AN=C
- 06 TIINNUKD 2ONZ T (¢ NOTLYA4Y- wvlY 3
68 5. 01 L°03°°NTHIT) 41
ge N¥NL3¥ C(2°03°10cI) .. v (2°D2°AX1)) 31
18 N¥Ni3s (€T°03°*70dIs *uh? i7°323%Ax])) 41
9¢ NaNL3H (€ °33°3S901) *aN St AXI)) a3l
1 NeNL-a vi*33°*°H7+31) 41
he (IMX1+°2)/°1=x7kx> 09
£0 ANNILNC] 5¢
29 (F=5¢1)3=(C+p*1) =
T8 3¢T=C <c< GQ
0e 3lte=1 65 CC
bl 2NN L0026
8l (F*l-0) - =(f*14r) =
Y] =*1=1 §6 20




Chaptuer 4
SUBROUTINE ORIENT

; 4-1. Furposc: To comjute the rotational matrix of dirveotion o i
ROTATE and the translational matrix TRANSL reauired to carrs oat
coordinate and vector transformations betwoeen antoenna coordinate
system (x , v, 2_) and radome coordinate svstenm (0, v, ).

A A RO R I
a2 d=2 Usage: CALL ORTLNT (RA, THETA, PHIA, RR, THETAR, PHIR, AGAM2IA,

b ROTATLE, TRANSL)

. -3, Aragunent s
RA, -  Spherical coordinates (em, radians) of the
! THETA origin of the antenna coordinate svstem with

PHIA resvect to the retforence coordinate svstem

(x,v,2) as indicated in Figure Jd-1. Lot that
tires orvigin of the reforonce systom colncides with
Live voimia: soint, which 1o locat.d on the axi: of

cyrmetrs e ot the radome.

8
I, -~ Trrerical coordinates (em, radians) ot the oriain
THETAR, ot radome coordinate e with Yesie ot LG
. b tihoe roforene ayvotem.
‘ AGAM A - Anale (radians) betweoern tl :.n and ooame,
P - Real aryay of xS chenment o Wi et pine o
sutrat the matrix o obf drrection e o e
i
v Lo e low
\ TRAL L - ool v o f o thire et whiloh ot aig o

St e i latron metrix T oas o oxs Tatte g
1
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Figure 4—1.  Coordinate Systems Used in Radome Analysis.

Reference System: (X, Y, Z)
Antenna System: (XA, YA, ZA)

Radome System: (XR, YR' ZR)




4-3. Comments and Method

a. The coordinate systems of Figure 2-2 are obtained from thosec
shown in Figure 4-1 by setting THETAA = O, PHIA = n/2, and AGAM3A = 0.
When this is done, the z and zA axes coincide, the x and X, axes are

parallel, and the y and y, axes are parallel. The angles ¢) and GL in

Figure 2-2 are related to Gr and ¢r as

The unit vectors XR' YR' ZR were chosen to coincide with the

spherical coordinate unit vectors . Gr, ¢ associated with the point
r

OR: (rr, Gr, ¢r); hence, xR always lies in the plane of scan as indicated
in Figure 4-2. This observation is important if the propertics of the

radome wall are not symmetric with respect to rotation about the zR-axis,
such as in the case of circumferential variations in wall thickness,
nonuni form heating, etc.

b, The details of the coordinate system transformations are de-

scribed in Reference 1 and summarized below. The transformation of the

point P oin antenna coordinates (XA' Y . ZA) to radome coordinates (X_, Y

A R R’

z is given b
R) g Y

) ) A
R X

= R 4 + T 3
yR 1] &A y (3)
A T
. B/ L.& ey
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The transformation of a4 vector
i

: = x_F t+ oy I + 2 F (4)

1s given by
!

rpxﬂ pr[]

F = R. F ()
vR L] bZA
13 F
2R L 2AS

In the ab:ove, [R 1] 1s the matrix of dircection cosines which
1

wribwes the rotation of the rademe coordinate systom with respect to the

U

T 1 describes the rranslation of the radome origin O with
: 1

antennn system; |

the origin O of the antenna system. Tn fact, scttinng (x,\ =,
. 'Y

<

resypect to

3, :tT = ) 1n bguation (3) shows that (T , T , T ) represents the
A \ X y v

fovrat1on, In radome coordinates, of the antenna origin.

The matrix [Fo] can b exjpanded and written explicitly as
[

oy Cos Coves oy
1 i o
o S IEPIE e (¢)
Ty v, O L VS Yy
: 3 3
.
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a. = angle between xA and x_ = L %, x (7a)

a, = L x

The inverse transformations are given by

() (=

= L -
Va E?lJﬁ el <17y (8)

&3




i
A r-
: [ (e )
XA XR
b
g T
F = R. . F ()
YA 1] Yk
- L‘ P
2B _ zRJ
T . . T .
where (R, ] denotes the transpose of [R. . 1; i.e., [R..] = [R..]} since
i 1] 13 ji
rows and columns are interchanged. Also, since [R, j} is a unitary matrix,
1
its Inverse is equal to its transpose.
8- To facllitate the specification of a particular entenna/radome
oricntation, the reference coordinate system (x, v, 2) is used. Trans-—
. formations from the reference system to the antenna system are described by
~ . )
X rx - r_ sinf_cosd
A a a a
b
|
B ) v - r sind sing (1M
A YJ h! : a a ¢a
2 7 - r Cosl
o A - a a J
while trancsformations from reference system to radome system are described
(. (~ . M
. X X - r sint cosé
R r r r
5 o, v o~ ¥ sind _sing (1)
R 1) r r r
a 2o- r cont
, L P L r r J
! winere [y ] cad ] rerresent the rotations of the twe systems with
1 1]
teipect Lo thee refervencoo system. When these two separate transformaticons
76
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are combined, there results

=i
]
<

i i3 i

Y 1) a t

T .
L oy _ o ")

where Xa’ Y , etc., arc Jdefone ! in Egquations (Y oand (11); 0 gL,

a

X = r_ sint _cos¢_.
a a a a
.. . . . i
4-5. Program Flow: Sce 'isting below and compare directly to method
described above.  Noto that in GAN(I,J), the index I rejre:-nts the row J
number in [y, 1, and index J roooresents the column numlr.
13
A=t Test Case:  See dicscussion in Chugpter 7
d4-7. Reference
1. E. P. Joy and G. K. imiileston, "Radome Effects on tne
Performance of Ground Mappine Fadoar, " Technical Hewvort, F
Contract DAARHOLI-72-C-0' 5, U. 7. Arvmy Missile Command,
4
March 1973, :
4-u. Program Listing: Sre followin: p.ao 1
1
i
1
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L

(12)
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Chapter 5

SUBROUTINE POINT

=1 Purpose:  To transform a roint P in antenna coordinates (XA' Y z

to radome coordinates (x._,

R , 2}, and vice voersa.

o
‘R’ °R

Ussage:  CALL BOLLT (i, DT, ATOR, T, PO)

. SNSRI
Nl glnut) array of threo o UG L r )
rhe Carvasian coordinates (om) o oof U point
vtrarsformed; cog., (L) = xo, Do) =y )
7 o i
° T - keal (ourput) array of thy. o clomentc rerayo ot D
the cartesian coordinates (om) ot T [
Heate system; cog., T(L) - x , te.
13N
I
t ! - Logioal input variable whicih contron e et o oo f

transformation:  ATOR =,TRUP. for antoearna-t —radom
(o Fomaticn (A-0) )5 RTOY CEALSE L for radopm —foe

oenna coordinoors transtormation {Beniatlon (G-

Roeool clinirt ) array of 3 w4 cdomends ol reent e

the ROTATE arrav com utod o0 Sulroutine ORTFRT.

s Bl (It} arrvay of rhree elements 1o resenting

. Lo TEANSD array computoed by Subroutine ORTIENT.
S Corme:t s and Mo tiod
vo Swrontites reemaired:s Subroutine ORIENT must be called prior l
toe firat call to Dol so that T and TO are avaital le.
| Poorome i, osee Uurontine ORIENT in Chaprer 4. 1
. Pl - e Tiotinag b bow i ot e bo Benat bon oo 0= )

PRV O PSRN I WVR A
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G-7.

v=s

Test Case:  See Chapter 2.
Rueterence:  Scoe Chapter .

Program Listing: Sce following jpage.
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o-1.

6-C.

G=3.

Purpose:

Chapter 6

SUBROUTINE VECTOR

To transform a vector F in antenna cocrdinates to radome

.oordinates, and vice versa.

Usage:

CALL VECTCR (V, VT, ATOR, T)

Arguments

A

- Real (input) array of thrue eluments representing
the rectangular components of the vector to be

transformed; e.g., V(1) = FxA' v(2) = FYA, vV(3) =

s

N

- Real (outvuy) array of thrue olements representing

the rectangnlar comypon ity of cotar in i

by coordiinate oontomgy coLg., VEOD) = B, ot
) g
- Laeeyroad iy ut varialide chocontrels thh directyon

St cransformeti o ATOR - UTRULL Tor cntenna-

Co=vodbome (P et bon (o= )0 Aioh Lotor

Tare -t cante g (Bouatioon fae b))
ey KUTATE desorabead o gt tor o as ooy ate
Lo reat e ORIENT.
v :
colt b ot s Sabey cut e oRTENT et o i v
Plote  ATOTOR o it T owa il e avar lat !l

For o tiusd,  see Suabroat o DETENT 10 Ulices Ser

T'roarar,

RV iy

lea s o ave Lretung below il ot bt fhnaat o (-

Y T ITIC P O GO A




=6, Test Casc: Sce Chapter 2.
O=7. Reforonces:  Sece Chapter 4.
e Program Listing: Sce following page.
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12 A (TE) Ly te )Nl *2) 24 () hets D) =t2) !
0e (LXA (2 ) L () Qa2 at i hat 2ty L=l
61 (IA R (TS L4 UCINA(T L) it (DAt T T u=(T)Y LN
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Chaypter 7

SUBROUTINE INCPW

Murposc:  To compute tie rectangular vector components of the

clectric field of a jlane clectromagnetic wave propagat ing in ti

direction -k _ and incident on the ZA:O plane of tho
Is

dinate system, where (x =0, y =0, z_-1)

A A 74N

Usage:  CALL INCPW (KA, EI, IOPT)

Arguments

is usecd as thne phiase orisgl

antonna coor-

H

KA - Real injauat array of threo clements containine
t i
the direction cosines of the dircction ko from
whence the plane wave emanates; ¢.g., Ka(l) = k ,
XA
KA(Z2) = k Kn(3) = K where ko = x k + v kK
‘ vAa' zA n ATxA A T
2ok
PAAN
I ut oarray, orf three olemente containine
t Vs ore e o s compor e of tne o lect vl
!
(RS I TmG nothat o el
. N Wt o o1e. owncch Lo o one :
a- { [ il
o™ Lot o . o : v
1O N mae R ool =
COprT it hane. irc v
1 N 1 + ¢
1 I TS ED B RS IS U RS
1 H o1 .
) , elbis [ e
PR

e




A
€ = glevation component
A
Y a = azimuth component
E—Plane
€4 A
[o ]
74
—p X
610 A
€
H—Plane —
fla>o
z
0dB
108 0 108
-40d8 L__1 1 1
— 00 >0
—_— 96 >0
Figure - . .Coordinate System for Far Field Patterns




p will sce the tip of the E vector trece out a circle in a plane of cqual
rhase, with the direction of rotation being olockwise for right-hand

circular and counterclockwise for left-hand circular.

s o

L, b, Spherical to rectangular coordinate transformations [1] are
uscd to define the rectangular vector components E , E , E  in terms of
X Y 2
the transverse spherical components E, E . Let r = k = x kK + vy k +
4 ¢ a X Y
z k  represent the direction from whence the jplane wave emanates, where
1 k , k , k are the direction cosines of r = K. Then, with reference to
; X ¥ z
Figure 7-1, there results
. . —“kK_k " S .
. . } ) s
B S SEEETS R - - 1
t = X ; ' + z /:—__ (1)
/ ) v 2
vl kK vl']\‘
. Yy b
i .
; . R K ~ . N .
| 3= X = = + YD) + =z oy
'S ’ -
vl - kK
v
excopt at ko= ¢ 1, where those cquations roduce o
v
- N
: £ - = {0
o= X [
The ex:ressions for the fiold compenents for tho tur oo v of
! interyest oare sammarized on Table 7-1. 0 The corresponding raanctice Dieid
can e obtained from
" H o= (i x k) .

R Proaram Filow:  Compare oxpressione in T RN B SR

rooqram 1y st ing b low,

L2 2N K
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IOPT

1

Table 7-1. Rectangular Components for Four Cases of Plane Waves

E E
X

X DA
-k k /Y1-k 1-k 2
XYy y Y
2
kz/ l-ky 0

i LT
3 (k -k k e92)//2(1-k ) eI2/1-x */V7
z XY b4 b4

LT LT
4 (kz-kxkye'32)/ 2(l—ky2) e'32/1-ky2//5

E
z

2
-k k 1-k
Y z/ Y

2
-kx/ l-ky

LM
-k - 17 x 2
(-k -k Kk e72) //2(1-k %)

_jE. 2
(—kx—kykze 2y/ 2(l—ky )

Test Case: See Chapter 2.

References

1. D. T. Paris and F. K. Hurd, Basic Electromagnetic Theory,

McGraw-Hill, New York, 1969, pp. 8-9.

Program Listing: See following pages.
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Chapter 8

SUBROUTINE RECM

8-1. Purpose: To compute the complex voltages produced at the terminals
of the three channels of a radome enclosed monopulse antenna by
a plane wave of specified polarization and direction of arrival.
8-2. Usage: CALL RECM (PWI, KA, NX, NY, KXMAX, KYMAX, FGHZ, ROTATE,
TRANSL, SUMX, SUMY, DELX, DELY, VR, TABLE, SUPPRS, RSQMAX)

8-3. Arguments

PWI - A complex array of three elements containing Ex,

Ey, Ez of the incident plane wave. See Subroutine

INCPW.
KA - A real array of three elements containing the
& direction cosines kxA’ kyA' sz of the unit r

vector kA which points from the antenna origin in
the direction from whence the plane wave emanates.

NX,NY -~ The even integer number of sample points in xA ;

and yA directions used to represent the antenna

aperture fields. ’ -,
KXMAX,KYMAX- Recal variables which represent the normalized

folding wavenumbers corresponding to the sample

distances AxA, AyA according to AxA=A/(2*KXMAX), t

AyA=)/(2*KYMAX), where A is the free space ;

wavelength.

° FGHZ - Frequency in gigahertz of the monochromatic plane

wave.

-




ROTATE, TRANSL- Real matrices of direction cosines and translation
distances used to carry out coordinate transfor-
mations of points and vectors from antenna co
radome coordinate systems, and vice vcrsa. See
Subroutine ORIENT.

SUMX, SUMY - Two dimensional (NX X NY) complex arrays of the

x and y vector components of the antenna aperture
fields for the sum channel >f a tnree-channel
monopulse antenna. The element at I=NX/2+1, J=NY/
2+1, corresponds to that at xA=O, YA=0 in the

. aperture. The general correspondence is given by

X, = - X + (I-1)*Ax (I-MIDNX) *Ax
max A A

! Ya = " Y + (J—l)*AyA

J-MIDNY) *A
A max ( ) yA

where X

* - *
max AxA NX/2 and Ymax AyA NY/2.

Also see Subroutine HACNF.

e DELX,DELY - Antenna aperture fields for the difference ele-
,';.; vation channel.
AR .
DAZX,DAZY - Antenna aperture fields for the difference

azimuth channel.
VR - Complex array of three elements which on output
contains the complex terminal voltage of the

, antenna for the sum, elevation difference, and

azimuth difference channels, respectively.




TABLE - Logical variable required by Subroutine RXMIT:
if TRUE, a look-up table is used to calculate the
transmission coefficients of the radome wall; if
FALSE, these coefficients are calculated exactly
for each angle of incidence specified.

SUPPRS - Logical variable used to control the printing of
results from Subroutine RXMIT:if FALSE, a table
of power transmission and reflection coefficients
for equal increments in the sine of the incidence
angle is printed. The phases of the complex
voltage transmission and reflection coefficients
of the radome wall are also printed.

RSQMAX - Real variable denoting the maximum radius of the
antenna aperture such that any point (xA2+yA2)>RSQMAX
is omitted from the ray tracing and summation pro-
cedure used to compute the received voltages VR.

8-4. Comments and Method

a. Subroutines Required: TRACE, VECTOR, POINT, RXMIT, CAXR,

b. Method: The voltage VR induced at the terminals of a linear
antenna by a "received" electromagnetic plane wave ER' ER is given by

the Lorentz reciprocity theorem as [1]

-

VR(k) = C } (ET XH_ ~-E_x ) nda (1)

Hp = Eg * Yy
s

~

wheie X is the unit vector which points in the direction from whence the

plane wave cmanates and wheore §T' ET are the electromagnetic fields of
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the antenna as produced on the closed surface S which surrounds the

a

antenna when it is transmitting. The unit vector n is the normal to S

pointing into the region not containing the antenna, and C is a com-
rlex constant.
A

1 e Z = S = = g
When the closed surface S is the N 0 plane, n ZA' da dxAdyA AxAAyA

and the integral in (1) can be approximated by

VR(ﬁ) = ClAx_Ay 1 ) (2)

E H - E ) - E H + E H
A A z E ( TX Ry Ty Rx Rx Ty Ry Tx

where AxA, A§% are equal sample distances in x_ and yA and where the rec-

A
tangular vector components of the fields on the zA=O plane are given

generically by
=x E +y E_ +7Z E (3)

It is assumcd that the fieclds ET' HT on § with the radome in place
are unperturbed by the radome. Also, ET is specified according to the
aperture distribution and polarization desired as is usually done in
antunna analysis. The corresponding magnetic field ET' however, presents
something of a vexation in that a non-Maxwellian aperture field can
result if HT is specified independently of ET and Maxwell's equation
ﬂT=Vx§T/—jwu. On the other hand, specification of ET independently of
ET is tantamount to specifying magnetic and c¢lectric current sheets in

the antenna aperture which produce two independent solutions to Maxwell's

equations whose sum yields the total fields. This latter approach is
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taken here when the geometrical optics approximation

= (4)

is utilized, where n=Vp/e * 377 ohms. BAlso, the magnetic field ER is

given by a similar formula

= (5)

~

where -k is the direction of propagation of the incident plane wave.
Combining the results of Equations (4) and (5) into (2), and desig-
nating the origin XA=YA=ZA=O as the phase reference for the complex

fields, there results

-

) ).

= ' -
Vo(k) = ¢ ; E{[(ETX Epx * Eqy Bpgd (1 + K 0) = (k) B+ kyA Epy)Fre

o e’ 2—1; kea *a * Xya Ya) ) (e)
e
a‘ "ﬁ
fﬂ where
= + +
k=X ken P ¥a Kga v 2 Ko (7
k 24k %24k 2.9 (8)

e

3
R




and where the exponential factor accounts for the phase of the incident

wave. It is noted that kxA' kyA' sz are direction cosines of k; hence,

sz=cose, wherc 8 is the polar angle measured from the ZA-axis in the usual

spherical coordinate system. The (l1+cosf) term in Equation (6) is charac-
teristic of the geometrical optics approximation of Equation (4) [2].
The other factors have been absorbed into complex constant C'.

The cffects of the radome on the received voltage given by Equation
(6) are accounted for by tracing a ray from each aperture element AxAAyA
in the direction i and weighting the field ER associated with the ray by
the complex insertion transmission coefficients TL, T of the radome wall

I

as shown in Figure 8-1. These coefficients depend on the incidence angle

Oi and the plane of incidence defined by k and the unit inward normal nR

to the radome wall at each point of incidence for each ray as illustrated

in Figure 8-2. The ray tracing is carried out in the direction k, and

the direction of propagation of each ray is assumed to be the same on
both sides of the wall, an assumption that mandates use of the insertion

transmission coefficients defined for an infinite sheet by

El (P)

F T = —— (9
; 1 Eli (P)
- Ell (P)

‘ TI = ——— (10)

where the numerator in each case is the field at point P with the sheet
, in place and the denominator is the field at the same point with the

sheet removed.
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Figure 8-1. Illustration of the Fast Receiving
Method of Radome Analysis
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Figure 8-2, Plane Wave Propagation Through an
Infinite Plane Sheet
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The ray tracing is carried out in radome coordinates (XR' Yo zR),

and transformations of points and vectors from antenna coordinates (xA, Yar

ZA) to radome coordinates, and vice versa, are required. (These transfor-
mations are described in detail in Sulhroutines ORIENT, POINT, and VECTOR.)

Let (xA, y 0) be the point in the aperture from which the ray (line)

AI

emanates in the direction k. Convert this point and unit vector to the

z__) of this

radome coordinate system. Find the intersection (x__, YR RI

RI

. . . / 2
e ray with the inner radome surface as described by f( sz + yR z) =constant
[V

since it is a surface of revolution (Subroutines TRACE and OGIVE). Compute

the unit inward normal nR to the surface

= - = + +
"R vEl ~ *rR "xr T YR "yr T %R "zr (11)

and convert it to antenna coordinates

n,=n_ =x n_+ty n + z. n (12)

Usc n, and k to determine the plane of incidence, angle of incidence, and

'

the transmitted plane wave E& H; (sce Subroutine RXMIT) for this ray.

N ) Substitute into Equation (6) and sum the results to obtain the following

expression for the received voltage

EL )

Vo(k) = C" Y Y (-1 + k) (B £, +E Bpg) * (Kp By * Ko Bp)EL

R ) A Rx Tx Rv
m

(13)

v&*
N

—

=

£




where a sign change and n-l have been absorbed into C".

Equation (13) with C"=1 is used in Subroutine RECM to compute the
received voltage on each of the three monopulse channels., Note that the
received field Eﬁ , Eé at each point (%70 ¥pe0) is the same for all threc
channels so that three summations can be carried simultancously to maximize
computational speed. In cach summation, only the data corresponding to

E

Tx’ ETy for the sum, clevation difference, and azimuth difference channels

neced to be changed. Note also that Equation (13) can be rewritten as

) ] 21 (k x + k y.,)
- v - ' _ ' + B! J =
Vg (k) ZL; (Eq,.(n Heo Ep = By (0 Hg *+ Eg)] XA A yA ‘A
(14)
N 5 ' ' 1 ] 5
where n HRy' n HRx are given by Equation (5).
8-5. Program Flow
Line 12: Initialize the ray counter NRAY.

Lines 13-18: Compute A (cm), ko=2ﬂ/A, AxA, AyA, and the midpoint

of the NX X NY data arrays corresponding to xA=0, yA=O.

ines 21-24: =0= 2 C ate k k .
Lines 4 Set 2N 0=PA(3) and precalculate kokxA and ko A

-~ ~ N ~

T f t 5 di N = k + v k +
ransform kA o radome coordinates kR X Kor Yg ¥R ]
zR sz in preparation for the ray tracing.

e

Lines 26-28: Initialize the summations VR(1l), VR(2), VR(3) for the 4

received voltages on the sum, difference elevation, 1

and difference azimuth channels, respectively.

Lines 30-33: Iterate for cach apcrture point xA=PA(1); precalculate

2
and k . i s que .
xA an kokxAxA outside the subsequent loop for yA
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Lines 34-40:

Lines 41-47:

Lines

Lines

Lines

Lines

Lines

48-52:

53-57:

58-71:

72-73:

74-75:

Test Casco:

References

1. G.

Iterate for each aperture point yA=PA(2). Compute

2

2 . , . . .
xA +yA =RSQ: if point is outside RSQMAX, omit from

computation.

Transform (xA,yA,O) to radome coordinates and trace
ray to radome inner surface to find unit inward
normal ;R' If metal tip or bulkhead is encountered
by ray, omit this ray from computation of received
voltages.

Transtform ne to antenna coordinates and compute the

t itted pla ave PWT=(E! , E! ‘).
ransmitted plane wave PWT=( Rx’ TRy’ ERz)

j 2n (k Xx. +k )

Compute phase PC=e Y XA A YA Ya and apply

, E' .

to E! E'
Rx' Rz

YR
Form n ﬂ%=§% X i and use Equation (14) to add the
contribution of this ray to the received voltage on
each of the three channels.

Increment ray counter and continue the iteration until
all aperture points have been used. Upon completion,
NRAY cquals the number of rays used in the summation
for each received voltage.

If SUPPRS is false, write NRAY.

RETURN

END

Sece Chapter 2.

K. Huddleston, H. L. Bassett, and J. M. Newton, "Parametric

Investigation of Radome Analysis Mcthods," 1978 IEEFE APS Symposium

B T ———EERAS——————— PN e e ———————

Digest, pp. 199-201, May 1978.
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2. Microwave Antenna Theory and Design, ed. by S. Silver,

McGraw Hill, New York, pp. 161-162, 1949,

H-d Program Listing: Sce following pages.
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Chapter 9

SUBROUTINE TRACE

9-1. Purpose: To direct the ray tracing to find the intersection of a
ray emanating from a point inside the radome and the inner radome

surface. All dimensions are in centimeters. Radome coordinates

are implied.
9-2. Usage: CALL TRACE (PO, K, P, N, METAL)
COMMON/TRACC/Z22, Z1
9-3. Arguments

PO ~ Real input array of three elements containing the

peint PO(xo, yo, zo) from which the ray emanates.

K - Real input array of three elements containing the

1 direction cosines of the ray; i.e., K(1) = kx'
K(2) = k , K(3) = k_.
y z
P - Real output array of three elements containing
the point of intersection P(x, y, z) of the
ray and the inner radome surface.
N - Real output array containing the direction '4
cosines of the unit inward normal vector to the
radome inner surface at P(x, y, z); i.e.,
N(l) = n , N(2) = n_, N(3) = n_ where
X y z

~ - ~ ~

n =xn +yn + 2zn_.
X Yy z

METAL - logical output variable which indicates any

opaque surfaces encountered, such as a metal
tip or bulkhead: METAL = .TRUE. indicates that

P(x, Y, z) lies on such an opaque surface.

FREChWLS 1 b ELahKeNOL Flisekb 111

JOT RGP PP TR S W




z22 - Real input variable which designates the Zp
coordinate (cm) of the intersection of the ogive
section of the radome, and the metal tip (if any);
must be set in main program prior to the first call
to TRACE.
z1 - Real input variable which designates the z, coor-
dinate (cm) of the intersection of the ogive
section and the bulkhead of the air frame; must
be set in main program prior to the first call to
TRACE.
9-4 ., Comments and Method
a. Subroutines required: OGIVE, TDISK, BDISK, OGIVEN, TDISKN,
BDISKN
b. The inner surface of the radome is represented by three distinct
surfaces as indicated in Figure 9-1: a planar bottom disk (bulkhead), a
tangent ogive, and a planar top disk (base of a metal tip). The ray is
traced to the ogive surface first to find a point of intersection P(x, vy, 2z):
(1) 1If zl<z<zz, then the ogive scection of the radome was struck,
the unit normal is computed (OGIVEN), METAL is set to .FALSE.
and the program returns.
(2) If 2>z, it is assumed that the ray encountered the top disk
before impincing on the ogive surface (which actually extends
beyond the z, coordinate). The ray is then traced to find its

interscection with the plane =z = z . 1If the top disk is indeed

~ -

struck, then METAL is sct .TRUE. and n = -z is returned.




INCIDENT
PLANE WAVE

ZgoT

Figure 9-1, Tangent Ogive Radome Geometry.
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(3) 1If z<zl from (1) above, it is assumed that the bottom disk

.
was struck by the ray before it encountered the ogive surface. g
The ray is traced again to find its intersection with the :
plane z = zl. If this bottom disk is indeed struck, then
METAL = .TRUE. and ; = ; is returned.
The steps in (2) and (3) above appecar to be unnecessary; however,

they are included to ensure that the ray tracing procedure works corrcctly

and to alert the user if it does not. Tor example, if incorrect variable

values are¢ passed to the supporting subroutines, therce is a good chance

that no intersection will be found with any one of the three surfaces, in

which case the following error message is outputted:

"THERE IS A HOLE IN THIS RADOME"

The message is continued with the values of (xo, yo, zo) and (kx, ky, kz).

! Incorrect values of geometry variables passed to the supporting subroutines,

and attempts to trace a ray from a point exterior to the inner radome .

surface, will prompt the error message and alert the user of his mistake.

. 9~-5. Program Flow: See listing below. g,
9-6 . See Chapter 2. i.

i
. 9-7. References: None ;1
9-8. Prograim Listing: Sce following pages. :

[

——— — ey —

114

v~




T el

e

g
r3y
9¢
¢
g

HNNM TN ONCT O NNMIPITINONCOTDANNM
Nt At A (NN N NN NNNNNNMD M MDD

UM IIT NN ONOO O
-l

NelilZe
C3TMWS* =TV Lan
CtgdN-ATOC Tl 0T

Nefll=e
WAV A R €3 PRI 1

OILOZ¥IO0 SIHL NI C3I3AVNL AVEL*F 0198 4,595 0Z1dYes AVNLX2) 1700l 10T

ASDA(T T 4¢3) 2L T2

G 3W00%a SIHL NI 370H ¥ Si 3e3Fin*Xc*/)i9wal4 0T

(1214 39)-11eM €7

27 01 09 1irWy4l
(LIH*a* 0 C3) AS1Ce 1L ¢
xmuoxoh»oalhaszQMMWLFZH>a;¢HmzHme»uo

€T 1 CY
1T 0! 09 (.IH)al
(LIRNSEeX 04 RS I0GL v
ASTY 401 HIIM SLVESaziNI Ave 21 ZNIAWel
17 0L
T 24 09 t22°19°(y)3)al
¢ D21 29 (TZ2°.0°(L)2)al
¢ Ol CLu (LIr*i0ON®)41
(iIH*a*2*C3)ATI90 0D
NOTLUZS 3IATO9D HiIm SLO23SH51INL AYY 31 5. 1Ae2430

~
39

TL022/230Va2/N2anll
WSIA wOLL08 341 ONY SAIO0 zH! 30 NUILJZSesi'I 35»1 S1 1Y
3AIO0 3K1 3JNY X%SIC 401 4HY 30 NUldu=zSesitl Zrr SI 24
S3INAYA 2 NCILITISH=UINT ZgvaansS 43S

LIN*vLN 021227
(EINLE)ACUZI N (E)De T2
(€))7 NJDILDZ»I0 3H1 NI IJNINsAVel S1 o avy -my
(£)d *IuM =w00ve =ZHL w]ITM NO31I123Se3inNl 33 1wl
(€)0d NISIANC 40 UINTQOd 4T AC~4 AV S ¥ SZO7XL ADpei -N

(W LISH*N*e* X4 02) 2 2%eal :NILNDaeNS

W W

2

VRO &




——_—

g%
hh
£
b
e
a»
6t

(HINXEL

N*ild -

ON
NADL -
*3INclt=a7L

17

*iDc =7

1YN>C1 T

19

w
v

DGR S 2T

b

(&0

-

-4

116




10-1.

10-2.

10-3.

’
i

Chapter 10

SUBROUTINE RXMIT

Purpose: To compute the complex rectangular vector components of
the electric field ET transmitted through the radome wall, where
it 1s assumed that the incident field Ei' Hi is locally a planc
wave and that the radome wall behaves as an infinite plance dielec-
tric sheet. The direction of propagation of the plane wave —i
and the unit inward normal A at the point Pl(x, Yy, 2Z) are used to
determine the angle of incidence and the plane of incidence of
the plane wave. All dimensions are in centimeters.  Radome coor-
dinates are implied.
Usage: CALL RXMIT (PWI, PWT, K, NORM, P1l, TABLE, SUPPRS, BETA)
COMMON/TRANSC/DIN{G) , ER(G), TD(6), TZ, WALTOL, N, NN,
D(6), 2B, 1K
Arguments
PWI - Complex input array containing the vector com-
ponents of the incident clectric field; i.e.,
PWi (rxi, Eyi' uzi).
PWT - Comj lex output array containing the vector com-
ponents of the transmitted electric field; i.e.,
PWT (B T E)-
K - Real input array containing the direction cosines

of the direction from whence the plance wave

cmanates; it.e., Kk, K, K) = xKkK + vy k + o Kk .
X % z % v 2




NORM

!L 2l

3
TALLE
SRR

clie,

Real input array contarning the rectangular com-

ponents of the unit inward normal 1o xn + v on
%
+ zn ; i1.c¢c., NORM (n , n , n ).
z X Y 2

Real input array contalninag the coordinates (x, vy, )
of the point on the radome inner surface whore
the transmitted plance wave 1s assumed tO cmerge ;
Too., PHx, v, 2).
Loglcal dnjut variatde: 1f TRUE, a look-u; tab
ts used ta compute thio insertion voltage trans-
mission co-fficients T, ’I‘H corresponding too tin

L

angle of incidence v ; it FALSLE, T
i

f

set to unity to o simulate the absence of the radome

Are cach

Originally, 1f TABLE = _FALSE., the coetfficicnts
TL' TH wore computed atocach point Pl(x, v, o) by
a vall to subroutine WALL as in the case of tie
wall configquration belna derendent on position

(' mperature variables, proseoription tapors, oo

Logical it variatb-le: 1f£ FALSL, a table of trane-

mivnsion coofficionts versus sing . da printod,

1
Actually, |m 7, 5 T R T, TR and the phosos
1 1 1
of T, T, , R, R, arc printed.
1 il 1 |
Real input variable @ o= 2n7%, where Vois the froe

space wavelength (em) .

Beal inmrut arrays which specify the thickness o
Trecdeen, rodlative diclectrico constant vy and 1oy
toater nt tan® of the N olayers comprising tihe mulia-

Taryor vvdome walle Layer 1 ois the frrst laver on




N,

NN

TZ,

WALTOL,

ZB, TK

the exit side of the wall; layer N is the first
layer on the incident side. ER(NN), TD(NN)

specify Er, tand of the medium in which the N-layer
structure is immersed (normally, free space so that
ER(NN} = 1.0, TD(NN) = 0.0). The real array D
contains, after the first call to RXMIT, the
thickness in centimeters of each layer.

Real variables used previously to specify longi-
tudinal and circumferential variations in wall
thickness and in the tolerance on thickness. These

variables are not active in this version of RXMIT.

10-4. Comment and Method

a. Subroutines required: WALL, AMPHS, AXB

b. The transmission of an incident plane wave through a p.lane

dielectric sheet immersed in free space (60 = 8.854 X 10

farads/m, =
o

-7 . .
4m X 10 henries/m) may be described in terms of the insertion voltage

transmission cocfficients

where B E
- te’ Tt

are

E_(P")
o L
' r (P") (1)
11
E (P
el .
I B, ,(P") -
ill

transmitted fields at P' with the shect in place,

and E'i' E,Ilaru the incident fields at the same point in the abscence of
i i

) the shoeet.  The point

ray and 1s located on

lies on the colinear extension of the incident

the exit side of the sheet.
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Since the transmission coefficients TL' 'I‘H arce Jdifferent, it is

Hedessary te resolve the incident clectric ficld E, into perpendicular
=i

and parallel components; i.c., vector components which are perpendicular

tooand yarallel to the plane of incidence (POI) defined by k and “I" as
AS

fliustrated in Figure 1o-1.  The unit vector perpendicular to the TPOI s
gqiven by
kK xn Kk x n
R R
k < " = S (3)
lk X nR .s‘in!w}i,nR
A unlit veotor parvallel to the POI is given by
Kk, =Xk xKk 1)
i L
Th incident clectric ficld may boe written as
E- oL B+ 2 = kB o+ kb ("
i RV LN iz L il il )
wher
o=k« E =Kk E .+ Kk E .+ Kk B (6)
11 1 ! Xl  x1 yi oy z1l 71
O R oo+ K B, o+ k ¥ (7)
ill =4 x Il Txi vl Ty z || Tai
and whore k In torms

of

tiee

XL

coordinate

systoem

(%,

Yo

, k. cte. are the vector components of ko, k.
x ([ i Il

2)




L3y
)Ei
A i
T B a
iR
T11 E‘11 311 al= kan/' kanl

A

A1y = dpxk

Figure1l0-1l.plane Wave Propagation Through an
Infinite Plane Sheet




Lines

Line 49:

Lines lou-12:

Lines 15-16:

Lines 17-59:

E = x(L . + E | + E .+ E . + z(E . + E | 8
1 iy x1lP v yil yllp 25, lef (#)
where, for cexample
E. =x+*k E. =k E, (9)
X1l 1 il xl it
The transmitted plance wave is then given by
E =k T E. + k, T, E. (10}
=7 1L it o0 il
E =x(T E ., + 7T, E . + yv(T E + T,, E +z(T E . + T, ,LE |
B T XT By P Ty By P YT B P By tE(T B T E )
(11)
1o-%. Program Flow

Comments
Set NANGLE = number of entries used in the look-up

tables for Tl, T

5
NDO causes initialization of variables and the com-
putation of the look-up tables on the first call to
RXMIT (lincs 11-959).

Convert layer thicknesses from inches to centimeters.

Compute look-up tables for Tl, T, at NANGLE points

f
spaced equally in s;im)i over the range (0, 1). If
SUPPRS = .FALSE., jprint a tablce of transmission co-
efficients (every fifth point only). If ER(1)< 1.05,

set AIR = .TRUE. and compute unity transmission coeffi-

cients for the "air" radome (for testing).
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Lines 60-78: Compute sinei.

Lines 79-86: Interpolate in table to compute Tl, q|at sinei.

-

Lines 87-100: Normalize the vector kl.

Lines 101-112: Compute Ex. , E , E .

it yil zil
Lines 113-124: Compute E ,,, E ., E . ,.
xill"” Tyifl’ Tzil

Lines 125-129: Compute Ext' Eyt' Ezt and return.

Lines 130-136: If sinei is out of range of the table, write error
message, set TL' T“ to unity, and continue,
10-6. Test Case: See Chapter 2.

10-7. References: None

10-8. Program Listing: See following pages.
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11-1. Purpose: To compute the transmission and reflection coefficients
of a N-layer dielectric sheet having thicknesses dn' dielectric
constants Ern' and loss tangents tanén for each layer when a plane
wave 1is incident at angle 61.

11-2. Usage: CALL WALL (BETA, SINE, D, ER, TD, N, NN, TPER, TPAR,

RPER, RPAR})
* 11-3. Arguments
BETA - Real input variable = 2n/)A, where )X is the free
space wavelength.
SINE - Real input variable = sin Gi.
‘ D, - Real input arrays containing the thickness (cm),
ER, dielectric constant € and loss tangent tané of
TD each layer.
N - Integer input variable equal to the number of
lavyers.
NN - Integer input = N+1.

. TPER, TPAR - Comprlex output variables cqual to the insertion
voltage transmission coefficients for the com-
ponents of the incident electric field perpendi-
cular to and parallel to the plane of incidence,

i respect ively, N
: RPFR, RPAR - Comj lex output variables equal to the reflection
cocfficients Ri' R”.
. FreLiaas o ansk ;uud(-iv(')x Plivho 120
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11-4. Comment and Method

l a. Layer 1 is the first layer on the exit side of the panel; layer
N is the first layer on the incident side. Tl, T” have the same value for
cither side of the panel being the incident side; howcever, RL' Ru aro
Jdifferent (in phase) for the two cases.

L.  The details of the method arce presented in kReference 1 and are
reproduced in Appendix Bl
l11-%. Program Flow: Seco Reference 1.
l1-6. Test Case:  Sce Chapter 2.
11-7. References

. E. B. Joy and G. K. Huddleston, "Radome Effects on the

l

Porformance of Ground Mapping Radar," Technlcal keport,
Contract DAAHOI=-72-C-0598, U. S. Army Missile Command,

Moooh Y73,

Pl-o Program Licting:  See following jaages
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12-4.

12-3.

Chapter 12

SUBROUTINE AXB

Purposc: To compute the real vector cross product C = A X B, where

A, B, C are expressed in rectangular components.

Usage: CALL AXB(A, B, C)
Arguments
A, B - Real input arrays containing the rectangular com-
ponents of A = x A +y A + 2z A and B; i.e.,
2 X y 2 2
A(A, A, A), B(B_, By, B,).
C - Real output array containing the rectangular com-

ponents of the vector C = A X B; i.e., C(Cx, Cy' Cz)'
Comment and Method

a. Both input vectors must be real.
b. The computation of C = A X B is elementary.
Program Flow: Sec listing bclow.
Test Casc: None
References:  Nono

See following page.

'rogram Listing:
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Chapter 13

SUBROUTINE CAXB

13-1. Purpose: To compute the complex vector cross product C = A X B,
where A is a complex vector and B is a real vector expressed in
rectangular coordinates.

13-2. Usage: CALL CAXB (A, B, Q)

13-3. Arguments

A - Complex input array containing the rectangular
components of the vector A = x Ax +y Ay + z Az; r
i.e., A (A, A, A).
X y z
B - Real input array B (Bx, By, Bz) representing
the vector B.
, C - Complex output array C (Cx, Cy' Cz) representing

the vector C = A X B.
13-4. Comment and Method: None
13-5. Program Flow: See listing below.
13-6. Test Case: None
- 13-7. References: None

13-8. Program Listing: Sece following page. ]

-‘
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Chapter 14

py SUBROUTINE RECBS

e,

14-1. Purpose: To compute the angle of arrival k of a jlane wave on a
monopulse antenna which yvields an electrical boresight indication
which, due to the radome, may be different from the mechanical
boresight along the z axis of the antenna. The antenna aperture
lies in the xy plane.  All dimensions are in centimeters.  Antenna
coordinates arce impliced.

s - 14-2. Usage: CALL RECBS (SUMX, SUMY, DELY, DELY, DAZX, DAZY, NX, NY,

LMAX, NS, IOPT, VR, DMRAD, ROTATE, TRANSL, FGHZ, KXMAX,
KYMAX, TABLE, SINOS, K, AZTM, ELTM, RSQMAX, VMAX, SMAX,
SUPPRS)

14-3. Arguments

SUMX, SUMY,- Complex input arrays of NX by NY elements cach

DELX, DELY, containing the aperture distributions of the

DAZX, DAZY monopulse antenna.  See Subroutine HACNE.

LMAX - Integer input variable which controls the maximum
- number of iterations that will be done to find

the clectrical boresight within the tolerance

specificd by DMRAD.

NS - Inactive integer variable.
10PT - Integer input variable which sclects the polari-
zation of the incident plane wave.  See Subroutine
z INCPW.
VR - Complex array of three clements representing the

received voltage on the sum, elevation difference,

139
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DMRAD

ROTATE,
TRANSL,
FGHZ,
KXMAX,
KYMAX,
TABLE

SINOS

AZTM,

ELTM

and azimuth difference channels of the antenna,
respectively (output).

Real input variable equal to the tolerance to which
the electrical boresight in milliradians s to be
computed; i.e., 0.1 mitliradian.

Variables required by Subroutine RECM.

See Chapter 8.

Real variable cqual to the sine of the angle eos
(measured from the z-axis) in the ¢ = 45° planc
{$ measured from +x toward +y) at which the first
target return arrives; e.g., eos = 3 degrees.
Real output array containing the direction of
arrival of the final target return; i.e.,

K(kx' ky, kz).

Recal output variables equal to angles (mrad) in
the azimuth and clevation planes of the antenna
which specify the direction of arrival of the final
target return. If ; is the unit vector pointing
from the origin in the direction of the final
return, then the orthographic projection of this
vector onto the xz-plane makes an angle AZTM with

the z-axis; its projection onto the yz-plane

makes an angle ELTM with the z-axis.

140
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RSOMAX - Real variable needed by Subroutine RECM. See
Chapter 8.

VMAX - Unuscd.

SMAX - Real output variable equal to the magnitude of
the received sum voltage for the final return;
used to compute loss in antenna gain.

SUPPRS - Logical input variable which controls the compu-

tation and printing of additional antenna outputs
around the¢ boresight direction. If TRUE, the
complex voltage outputs of the difference channels
will be computed at one milliradian increments over
the range 3.0 mrad, centered on the direction of
the final target return.
14-4. Comments and Method
a. Subroutines required: AMPHS, RECM, INCPW.
b. Subroutine RECBS uses a linear tracking model to determine the

direction of arrival k = x k + v k + x k of a plane wave which will
X y z
produce null indications in the elevation and azimuth difference channels

of the monopulse antenna inside the radome. Subroutine RECM is used to

compute the rcceeived voltage on ecach channel for the specified polarization

(IOPT) and direction of arrival.

The first target return is made to arrive from the direction *

~ ~ ~

) . . .2
k. = x sint + vy sin6 + zv1-2sin @ (1)
1 0s 0s oS

to produce outjuts




I

I
Vanz
U “anz| (2a)
AL | VX \
v
VakLd g
UI"I] = Im —v—k* (21
whoere Vo, Vo, V) arc the complex voltage outputs of the three-
o AL AAZ :
channel outputs ot the three-channel antenna.  The second return is made
to arrive from
L ‘ AN
K= Xx(-s1nd ) + y(-sint ) + zvl-2sin’t (3)
A o5 s ¢33
to jroduce outputs U ¢ .
¢ produc auty AZ2' CELZ
Construct a lincar model for cach channel independently using
the slope/intercept equation for a line; i.co.,
U_ =M _ Kk +0b da
AZ AZ X AZ (4a)
U = M Kk + b 4b)
EL EL v EL (
ERBTES
M = (U - U J (k. -k (5a)
Iy ( VAl I\ZE) ( x1 X2)
= {U - U {k -k (5h)
e Wenr T V) )
b = U - M K (6a)
AZ AZ1 Az xl
b = U - M k 6L
EL  EL] EL “yl (6b)
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Ussee this model to oastaimate the valuces of kx, k that will make U = U

y AZ EL
= Uy 1.,
kK = -k M 7
x azMaz (Fa)
k = -t M 7
y wr/ My, (7b)
wiiere the valuc of k= follows from
2 2 2
kK “+k T4+ k" =1 (8)
X Y z

The third target return is made to arrive from this direction and

the values of U arce computed via Subroutine RECM. Now, according

PRt
AZ EL

to the last linecar model, a value of UAZ within the range

< |M sind o1 T b (9)

would indicate that the null has bheen found within the tolerance Otol

(=DMRAD) specified. If this tolerance 1s not satisfied for both

channels, then the process is repeated until it is or until LMAX is ex-

ceeded.  In continuing the iterations, k., becomes k, and the estimated
P

point becomes k.

~

On the last return, the direction of arrival in specified by k.

The angles in the azimuth and elevation planes are given in milliradians

-k ©
y

k
AZTM - sin 1 <‘~§~f) - louoo (10)
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Llties

Lines

tine

Iiinesa

Ll

Lines

'
PRI SN

Ll

Ll

LN
sl

Ll e s

>

31=-38

le—30;

BARE

$3-34:

AT ~dn

Ve

(LI TS

Comj ute first two target

linear tracking model.

returns to construct

Compute slopes M = SLPAZ, MI‘ = SLPEL from first

AZ

two returns.

Tterate on lincary model

If the increment in AK is larger than sin(DMRAL/LOOO),

£

up to LMAYX times.

then use 1t to compute slopes; 1f not, use the last

comj uted values of slopes to avolid division by teoo

small 4 rumbeer.,

Compute 1ntercerts }r]\ ,

Lo,
b L

Jomput. acouracy cviteria based on current slopos

atnd Intercepto,

Comi ute direction Kk that

s

roduce nulls U R0, L'F

thie moded indicated will

Roin both planes.

ey

compute U, U for this direction K,

n

(S No

Uidatre the lincar tracking model Ly storing the last

ot U, .
AL AL AZ.

() and U () =L

Copelnts in each channoel as Uy, U2y c.a.,

;AZ' Kl“) = K;}(l) and

At 1caat tonree diterations are always used.

It , U

AL 121

are within error bounds, oxit the loois;

it not, continue te lterate.

It LMAX exoeeded, 1nform the uscer.

Compute amp [1tude EMAX on sum channel for final

Large! roturn.,

compauat e slapes for frnal o retuarn.

corg ute bhoresight crror

AT, ELTM.

PRI a
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Lines 103-13d: Comiut. k_ tovr k1 and k. 4

Loy Toh— o= Convert slopes to volts/degroce.

3 Lines 109-117: 1f SUPTRS = L(PALSE, jprint results.

% Ligp Dln-130: Compute and jrint additional our;urs around tn
boresi1ght dirccticn k.
Lines 1do-144: Compute and print the slojpes of o linrear trackips
model based on el rolats ot 42 e and -2 mroao
(henee, the division iy (006 = o mrad) .
A
A

Line 1o END

Rl
. ta-t.  Teor Case:  Sec Chay ter 2.
la=".  eferiroces: None.
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15-1.

Purpose:

Chapter 15

SUBROUTINE RECPTN

To compute the receiving patterns of a monopulse antenna

at NREC points in a specified principal plane. A plane wave of

specified polarization (ICOMP) is made to be incident on the

antenna at equal incremencs in sin6 over the range (-KMAX, KMAX -DK)

in either the elevation plane (ICUT = 1) or azimuth plane. The

received voltage in c¢ach channel is computed in the presencc of

the radome and stored for return to the calling program.

Usage: CALL RECPTN (SUMX, SUMY, DE. ', DELY, DAZX, DAZY,

NX, NY,

FGHZ,

Arguments

SUMX, SUMY,-

DELX,

DAZX,

IcuT

Icomp

DELY,

DAZY,

ICuT, ICOMP, KMAX, "C, VREC, KXMAX, KYMAX,

ROTATE, TRANSL, TABLE, SUFPRS, RSQMAX)

Comy:lex input a. rays of NX bv NY elements con-
taining the uperture field uistributions of the
monopulse antenna. Sce Subroutine HACNF.

Integexy input variable which specifies the prin-
cipal plane in which the pattern is computed:
elevation (ICUT = 1) or azimuth (ICUT = 2).

Integer input variable which specifies the lincar
polarization of the incident plane wave: clevation
comp:onent ; only (ICOMP = 1) or azimuth component

a only (ICOMP = 2). See¢ Figure 15-1 for further

clarification.
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A .
€ = elevation component
A .

a = azimuth component

E—Plane
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Figure 15-1Coordinate System for Far Field Patterns




KMAX - Real input variable ecqual to sinft , where the

ax

pattern is computed over the angular range (-4 ,
max

“mdx)' but in equal increments in sind so that
Fourier interpolation can be appliced dirvrectly in
the wavenumber domain using the Fast Fourier
Transform.

NREC - Integer input variable egqual to the number of
points at which the pattern is computed.

VREC -  Comj:lex output array of NREC by 3 e¢lements con-
taining the computed receiving patterns for the
sum, c¢levation difference, and azimuth difference
patterns of the monopulse antenna.

KXMAX,KYMAX, - Input variables required by Subroutine RECM. Sece

FGHZ , ROTATE Chapter 8.

TRANSL, TABLE,

SUPPRS , RSQMAX

15-4. Comments and Method :
Subroutines INCPW and RECM arc used to compute the incident plane

wave and the received voltage in cach channel for cach direction of arrival

in the specificed plane.  For the clevation plane, the direction of arrival

s given by
© o AR
k = x (0) + vy sint + 2V1-sin @ (1

whore o 1s the angle mecasured from the z-~axis. For the azimuth plane

: . - S TS
k = x sinug + v (0) + z/1-sin“0 (2)




fne ineremonts in oangle are given by

Ak = 2 Kk N {
rmax / RIWC

Virlues of Srocorrespond to the invisible voguon and wust o beooxo ol

Max

Trom constacration.,

Lo~0 0 Prodram Flow:  Compare jrogram st e tobow ool ta e
discussion above

Le=o. Test Case:  See Char Loy

I Rofoerences: Nt

Ph=n. Program Listing:  Seoe followiteg i
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Chapter 16

SUBROUTINE OGIVE

16-1. Purpose: To solve for the intersection PH(x, y, z) of a line (ray)
and a tangent ogive surface. The ray starts at point PO(x , v , 2 )}
O

&} O

and travels in the direction K(kx, ky, kz) =k = kkx + }ky + ékz.
Dimensions are in centimeters. Radome coordinates are implied.
16-2. Usage: CALL OGIVE (PO, K, PH, HIT)
COMMON/OGIVC/RP, BS), AP, RINV, B, RSQ1l, RP2
16-3. Arguments
PO - Real input array containimg the point of origin
ot the ray PO(xQ, Yo Zo)'
K - Real input array containing the direction cosines
! of the ray K(k , k , kz).
'H - Real output array containing the point of intersec-
tion PPH(x, v, =), if HIT = ,TRUL.
HIT - Logical output variable which indicates if an
interscction colurion was found (TRUE).
The tfollowing variables are common with the main program and ave precal-
culated to speed up the ray tracing compitations.  Refer to Figure 16-1 of

the radome geometry for the Jdetinitions of K oand B.

. 2 2
RP - Real nput variable - RT - BT
2
Bo() - Real input variable = B,
Ab - Real 1input varilable = 0. Sce APIN in Section 2-4.
RINV - kReal anput variable = 1/R.
B - kKeal input variable.  see Figure 16-1.
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Figure 16-1. Tangent Opive Radome Geometry.




o
INSIRES - Real input variable = RO,

i 7
RrRp2 - Real input variable = kK + 8B .

Lo=4. Comment and Method

a. The common variables must be comp ated 1n the main program
prror to the flrost call te oolve,

oo Jubroutines regquired:s CBRT, S0OK, XY.  Real function CDLET (XS
oM ltes cupe root: sk computes sguare root with test for npegative

Araqudnent .

<. The interscoetion of a ray and ogive surtace roequires the

solution ot @ fquartic equation in the parameter z  as follows [1]

LSl (2A+Y)
N T
(1+U)

, 5 .
Loy u-R +ATEW) + (2Aa4V) T - 4BTU

o= _ 1 5 (3)

{1+0)

il 0
SHOAY) (<l FATHW) - drTY

L ()

5 \

R (1+0) ©

; 2 2
(=R +A74WY T = AW

P — (5)

1 )

(1+0) "




orovarrables woand B oare Jdefined o Piloure 1e-1 and by the odgive

ot
v EREEEN + i - =0 \,‘ - i ‘\‘l 1)
:
St REEE ' A1 0 revolution tor thoe ogive sshape. The
crorddsle v r ek T oo an oot along ooof the coordinates for the orive .
Latton N R ARSI cboreanlt o wheon the tollowing egquations for a ray
. NN toorooigh the peint Poyx o, v, ) in the direction k XKoo+
i o [@] x
: i oottt oint vaat e (10
Do o= X o~
% o M N
LT e .- -—- = ocoretant (1
Gl e et v e i tre conat bon way be tound trom the ro-
‘ o et ol
)
. ‘ - ) SR (1o
. “t i




This cubic cquation nas ot loeaet one real root o oyiven by

[

ROV T TR T > TP

=T T R ’ = i -
o g\/ .2_ 4 —}y + ST (1)
- E - K B
. v
128

i
k.

whore
) .
LA e, T ) - ' L]
i 2 1
1 3 -~ -
T o= 7T [—.l‘) L N C O - d0,) v LT (-, Corod . ) 1)
oot 3 3 T L l + 1 .
once pooods foulnd, the roots ol thoe gqualtic cquabtion follow fronm
[
w K
3 | .
- == P (e
ik, 2 4 2 .
. R
3 1 N
- - —. _ il & (.
i, 3 2 2
wh
o
l‘ ‘;
BT = Oy o
1 i o > U
N
oo - B —
) i - PRTN - . -
/ + - 33 R =
. - - k. - v 1 T T T T T \1 i
{ + i : 4k
N ]
4.0 - -
i t A Py +
I - e e e e (o)
s i
1
The orrect oot o Leoochosierns 0 thie e waith the usmallost abeeciute value
Al whilo!, s tie FSatY vt e Roe T it ey ectien ot bex, v, )




Vitward o

.

eoos coorditnat

Come




vy +k ot (29)

whire the parameter t is the distance along the line from (x , vy , 7))
(& (9] (8}

to (x, v, z). Substituting Equations (27) - (29) into (l10) ylelds the

1

following quadratic cquation in t

(30)

The quadratis formula vields the following solutions to the above equation

- 2 2 2.1
t - X +kyv)y - {x +y )+ R 1°
- 3 (&) O S
The wun:r 1o . coor . booaarrans (24) through (26) .
O S . o o0 oand compare directly to the above
1 - '

st oL, "kadome Fffects on the

v

Peortorroa, Tooareein o Marg Radar," Technical Report,
Contrac DA i-T0 - = UL SL Army Missile Command,

Maron 170

Steqgun, and Abromowits, Handbook of Mathematical Functions,

[

Hational Bureaa of Standards, June 1964, p. 17.

10-s. Program Listlng:  Sce followlng pages.
g ! 3 pag
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Chiap ter 17

SUBROUTILE OGIVEN

1 me

-1, Purposce:  To compute the unit inward normal veotor x’a = x noo4+
Voot Zon o to the tangent ogive surface at the joint Pi(x, v, z).
Dimensions arce in centimeters and radome coordinates are imp licd.

17-.0. Usage:  CALL OGIVEN (PI, N)
COMMON/OGIVC/RP, BSQ, AP, RINV, B, Rs¢l, kP2
(Sce Chapter 1o for common variablos.)
17-3. Arguments
PI - Real injut array containing the point PI(x, vy, z)
on the tangent ogive surface at which the unit
normal is desired, as computed by Subroutine OGIVE.
N -  Real output array containing the direction cosines
U\x, noy xi) of the unit inward normal vector.
17-4. Comments and Method

The tangent oalve surtface is Jdescoribed by

f(r,n) = r - YyR™ = (z-a ) + B =0 (1) 1
t
where ro - and where Koand B oare Jdefined in Figure le=1.  The unit 2
thward normal to tiire surface 1 qgiven by
i ) df dr Af dr ' Todf .
n B w Lo Lo .ot .
PV R Jdrodx dr o dy i
]
16 1
4




4 ST Paotie it ceeorators Dhuetion (0) can s rewrdtton as
! TOX Y Todr
4 1 X oy (1)
: Y r du
vt ditferentiation with respeect teor has been done and Jdf/h :
: Lot st The remalning terms are given by
14
! i
{0
o ! ()
] R vET = (amn )
\
- W T e Ayt r e ot il e Wit e noexa Liedt by oo
e - {o=-n b w ()
i
N vl - (=)
N R xRy (7)
) . {7
- ! IN ¥ R
- 8
N .
(y i
n - ) ; ()
Y i
3
b ' At VT = - YT e Pttt (1) has doaon used.
. b b KIS ERE SIS IS s S PR A (o) = =)y Byt Iy tao the
. 1 v
[ i H Ve
(
¢ ' cen Tt .

"
™
)

-




17-7. Reference

1. Smail, L. L., Analytic Geometry and Calculus, Appleton-

Century-Ccrofts, Inc., New York, 1953.

17-3. Program Listing: Sce following page.
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trrowsh tne known soant Vs, : Al drmennions

continmctors.

cal 1nput array containing the Known point
crewgh whiioh tne ray

ut : e i rewtIon Costiiey

val o vartable cqual to the known o coordinato
Ltorscction as fowcd, for oo m le, from
Subvroutine OGIVE.
Reat outpat array contatning the desived
b intoersoection PI(x, oy, 2) .
Comumeonoand Mot

Parametyico ccpuattons for o Jire o in o space passing through the

id having direct o cosines (kK o, K N are given by
x o .
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Chapter 19

SUBROUTINES BDISK, BDISKN, TDISK, TDISKN

To compute the interscction PI(x, v, z) of a line (ravy)

emanat inag

from the point P(x , ¥ » ¢ ) having alrection Conlnes

Subroutinc

Subroutine

CALL BDISK (7,

Arguments

o : o
, kK Y with a jplanar disk at z = = or gl oz = 2 .
44 Lot Loy
is usued to compute the unit inward normal n = z.
is used to compute thie normal n = -z.
PI, HIT) CALL TD¥SK (P, K, PI, HIT)
COMMON/BDISKC/ZBOT, RBSQ COMMON/TDISKC/ZTOP, RTSO

CALL TDISKN (N)

Real input array containing the jpoint P(x
e}

v o, ) from which tne ray emanates,
« )

Bual input array of direction cosines K(k , K , k).
X v z
feal input array containing the desired point

of intersection PI(x, y, z2).

Logical outiut variable which 1 TRUE 1f an

et 2 ity

intoersection is found.

-

Real input variable equal to the 2z ¢ ordinate of
the @ lanar daisk.
Real injput variab.le cqual to the scuare of the ﬂ
vl of tne yp banar dick, 4
Real outy oo array contatning tiv v ot ron cosines

]

ot anat rroaward noermal o vector; o ovre s, NG, 0, 1),

[ YIOH AV

177




Coorarano tric cquations for thie ray

b iovr o of the b oty ety 1 i atven b

Z o, The xoand v oconrdinates follew from the above canations;

(wiee Yoo v 1w Ui radius of thie disk), ne o intey-

oo La round. Fimilar etatoments a1y for the tor disk.

= . Trogram Flow: Compare the lTilstings bolow directly Lo the sguations
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RICED

20-3.

Chapter 20

SUBROUTINE FAR

Purposc: To compute the far field pattern in wavenumber coordinates
(k , k) of an ant.nna whose radiating characteristics are specificd
X Y

by the complex jlane wave spectra A (K, kK ), A (k_, k ). The an-
X X y X v

1

Y

tenna i Locared v oo lane perpendicular to the z (polar) axis.

Usage: CALL MAR (#LLLD, NFIELD, YFIELD, NX, NY, FGHZ, KXMAX, KYMAX,

RADT U, TPWK,
Argument
FIELD - Real cutpyut arrvay of NX by NY clements containing
the far tield power pattern at alscrote wavenumbers
i

k\ = sinfcosd, K = sinfising, where £ and ¢ are the
X v

usual polar and azimuthal anglos.

XI'IELD, ~  Complex input arrvays of NX by MY ~dements con-
YFTRLD taining the plane wave spectra A, A at discrete
3 «

2 Y

wavenumbers ko, k.
X
NX, NY - Integor input variables equal to the array sizses.

FGHZ -  Real input variable caual to the freguency in

gigahert:s.

KXMAX, KYMAN-  Real input variables egual to the maximum wave-
number associated with the clements of the arravs
F1kLIy, XFIELD, and YFIELD. The element I-1, J=1
in these arvrays corresponds to the wavenumber

coordinate (-KXMAX, -KYMAX). For any (I,J), the

wavenumber coordinates are given by




whore

RADIGS

IPWR

A

KX = (I - —— - 1)* KXINC

NY

)
P

KY = (J - - 1)* KYINC

KXINC = 2*KXMAX/NX
KYINC = 2*KYMAX/NY

Real input variable cgual to the radius r in

contimeters of the sphere on which the far ficld

vattern is computed.  This variable effects only
~JKY . . .

the term e Jr, and r is sct to unity in the

calling program for normal usc.

Integer input variable which sclects the vector

components to be used in computing the power

tattoern:

1 = Flevation component only
s Avimuth ocomponont only

Total powoer

3 Right hand circular polarication
Loft o hand ¢ orcular polarization

poal input and output variable.  on input, if

FMAX S 0, the program will normalize the array

CIRLD froo zero Lo one and oultyiat the normalicing

factor as FMAN. T EFMAX > 0 o dpput, it will Qs

Joeed as the normalicing factor; on outiut it will

oo une-hanaged.,




20~4., Comments and Method

Lot 1-2x(x, v, 0), Ey(x, v, 0} be the tangential clectric tields of

4 rectangular antenna aperture located in the z- planc and centered at
the: origin of the coordinate system. The plane wave spectra of the apor-
ture fields are defined by

+j(kxx + k‘y)
E),(X' ve 0) u : dxdy

+i(k x + Kk vy)
% v .
EV(X, y. 0) ¢ : dxdy

T electric

given by
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Aand Tor the s ecial case of large r, the rectangular field components
ooy veach thelr aryeg totlic values 1]
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A
€ = elevation component
A
Y a = azimuth component
E—Plane
€4 A
o
A -
6510 A
€
H—Plane ——
6la>o0
z
0dB
108 0 108 !
—40dB 1 ). ! 5
— 9& >0 1
— 06 >0
Figure ' .- 1Coordinate System for Far Field Patterns
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atdd Ds Phee recelving st bern whenh Too o probe 15 jpolarizaction matchea at

every jornt to the toest antennag.
Iii the cane of circularly polarized fields, tle jrobe n,ocan Do
v X R
. ~ Al
N €t 2
RHC:  n e (zm
L I~
Yoo
-~ g} _‘7 -
€ v RA
LHC: n, = —— —— - (21)
L o
Vi
The receiving atterns in the twe cases arc then glven by
il K
v |~ = n, o E__1° (22}
"R b frl

whoere the appropriate n, is used.

Subroutine FAR implements the above egquations and computes the power

catterns for an aperture in an infinite ground plane;

only A and A o tantamount to the assumption tnat © out side the
’ X i —tan
Sperture area 1¢ o zero.  For the oxtonded case of a finite ajertire in f

Srace, tive taboh ntial maaneetio frold H 1lso contyributos toot

tie radirated
—tan
troobb, ared tioe far ficids are o aiven b Douations (3-40) - 4
Feotereta s, T fact, it dsoonly by including the effects of H tiat
-tan
oo traromitiame: and coooeiving formuiat tons for the finite arertare

Ul e

oo qurvaloent [

The current version of Subareutine FAR laisted below could be casuly
Sttt b et bwde e adkdit conal terms. Tf the geometrical optics
M ~ N .
! prresirat o for the ot ertuare fiolds e made; vie.,
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Chapter 21

SUBROUTINE AMPHS

21-1. DPurpose: To convert a complex number ¢ = X + jy from

i¢

rectangular to polar form c =!c|e .

21-2. Usage: CALL AMPHS (C, AMP, PHS)

21-3. Arguments
C - Complex input variable containing the rectangular
components of the complex number to be converted;

i.e., C = CMPLX(X,Y).

/ 2
AMP - Real output variable equal to x2+y .
PHS - TReal output variable equal to the phase angle ¢

in degrees.
21-4. Comment
The intrinsic Fortran function ATAN2 is used to compute PHS.
21-5. Program Flow: See listing below.
21-6. Test Case: None
21-7. References: None

21-8. Program Listing: See followinjy page.
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Chapter 22

SUBROUTINE DBPV

22-1. Purpose: To convert a real array of linear values, normalized to
lie between zero and unity, to decibels.
22-2, Usage: CALL DBPV (FIELD, NX, NY, IPV)
22-3, Arguments
FIELD - Real input/output array of NX by NY elements: on
input, it contains the values to be converted; on

- output, it contains the corresponding decibel values

on the range (-40, 0). All input values less than
10 © are set to -40 dB on output.

NX, NY - Integer input variables which specify the size of
the array FIELD.

Irv ~ Integer input variable which specifies whether the
input values in FIELD represent power (IPV=1l) or
voltage (IPV=2). 1If 1IPV=1, F(I, J) = 10 loglo

F(I, J) is returned; if 1IPV=2, F(I, J) = 20 log10

F(I, J) is returned.

22-4. C(cmments '
It is intended that the irvut array FIELD be normalized prior to the

call to Subroutine DBPV.

Py

22-5. Program Flow: See listing below.
22-6. Test Case: Nche

22-7. References: None

22-8. Program Licting: See following page.
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Chapter 23

SUBROUTINE NORMH

23-1. Purpose: To normalize a two-dimensional real array of field values

so that all values in the array lie between zero and unity. %
23-2. Usage: CALL NORMH (FIELD, IMAX, JMAX, LDB) |
23-3. Arguments
FIELD - Real array of IMAX by JMAX elements. On input, i
it contains the field values expressed as non-
negative real linear amplitude or as amplitude
in decibels. On output, the linear amplitudes
are replaced by their scaled values FIELD(I,J)/ {
FMAX, where FMAX is the maximum amplitude value
! in the array; the logarithmic amplitude values
are replaced by (FIELD(I,J)+40.)/40., where -40
decibels is assumed to be the lower bound on the
original data.
IMAX,JMAX -~ The number of elements in FIELD.
LDB - A logical variable set TRUE if the values in
FIELD are in decibels. ¥
'f 23-4. Comments and Method 4
- ' A function f(x,y) of two variables having minimum value fm. and i

in

maximum value fmax may be normalized to Osfn(x,y)sl according to

- f(XIY) - fmn
I £ (xy) = (1)
max min
199




i
N

provided that the denominator is not zero. 1In this procedure, the fn=0
corresponds to f=f ., , and f =1 corresponds to f=f .
min n max
When f(x,y) represents a linear (vice logarithmic) variable, it
is desirable to force fmin to be zero if the minimum value of f is actually

greater than zero. In this special case, fn becomes

£f(x
f (x,y) = __(__'}1 (2)
n f
max
Equation (2) is also used to treat the special case of f - £ . 0;
max min

however if [f <1, £ is set equal to 1., where the sign used is
ma max

|
x
that of fmax' This refinement has the effect of producing a constant
function whose value lies between zero and unity; without it, fn would
be simply set to unity or division by zero may result.

When f(x,y) represents a logarithmic variable, such as the ampli-
tude in decibels of an electromagnetic field, all of the foregoing dis-
cussion applies; however, a minimum value fmin must be imposed. If
fmin<—40, fmin is set equal to -80 (decibels); otherwise, a -40 decibel

level is assumed. A value of fmax equal to zexo decibel is also assumed.

23-5. Program Flow
Lines 9-16: Find minimum MN and maximum MX values of data in
FIELD; form their difference DR=MX-MN. .
Line 17: If array values are in decibels, go to 50.
Line 18: If all values in the array are the same, go to 25

and scale the data to lie between zero and unity

(Lines 28-37).
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Lines 19-27: If all linear amplitude values in FIELD are not
identical, scale the data according to FIELD(I,J) =
(FIELD(I,J) - Min. Value)/(Maximum Value - Minimum
Value) .

Line 38: If values in FIELD are in decibels, and the minimum
value is less than -414B, then assume a -80dB lower
bound, go to 60 (Lines 47-52), and scale the data
according to (FIELD(I,J) + 80.)/80.

Lines 39-46: Scale the data according to a -40dB lower bound; i.e.,
(FIELD(I,J) + 40.)/40.

Lines 53-54: Write MN and MX.

23-6. Test Case: See Chapter 2.

23-7. References: None.

Program Listing: See following pages.
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24-1.

24-2.

24-3.

FroLpisy Losk ELAL

Chapter 24

SUBROUTINE CNPLTH AND FUNCTION PSI

Purpose: To plot (Calcomp) single dimensional far field patterns

at constant wavenumber k_. .
fix

Usage: CALL CNPLTH (FIELD, N, KMAX, KCNTR, KFIX)

PSI = ATAN2 (K//&. - K2 - K2.
fix

)

Arguments

FIELD - Real input array of N elements containing the
fiz2ld values in decibels but normalized so that
-40 dB corresponds to 0 and O dB corresponds to
unity on the normalized scale.

N - Integer input variable which specifies the number
of elements in FIELD.

KMAX - Real input variable equal to the half width of
the wavenumber range corresponding to the array
elements 1 through N of the array FIELD; i.e., the
increment in wavenumber corresponding to the dis-
tance between the Ith and (I+l)st element is
2 KMAX/N.

KCNTR - Real input variable equal tec the wavenumber coor-
dinate of the (N/2 + 1)st element of the array
FIELD. FIELD(l) has wavenumber coordinate
KCNTR - KMAX.

KFIX - Real input variable equal to the fixed value of
the other wavenumber coordinate. For example, if
kx varies, then ky = KFIX.

KeWOi Flleky 205
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24-4., Comment and Method

let F(kx, ky) represent the far-field power pattern of an antenna
where kx and ky are normalized wavenumbers as defined in Chapter 20. A
pattern cut at constant wavenumber is a conical cut about the real axis;
e.g., a kx = constant cut is a conical cut about the x axis of the coor-
dinate system.

For principal plane cuts, kx = 0 yields an E~plane pattern as
defined in Figure 2-3; ky = 0 yields an H-plane pattern. For principal
plane cuts, KCNTR = 0 and KFIX = Q.

The plotting commands are set up to produce a 4" X 8" rectangular
pattern plot on a standard pattern scale. The plot is positioned on the
paper to give margins of 2" on the left, 1" on the right, and 2.25" from
the bottom and, hence, is suitable for direct use as a figure in a tech-
nical report.

24-5. Program Flow: See listing below.
24-6. Test Case: See Chapter 2 and pattern plots in Appendices B and D.
24-7. References: None

24-8. Program Listing: See following pages.
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Chapter 25

SUBROUTINES PLT3DH AND PLTT

25-1. Purpose: To plot (Calcomp) the two-dimensional array FIELD (I, J).
25-2. Usage: CALL PLT3DH (XSIZE, YSIZE, HEIGHT, FIELD, IMAX, JMAX, NMZ,
LDB)

25-3. Arguments

XSIZE, - Real input variables in inches defined on Figure 1.
YSIZE,

: HEIGHT
FIELD, - Real input array of IMAX by JMAX elements con-
IMAX, taining the values to be plotted. These values
JMAX must be normalized to the range (0, 1) before

{ plotting,
NMZ - Logical input variable. If NMZ = .TRUE., the

array FIELD will be normalized with respect to

- its own maximum value; if NMZ = .FALSE., no

normalization will be done.
) LDB - Logical input variable required by Subroutine
o NORMH (Chapter 23).

St 25-4. Comments

» In Figure 25-~1, the axes and labels shown are not produced by the
subroutine; these axes are presented to demonstrate the perspective of the
plot and to identify its dimensions. Report size plots will be produced

' suitable for one 8 1/2" X 11" page when FACTOR = 1.0 and
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Figure 25—1. Dimensions of Three—Dimensional Plot.
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XSIZE = 6.0"
YSIZE = 2.5"
HEIGHT = 2.5"

Margins in this case will be 1.5" on the left, 1" on the right, and 4.25"
from the bottom of the plot paper. Margin lines are provided on the plot
paper to outline the 8 1/2" X 11" page. Also, the plot itself can be
carefully cut from the plot paper and cemented onto a set of axes as has
evidently been done in Appendices B and D.

25~5. Program Flow: See listing below.

25~-6. Test Case: See Chapter 2 and Appendices B and D.

25-7. References: None.

25-8. Program Listing: See following pages.
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Chapter 26

SUBROUTINE FFTA

26-1. Purpose: To compute the Discrete Fourier Transform (DFT) or its
inverse of a sequence of complex numbers consisting of 2N elements,
where N is an integer. The Cooley-Tukey algorithm is used to per-
form computations in place to speed up the computations and to
return the transformed values in the input array.

26-2. Usage: CALL FFTA (FIELD, NEXP, IBMISN)

26~3, Arguments

FIELD - Complex array of 2** NEXP elements: on input it
contains the sample data to be transformed; on
output it contains the transformed data. See

below for ordering of data.

NEXP - 1Integer exponent; e.g., for 64 elements in FIELD,
NEXP=6.
IBMISN - Integer parameter which controls operation:

IBMISN = 3 performs the inverse DFT

IBMISN # 3 performs the DFT as defined in

4 below.
26-4, Comments and Method

a. Subroutine FFTA is machine-dependent in that the bit reversed

number, IFLIP, must be generated using Fortran instructions which are
peculiar to a particular machine. Also, the word length must be taken
into account. Lines 38-42 of the attached program listing arc used to

effect the desired operation for the CDC Cyber 70 (60-bit word, numbered
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0 through 59 from right to left with Bit O being the least significant):
IFLIP=0
DO 4 1I=1, IEXP, 1
J=60 - II
IFLIP=2*IFLIP + AND (SHIFT(I,l1+4J), 1B)
4 CONTINUE
The SHIFT(I,1+J) operation shifts the bits of the integer I to
the left by 1+J bit positions. The AND operation strips off the right
most bit of the shifted result. E.G., when II=1, the right most bit of
I (Bit 0) is extracted from I by the AND(SHIFT) operation. The current
value of IFLIP is then shifted one bit to the left by the 2*IFLIP opera-
tion. The two results are then added together. A total of NEXP bits
are extracted, starting with Bit 0, followed by Bits 1, 2,...(NEXP-1).
The net result of these operations is to take the NEXP-bit binary
representation of the array element number I, reverse the order of the
bits, and right justify the result. Array elements in FIELD numbered I
and IFLIP are then interchanged if I>IFLIP. The first and last elements
of FIELD always remain in place. The array elements are rearranged in
this manner so that they will be ordered after transforming [1].
b. To explain the ordering of the data in the complex array FIELD,
it is convenient to consider the specific example of using FFTA to com-

pute the Fourier transform G(f) of a time function g(t) as defined by

T
max
G(f) = J g(t) e 12TEE g (1)

~T
max
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and as approximated by

G(£) = I g(t) e 32 £t 4y (2)

where ti are the equally spaced points along the t axis when g is sampled

over the interval -T <st<srT .
max max

There are N=2NEXP samples in the input array FIELD(I) corresponding
to I=1,N. The first sample (I=1) corresponds to g(—Tmax). The last
sample (I=N) corresponds to g(Tmax—At). The I=(N/2+1)th sample corresponds
to g(0); i.e., the value of g at t=0. The DFT assumes periodicity of the
sampled data so that the value at t=Tmax is identical to that at t=-Tmax.

The sample spacing is

At = 2 Tmax/N (3)

and corresponds to a folding frequency fmax of

f = 1/2At (4)
max

On output, the array FIELD contains the frequency components G(f)
at N equally spaced frequencies Af over the band -f < f<sf ; where
max max L

I=1 corresponds to f=-f , I=(N/2+1) to £=0, and I=N to f=f -Af, where
max max

Af = 2 £ /N (5) 4
max

223




e

and where

1
- = (
Tmax 2Af 6)
Also, by the inversion integral [2],
£
max
+iomE .
g(t) = J G(f) "2 gf = pf 3 G(£ ) QI2TEE (7
-f p
max

This version of Subroutine FFTA is written so that division by N

. . -j2nf .
is done when the Fourier transform (kernel = e Jem t) is computed. When
the expression in Equation (3) for At is used in (2), there results

_ 1 ~j2rf t,
G(fp) =2 Tmax N i g(ti) e p i (8)

Transposing 2 Tmax and using Equation (6) yields

-j2nf t.
J"pl (9)

21

? g(t,)

Af G(f) =
p 1

where the righthand side is the definition of the Discrete Fourier Trans-

form as computed by FFTA. Inversely,

g(t.) = £ Af G(£ ) e I2TEY (10)
1 p p
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which is the Inverse DFT as computed by FFTA.

Conversely, if the original data in the input array FIELD are
samples of a frequency spectrum G(f), a similar analysis shows that FFTA
computes At g(ti) as the inverse transform (IBMISN=3); i.e., the time
function is modified in amplitude by At. Of course, when the forward
transfonn (IBMISN#3) is performed on this result, the original sampled
data G(fi) are obtained in FIELD on output.

From the above considerations, the following conclusions can be
drawn concerning the use of FFTA to compute the Fourier transform G(f)

of a windowed time function g(t):

G‘fp) =2 'rmax . FF'I‘A{g(ti)} (11)
— l . =
g(ti) 5 Tmax IFFTA{G(fp)} IFFTA{Af G(fp)) (12)

As an example, let g(t) be the rectangular pulse function which
has constant amplitude vO for ]t,sto and which is windowed in the larger

time interval ItlSTmax. The Fourier transform G(f) is given by [3)

sin 2nft

= - 9° ‘
G(f) =2 tovo 2nfto (13)

Let g(*) be sampled at N=2NEXP points over the interval |t|>Tmax. and let
these sampled poin s be placed in the array FIELD. Then the spectrum

G(f) will be closely approximated at discrete frequencies fp by
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G(f)y =27 * FIELD(I)
p max

where

fp = _fmax + (I-1) * Af
and where FIELD is the output of FFTA according to CALL FFTA (FIELD, N, Q).
Proper consideration should be given to the sampling of the time
function sc that tihe DFT produces a good estimate of the actual integral
transform. For example, if to=Tmax' and all samples are constant, then
the DFT will produce a single nonzero frequency component at f=0 (corres-
ponding to the (N/2+1)th element of FIELD); i.e., a delta function. Such
a result follows from the facts that the Fourier transform of a constant
g(t)=Vo is G(f)=V06(f) and that the DFT assumes a periodicity of the
sequence of samples provided to it.
Consider the other extreme. Let the pulse g(t) be represented by
only one sample at t=0 in the window ItISTmax. The Fourier transform of T
q(t)=V06(t) is G(f)=Vo, a constant.
It is clear from th= above considerations that the time function
must be properly windowed and properly sampled to produce a good estimate
of its transform via the DFT. Simply stated, the time function should be

sampled at a rate At which is twice the highest frequency contained in

thz function as interpreted by the DFT.




26 ~5, Program Flow

Lines 22-24: Compute N=2NEXP and set the sign ISN of the exponent
in the Fourier kernel.

Lines 26-29: Compute IEXP=NEXP from N. This is a redundant com-
putation made when the original FFT subroutine was
modified to conform to the call to a library version
on another computer system.

Lines 30-35: Rearrange the order of the input data so that samples
for t>0 are placed in the lower half of the array,
and those for t<0 are placed in the upper half. For
a frequency function, the data are rearranged so
that the first N/2 points give the components for
non-negative frequencies (I=1 corresponds to £=0),
and the last N/2 points contain the data for the
negative frequencies.

Lines 36-49: Rearrange the data in FIELD so that it will be ordered
after transforming as described for Lines 30-35 above.

Lines 50-73: Perform the summation using the Cooley~Tukey algorithm 4

{1].
Lines 74-79: 1f forward transform is being done, divide all values
in FIELD by N.
Lines 80-85: Rearrange the output data in FIELD so that it conforms
to that used on input; i.e., fi=fmax + (I-1)Af or
t.=—Tmax + (I-1)At as appropriate.
26 ~6. Test Case
A rectangular pulse function with amplitude V°=1OO was chosen for

11 .
g(t) with to=.10 second Tmax=l.60 seconds, and N=2048=2"", The resulting
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sample increment At and folding froequency fmax were 0.116 serond 320.0
Hertz, respectively. The comparison of the central nine points of the

computed and true frequency spectra were as follows (CDC Cyber 70):

True G(f) Computed G(f)

I £ (Hz) Amp. Phase (°) Amp . Phase (°)
1021 -1.250 18,006 U.un 18.006 V.39
1022 ~-0.938 1l6.863 U.oo 18.863 0.26
1023 ~0.62% 1,490 0.0 19.490 0.18
1024 -0.313 19,472 0.00 19.872 0.09
1025 0.000 20.000 0.00 20.000 0,00
1020 0.313 13.872 0.00 19.872 -0.09
1027 0,625 19.490 0.00 19.490 -0.26
1028 0.938 18.863 0.00 18.863 -.035

26-7. References

1. Cochran, W. T., et al, "what is the Fast Fourier Transform?",

Proc, IEEE, 55, pp. 1664-1674.

2. Papoulis, A., The Fourier Integral and Its Application, McCraw-

Hill, New York, Ch. 2, 1962,

Stein and Jores, Modern Communication Principles, McGraw-Hill,

New York, pp. 10-~11, 1967.

26-8. Program Listing: See following pages. The second listing, Subroutine
FFT, is for use on the IBM 3033 at JHU/APL. It employs the subroutine FFTA

available on that system library. Use of this subroutine requires the calls

in Subroutines JOYFFT and MAGFFT to be changed from CALL FFTA to CALL FFT.
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Chapter 27

SUBROUTINE MAGFFT

27-1. Purpose: To increase the resolution of a complex array of data
points using Fourier inte "polation and the Fast Fourier Transform.
The number of points in each array must be an integer power of two.
.7-2. Usage: CALL MAGFFT (A, NA, B, NB)
27-3. Arguments
. M .
A,NA - Complex input array of NA = 2~ < NB data points.
: N
B,NB - Complex output array of NB = 2 data joints.
27-4. Comment and Method
a. Subroutines required: FFTA, PWRTWO

b. By Shannon's sampling theorem, a band-limited function 1is

represented by 1ts samples, and it can be reconstructed at any joint from
them. The computation of the value of the function at a point other than
a sample point is called Fourier interpolation. Such interpolation can be
used to increase the resolution of a function.

The Fast Fourier Transform (FFT) can be used to faoilitate Fourier
interpolation. Briefly, the original function A(kx), Known at NA points
on the range (—KM, + KM), 15 fransformed to yield  BE(x) - F{A\kx)} at NA
sample points. These NA values of BE(x) are then jlaced i the center of

I M
an array containing NB = 0 > Na 2 vownts to form the function E'(X) .
This function is then inverss transformed to produce A(kx) at NB points
over the same range (—KM, ¢ KM). (Actually, the range 1s (—KM, + KM -
Ak) since the FFT considers the samp led function to be periodic outside
the known range so that the (NB + 1) st ;oint would be the same as the

first point in the array.)
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27-5. Program Flow: Sce listing below.
27-6. Test Casce: See Chapter 2.
27-7. References: See Chapter 26.

27-8. Program Listing: See folluwing page.
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Chapter 28

; SUBROUTINE JOYFFT

28-1. Purpose: To compute the two-dimensional Fast Fourier Transform
of a complex array of NXI by NYI points and to provide magnification
of a specified portion of the transformed data.
28-2. Usage: CALL JOYFFT (INPUT, NXI, NYI, MX, MY, NXC, NYC, OUTPUT,
NXO, NYO, XYFFT, NXY, ISN)

28-3. Arguments

B INPUT, - Complex input array of NXI by NYI points.
NXI, NYI
MX, My -~ Integer input variables, equal to an integer power

of two, which specify the magnification in the I
and J directions, respectively.

NXC, NYC - Integer input variables which specify the center
coordinate I = NXC, J = NYC of the sector to be

magnified.

OouTPUT, - Complex output array of NXO by NYO points con-
. NXO, NYO taining the transformed points of the magnified
P
sector.
LI 3
XYFFT, ~ Complex working array of NXY points. 1
NXY i
ISN - Integer input variable which specifies the direction

of the FFT: 1ISN = 3 for inverse FFT; ISN = 1 for

FFT. See Chapter 26.

28-4. Comment
a. Subroutines required: FFTA, PWRTWO.
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b. All integer input variables must be integer powers of 2 and

must satisfy the following restrictions:
(1) NXO*NYO < NXI*NYI
(2) NXO < NXI or NYO < NYI

(3) MX*NXI < NXY and MY*NYI < NXY
28-5. Program Flow: See listing below.
28-6. Test Case: See Chapter 2.

28-7. References: None

28-8. Program Listing: See following pages.
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Appendix E

Plane Wave Transmission Through Multilayered Radome Wall

(Excerpted from Reference 1 cited in Chapter 11.)

The derivation below and the computer program implementation
listled in Appendix F are based on work done by Richmond at Ohio State
University, Although Richmond's matrix formulation for the aralysis
of plane multilayers has been previously documented [3], an outline of
the theory is repeated here to provide a convenient reference in
defining the quantities described in the computer program of Appendix F.

Consider a plane electromagnetic wave incident on the surface of
a stack of plane, homogeneous, dielectric slabs of finite thickness
and infinite width surrounded by free space as shown in Figure 7(a).

The wave illustrated has perpendicular polarization (electric field
intensity vector perpendicular to the plane of incidence) and the
symbols E. and E  represent the electric field intensities of the
incident and reflected waves at the "incident point " P, and E¢ repre-~
sents the electric field intensity of the transmitted wave at the
"normal exit point " Q. The reflection coefficient R and the '"normal
transmission coefficient " Tn of the multilayer are defined by

E_(P)
r . s
R = EET?T' (perpendicular polarization)

and

E_(Q)
.t : . .
E;T?T (perpendicular polarization)

-3
)
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Figure 7. Plane Llectromagnetic Wave Incident on Plane Multilayer.
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The "insertion transmission coefficient" T is defined as follows

E_(Q)
t . . .
= 7
T E;Tﬁj' (perpendicular polarization) (172)
-7 ejkdcose
n

where d is the total multilayer thickness, 8 is the angle of incidence
measured from the normal, and k is the free-space phase constant
w uoeo = 2n/Ao.

The resultant field in each layer consists of an outgcing wave
and a reflected wave. In Figure 1 the complex constants An and Cn
represent the electric field intensity Ex of the outgoing wave in layer
n, evaluated at its two boundaries, and Bn and Dn represent the reflected
field intensity at the two boundaries.

The field intensity in layer n can be written as

-y z Y.z .
E = (ae " +be™ e Jkysiné (173)

The propagation constant Y, is expressed in terms of the attenuation

constant ;'lr and the phase .constant B_ as
= + 9 T4
Y Gn JB8 (174)

It is assumed that the permeability of each layer 1s real and the com-

plex permittivity is expressed as
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€ = ¢'(1-jtans) (175)

Using the wave equations and Equations (173), (174), and (175), it can

be found that

(k/v2 ) ‘/al(upe; - sin2e)2 + (urc;tané)2 - (ure; - sin26) (176)

Q
H

w
i

(k/V2 ) J(/(ure; - sine)? + (ure;‘tané)2 t+ (ure; - sin®6) (177)

where u,, and e; are the relative permeability and permittivity:

- (
L VAR (178)
and
[ 1,
€, =€ /e ‘ (179)
Evaluat ing Ex in Equation (173) at the left and ripht boundarics

of layer n, it can be shown that

(180)
and

(181)

where d is the thickness of layer n. Equations (180) and (181) can

be expressed by the following matrix equation:




(182)

Let ¢t and

n+l,n rn+l,n denote the Interface transmission and

reflection coefficients for a wave in layer n+l incident on the boundary
of layer n. Further, let tn,n+l and Pn,n+l represent the interface
coefficients for a wave in layer n on the boundary of layer r+l. In
terms of these coefficients, the electric field intensities, evaluated
at both sides of the boundary between layers n and n+l, are related
linearly as follows:

cn = tn+l,nAn+1 + rn,n+an (183)

=t D + (184)

Bn+l n,n+l n Pn+l,nAn+l

The relations follow from the superposition theorem and the definitions
of the interface coefficients.

It can be shown that

rn,n+l = 'rn+l,n (185%)
. tn+l,n =1+ rn+l,n (186)
I - =1-

tn,n+l - l'frn,n+l' 1 Tatl,n’ (187)




mid
t t - =
u+l,n n,n+l rnfl,nrn,m-l 1 (188)
by using Lquations (185%) through (188), Lquations (183) and (1Bu)
vals bearraiged as
C = (A + 3
noT Yo rn,n+lbn+l)/tn,m1 (189)
and
o = (b -r . . <
n HE n+1,nAn*l)/1n,n*L (150)
These cal, ww wXpressed L LalliX Lorm as
fC f "A }
; nj | 4 n*l,nh nti
‘ 1 l ! '
CoE , [ (141)
i : ‘n,n+l ' }
" UT. ; \—rn"'l 0 1 ) ;\an I

The matrixz sjuations (1os) and (191) can be combined to obtain the fol-

lowing:

| (192)
|
t

Let the two-by-two matrix in Equation (192) be denoted by M :
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M= (193)

Repeated application of Equation (193) yields the following matrix rela-

tionship between the electric field intensities at the incidence and

exit surfaces:

o) N+1
=(l/t)Ml.M2.M3...MN.S. (19u)

where the dots denote matrix multiplication, N represents the total

number of layers, S denotes the matrix

v o= . (L9v)

and L

t o= tO,l’tl,2’t2,3"'tN,N+l' (19¢6)

In the situation used to define the transmission and reflection

coefficients of the structure, a wave of unit amplitude is assumed to
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Le incident on cne outer surface, so that

N+l

N+1

and

smemw Garaldle] polarization)

‘l)

Nl
TR (pard.cel polarizativi!

(297)

(198)

(199)

(200)

o
Thus Lquation (1l34) becomes
, -
AN ) (1]
0 ’ .
o |
= (1/1) MMMy e M SoLob (2¢1)
N
! | I
! | ! t )
Lo \ F
Tre olution rur "parallel peaarization” (eledtric fleid ntenoa-
VY poAral ;o the o lane o lngidence) is oblaune ) by ing
theorem - guaallty to the above solution. Thus, 'he refle Tion .nd
Trann Dol oetblolonts e detlned by
. '
oo Gb)




The matrix equations given above apply also for parallel polarization,
in which case the complex constants An’ Bn’ Cn and Dn represent the
amplitudes of the magnetic field intensities Hx of the traveling waves
in layer n. Equations (185) through (188) alsc apply for parallel
polarization, in which case the interface reflection and transmission
coefficients are defined by the ratio of the magnetic field intensities

Hx. The interface reflection coefficients are given by

r _ HpYne1 T Mped¥n
+ +
L0 B Yaer Y Yaei"n

(perpendicular polarization)  (20u)

and

€Y .. = €Y
Coe1n C nE ntl .n+l 2. (parallel polarization) (205)
3

+ e
nntl Ln+lYn

where y is given by Equations (174), (176), and (177) if the permea-
bility u of each layer is real.
After the indicated matrix multiplications of Equation (44) are i

pertormed, and the division by t., the equation has the form |

T
(T a bl 1 4
n i
(206) ’
LO c ejl R )
Thus, i
d
- _ be
T =atbR=a-= (207)
dhd
R = -c/e. (208) 1;
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