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I
ABSTRACT

A two-dimens onal ray tracing analysis for the calculation of
radoine horesight error and antenna pattern distortion is presented here.

mnpbasis has been placed on the development of a method having con-
siderable flexibility, so as to enable app tion of t-an-,e et' L a w.i.d.e
range ol a,_t.nna-radome problems, and on relative ease of calculation,
so as to rxiinimize calculation time. Several example problems are cal-
culated to demonstrate the usefulness of the approach. Comparisons
between calculations and measurements have been included whenever
measured data were available. Instructions for use of this completely
computerized method are included along with several tables describing
variables and the complete computer program with necessary sub-
routines. Programs are written in Fortran IV language suitable for
use on the OSU version of the IBM system 3 6 0/75 (some minor changes
may be required for use on other 360/75 installations).
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A TWO-DIMENSIONAL RAY-TRACING METHOD FOR THE
CALCULATION OF RADOME BORESIGHT ERROR

AND ANTENNA PATTERN DISTORTION

I. INTRODUCTION

Streamlined radomes for aircraft and missile guidance systems
must be carefully designed for high transmission efficiency and minimum
boresight error. Since the usual antenna-radome system is large in
terms of wavelengths, exact methods for the calculation of radome errors,
such as the integral equation methods of Van Doereni and Hahn, 2 prove
to be difficult to apply. Frequently these methods car only be applied
to a small portion of the radome such as the vertex region. Therefore
approximate methods continue to be useful in radome analysis.

This report presents a two-dimensional approximate method for
calculating radome boresight error and antenna pattern distortion. A
ray analysis is used to determine the effects of the radome on the antenna.
These effects are used to modify the source aperture distribution which
is numerically integrated to determine the far-zone field pattern of the
antenna-radome system. The Ohio State University-IBM System 360/75
high speed digital computer is used for all calculations. The calculated
results agree reasonably well with experimental data and require little
computer time. Several calculations of typical radome design problems
are discussed.

II. THE BASIC METHOD

A. General Considerations

The analysis is based upon a two-dimensional model of the antenna-
.-adome system as shown in Fig. 1. The radome is represented by its
cross-section and the source antenna is represented by a one-dimensional
aperture having a known amplitude and phase distribution. Rays are
traced from the aperture to the radome wall to determine angles of
incidence to be used in calculating radome effects. The radome is
approximated by a plane multilayer oriented at the calculated angle of
incidence at each ray intersection. The plane wave, plane-sheet trans-
mission coefficient and inseition phase delay are calculated for each
ray. These values are used to modify the original source distribution
function such that a reconstructed aperture distribution is obtained which
includes the radome effects. This distribution function is then numeri-
cally integrated by high-speed d&gital computer to determine the approxi-
mate far-field pattern of the antenna-radome system which is compared
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to the pattern obtained without the radome to determine pattern dis-
tortion and boresight error.

B. Ray Tracing

In the usual antenna-radome system the antenna aperture plane
is displaced by some distance da f.om the gimbaling axes of the antenna.
When the antenna is scanned, description of the aperture plane becomes
difficult in a fixed coordinate system. For this reason two coordinate
systems are used to describe the antenra-radome geometry, as shown
in Fig. 2. The radome is described in a fix*ed (x, y) frame which has its
axes centered on the antenna gimbal axis. The antenna aperture is
described in (x', y') frame which rotates about the antenna gimbal axis
with the angle of rotation corresponding to some look angle 4L. Points
in the (x', y') system are related points in the (x,y) system by the
following transformation:

(1) =x (cOs 'L - sinýPL (x' )(I ksinýL cos(?L) y

The radome is assumed to be constructed of n geometry sections
which can be described by the following general second.-ordez equation:

2(2) F(x,y) = anx + bnyz + cnxy + dnx + eny + fn = 0

where (xyy) are the coordinates of Fig. 2 and an... "fn are a set of geo-
metrical constants which define the n-th radome section. A set of m
equally-spaced rays from the antenna aperture to the radome inner wall
ai.e selected to represent the probiem. A ray drawn frum a point (xa, Ya)
on the aperture plane to the radorne wall is described by the point-slope
form as:

(3) Y - Ya = mR(x -xa)

where mR is the slope of a ray in the (x, y) frame. Th antenna points
to be used are determined in the (x',y') frame by

14) x' = d
a a

3
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where

A is the total aperture length
NR is the number oi rays to be used
m is the index of a particular ray
da is the perpendicular distance from the origin to

the aperture plane as in Fig.
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The set of m points determined by Eqs. (4) and (5) are transformed by
Eq. (1) to the set of (xa,ya) points to be used in Eq. (3). Substituting
Eq. (3) into Eq. (2) we get the following quadratic in x:

2 (-2bm€ Xa+ 2bRYaa- cmRxa +Cya+d4emR)
(6) xm + (a+bmfRl +cmR) rn

(-ZbmRyaxa+bm2x x +bya -emRx. + eya+f)
+ R a a em__-_ + ea_+_-)_=0

(a+bmR' + crnR)

The solution of Eq. (6) gives the x-coord-nate of the point of intersection
of the m-th ray and the radome. Since Eq. (6) is of the form:

(7) X:rn 2 +2Bxm + C = 0

the solution of Fn. (6) can be written as

(8) xm- B -BZC

where

2B is the coefficient of the linear term in Eq. (6)

C is the constant term in Eq. (6) .

From the geometry of the system it is seen that the positive square
root is selected in Eq. (8) to give the proper point of intersection. This

value of xm is substituted into Eq. (3) to obt n the y-coordinate of the
intersection point:

(9) Ynm = mR(Xm - Xa) + Ya •

The derivative of Eq. (2) evaluated at (xm, yin) gives the slope of
the tangent to the radorne surface at the rn-tb intersection point:

(Zaxm+Cym + d)
(10) mT= - (Zbym + Cxm + e)

5



Provided that neither the tangent line to the radome nor the ray is
paýrallel to the y-axis and that the two lines are not perpendicular, the
angle of inter'section of the two lines is:

(11) Cm -- Tan-1 MRmT

1 +mRmT

which is the complement of the angle of incidence of the m-th ray and
the radome inner wall.

(12) e r = m1

is the angle of incidence. A3 will be discussed later the average angle
of incidence for two adjacent rays will be used in farther calculations:

(13) OA = (6i +

The two exceptions to Eq. (1;) mentioned above are treated specifi-
cally in the computer program. The constants a through f in Eq. (1)
depend upon the specific geometry of the radome. Logic statements in
the program assure that the ray intersection is calculated in the proper
geometrical section. The angle of incidence calculated in Eq. (13) is
stored in an m X n array indicating that the m-th ray is used with the
n-tb set of geometrical and electrical constants. The an ... fn constants
and tie associated n geometry boundaries are usually calculated in the
program, however, for specialized cases they may be read in directly.

C. Pattern Calculation

The basic calculation is thal of a se-tion oi the far zone field
pattern of the antenna radiatLng in the presence of the radome. The
angular range over which the pattern .s zalculated varies from one
degree about the antenna look angle for boresigh. error calculation and
from 10 to 90 degrees about the look angle for pattern distortion calcula-
tion. Within the one degr- e interval used for boresight calculation only
a few discrete pointL are calculated.

"Ihe far-zone fiel - pattern for the one-dimensional source repr,.-
sentation shown in Fig. I is given by:

6



(14) E(M) F(y) ej$Iy) ejky s'" dy

where:

F(y) is the amplitude distribution function
O(y) is the phase distribution function
4) is the pattern angle
L is the length of the aperture.

In general F(y) and 4(y) are arbitrary func'ions such that the
evaluation of the integral requires numerical mnethods. These functions
are determined by the given source distribution functions and modified
later to account for the presence of the radome. Rays are traced from
the aperture plane to the radome inner wall where they are modified by
the plane wave, plane-sheet transmission coefficient (IT1") and insertion
phase delay (IPD), to a new aperture plane immediately outside the radome.
Here a "reconstructed" aperture is defined which determines the far-field
of the antenna-radome system according to Eq. (14). A few comments
on ray tracing follow.

The usual ray analysis uses a set of n equally-spaced rays. As
this n is increased the predicted result varies up to some value of n
where further addition of rays no longer changes the answer. This
answer is not necessarily the correct answer but merely the best answer
that Lhe ray tracing solution can predict. This n required for a con-
vergent answer using equally spaced rays frequently becomes quite large,
typically 500 rays for a lOX aperture ana a streamlined radome. Evalu-
ation of Eq. (14) using a large n consumes :n excessive amount of com-
puter time which is undesirable. An alternative to this approach is to
use a set of fewer unevenly-spaced weighted rays3 to analyze the problem
such as the set shown in Fig. 1. Since the radome effects, IT1Z and IPD,
are strongly dependent on incidence angle, close spacing of the rays is
required only if the radome curvature is changing rapidly. More widely
spaced rays can be used in regions where the curvature variation is
slight. The most efficient ray analysis uses the fewest number of rays
required to obtain the convergent answer. The numerical treatment
which will !.)e applied to the reconstructed aperture is equivalent to per-
forming such a weighted ray tracing. This treatment is described below.

The source antenna has associated with it a large number of equally-
spaced rays, say 500. A subaperture cf the source is defined as that
section of the source aperture between two successive rays and has

associated with it a ray emanating from its center which intersects the
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radome inner wall at angle GA of Eq. (13). The local amplitnde and
phase associated with this subaperture is calculated frcrn the known
source distribution function. in tle case of a circular aperture, as
shown in Fig. 3, the equivalent one dimensional source must be tapered
by the factor

(15) Ao(y)= cos (sin Y)

This factor takes into account ýhe effective power radiated from each
segment represented by the chord length at the coordinate y, as in
Fig. 3. If the circular aperture itself has an amplitude taper, Ftr), the
equivalent one-dimensional aperture taper required is:

(16) A(y) = F(y) Ao(y)

where Ao(y) is found from Eq. (15).

one-dimensional aperture
x=O, z:O, -r< y <r

circular aperture x=O, y'+z = rz

Taper Ao(y) = cos(sin- y/r)

Fig. 3. Amplitude tapcr of a one-dimensional aperture for

equivalence to a two-dirrensional circular aperture.



This subaperrure, according to con.,entional ray optics, illumi-
nates only the small subsection of the radorne wall lying between its
-two defining rays which is approximated as a plane sheet oriented at
6A. Plane wave, plane-sheet ITIz and IPD are calculated using the
method of Richmond4 for the rays associated with each subaperture.
T'he local subaperture field distribution is modified by the local ITIZ
and IPD. The reconstructed aperture is thus comp]eted specifying the
integrand function F(y) and ý(y) of Eq. (14).

The numer"cal treatment of the aperture integral involves breaking
the integral down into several sections, or subapertures, as determined
by the rate of change of the integrand, integrating over these subaper-
tures, and summing the integrals. Equation (17) specifies the calcu-
lation.

N

(17) E(M) = •, i Fn(y) ej~n(Y) ejkysiný dy

n=l

where-

Ln - length of the n-th subaperture
4n = phase of che n-th subaperture
Fn = amplitude of the n-th subaperture
* = pattern angle .

The process of determining the aperture subdivision is as follows.
Fixed amplitude and phase deviations are specified, usually 0.05 to
0.10 and 2 to 3 degrees respectively. The length, amplitude, and phase
of the first subaperture are determined by scanning from the center of
the reconstructed aperture, point by point iowards the positive endpoint
of the aperture, until either of the fixed deviations occurs. At this
point the first subaperture boundary is defined and the awrc.age value of
amplitude and phase are computed for the included points. The first
sube-erture is then assigned the three constants F1 , qq, and L, of
Eq. (17). The scan continues across the positive half of the aperture
until all ponts are included, returns to the aperture center and similarly
scans the negative portion of the reconstructed aperture. Thus the n
values of Fn(y)A *n(Y) and Ln are determined. Equation (17) is then
evaluated as the summation of N integrals having uniform illuminations.
This result is written as:

9



N . (kLn sin4\

(18) E(M) ? Fri Ln ejn V- -
I~j kLn sin q
n=l 2

where the term ýn contains an additional term which accounts for the n-th
subaperture being displaced from the coordinate axis. Eulers equation
is used to evaluate Eq. (18) on the computer. The range on 4 which is
calculated is pre.assigned and depends upon the desired end result, i.e.,
pattern distortion or boresight error. The method of scanning the aperture
from the center out to each end is used to preserve the symmetry of the
syetem •

D. Boresight Error

The boresight error of an antenna-radome system can be defined
as the difference between the actuai target direction and the antenna
pointing direction. In a well designed system this difference is a ie%&
tenths of a degree and is due primarily to phase and amplitude distortions
of the antenna pattern caused by the radome. The boresight error is
evaluated in this analysis from phase monopulse patterns which are
generated by making one-half of the source aperture opposite in sign
from the other half. This pattern is characterized by a deep null on the
beam axis. The object being tracked or guided by the particular radar
system has the characteristic direction of the null which is ref'-red to
as the boresight direction. The shift in the location of this null due to
the addition of a radome to an anterna system is the radome boresight
error. If the antenna is scanning in a particular direc-ion and the bore-
sight error is in the same direction it is definee; to he a positive error.

In calculating the boresight error several .:onsideraticns simplify
the task. The null-shift is generally a fraction of a degree, thus making
the calculation of only a small portion of the pattern necessary. Also,
the pattern over a small interval enclosing the null is monotonically
increasing on both sides of the null and approximately symmetrical. The
null location is determined by computing one pattern point on each side
of the null so as to enclose the null in a bracket. Uy use of the symmetry
and monotone properties of the pattern the rel4ti,-e values of the two
points calculated indicate which point is closest to the null. From this
information a third point is calculated which halves the size ri the bracket
containing the null. Examination of the field magnitudes el. each end of
the new bracket now predicts the calculation of a fourth pr.ir~t which again
halves the bracket containing the null. This process can be continued

10



indefinitely to obtain the null location to any desired accuracy. Starting
with a two degree interval the null location will be known to within 1 / 2 n

degrees for n such calculations. In this analysis an n of 11 is used which
gives an accuracy of 0.0005 degrees in the null location. Figure 4
illustrates a typical calculation.

NO RADOME
BORESIGHT AXIS

2 •

//

2

V4 

V3

6 5

8 7 E
iou 119

Fig. 4. Far-zone field points calculated to determine the null
location for a monopulse difference pattern of an
antenna-radome system. The order of the points cal-
culated 3 indicated by the number.
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III. DISCUSSION OF COMPUTER PROGRAM

The computer program for the discussed calculations is composed
of a main deck and several subroutines s illustrated in Fig. 5. The
programs are written in Fortran IV language suitable for calculation on
the two Ohio State University computers, the IBM 7094 and thz IBM
System 360/75. A brief description of the function of each routine follows.

MAIN PROGRAM SUBROUTINES

BORESI-T

ERROR MULTI LAYER TRANSMISSION

PATTERN

-=-SIDE LOBE LEVEL

HALF-POWER FSAAMWIDTi

F-g. 5. Organization of computer program.
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I. Main Program: Read in all pertinent data; call necessary sub-
routines; calculate antenna patterns with and without radome;
determines relative power transmission and radome bore-
sight error as a function of antenna look angle.

2. Geometry: determines the set a, b, c, d, e, f of geometry coefficients
for each of the n radome geometry sections.

3. Ray Trace: determines the boundaries between the n radome geo-
metry sections; determines the n X m matrix of incidence
angles corresponding to the n geometry sections and the
m rays.

4. Multilayer Transmission: determines the transmission coefficient
and insertion phase delay for the - x m matrix of incidence
angles.

5. Aperture Taper: determines the amplitude and phase associated
with each ray. Also calculates any aperture blocking or
metal nosecap approximations.

6. Graph: calculates and plots the normalized far-zone power
pattern in dBs with and without radome.

7. Sidelobe Level: calculates the level of the maximum sidelobe as
a percent of main beam intensity and as dBs down from main
beam intensity. Also calculates the location of the first side-
lobe for the no-radome case and the power level at this
location with the radome installed.

8. Half-Power Beamwidth: calculated the half-power bearnwidth of
the antenna-radome system with and without radome.

Switching from the main program to the desired subroutines iF.
accomplished by means of two input cards named "title" and "source"
which contain key words describing the type of calculation desired. For
example, if "no" occurs in source (3), indicaiing that the no-radome case
is to be calculated, the multilayer transmission subroutine s not called.
Comment cards have been placed at the beginning of the main program
which explain all of the options used. Also, most programn variables
are explained in this extensive set of comment statements.

Figure 6 is a functional flow diagram of the calculation. The signifi-
carnt definitions of terms used in this diagram are listed in Table I

13
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TAJ• LE I

MC = Number of cases to be rur.
N(S = Number of geometry sections
N = Number oi layers in each section
SHAPE = Geometiical shape of each section
(XOO, YOO) = Coordinates of center of an ogive section
ROO = Radius of an ogive section
PHLIN = Included half-angle of a cone section
(XLIN, YLIN) = Any point on a coni :al section
AA, ... FF -Geometry constants of Eq. (1)
LI Total number of lock angles used
POLIZ Polarization
A = Length of source aperture
NUM Number of points calculated in partial pattern
DCE = Relativw dielectric constant of a layer
D Thickness of a layer in inches
TD = Loss tangent of a layer
FREQ Frequency in gigahertz
PHD = Phase allowance uscd in numerical integration
TRD = Transmission coefficient allowance
SPAN = Angular range of pattern calculation
PL Look angle ir, degrees
RPL = Look angle i i radians
TAPER Definition of aperture taper used
LT = Present value of LL
ANEA = Number of equal length subapertures
MI = ANEA
NRE = Number of equal spaced rays
NR = NRE- 1
AF = Fractional length of a subaperture of source
CF = Phase-center correction for a subaperture
TL, CL, SL = Tangent, cosine, sine of look angle
CLZ, SL2 = Cosine, sine of twice look angle
SZL = Sine-squared of lcok angle
MM = Number of subaperture .rr.mediately below Y-axis

(half-aperture subdivision point)
XGB, YGB = Coorcinates of geometry bounds between geometry

sections
YO = Y-coordinate of center of a subaperture
LG Number for a specific geometry section
TI = Angle of incidence
NKRRI = Ray trace subroutine
NKJRM = Multilayer transmission subroutine
AAT = Aperture amplitude taper

15



TABLE I (Cont.)

PHST = Auerture phase taper
FIPD = Insertion phase delay
TC = Transmission coefficient
TR = Transmission factor for a subaperture
PH = Phase factor for a subaperture
RPWR = Relative power normalized to no radome case
XMAX = Pattern maximum
BMAX = Angle at which XMAX occurs
BNULL = Angle at which pattern null occurs
BSEM = Boresight error in milliradians
SLL = Sidelobe level in percent
SLDB = Sidelobe level in dB
HPBW = Half-power beamwidth in degrees

To indicate the execution time for various program calculations
the following table is presented. 500 rays are used with a 4 secticn
radome in all cases. IBM System 360/75.

TAB LE 11

Calculation Execution Time for 500 Rays

Ray Trace 0.350 seconds
Multilayer 0.62i
Taper 0.083
Average Aperture Distribution 0.025
Null 0.050
100 Point Partial Pattern 2.400
Plot 100 Pt Pattern 0.250
Combined Sidelobe and 0.017

Half-Power Beamwidth

It is seen above that calculations which constitute one look angle
can often be executed in less than one minute.

16



IV. AN.•.LYSIS .AND DESIGN OF
ANTENNA- RADOME SYSTEMS

In this section several problems in antenna-•adome system design
will be investigated in order to demo•strate the use of the metbod as well

as to point out its applicability to a wide range of prcblems. It should be
emphasized at this time that all calculations are based on the Lvo-dimen-
sional model of the antenna-radom• system and that the accuracy of the
calculations is unknown. Verificatio,• oi results is possible either by
comparison with measurements or by compari'•on wi•h resul•s obtained
using emote rigorous theory. ,•.s was stated earlier rigorous theories
presently available are not easily applied if tl:ey can be applied at all.
Therefore, whenever possible, results will be compared to measured

data.

Two specific modern radomes configurations will be used in most
of the calculations to follow. The first radome is characterized as a
half-wave-wall design havir, g an ogival body with a Lemispheric nosecap.
The aft portion of the radome is conically faired to the associated
missile body. Construction is entirely ofpyroceram (•r = 5.5), The

radome wall thickness is approximately one-half wavelength.
The fineness ratio, which is defined as the ratio of the axia! length to
the base diameter o.¢a radome, is 2.0. The s•cond radome is derived
from the first by removing the hemispheric nosecap and extending the
ogive body to forrr a closed radome. All parameters remain the same
with the exception of the Fineness Ratio which becomes 2.25. The choice
of these two shapes will allow an evaluation of the effects of blunting
the nose of a •:ademe, which is frequently necessary because of aero-
dynamic heating at the radome tip. Some other radome configurations
arc analyzed which will be specifically described when considered.
Some special design situations require r, nodificaton of the basic method;
these will be pointed .•ut when necessary.

A. Convergence Of The Ray-

Optics Solution

As was pointed out in Section II-C a ray •racing calculation has
the property of converging to a fixed answer as the number of rays used
is increased. This section presents calculations on two radome geo-
metries to illustrate this convergence and to examine the number of rays
required to obtain the convergent solution. Figure 7 shows the calcu-
lated boresight error versus the nu•,ber of equally spaced rays used in

the calculation for the pyroceram radome having an ogi'¢al body and a
hemispheric nosecap. Two representative look angles are used to

17
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Fig. I Calcalated bore.;ight error vs. number of equally spaced

rays at two representative look angle. Center design

frequency and perpendicular polarization for the. pyrocerarn

ogive radorne with hemispheric nosecap.

illustrate the convergence; complete tabulated data for this calculation

at ten look angles are included as Appendix A. Figure 8 shows the same

calculation for the radome with the nosecap removed and the ogive

extended to complete the radome, Figure 9 shows the perzent difference

fromn the final answer for the 7.5* look angle case. It is seen that to

obtain the convergent solution (0% error) a large numbe,- o e6qually-

spaced rays is required. The presence of the nosecap is seen to have

little effect on the convergence of the solution if more than 10 rays are

usea.
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B. P-Jumericai Integration Of The

ReconstructedA Aperture

This section demonstrates the convergence obtained using the

numerical integration technique of weighted subapertures explained in

Section TI-C. 501 equally-spaced rays are used to represent the ten

wavelength aperture used with the radomes of Figs. 7 through 9 in all

of the following calculations. Boresight error (BSE), relative on-axis

power (RPWR), and the number of weighted subapertures obtained (N)

are calculated for various r ombinations of phase allowance (PHD) and
amplitude allowance (TRD) in approximating the field over each sub-

aperture by uniform amplitude and phase. Table III shows some iepre-

sentative calculated results with BSE and PHD in degrees. Appendix B

gives the complete data for this calculation at ten look angles. The

values obtained for 0 amplitude and 0° phase allowances are the same

results obtained in Section A of this Chapter, i.e., the convergent answer

from a large number of equally spaced rays. The numnber of aperture

points indicated in the table are the number of subsections of the aperture
which result for a given phase and amplitude allowance combination and
indicate the relative time consumption for a computer pattern calculation.

The table shows that the convergent answer is obtained using almost any

of the given allowances - for the complete ogive radome the answer is

obtained asing as few as 7 subsections of the original 500 point aperture
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Fig. 9. Percent difference from convergent ray-tracing solution
vs. number of rays. Perpendicular polarization at
center design frequency. Look angle 7.5e*

approximation. With the large phase and amplitude allowances, 30* and
0.2 respectively.. the error is still less than 2%o. In calculations to follow
an amplitude allowance of 0. 1 and a phase allowance of 3.-0 degrees are
generally used. 501 eqjuvl' spaced rays are used throughout since this
number assures that the ~:orvergent solution can be obtained. The con?-
'bitned timne consumption fo:ý tracing 501 rays and computing the associated
values of iTI12 and IPD is ontly on the order oi 1 second. As was pointed
out earlier the significa-at comnpuL.er time usage occurs in calculating
pattern points.- This is because each pattern point requires surmming
contributions from each aperture point used. For example using 500
equally spaced rays, 10 look angles, and calculating 100 points in the
far-field pattern the total number of calculations is 500, 000. If only 10
aperture points are used the number of calculations is reduced to 10, 000
which is quite significant.
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C. Electrical Design Of A Radome Wall

The high speed attained using the two-dimenzienal analysis results
in relatively low cost calculations. This allows the method to be used
to advantage as a design tooi. The approach is to select an approximate
design in terms of the complex dielectric constants, wall thicknesses,

number of layers, and geometrical shape. A specific parameter, for
example wall thickness, is varied in small steps above and below the
design specification. Calculations of desired electrical parameters, such
as boresight error, transmission, sidelobe level, etc. are made at each
incremental variatic t. Data are then compared tc determine an optimum
design. One such example follows.

Figure 10 shows the calculated boresight error for the pyroceram
radome as a function of its wall thickness. The current design thick-

ness is specified as 0 percent. From the curves it can be seen that
for any look angle the boresight error approaches a low value in the
range of -3 to -5 percent. Further, in this range the actual value of

error for a given look angle remains r 'atively constant. This indicates
that the radome would operate well in tnis region and show practically no
change in error due to small frequency drifts, dimensional tolerances, or

thermal gradients.

If we examine the curves near 0 percent or higher we find that the
radome will be sensitive to the above three mentioned considerations
and operate with significantly higher boresight error as well. Thus it
appears that a 4 percent reduction in wall thickness would reduce the
maximum boresight error by 50 percent. The on-axis transmission
efficiency of the radome is calculated simultaneously with the boresight
error in order that the effects of a design change on transmission can be
observed. Figure 11 shows that decreasing the wall thickness by 4 per-
cenit causes a 14 percent net loss in transmitter power. This is probably
not excessive in view of the improvement in boresight performance.

D. Radome Boresight Error Versus
System Bandwidth

if the calculated curves o! Fig. 10 are correct, precise agreement
between calculated and measured data in the region of design thickness
(0%) is unexpe~cted. A small dimensional error could easily cause a 15-
20 percent change in boresight error. Figure 12 shows a comparison
between calculated and measured data for the pyroceram radome. Agree-
ment is only fair in this case. The frequencies in Fig. 12 correspond to
the upper and lowe.v frequencies of a 1.5 percent bandwidth design.
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Fig. 10. Calculated boresight error for pyroceram ogive
radome with hemispheric nosecap as a function
of its wall thickness. Perpendicular polariza-
tion at design frequency.

E. Source Taper Effects

Many radar designs utilize carefully controlled amnplitude tapers
in order to achieve an antenna pattern having very low sidelobes. Phased
array techniques available today emphasize this method. A study to
determine the pattern distortion in terms of change in sidelobc level and
half-power beamwic.th due to the addition of a radoxne to such an antenna
system was carried out. In addition, the effects of the use of an ampli-
tude taper on the system boresight error characteristics were calculated.
Two antenna-radome systems were analyzed, the pyroceram ogive radome
with the hemispheric nosecap (blunted nose case) and the complete ogive
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Fig. 11. On-axis transmission efficiency for pyroceram ogive
radome with hemispheric nosecap as a function of its
wall thickness. Perpendicular polarization at design
frequency.

radome (pointed nose case). An identical antenna having a variable
amplitude taper was analyzed for the two radomes. Particular emphasis
was placed on the "cosine-squared on a pedestal" distribution since it
provides a convenient method for varying the antenna pattern over a
broad range of sidelobe levels. Also, this distribution is commonly
used to achieve low- sidelobe pencil beam antennas.

Figure 13 shows the sidelobe level obtained using the two antenna-
radome systems. The blunted nose radome is seen to degrade the antenna
performance severely while the pointed nose radome produces ir.conse-
quential pattern distortioA. All calculations were made at, look angle 0°
in order to emphasize the difference between the two systems. These
calculations are corroborated to some extent by measurements performed
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Fig. 1. Calculated and measured boresight error for pyroceram

ogive radome with hemispheric nosecap. F-ligh and

FLow denote the two extremes of a 1.5% bandwidth

design. Perpendicular polarization.

on a similar antenna-radonie system by Styron and Hoots5  of the

Brunswick Corporation. They measured pattern distortion due to a

blunted nose conical radome in terms of sidelobe degradation for three
aperture tapers. They found that a basic 30 dB sidelobe antenna was

reduced to an- approximately 21 dB system and that the radome controlled

the sidelobe level rather than the aperture taper. No similar set of
measurements are available for the pointed nose radome, however,

Styron aad Hoots stated that the pattern degradation was most severe

at offsets where the center antenna ray impinged near the radome nose
and that for offsets further from the nose the degradation was minimal.

This tends to verify the calculations for the pointed nose case.
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Fig. 13. Calculated sidelobe Iev,,-l foc the pyroceram ogive
radome with and without hemispheric nosecap.
Look angle 0°, perpendicular polarization, design
frequency. Aperture amplitude taper is cosine-
squared on a variable pedestal.
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Figure 14 shows that the half-power beamwidth is relatively un-

affected by the presence of the blunt nose radome. Similar results

were obtained for the pointed nose case.

Figures 15 and 16 show the e(fects of several amplitude tapers on

the boresight error performance of the two antenna-radome systems,

The blunted-nose radome is seen to have considerably poorer boresight

performance when an amplitude taper is used. This may be attributed

to the much smaller radius of curvature in the vertex region which

causes considerable phase distortion in the -perture distribution. Also,

since this ray-tracing analysis uses a collimated beam projecting from

the source through the radome, it is likely that the resulting higher con-

centrations of energPy near the vertex region tend to over-emphasize the

eftects of the verzex region. Thus the effects of the blunted nose on the

x-x WITH RAYDOME

8 0-0 WITHOUT RAYDOME

8

'0 0.2 0.4 0.6 0.8 1.0

PEDESTAL HEIGHT

Fig. 14. Effect of cin aperture amplitude taper an antenna-
radonie system• bandwidth. Blunt nose pyroceram

ogive radome, design frequency, perpendicular

polarization •
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Fig. 15. Effects of severel aperture amplitude tapers on
system boresight error. Pointed nose pyro-
ceram ogive radoine, perpendicular
polarization at design frequency.

radome are somewhat exaggerated. From the error curves it is seen

that in both cases the more nearly uniform apertu:-e distributions pro-
duce the lowest boresight error. The best boxesight pe:-forraiance is
obtained with the uniform distribution, however, the cosine-squared on

a pedestal, or something similar, can be used ;or sidelobe control with-
out seriously affecting the boresight performance. Measurement.s by

Styron and Hoots 5 support the above calculations for the blunted nose
radome case.

F. Aperture Blocking

In the two dimensional ray-tracing approximation a metallic portion
of a radome, such as a protective rain-erosion cap, is treated as an
aperture block. This requires specific changes in the computer program
for two reasons. First, the perfectly collimated beam assumed in the ray

tracing approach predict,.s that the effects of ar. obstacle in front of an
antenna are independent of the distance between the obstacle and the

antenna. The second problem is that the portion of the source aperture
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blocked in the two-dirmensional model is mach larger than the actual
area blockage in the thr,.e-di-mensional problem. A study was made to
determine a suitable two-dimensional represantation of the three-
dimensional block. Detaiis of the specific treatment for apertur2
blocks are given below.

Figure 17 shows ar. aperture block of radius h located at a distance
f from an antenna aperture of radius R. The source aperture is pro-
jected to the plane of the block using a divergence angle 01 equal to the

half-power baxamwidth to determine a projected aperture radius R':

(19) R' = R + I sin 0,

The ratio of the block area to the projected source area is calculated
as:

RJ 8,I

Fig. 17. Geometry , aperture blocking calculation.

30



(20) Ratio h
(R + fsin0o)z

Equation (20) gives that fraction of the source area to be blocked out
for any value of I . In the one-dimensional aperture approximation for

a planar source the block is inserted at f = 0 even though the block is
located at (; hence h must be reduced to account for the distance A.
The effcctive blocked area at the source is:

(21) ABLOCKED = ASOURCE * RATIO

which gives:

(2 2; h' (ABLOCKED)

as the reduced length of the block. This is the approximate method used
to account for the antenna-obstacle separation.

A second approximation is required because the one-dimensional
block does not represent the two-dimensional block in the other uimension.
Figure 18 shows that the blockage2 in the two-dimensional case represented

by the one-dimensional block is a strip across the entire aperture. The
approximation used here is to reduce the block length such that the re-
sulting strip area is equal to the actual area of the block. In this way,

even though the shapes of the aperture blocks differ, the source area
blocked out is the same. With reference to Fig. 19, the str~p area is:

(23) ASTRIP Rz(.i - 0 + sin0)

where 0 in radians is given by:

(24) 0 2 cos-'(y/R)

Using Eq. (21) we set ASTRIP = ABLOCKED:
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Fig. 18. Effective aperture blockage in two dimensions by
a one-dimensional aperture block.

(Z 5) WRz x RATIO = R2 (,r - 0 - sin 0)

Removing the R? terms and rewriting Eq. (25) in homogeneous form:

(26) 0 - sine0 r(I - RATIO) = 0

This -ouation can be solved to any degree of accuracy using Newton's

method

(2)az a, Ra i)
f'(aj)
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Fig. 19. Geometry used in calculating the area of
a circular strip.

where a, is an approximate solution of Eq. (26) which is f in Eq. (27).
The value az is a better approximate solution than a1 . By iterating
Eq. (27) we can obtain any desired accuracy in the approximation.
Since most blocks are small a value of 1700 is used for a, in the pro-
"gram. In the problem being considered Eq. (27) takes the form

01 - sinO0- 7r(l - RATIO)(2 .8)I - 1 -cos 01

The resulting block width in the one-dimensional aperture approximation
using this approximation is:.

(P9) h" = 2 R cos(0/2)
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where 0 is the angle associated with the strip as shown in Fig. 19.

In order to determine the accuracy obtained using the above two-
dimensiona] aperture blocking approximations some sample calcula-
tions were rmade and compared to the calculated and measured aperture
blocking res;ults of Collier. 6  In his report Collier used a 16.4% para-
bolic dish having a 2.2k diameter feed located 2.2X in front of the
aperture plane. He considered obstacles ranging in size from 3.4k
to 9.7k which could be positioned from 20X to 100k from the aperture
plane. The frequency was 32.7 GHz. The medium sized obstacle of
4.7k was chosen for comparison here. Collier used a severe radial
4taper, as shown in Fig. 20, to represent the antenna aperture distri-
bution. The central amplitude of zero was used to account for the
aperture blocking due to the feed. The measured pattern reported
showed an approximately 5* beamwidth and 16..5 dB sidelobes. This
taper was represented here by a piece- ise linear approximation with
the. exception that the curve was extended to 10 at the origin and the
feed treated as a separate aperture block. The calculated pattern using

10 "COMPUTER
APERTURE

FIELD
DISTRIBU .

5-

0

Uj• MESH SIZE

0522 0

0 1 1 1 I 1 1 I0 5 10 15

RADIUS ýGRID NO N)

Fig. 20. Aperture amplitude taper used in Collier aperture
blocking calclation.
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the two-dimensional approximations showed a beamwidth of 5.29* and a
sidelobe level of 16.32 dB which is in excellent agreement with Collier's
measurements. Figure Zl shows the calculated sidelobe level for the
antenna in the presence of the obstacle as a function of aperture-obstacle
separation. The modified two-dimensional model generally shows very
good agreement with measurements and with the three-dimensional
calculations.

C0. Electrical Performance Of A Radome
In A Hyper-Environment

Due to the high speed of modern aircraft and missiles, radomes
are often subjected to severe environments. Nonuniform temperature
distributions exist about the radome wall which result in variations in
the temperaturz dependent quantities of dielectric constant, loss tan-
gent, and wall thickness. The variations in these quantities alter the

j 8

z 9-- X-x COLLIER MEASUREMENT
• COLLIER CALCULATION

10 0-0 KILCOYNE CALCULATION

0
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W 14 -
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Fig. 21. Comparison of calculated sidelobe level by
two-dimensional approximate method with
thiee-aiimensional calculations and
mea.•urprnents.
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boresight error performance of the antenna-radome system. Figure 22
shows a representative temperature profile which a radome may en-
counter. The boresight error characteristics of the pyrcceram radome
having a hemispheric iosecap were calculated for this temperature
profile as an example. To approximate the effects of the temperature
profile, the radome is subdivided into several sections, each of which
has a fixed set of dielectric constant, loss tangent, and wall thickness
parameters. The subdivision is determined by observing tha rate of
change of these parameters with temperature and the rate of change of
temperature along the radorne wall. References 7 and 8 were used
for this purpose. Figure 23 shows the calculated boresight error in
the presence of the temperature profile of Fig. 22. Figure 24 shows
a similar set of curves with the original wall thickness reduced by
1.5%. These results indicate that the boresight error performance of
the radome may actually improve in a severe thermal environment.
The effect of the temperature profile in this case is seen to be similar
to the design technique of constructing a tapered radome wall to improve
radome performance.

As shown in Fig. 22 there is a temperature gradient from the
outside to the inside of the radome wall. In the above example the tem-
perature was assumed to vary linearly with distance through the wall.
In case there is a nonlinear variation in temperature or parameter
constants as a function of temperature through the wall, a fuither approxi-
mation consisting of subdividing each section into several layers having
variable parameters can be used. Thus the final subdivision of the radome
in this case would be one of several geometry sections having differing
numbers of layers.

H. Comparison Of Boresight Measurements
And Calculations

Boresight calculations using the ray tracing method described in
this report are compardd in this section with measured data supplied by
The U.S. Naval Air Development Center at Johnsville, Pa. and with
calculations and ineasurermients taken from the literature. Exact
radome geometry was not always known in the following cases, hence
some comparisons were made on the best estimate basis.

Case 1

The previously described half-wave wall conically-faired ogive
radome with a hemispheric nosecap is examined here. A constant wall
thickness of pyroceram (c= 5.5) was used throughout. Calculations and
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Fig. 23. Calculated boresight error for bhant-nosed pyrocerarn
ogive r~dorne in •.he presence of the tem~peratur-c pro-
file of Fig, 22. Perpendicular polarization at desi'h
frequency.
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Fig. 24. Calculated boresight error. Same case as Fig. 23

with radome wall thickness reduced by 1.5%.
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measurements at the high, low, and center frequencies of a 1.5% bar d-
width design were made for both perpendicular and parallel polari-
zations. Two sets of measurements were furnished by the USNADC;
both cf which are included in the comoarisons to give aa indication o,
experimental deviations. ThIs deviation is generally a result of a
lack of symmetry in the radome. Figures ?5 ard 26 show the compari-
sons between calculations and measurements for perpendicular and
parallel polarization at the low trequency end of the band. Agreement
between calculation and measurement 's reasonably good for the per-
pendicular polarization case, however, the agreement is poor for
paralla] polarization. Figures 27 and Z8 give the same comparisons
for the design frequency. Perpendicular polarizaticn shows very gooa

agreenient in this case while agreement remains poor for parallel
polarization. Figures 29 and 30 show the comparison for the high end
of the frequency band. Agreement is also very good for the case of
perpendicular polarization and poor for parallel polarization.
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Fig. 25. Calculated and measur'ed boresight error for a
blunted-nose pyroceram ogive radome dt the
lower limit of a 1.5% bar dwidth design. Per-

pendicular poiar;zation.
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Fig. 26. Ca!-ulated and measured boresight error for a
blunted-nose pyroceram ogive radome at the
lower limit of a 1.5% bandwidth design. Parallel
polarization.

I Case 2

This comparison uses the same radome geometry as in Care 1
except that the construction is of polyimide (; = 4.2). Measurements
and calculations at the design frequency for perpendicular and parallel
polarizations are shown in Fig. 31. Agreement is good for both
polarizations in this cxamnple. Mc-asurements were furnished by
USNADO. °
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Fig. 27. Calculated and measared boresight error for a
blunted-nose pyroceram ogi--, radome at the
design frequency. Perpendicular polarization.

Case 3

This comparison uses a radome having basically the same con-
struction as in Case ', i.e., conical fairing, ogive body, and hemi-
spheric rosecap. The main body of the radome was constructed of
polyimide (c = 4.2). A rain erosion cap of alumina (e = 8.9) was sprayed
on the tip end of the radome extending back six inches. Exact dimensional
data was unavailable for this case, therefore, estimates were made as to
the probable design. Calculations of boresight error (BSE) and trans-
mission efficiency (IT 12) were made at the probable design thickness and
at + 2.57o and + 5% increments about this design thickness. In the region
of the alumina nosecap the mnain body of the radome was assumed to be of
thinner wall to adjust for the increased dielectric constant of the cap
material. The source of measured data was a report by The Brunswick
Corporation. 11 Reference 11 also stated that the radome had been "cor-
rected" - which amounts to adding patches of dielectric nmaterial to the
radorne inner wall to locally alter the lýhase shift value through the wall.
Thus the geometry is relatively uncertain. High and low frequency
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Fig. 28. Calcu!pted and measured boresight error for a
blunted-nose pyroceram ogive radome at the
design frequency. Parallel polarization.

calculations were made at perpendicular polarization since these corre-
sponded to the reported measurements. Figures 32 a-id 33 show the high
ancd low frequency boresight errcr calcuiations for the estimated geo-
metrical construction cowmpared to the measurements reported in Ref. 11.
Measurements were made at several roll angles resulting in the spread
of value shown by the shaded portions in Figs. 32 and 33. Agreement
was not expected to be good in this case, however, consideru-,g the
assumptions required, agreement is satisfactory. The general shape
of the curves, i.e., the initial negative error at small look angles and
the shift to positive error at larger look angles is predicted. The ampli-
tude of the negative swing is considerably larger than the measurement,
however, the positive error an-,pl'tude is in good agreement with the
measurements. This could be explained by the "z.orre(tion" performed
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Fig. 29. Calculated and measured boresight error for a

blunted-nose pyroceram ogive radome at the

upper limit of a 1.°5% bandwidth design. Per-

the radome error was then calculated at + 2.5% and ± 5%/ of this value

with the nose dimensions held constant. In all cases the rain erosion
cap was taken to be 0.030 inches thick. Figures 34 and 35 shcw these

calculations compared to the measurements. Excellent agreement

between calculations and measurements is obtained fey the + 2.5% case

incidating that this wall thickness is probably closer to th'e actual value

than the original assumed value. .Anzother view of this same data is
showvn in Fig. 37 which indicates that + 2.5% is about optimum for a bore-

sight error design point. The computer program simultaneously calcu-

lates transmission efficiency with boresight errors Figure 37 shows the
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Fig. 30. Calcula.ed and measured boresight error for a
blunted-nose pyroceram radorne at the upper
limit of a 1. 5% bandwidth design. Parallel
polari zation.

]Tz 1curves which correspond to Figs. 33 through 36. Since radomes
cf this type are frequentty designed for maximum transmission, the
indication is that the des;gn wall thickness was + 2.5% or .iore above
the assu.-ned value.

Cas e 4

Several radome body geometries previously analyzed by General
Dynamnics are examined. Calculations of boresight er-n r are made
and compared to similar calculations by G.P. Tricoles of General
Dynamics Corporation, San Diego, California.1Z Since Tricoles uses
a different ray-tracing calculation these ccrnparisons are presented
merely to show similarities and disagreements between the calculated
results. Table IV indicates the geometrical differences among the
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Fig. 31. Calculated and measured boresight e;:ror for a
blunt-nose po]yimide racorne at the design
frequency.

various radome configurations. Table V follows the radorcne curves to
indicate the general agreement between the two calculations. The corn-
parisons are given for the several configurations at the hglgh and low
ends of a 1.5% bandwidth for perpendicular ar.3 parallel polarizations
in Figs. 38 through 5].
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TABLE IV
Description of Seven Example Radomes, All Dimensions
are in Inches. Sketch Pertains to Secant Ogives Only.

YK

k

Fine -
No. ness Shape Or Geometrical Constcnts

Ratio R J h i1t k
1 . 0 Tangent Ogive 5.5

2 2.11 T angent Opive 5.5
3 z.0 Tangent Ogive 6.4
4 2.0 Tangent Ogive 9.7
5 2.0 Secant Ogive 5.5 127.5 -15,692 30.0 -119.031
6 2.5 Secant Ogive 5.5 195.0 -19.35 37.5 -186.529
7 2.5 Secant Oigive 5.5 195.0 j -19.35 37.3 -186.529
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TABLE V
Relative Agreement Bet.veen Tri oles and Kilcoyne Calculations

F1= 1.015 FL

Radome Perpendicular Parallel

FR Shape E FL FH FL FH

2.0 Tan-Ogive 5.5 Poor Fair Poor Poor
2.11 Tan- Ogive 5.5 Good Excellent Excellent Excellent
2.0 Tan- Ogive 6.4 Poor Poor Fair Poor
2.0 Tan- Ogive 9.7 Poor Fair Good Poor
2.0 Sec -Ogive 5.5 Poor Excellent Poor Poor
2.5 Sec -Ogive 5.5 Poor Fair Good Poor
2.5 • Sec -Ogive 5.5 Poor Excellent Exce1!ent Poor

Weighted Average Poor Good Good Poor

I. Effects Due to the Blunting of a

Radome Nose Section

The high speed of a modern aircraft or m{ssile frequently results
in the generation of temperatures at the leading edge (tip) that are above
the maximum safe operating temperatures of even the best ceramic
radome materials. When it is necessary to locate a radome at the tip
section, special design precautions are required which generally take
the form of either blunting the radome tip, which increases the tip area,
or placing a protective metal cap at the tip of a pointed system. This
section is included to summarize the electrical effects due to the blunt-
ing of the radome tip which have been indicated in previous sections and
to illustrate the far-zone power pattern plot which the computer program
generates. Calculations of boresight error, transmission efficiency,
and antenna pattern distortion are presented for an identical antenna
system operatirlg with a pointed radome and with a blunted version oz
the same radome. All calculatiols are fe: perpendicular polarization
at the center design frequency. The two radomes used in this example
are the pyroceram ogive radomes described earlier with and without
the hemispheric nose cap.

Figure 52 shows the effects of blunting thn radome tip on the b.,re-
sight error characteristics of the antenna-radome system. Figule 53
shows the relative on-axis transmitted power calculated from the sum
pattern of the monopulse antenna for the two systems. The "no-radome"

60



V

12 _ _ _ ___O_ __ _ _ _ _ ___ _ _ _ _ _

u)
z
4 •HEMISPHERIC

o, I CAP

8J
-J

-x

x- /x

I,
o x x x OGIVE HEMISPHERE CAP

-1  0 00 OGIVE

0 5 10 15 20 25 30
LOOK ANGLE (DEGREES)

Fig. 52. Calculated effects on radorne boresight error due
to the blunting of the tip of a pyroceram ogive
radome. Perpendicular polarization at the design
frequency.

case is represented by the 100% relative power level at all look angles.
From these figures it can be seen t4hat the ray tracing theory predicts
the pointed-nose case to give considerably better boresight error per-
formance as well as having about 5% greater on-axis power transmittion.

Figures 54, 55, and 5C show the normalized far-zone pourer patterns
for the antenna without .adome, with pointed radome, and with the blunted
radome respectively for look angle 0*.
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V. CONCLUSIONS

A completely computerized two-dimensional ray tracing analyses
of radome boresight erior and antenna pattern distortion has been
developed. Application of this method to several complicated antenna-
radome problems has been demonstrated which shows the usefuiness of
the method both for the design and the analysis of antenna-radome
systems. Several example cases were calculated and compared with
experimental data and with other calculations. Agreement between
measurements and calculations was in genezal reasonably good. The
method was modified to irnclude the analysis of aperture blocking effects
in order to form a basis for the calculation of radome systems involving
metallic nosecaps. Calculations and mea., urements of this case will be
included in a future report.

The computer program written for the calculation of this two-
dimensional method is relatively long and involved; however, it has been
written in such a way as to make its use by others relatively simple and
convenient.

The method can be applied to a wide range of antenna-radome
problems. Calculation of results is extremcly fast, thus making the
method an economical approach to radome de Jign and modifiLution.
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APPENDIX A

This appendix contains calculated boresight error (BSE) and
relative power transmission (RPWR) for several equally-spaced ray
selections at ten look angles to further demonstrate the convergence
of the ray tracing solution which was explained in Chapter IV-A. Tables
VI and VII show the BSE and RPWR as a function of the number of equally-
spaced rays (NRE) used for the pyroceram. ogive radome with and without
the hemispheric nosecap. Perpendicular polarization was used through-
out. BSE is in milliradians and RPWR has a value of 1 .0 for the no-radome
case. Look angle (4)L) is in degrees.
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APPENDIX B

"This appendix contains calculated boresight error and on-axis
power transmission for several choi.cen of phase allowance (PHD) and
"amplitude allowance (TRD) parameters in the numerical integration
techn'quo explained in Chaptcr IV-B. The radomes used are the same
as those of Appendix A. Look angle ('L) is in degrees, boresight error
(BSF':) is in milliradians, PHD is in degrees, TRD and relative on-axis
power (RPWR) are normalized fractions. The number of subapertures
(N) used refers to the number of subsections of the 500 point recon-
structed aperture remaining after averaging the aperture distributicon
functions. Tables VIII, IX, X, and XI show the calculated BSE, R'IWR,
and N for IZ choices of PHD and TRD for the blunted (with hemispheric
nosecap) and pointed (without nosecap) radomes respectively.
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APPENDIX C
INSTRUCTIONS FOR USE OF

COMPUTER PROGRAM

A. Required Input Data

The following table lists all the required inputs for a calculation
of radome boresight error and/or antenna pattern properties. All
data are read in from punched cards. The order of the input of the
data depends upon the calculation and therefore can be varied.
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TABLE XII

Variables Description of Variable Units

MC Number of cases to be calculated Integer Numnber

LL(I) Number of look angles for which cal-
culations are made for the I-th case
on MC Integer Number

PL(I) The I-th look angle on LL Decimal Degrees

NRE(I) The number of equally spaced rays
used for the I-th case on MC Integer Number

POLIZ Polarization: Either perpendicular
or parallel -Alphabetic

TITLE Description of Calculalion Alphanumer'ic

SOURCE Specifies source type, taper, pre-
sence of obstacles, presence of
radome, source taper, etc. See
comment cards at beginning of pro-
gram for complete description Alphanumeric

FREQ Frequency in megacycles Decimal

NUM One less than the number of points
calculated in a partial pattern
calculation Integer Number

SPAN One-half the angular range over which
pattern points are calculated Decimal Degrees

NOS Number of geometry sections used to
define the radome shape Integer Number

N(I) The number of layers in the I-th
geometry section of NOS Integer Number

SHAPE(I) The shal.e of the I-th section on NOS Alphabetic

DCE(l, IL) The dielectric constant of the I-th
layer of the IL-th geometry section Decimal Number
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TABLE XII (Con-t.)

Variable Description of Variable Units

D(I, IL) The thickness of the I-th layer of the
IL-th geometry -ection Decimal Inches

TD(I, IL) The loss tangent of the I-th layer o.
the IL-th geometry sec'.ion Decimal Number

XOO, YOO The coordinates of the center of an
ogive radorne section Decimal. Inches

ROO The radius of an ogive section Decimal Inches

XLIN, YLIN Coordinates of a point on a conical
section of a radome Decimal Inches

PHLIN Included angle of a conical section
of a radome Decimal Degrees

DFATSP The distance from the coordinate
axes to the source aperture plane Decimal Inches

A The length of the aperture plane Decimal Inches

TAPER Description of aperture amplitude
tape r Alphanumeric

PHD Phase allowance used in averaging
the reconstructed aperture Decimal Degrees

TRD Transmission allowance used in
ave-raging the reconstructed aperture Decimal Number

NBLOK The number of a geometry section
which is an aperture block (metal).
If none NBLOK = 0 Integer Number

XGB(I) The x-coordinate of a boundary be-
tween two geometry sections, I and
I+ I Decimal Inches

STAP(I) The amplitude of a step used ir. a
step + function amplitude taper. I
on MC Decimal Number

77



B. Description Of A Typical Calculation

The SOURCE card plays a key role in determining the calculation

procedure. SOUFRCE contains twelve alphanumeric words which control

various phases o'. the calculation. Twelve comparison words are read
into the program as data statements- By comparing the contents of the
SOURCE card to, the data statements the desired subroutines are called

or the desired caiculations aie made. Each word of SOURCE contains
6 alphanumeric characters or blanks (which are designated by b .
Each word is explained below.

Source (1) indicates the calculation of the monopulse difference

pattern by FlvIONOP. The sum pattern is calcu.lated otherwise.

Source (2) is not used.

Source (3) indicates the calculation of the no-radome case by
bNobbb.

Source (4) indicates the use of an aperture pedestal + function

taper by the word STEPbb.

Source (5) indicates the absence of an aperture amplitude taper

by FNOAAT.

Source (6) indicates the aLsence of an aperture phase taper

by FNPHST.

Source (7) causes the program to calculate sidelobe level and

half-power beamwidth when the word OPTION occurs there.

Source (8) indicates the use of a circular aperture by CIRCLE.

Source (9) indicates the presence of an aperture block by
BLOCK.

Source (10) calls for a graph of the far-zone pattern by PLOTbb.

Source (01) indicates that special x-geometry boundaries are to

be read in by the word SXGBbb.

Source (13) causes a write-out of ray-tracing and multilayer cal-

culations by WRITER.
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Similarly TITLE(l) indicates the calculation of bo-esiht error by
the word FNULLb. Otherwise a partial pattern calculation ie carried
out. All other alphanumeric input cards are similarly used, e.g., the
words bOGIVE and bCON'Eb on the shape card cause the program to
call either the ogive or cone subroutine respectively, to calculate the

geometric constants asscciated with a radome section. One alpha-
numeric word enables the taper subroutine to utilize .,ay one of a set of
pre-programmed aperture tapers. The TAPER card specifies this
word.

Thus for a typical calculation the number of different cases to be
run and the various differences between cases are determined. Data
which does not change from case to case is read in between the following
two specific cards:

If (L.GT. 1) Go to 937

Read ......

937 Continue

This prevents unnecessary duplication of computer reading time.

Two or more compietely different sets of calculations, such as
the boresight error curves fcr differing radomes, may be carried out
on one run by utilizing the cards

DO 949 IY = 1,4

Complete program I

949 Continue

as shown. These cards are in the program permanently so that runs
may be combined without re-compiling the program (which consumes
about 1/2 minute). The number 4 is completely arbitrary. These cards
cause an abnormal termination of the c .nputer and consequent error
message ivhen less than 4 runs are made, however this is no problem
because the calculations are finished when the termination occurs.

C. Sample Data Lists

Two example calculations, one of boresight error and one of antenna
pattern parameters, are discussed to illustrate the use of the program.
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1 . Boresight error

This example uses an ogive radome having a hemispheric nosecap.
Since the calculation requires separate equations for the geometry of
the ogive walls on the upper and lower sections, the cap is also divided
into two sections to maintain symmetry in the geometrical description
of the radome. This results in a four-section radome as shown in the
sketch below.

Y

SECTION I

- ••"-"-•• SECT ION 2

I X

S• -'• SECT ION 3

SECTION 4

Wall construction in all four sections is a constant A-sandwich. Five
cases are to be calculated at four look argles. Refering to Table XIII
case MC = 1 is the "no-radome" case which is calculated for reference,
Since the pattern without radome is independent of look angle, PL = 0

is used. Cases MC = 2, 3 correspond to perpendicular, parallel polari-
zation calculations for the same radome. Cases 4, 5 correspond to
perpendicular, parallel calculations for a similar radome but with a
different core dielectric constant. All data of Table XIII are explained
on the right hand margin of the table. Reference to Table XII will define
the variables.

2. Antenna pattern parameters

This exarnple uses an ogive radome having a hemispheric nosecap.
The aft portion of the radome is conical for fairi:Lg purposes. Thus
there are 6 geometry sections, 3 on each side of thq coordinatt& a:es,
Eight cases are calculated corresponding to four different aperture dis-
tributions with and without radome. The far-zone pattern is calculated
and plotted for the angular range of + 450 (span) about the beam, axis.
Sidelobe level and half-power beamwidah with and without radome are the
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quantities being calculated as a function of source distribution. As can
be seen from Table XIV the quantity of data read in after the initial run
(MC 1) is minimal. This is typical.
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TABLE XIII VARIABLE

5 MC
1 4 4 4 4 LL

NBLOK
10.0 A
l00 NUM

3. .1 PHD,TRD
1. SPAN

MC=1 TAPER
501 501 50' 501 501 NRE

FNULL CALCULATION TITLE
9300. FREQ

4 NOS
3 3 3 3 N

OGIVE OGIVE OGIVE OGIVE SHAPE
FMONOPULSE NO RADOME FNOAATFNPHST SXGB SOURCE

-2.DO 2.ODO 3.ODO 2.0DO -2.DO SXGB
-2.DO 69.OD0 80.ODO XOO,YOO,RO0
24.00 0.Do 2.0D)O xoOYoo0,oo
24.DO O.DO 2.0DO XOO,YOO,RO0
-2.D0 69.ODO 80.ODO XOO,YOO,RO0

PERPENDICULAR POLARIZATION
0. PL

8ý9 2.8 8.9 DCE
.040 .192 .040 D

.Gj03 .0057 .0003 TD

8.9 2.8 8.9 DCE
.040 .192 .040 D

.0003 .0057 .0003 TD
8.9 2.8 8.9 DCE

.040 .192 .U40 D
.0003 .0057 .0003 TD

8.9 2.8 8.9 DCE
.040 .192 .040 D

.0003 .0057 .0003 TD
4 NOS
3 3 3 3 N

OGIVE OGIVE OGIVE OGIVE SHAPE
FMONOPULSE FNOAATFNPHST SXGR SOURCE

-2.DO 2.0DO 3.0DO 2.0DO -2.DO SXGB
-2.DO 69.0D0 80.ODO XOO,YOO,ROO
24.D0 O,O 2.0DO MC=2 XOO,YOO,RO0
24.DO O.DO 2.0DO XOOYOOROO
-2.DO 69.0D0 80.ODO XOO,YOO,ROO

PERPENDICULAR POLARIZATION
0. 8. 16. 24. PL
8.9 2.8 8.9 DOCE

.040 .192 .040 D
.0003 .0057 .0003 TD
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TABLE XIII (Cont.)

VARIABLE
8.9 2.8 8.9 DCE

.040 .192 .040 D
.0003 .0057 .0003 TD

8.9 2.8 8.9 DCE
.040 .192 .040 D

.0003 .0057 .0003 TD
8.9 2.8 8.9 DCE

.040 .192 .040 D
.0003 .0057 .0003 TD

PARALLEL POLARIZATION
0. 8. 16. 24. MC=3 PL

PENPENDICULAR 4 POLARIZATION
0. 8. 16. 24. PL
8.9 2.4 8.9 VCE

.040 .192 .040 D
.0003 .0053 .0003 MC=4 TD

8.9 2.4 8.9 DCE
.040 .192 .040 D

.0003 .0053 .0003 TD
8.9 2.4 8.9 DCE

.040 .192 .040 D
.0003 .0053 .0003 TD
8.9 2.4 8.9 DCE

.040 .192 .040 D
.0003 .0053 .0003 TD

PARALLEL POLARIZATION
0. 8. 16. 24. MC=5 PL
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TABLE XIV
VARIABLE

8 MC
1 1 1 1 1 .LL

NBLOK
2.75D0 DFATSP

10.0 A
100 NUM

3. 1 !HD,TRD
45. SPAN

COS6 TAPER
501 501 501 501 501 501 501 501 NRE

FPARTIAL PATTERN DEG TITLE
6 NOS
1 1 1 1 1 1 N

CONE OGIVE OGIVE OGIVE OGIVE CONE SHAPE
0.00 7.ODO -,5DO XLIN,YLIN,PHLIN

.DO -69.ODO 80.ODO XOO,YOO,ROO
6.50D0 O.DO 2.0DO XOO,YOOROO
6.50D0 O.DO 2.ODO XOO,YOO,ROO

.DO 69.0D0 80.ODO XOOYOO,ROO
0 * DO 7.000 .5DO XLIN,YLIN,PHLIN

PERPENDICULAR POLARIZATION
0. PL

5.5 DCE
.297 D

TO
5.5 DCE
.297 D

J OI 5,5 DCE.297 D

MC=1 TD
5.5 DCE
.297 D

TD
5.5 DCE
.297 TTD

5.5 DCE1.297 D
TD

9600. FREQ
FLINE SOURCE NO RASTEP FNFMSTOPTION PLOT SXGR SOURCE

-3.DO .DO 2.760DI 3.0000D1 2.760DI SXGB
.DO -3.DO SXGB

0, 0. .25 .025 .05 .05 .071 .071 STAP
FLINE SOURCE FNPHSTOPION PLOT SXGB SOURCE

-3.DO .DO 2.760DI 3.0000D1 2.760DI MC=2 SXGB
.DO -3.DO .L SXGB

FLINE SOURCE NO RA FNP,'3:TOPTION PLOT MC=3 SOURCE
FLINE SOURCE FNPHSTOPTICN PLOT MC=4 SOURCE
FLINE SOURCE NO RA FNPHSTOP'iION PLOT MC=5 SOURCE
FLINE SOURCE FNPHSTOPT!ON PLOT MC=6 SOURCE
FLINE SOURCE NO RA FNPHSTOPT!ON PLOT MC=7 SOURCE
FLINE SOURCE FNPHSTOPTION PLOT MC=8 SOURCE
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M A I DATL = 69199)

C At L CALC.I-t `J I f,.S ASJVr' A~i Illiý- IAIij j '& r;'-'L 'IC Al' )JI T - AX I

c AA, V,,1C C,, )jI I -,1 F , ThU I ! 1) I ' I C f 'NS T VJ T S F-1.: A C, IV11' )) L

C AF N t I -- ," rH PF N.TL SUI3AP'U TURL.
C C F N PHA I Cr3RRI ri ICON OUL To TIPL %J11 SUPAPERTUPi: LOCAl!ý\ V.-' A'Y
C FROM 1"IM' UR IGEN.
C P IS THEF PArT IFIV A*!(LE PHI. V ~EASURED I N THF X-Y PLANI-
C PL I I S THI. I mH L(I(1: ANGCLI. 1 'ý 0ECREFS.
c Al- IS THEi MAA V [i) :1. ITU0F
C 0 IS II'E CUT;)UT PA-'SEE ITFR FOR Pit- Gi-,RtH SLIRR0UJItI I
C RPL I IS "fi Lh- J AJGLE 1:4 -,ADIAS.
C F1PO) IS THI INSFl-TION PHIASF W)-LAY rO,.' A '.AY.
C PH IS TIAL 11I 1AL PflASE E FPDý A (GIVyEN S'IMAPERTIUkF.
C TI IS THý- ANCLF. W) ,NICI DtNCE. Orn A RAY.
C AAT A~f-RTOu\F APL I EULDE Tfkl)'Y-.

c ~TITLI: INE;1CA!FS WI!T11F'R IQ C.ALCULAT*E '1111ý NULL (JR P PA41rI'd P,)k 1 1-
C 13 IS THE AGLF W)Ffb IN GRAPH Mf PL)ýT THlE PH I AXI S.

C MV' INDICAl FS THP DlVI SIO;i J ~E THF T1,-'0 HALVI-S (IF T14FA)DT~
C MM IS I Hý NiWBER OIF THAT StJ3APERTUOF I1f1PVDI ATIrLY PFLI,,ý TH-- X-AX~I S.
C YC IS Tiff Y-COGOR( OF T10F CLNI I:R OiF A SOC~APFRT1WE AT LOOK A,.ýCIr .
C PHST IS THF PIHASF TAP~ER.
C DCF IS Tlif- RLAL PART OF 1714 RELAT!VE PIERXITIVITY.
C BCE I It- IS THL DIEL LRI C'14SrA.NT FOR THE 11 H LAYEK OF IHE L-CT 1-lTf
C CEOPMETRY SFCUTIOfl.
C TO I, If I THt LO'S lANIG! 1IT F-UR ITH LAYý?,LrH ('~~YA TK
C D 14L IS THL THICK-107SS INI 1 ýCHllfS t: Tiff- ITH1 LAYý*., LH - FVh i
C TC IS THE ANIPLITUCO" TRANSYISSION CC1EFFFICIF1E,1T FOR. A PAY.
C TR I S THE TOTAL TRA'4Sý'J SSICN FACi OR I-~A SUFM)FliTUL.
C POLIZ INOIMATFS PF-IiP OR PAR P(;LArtIZAT ION FOR MPULTILAYI-;. CALC
C XGV I S THE. X-COflRD~ I "lATE OIF A RAV:Wl ,:ri I RY ri S-1f'^T V1 IU rv
C YGý I S 7THP Y-CPrýRP I NATF 'JF A RADr3V4F 3-'-TRY I) I S(*?*l*I'M I IJY1
c NRE IS THE!- *\JUN41iF- OF FOUALLY M'ACED "AYS UJSED)
c NRE IS CHOSE'l UNL-VF TO GET A RAY TlI1"WWflhi T!IL 0(j! IA .
C T IS TIAF AV.";LF O1F IM~C I E'ENCý- FROM TIlE rLENTFR f-F A SUt310i'1:IR J[ V,
C THE PADIIMF INA"FR1 WALL.
C LL I.NIIC4TES THF TOTAL NUMliWi' OF DIFFFRr-':l LOOýK AV'GLFS rxV:I~tr
C XOOlo,YOOWO INDICAIF T1HE CEN1TE'RRA0IUS FnR AN iG 7[Vt- .SECI jlh% I
C THE X,Y P LA,1E.
C YO IS MelL YAXIMUM MA(ThITiJD1C (F Y-COO:'DTN'`lL I-OR 1, SUrAPFPIIJ11 4T
C LOOK ANGLS 0.0 DEGRFLS.
C M C IS T~lf TOTAL NWIBriER OF CASES TO BE RUNJ
C A TOTAL SOURCE APER4TURL LF,45'TH.
c C nS IS THE: NLWREiR OF RADC"*F SFCT IC*"S t-'AVi'iG DIFF[-Or'I ~-,EWTLT;1Y.
C FREB IS Tl-;h- FPCOý')UPNY III MCG'VOYCLLS.
c ANFA IS THP NUPMME'ý OF IEI'L-tGHS1JAPP1p-UPlF-.
C NUM 1S fP"'N. LFSS THAN THE r.JTh F F IFLI) POINTS TO BF CALCUjL.ATE')
C IN A PAR.TIAL PATTcRN TYPL CALCULAT ION.
C FJ .'S THE COMPI.y 1Ux F J
C SPAN I S THF ANGUL AR RANIGE OF CALCULLAT ION AROUT THF ht-Af-o AXIS.

Fifg. 57 . Maiin program - Page -t
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MA 1N OATF = 69199

C V S!' I- IH F S I ?FsJGH C R .)rl IN' 1 ML L I RAI) I A-IS
r I IS TI IV SL',PP (IF remf T.~~'. 1Wj [[iF PAWIME CU'ýVF AT is XY
C TL I c. THlE SLo'c~r. UF THiF, RAY AT TIIF SA'E- POINT P X,Y
C, SrI- IS SI)[ht.f'[FE LFIVVEL IN PI:R CUEOT.
C St-r-P Is Srru' LFVFL- IN OR~
C mli IS 1 E OF~r r StUiiAPFRTrJ:,,!e
C I SCALF IS A SrRFTAfl!G, r-ArTfIR FOIP GRAPH WHfEN FEW POINhTS AP!: US5F0.
C RPWR IS TM: PM.F!4! AT L2CAV* MAyJMU*I- RIFLAl VE TO THL- N1 RADjt!'& CASc-
C L 1,X IS THL- P,',svaiJ' VALUE Pif Ilit- LOOK A'JGLF I NDLX I IN~ MA1'-!.*

C Tt;! TLI-P-M V4ýA:PI uL,: PR[PV[N l OM'U IR AJNflFF r;A;mR.
I: I! v IS 11c-C 4''~F''OR-MAL IZING TERJ.M.

C ThPE R INDOI CAT ES ( A (1'41: wORDI-IrILLFR IT 114p1 LI) fi T Sc'Ul.C- TAP'ER.
C rJRST IS 112 TIUF LTJrGIII OF A SYMWTIrUCALLY sPLACE-D APERTUIR- RLOClK.
C SOU1PCE (lI I ':OTCtiT- THE CALCULAT IOfN (if- A PONOJ~PULSF D 0 1:j1-rl \CI
C I)AT TI-RI FhY 'MV'JII TIill SUIM PA TTFQR*- I S CALCULATFI) 0TI-F~w I S,:.
C, sOIRC1 ( 3 ) li'DICATFS CALCULIJI. ON OF TfIr- NOr RADOVF' CASE miY ",41)
C SrOUP.CL-( 4) PJOICATL-S THEF USE Of- AN APERT1,NE PLI)LSTAL.FU:4CT1LcN TAP7:
C, BY THE t-,,CU) 'STC1P'.
C SrJURCF(5) INiUICArr-S riF- AP.SFNCr- OF A-N A-V'I.IITUDE TAPEK eY 'FNF4AATI.
C SlIC(jIiJDICATLSý THEIF ABSrEN,(e: OF A-l PHlASF TAPER LtY lFf's1I'ST'.
C SOU'RCI 7 CALL.S 1;P4PI-I,SLL,lIPIlW WHEN rHI; WflD '!PT~r1j, OCCURS THERF.
C, SOUcRCEr( 9 I NOICATP S THE USE OF 4 C I CULAR APf:,RtYUr !Y ICi I CLE I.
C S OURC F ( 9) 1'40)ICA TFS THE PRf SII',jCF CF AN Ai'F.lTLJUl[ BLOCK LEY 'I fLOCK I
C Sf!(p'?.CF (If.')) CALU LS FrOR A Got,pHl r,, iw, rll-f--:-r " bL; Y 'I'LlIT '

c SOUWC'- ( 1 1) 1 ',' (CAl !:S THA F spEc,* I r IC x-G;i fl*;E FRY HflUPýA-' I FS A"EIr Trl
C REM) A 0 1 NIW SX r, Ii I 0 rH -R WI SP F I OrR At' CAL-CUL AT ES T~t- XrilI' Is
C SOUR.CE ( 12) CA'JISFS A WR!Ti:-OUT OF x/AY--T,0r A111) W-ULTILtAYEK. C;LCUL:.T
C, 104S I F TIlF WnRf) WR ITER OCCIJ2S TVCPI3.
C T I iE D1) 94.1) LOOP ALLOWS, T1F ENT IRF3POGA. TO PC `L-CyClL)..
C R.F ,:KF ,ATR,i 0Th A'ýCU TMPURARY f.CCAT IONJ FnQL Pi:Lc(YjsyJRUcrfF0 AV-EP.Ttj!,
c COIEFFICFAJTS AF-,C-r-,TR,PIl.
C DFATST =DiSTANCrE PROM AXIS 10 SUU0C[ PLANE.
C THE S If)ELt'I'r LE.VEL SUhfiMIJTI UJt: CALCULAýTlES TI'F PO1WEC Li-VIL AT THE IST
c LOVE. L;CA r ~1rj OF THE NO~ 1'Af)(1MF CASE FVVI*RY T IXIE IN~ AflD1ITICN To fu
C. M-AX IMUM SJM*LLnftF LEVEL. WH$EN NIO SIDOLLOOF- IS DL-Tl.CTI:) THIS IS TAKJ.'

CSIDIELOIF11 I.1-vL-L.
c iw-ATSr = r.1STA'4CF FRfJ?*¶ AXIS To) SIUURC( PLAiF..

[OfItIfiL- PRFCI SIUNJ AA,IýP,CC,O~l,F. E,FF,XCIý,Y'-hf,PI ,Bi'.,rcc,rOIsc,O~yr~x,*(,

I IXA,YA,D)FATSPtXLIN',YI. I!JPHLliJ
COUM.!40' T ( 501 , 12), !;cJIRCU ( 12 ) qPI ,A~, NCIS, IX,1MlC,'%,YC( 501

I ,YA( ( C)l ) YA(rO1 ) ,IWA",SP, XLI.N,YLIO.,qPHLTN,
I 1PIIST( 501 ),AAT ('ot) 'FAPE,! ?PLOKINI)LrK2 ,YO(50111,/CX

COVMON /RRJ/ RIIL(25),Xrfl( 1?)tTL9,~Lt.SL,CL2,SL2,XOCI,Y()(,;tnjfICLt
1 AA( 1?) fir,,( 12) *CC( 12),fDD( 12) ,IiF( t21,FF( 12)

Fig. 57. Main program - Page 2.
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MA I %r(rxAH' I Q 15)

FOv ANE A f IC3,f C,1 (501 EPS)N

140 PrOtAT N 12i ),D(~ 12'GI 12 CII ,I)F (IpI)OF1-21 ) 1t
14 tFORFiA(JtP17 (t~SA PEGT ,FO

15 F ORMAT (If ;I.( ,?)

i2 r(JRMA TI(4h17A4))
3CFO t MiAPrX (J,IF('C1),5)

9DnýATA W6TD/.IihRIT

11 DAri, A IXG( /4 10.0)
1 DFRATA ( 3D1/H0.6)

D3FRATA (15,L/4F-WUL /1
D4FRATA 11 rMO\:IP/GLIFFrJN /

DATAS 15/28/4H NO CNOO /NLSLA1IVý

17 DRATA O I V /.2L)
D8rRATA OF)/.6C()
D9FRATA ( ?1t;I /HO~ )

23=3 r1k~WT(1)2.1tR~93

Fi45.Man0orm ae3

42 FORAT( 1FO.88



M A 1j DATE C,91')9

[A)E- J (0 I 3./(
DO 949 1Y-1,2

Rf:Wt)(',2) MIC
RFADVt1l) PH9,T2XD
PHrDIH*lCR!

DO 300 L=1,mr

L T= L L( L)
t CX =L
Ir-(L.GT.1) *GO( 70 9ý7
RLAD(592) %I3L'jKl,lJfhLOK2
READ(5,1?) ()F.TSP
PEAn(5.1) A
FNPP=A

NUM2=NUM~i-
TNUM =NU'l
Tr4UM2=TIJU 0f2.

RtEAC(5;150) TAFPER
R E AD C '), 2 ) (N1,1E ( I ) , I I M'CI

READ ( 5,I c)0 ) ( T IT LFI I 1=1 ,1?2
PEADIS,2) NOS
NNOS= 1+NJS
READ(5, 10))~(II1NS
RF-AD(5,l50) (SHAPH I),I=1,?IOSz)
DO0 121 11,rNOS
1X1l
1F~lSHAPE(IX).F(.'-.0kcIVE) GO TO 155
1H(SI1APElX).LC.CCNS: GO TO 157
REArO(5,9) AA(IX) ,P3( IX) ,GC( IX) ,(XI 'IX), EIIX) ,fF( IX)
GOTO 121

155 PEAD(5,12) xofl,YOO,Rnq
C4LL GIVC
GO TO 121

157 P.CAD (5,12)>LlN', VLI*IN,PHLT-N
CALL CONIC

121 CrINT INUE
RFAP(5, 150) (POl Z (I), 1=1,3)
RLAD( 5,1) 'i)IlT
i r POL 1'(I (). r-(, V. A~LL I G9 TO 909
N) 12 0 11L=I , NO S

Fig. 57. Main prc..gram - Page 4.
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NILA0 =N 11. P ,f..,11,'

939 CONT INUE

IrPfLAD L-' (5 11~ srP )LD~~2 C FRF ),I1,

Y=ITVLF314F+4/FRi1)L)0103

937 CONTINUEi5)TIL

WRIEA5,150) (H~~(I),1,IS
lRFt(Sb, ~-(150;POL~fj'' "L( 50

98WRITEC6,15?) T4P[F

IF(STAP(L ).Gr.O. ) WRTTE(61 141 )STAPI.)
DO 110 I=1,LT
AlJEA=NRE CL)- I
PMl =A N FA
K'V=N'ýF L)
DO 50 K=1,Ml
AF(K)=) ./ANEA
Tl=K

50 CFCK)=Tl/A',4EA-CANL4A+1. )/(2.*ANEFA)
ILLX= I
RPL ( I ) =Dk1<'RA()PL ( I)
CL=DC0'C(RPL( I))
MMCI )=ANtAI?.

CL2=DCOS(RPL(.I) )c*2
SL 2=D)IN (RPI.C( I ) ) *?*
S2L=0SINC?.*RnLlI))
T1-SL/CL
CALL SCLI..ThI
CALL NKR?.I

941 T1?'F=PCLOKI(1.)
T1!'Et'=TIMF/60.
WRITL(00,lOif TIMb
WRITE(6*5) T.LlFMA

1001 rORMANTIX,1711IIME IN RAY TP.ACf-,FIG.3,P'H I3ECIj,'NDLS)
IF(S01JVCEC3).(V:(.s-NfYAD) GO TO 557

Fig. 57. Main program - Page 5.

90



C ALL SC 1(JK I
CA LL i K J:\ "
Y ýr-' <CLL I (Ii
T vft=T I"F /60.
Wl1'IT!:(6,1002) TIME

100? F 01 ",A I ( IX , 1811 T I M[- IN' M U T IL 1Y[ER , F 1.3 ,811 S CCo 0rD
W PI iT F 6,9 5) To I 'A1: M

5S~7 CALL SCLt)KI
CALL ATAI'f K

iWRIrF(691003) TIMF
WP.ITH-6,ti) Ti'Fll

1003 FU!4!.'AT(1X,19HThTIML TO CALC.TAPFRSj,F'.0.3,8RH SECONDS)

I F C 3URCr ( i ) * ,[ FfJRlAD ) GO TU 609
DO 5.)b T'JA=I0'L
F!PO('4A)=0.0
TC "JA)=1.

558 C 0' ! N 'U E
609 Chra W

no I I= 1,' M1
TR(.,j=TC( 11)*AAF( II)
PM , ) =F 1 00( I1 )I DEGRAr)4 PHST ( I I

7110 C(-';T I .UE

410 FORkill C2X,?6WLL0WFU' PHASF DIFl-EKF'.ClE FIO.6/?X,33HiALLrIWEC TRA'4S.C

IOFFF. DiFt-(fY tI'Ck- F 10.6)
CALL SICLOi'K1

J 2=0
405 JrOMM''( I

J=JO
1F(J2.EQ.0) ; m 411
J5=J I
jn=j0+ I
i=J+1

41? jfl=jri-1
T~TR I CJ0J)
PI1=PH 1JO)

413 J=J- I
IF (J .FQ. I Gr' TO 41'4

T = T R CJ )- T9 I.

414 P142=0.
TP2=.0.
AF?=O.

Fig. 57. Main program -Page 6
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Mj I DATF W)619-)

CF-?=0.
00r 416 jO-J,J,,,-
C-? =C F? CF (JiP1
AF?=AF?+A'F UPl)
TRLI=1R2+TR (JP)

416 PH?=PH?+PHt(JP)
J1=J 1+1
T 3=Ji)-J+ I
RAIF(J1 )=AF?
RCF( .31)=CF2/T3

RTR(JI )=P2/13
JOI=J
IF(J.NE.1) GO TO 412
GO TO 418

411 J?=l
404 JU=JO)+1

T R1= T R(JO)
PHI=PH ( JO)

401 J=J4-I
IF(J.FQ.Ml) GO TO 402
D)TR=rR ( J)-IR I
DPH=3H( J ) -PH I
I F ( AR3S Q )- -Ifl) /107 ,407,402

407 iF ( A(S(D;lH~)-;)HFl) 401,402,t02
402 PH2=O.

TR2=0.
AF2=0.
CF2=0.
DOf 403 jp'-jn,j
CF2=CF2+CF(UP)
AF2=AF2ý-AF(JUP)
TR2=TR?+Tr (J3))

403 PH2=PH24-PII(JP)
JI=J 14-
T 3 =J -JO.-
RAF (J I) =Ar-?
RCF(Jl)=CF2/T3
RPHt4J1)=PlA2/T3
RTR(JI )=TR?/T3
JO.= j
IF(Ml-J) 405,405,404

418 t'1=Jl
M[. =Ml - J5
W! ( I ) =ML
J4=Jl+l
WPITE(6,9?I ) JltMl ,J4,MLtJ5

421 FORMAT(2-X9'JI='I5/' MI '15/' J4 '15/1 ML '15/1 J5 115//)

Fig. 57. Main program - Page 7.
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MA Pj DATIF 6 ~91 ?

C fAF ,RC1 , V,'~~ 'E TFmPCIR A RY LOC A I [I N'S FOi Rf C0 .STYtjC IF!") A II- ý Fu" L

w i r[- ( ( 06 ) .J1
406 F ORM ATi2 X , 5 5 H NWPi F OF SUPAPLRTU'.F S USED I N RfCONSTRLC IEr) -APER TU o:

1 15 )
Do) 419 J=l ,ML
AFCJ)xRfd (J4-J)
CFCJ)=i'CI-( Jl-,)
TR(J)=RTK( J/-j))

419 PH ( J )=RPh (J4-*J
DC) 420 J=1,J5)
AF I J t-f-,L ) =1"AF C J
CF CJ+VL) rPCF LI)
TR Cj+lML ) ý.TR CJ)

420 PHC(J+-L ) =RPH ( J
DO0 417 J=1,Ml

417 POC)PJ~p!
W'RiTEC6,4O6)

408 FuLPMA T(2 X 3b1PF C JS TRUC T ED APF R TURF C(H F F IC I EJtaS/4 X,2!AFC,( X, 2HC F

WR IT EC(6,,49) (AFj J) ,CF ICJI ,R (J 11 HI'O(CJ) J = I,N I
409 F OR MA T (3 F 10. t, F10. 4

T I M f:= rlC Lf, V IC I

FT I &V-=,T 1) ? /If)(
WRIT[ ( 6, 10) TIN I

1009 FO3RMAT (1 X W6iTim' rc2 CAL.C.. RLrfCNST'RUCTEfD APERTUQPE,FlO.3l,llH Sf.COr\1:*)
I1)

II(.GT1 )GO TO 943
94 3 CONT I %0JF

I F (S liiRC L 1).NF-.FV0rJ)P) GO TO 25
D0 27 NN1=I1 VL
A F (%-q) =- Af: CNN)

.77 CONT INUL
25 WR ITE(6 1 1 MC , Y I ,LT

WR1I TF 6, 3 1M I)
I FtIT 'rLF IIL0.F-*IlLL) GO TO 60
GO TO 34

60 K=0
CALL SCLUJKI
KR' 0
P i1) = RSPAN
P 2 2) =-RsP Vj

500 K=K+l
F (K)= CO. ,0.)
Dn 900 x'1=i,mi
S=W*A* 5S N(C1 (K) )AFCIM)*.5
I F (S. L T.0, 10. AND).S. GT .-0. 10) GO TO 8 (J)

Fig. 57. Main program - Page 8.
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MA I N PAT)

SS=S]INJ(S)/S

CO TO 810
800 SS=1.
810 Q=WgA*CFUt.1)*SL.N( P(YJ)-PHi(Ml)

CO=COjs ( 0)
SO = S I N4 C0)
Fl= TR(M4)*/,*IF(tM) *SS
E2= ElI*C0
E3= EItSO*IUj

900 E(K)=F(KI+I?2+1'3
8q0 Ak(K)=CAi3S(L(K))

IF(K.EQ.l.r',N0.KR.fUQ.0) GO TO 500

KR=KR~ 1
IF( AEC 1)-AF( 2)) 501, 502,503

501 P(2)=(P( 1)+P(?) )/?.
K1l
GO TO 500

503 PC 1)=(P(1)+P(?) )/?.
0ý=

GO TO 500
502 BNULL=(PC 1)+P'(2) )/2.

TIME=RCL)K1 (1.)
TI "EM=TllUi /60.
WRITEC691004) TIME
WR.ITE(c,sr) TIMiEM

1004 F0R?-#AT(lX,17tHTIMAE TO CALC.NULL,Fl0.3,SH SFC(ThrpS)
00n 59 NJ=ltML

59 AF(NJ)=Ai3S(AF(NJ))
34 CALL SCIOKI

NU 3= 1
IF(SOURCE(7).E.OPTION) NU3=NUM*2
D,0 92 K1l,f'Ui
F(C 10=(C0.1,0.*)
T I =,
IFCNU3.EQ.I) 6O TO 5i0
PC1)= RSPAN-(TI1-.)*KSPAN/TNUfQ
GO TO 511

510 P(1)=0.
511 DO 90 M=lt¶1

S=W*A*SIZ(P(l))*AF-CM)*.5
IFiS.LT.0.j0.ANrG.5.GT.-0.IO) GO TO 80
SS=SI½I,'S) /S
GO TO bl

80 SS=1.
81 Q=W*A*CF(P)*SIN(P(l) )-PHCMv)

CO=CCS (0)
SO=S IN (0)

Fig. 57. Main program - Page 9.
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M A I PA rF 69 1,,9

F I - TN M ) t:A Af- ( V ) :S
C 2- L I '
E 3= E IS"';* fJ

90 Ff(K)=F(K)+F2+F-3
BfrKk-(P(1I)4PKL( T ))*RADCG,

89 AEfK)=CAbiSU3(K))
I F(NU3. E . 1. A.!' . S I JC C(3). L. F NOR A!) F NR F1= K)
I F (NU3 .E 0. I.q'D. SflUR C f.3)NL F N'0;'Al) ') P1.0= (AL ( K I/r'R P)2
1 FCK .EQ. (NU3j1,/?).ANf) .S(U4C F(3 .F Q F,,10-AD) FNR f-Af(K')
I F f K.FU. ( NU3 /2)AND .SOU<C F-3 .,4F F NOR AD) 'ZPRAK l

92 CONTI'4iUL
WR1IT C (6,t 014) RPWr.P

5C4~ FflRkMAT(//,2X,26HR1:LA1I\'l POWER Al PNIJLL ,FIO.6)
TI VF = RCLOK 1( I .)
T IME V=T I PAL /6(0.
WRITE(6,t005) TIM.FE

1005 F0RMAT(lX,28er-TIMP: To rALCG.PAjRTIAL PATTFR\j,FlO.3,8H SECOND)S)
WRTTF(6,5) TU-IFM

33 CONT 1 4LJF
IF(TITLEII).CO-.FNULL) GO TO 101
Xft'AX= 0.0
BMAX=O.0

DO 200 J=1,NUJM2
TF(AF(J).r.I.X!'AX) k-O TrO 205
Gfl TCO 200

205 XMAX=AE(j)
B MAX = L( J)

200 C0O!11INUE
101 COUiINUE

IF(dllRC~1).jE.MONP)GO TO 61-1
IF(TITLF(i).L-c.rN(LL) GO TO 610
DO 62 J=i ,tlIY2

1) GO TO 153
GO TO 62

63 XNU](LL=AE (J)
SNtJLL=b( J)

62 CflNT Ir.UE
SSEM= lBuINJLL-PL ( I) .DEGR~A[)* 00O0.
GO TO 601

610 CONTI'JUE
BSEM=BNULL *1000..
I N'ULL =D0NUL L * )A DE

601 WRITtE(6,bO?) UNULL,BSEM
602 FORMAAT(/H ONULL -FIO.6,9VI DEGREELS./711 BSF1M ,FlO(,,I4fi MILLI:ýU~Iý

INS. )
611 IF( T ITLF ( I).tO.FNULL ) GO TO 111

WRITL(6, 19)

Fig. 57. Main program - Page 10.
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I r( SCUPC I (I) .N I. fPTI ON) "0 1: 1I
If*( SCA I kC., (10) !jI5 . (rL(T ) Go 1I0 1 13
CALL SCLOI(I
I SC AL.E=60/ "JtM
CALL GRAPIII(AEL-,XMvAX,O.,"IUM2,13,ISCALt-)
TI MlE=PCLOIU 1(1.)
TIMEM='TI ,',Ff600.
WR II r- (6 91006 ) TIL PIE
WRITIFi6t5) TIMF.M

1006 F0RMAT (IX, 3liT IMlr IN GRAPII,F1O.3,811 SECONDS)
113 CALL SCLOK.1

CALL HPBU(AE, Xf-AAXNUM2t B)
TIME=RCL0KI (1.)
TI MFM=T114- 1(0.
WRITE(6,1007) TIME

1007 FflRM4fT1X,12HTIV'E IN HP~t..FIO.3,8H 51-GONDS)
CALL SCLOI(

()61 P'PMM=1.+M1-t-'k
CALL SLL(4%gXM4XNIuM?,ABBSI-riAX,ýLB,$950,$964,Mr;1~)
GO TO 951

964 PP'v.M=O
950 I'F(S)O(IRCL-(3-).JQ.FNOGRAD) CO TO 96?

WR I TF ( 6, 1 ') 1)
1551 F eR M4 T :1/1/ T I I POV I-R L FV t:L A T THFlE POS I T IUN 0 F T 11L 1 ST j ITP L LUtE

I WITH NO IVADOME IS CALCUL.ATEDf BELOWh' /)
P( I)'=fISLNAX
K~l
KR=1 I
PC( 2) = P( 1)
CP TO 952

951 K=O
KR= 0
P(I)= BSLMAX-DEGRAD
P(2)= BSLMAX+OEGRADl

1500 K=K+1
952 E(K)=(0.,0.)

DO 1900 1M=1,MI
S=W*A* SIN(P'(K ))*AF(CM)*.
IF(S.LT.0.10.ANrJ.S.GT.-0.I0) GO TO 1300
SS=SINC SI/S
GO TO 1810

1800 55=i.
1810 0=W*A*CF(M)*SIN(P(KI I-PH(V)

CQ=COS(Q)
SQ=S IN(Q)
El= TR(M)cA'vAF(M)*SS
E2= EI*CQ

Fig. 57. Main progratm - Pz?,.e I I.
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MA IN! [ATE t.9 -(

1900o 1 (4m ' 4
18J90 At.(K) =CAUýSC K)

IF (K.EQ.I. Atj',).KR.-Q1.O) GO TO1 1500
IF(~.F.~I )()TO 150?

KR =K -4+ I
IH~r(-:d-1) I 03,1502tI5OI

1501 p(?)=(P(1H-P(?))/2.
K= I
PD=P(2 )*rkAE'G
W I IL (6 , IA) IKR ,PD, K
GO TO 15OC

1503 PCI )=(P( I)+PC2) 1/2.
K=O
PD=P( I *(MF
WIR.rL(:,I I) KR ,PD, K
GO TO 1500

1502 ) S L =(P (I )+P(r))2?.
lF( (PC 1)-P%?) ).LT..00001) AE(2)=AE( I)
S L M. X -(A I-( I) +A::(?2) ) / ( 2 * XsA X100.
St.DP=2C.*AL0,JAO(!00./SLMAX)
PSLD='P$L* A)F
WR I Tl~6, 150j) (SLI) SL[)B

1550 F('*?''T( ILCJýAT (V4 Or MAXI~U SiDLULBL 'F10.1,/ S IDLL0f;ý LEVL-~

IF~~'M~.E.1)Grl TO 961
96? CONT IN~UE

T IME=RCL(I~ 3(1I.)
T i VEIVr-T 1/60.

ViRITE(6,IOP) TIMEý

1008 FOrRM~AT ( IX vIDT I ME I N SLL F1 0. 818 SECONDS)
GO TO 112

110 CONT 114E

300 CONTINUE
949 C OH T I N E

STOP
r I

Fig. 57, Main program -Page 12.
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I~ VL A' If V~ J *I

SUPR(Ji ) I ,IV
IPC:t) t,l. t .. ( ' I 'A t,": AA, !tM iCC W, I)D L , FF Xf.v.'>,Y(,i 11 1 i,,, iCC.Ci 'IYP i

1Y,TS,TI,CL ,CL2, St., SL? ,C?L, S2L,1 L, fPL , D I SC11, XIrl, Ylr-,pIt)
I , XA, YAi)FATS P, XL Ilti'L I 1, PHL [N
COh 'MC ,% T 5 .; ,)I 2), LiURCL( 1?) ,PI , , ,iD ,F,, E-G*.AI, .AD , ,Y JS, IX, AO , y , ,. 5,:i

I, XA A 0 1) YA ( 0 1) PFAATSP , X I IYL P' , Pit. I"!,
I P:1SI( SO( It), fAT 50 1 TA[,APC fLt, K1 ,,L"K? ,YO()O( F ) iCX

COMMON /,2.I/ RPL(25 XCB( 1; 1. L S'I.,,CL?,SL?,XOCY-,11r ,
A AA( 12)1,Bl (12) ,CC! 12) , 0 1 ?; ) ,r-( 1 ,Fl (C I )

I , AN-A, A AF ( 501 ) ,CF ( 50 1 . ,L( ,P L5 T, NPL..(5L ),
I NR, NtO S, L 1. X, !'52S~I=Ix

AA( I )=i.
BB. ( - = ,
CC(I) =0.

ND I )=-2. *XOU
EEMI )=-2.*YO0
FF(I )=X00<*xOO+YDOOYOI-)-ROOROFO
RETURN
END

Fig. 58. Ogive geometry subprogram.
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C¢IC 0a,4 = 6919))9

StI'Y , f u I I N[ C (A' I r_

LY, rS, I I ,Cl ,C'L 2•S ?SI ,2,C2L., SL, T.L , PLDI0SCI.I XLi('JYUUV~t'!,L)

1 ,XAYA,IOFeTSP,XL I N, YL IN, PHL I N
cr V f, nr. Ti ';O) ,12), SURCE( P?) Of 4AOl[G, tnGZADt MI,N1,S, IX,?1,AYC(50)1

1I, XA '0 1 ) Y 1. )l] ) , i ArsI'S XL I'4,YL I'I iF) L IFv

I PIS)r[{ (5() I ) , AI C(VI),TA(E,• ,•1LOK1,NLrK2 1 0O(Y 501 ),tCX
C(;,vpr,,4• /k}'1/ ,'L:t( 2.) ,XG~i( 121,1 t,_SL,S2LCI_2, SL?, XfO,Yi.)(URw!L,Ct

1 AA( 1?) ,f' ( 1?),CC( 12) ,(D( 12):!.F( 12) FF( 12)
I ,AN[-.A AF (' 01) ,CF (501) ,'v (?b) ,LI ,PL(25) r IkF(2•)

RPhL I %=PAIL -Nr r't tQ AD
I xI X
AA (I =0.
BisI I )=0.

CC( I 1=0.
DD I) =-T iN (RPHL I N)
FF1 I )=I.

FF(1)=-XLIN*f,';(I)-YLIN
RLETU'ýN
END

Fig. 59. Cone geometry subprogram.
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UHUILl- ;"i ( 1',l (Y) A, A ~CC W), i f- X: -"I,, YY',PI, P',c ~iSH I,
I Y, Il I, Ui ,(.(,Le, I., t ?C -,2L, I L XL(DIS JIIYMI,R
I1 ~X!;YA - f A I',XL I r, 9YL I i, PHL 1 N

CC!VV0 NU T~ G I; , 1) S fu'?C f. 1?)1, 1 1), 0 G r) q;r, p I ,NU1,4j IX, 'C, ty C 5 1

I #,X A( Si(C I Y YA( Cj), I 'N 1 X L I N, Y L I NI)H L I[N

I4,( 12) BFPB 12) ,CC 12? ,flD)( I?) , ((,?) ,[P V 2Iel)
I1, ANF A, AF ( 5') 1 ) ,Cr F O t , 0 ' 1 ?' L V ,;)L (2?S Wkl-t C 2~
I NR0, J'0S , L LX), lik-2
DI'*[NSIOH TI ( ,(;I ) LG( 5QI) IYGL( 1) DfL I ( ?5.
)AT A WKRirý--, 411',, IT/
DATA X f4Ix/
DATA FNO0,Af)/4fl NO /

1 J7(RlIAT(9Fk..6)
2 F0 R MAT i IC,)
4 FO nAr( ,AI iI
5 F 0RMtl, T(? X ,~4ji1S 1 8 X, 3I4W'C 158 3 H .L 15)

7 FOR MA T 2 X Ib fX- CC,-Oý0 1M,,I AE G E 0P.C RY R iLJ'! ) A kI FS XGP //F1O.4))
!i FO0P 11ArTI 'J,ýF-10 .I, IS)
9 F 0P VAT 2?X,?W. f 10 .4/ /C(- ?X , MPL I F I0.1t

12 F O~ ' \ ( X ?14R MI A I/IW

13 FOP fIA T 6X 1 I211Lt '7K t NG I F F 10.?f2
50 FORIMAT(4X,?H\ý%,,iX,2HrPF,8X,2HCC,8X.?LpA)),8X,2H4[I ,8X,?HF-F//)
51 F9)RlIiAT(6F10,4t//)
52 F RIMA T (? X7V,bY 1,P L F 1O. 4/

PLIMt';2)=PL(LLX)
I FCM,; 2 .GT .?2. AwX,A -S(P LI ( MG,2-P L I ( Y, G? -1 I L LT. .0 1 C C TV P IE
ITF U X. G I. I ) G 0T 0 18
RFAL*8j RMI'llf
RM!N'8=1.D- 10
IF(S0'URCF(3F(-k.FNORAD) GO TO 18$1
WR ITE:(6,p ) NOS ,MltACLT

WRITE(6, 1?)

WRITiF(6t51 ) (~. I(HC oc1 ~ r(I,11

WRI TL(6,9) A,iPL (I , >1, LI
NOSS=MOS/ 2+1
IF(SQ6Rli'RGFU1).ý, .SXGR) GO TO 200

X G t ( I ) , ((. n ~ ORf-O ~J

X GB( 3) X ( -

Fig. 60. Ray trace subprogram -Page. I.
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NKRRI DAlC 69199

200 CONT IjoF
WRITEC697) 'XGq3( 1), P,NNOS)
DO 180 L=IINDS S

IF (BB( L ) FC..0) GO TO0182

IF(DAHSIDOCLI).GT.TLIP) TLIM= 09(L)

lrFMABSCEE(L)M.CGT.TLIM) TLIM= EE(L)
TLI M =T .IMIi* .00000 1
DTSCU=((CCCCL)*XGU3CL)+EEHL))/C2..*BCL)))*u2-CAA(L)*XGi3CL)**2+DD(L)

I *XGB( L)+FFH(L ) ) /rB I)
IFU)ABSCOI SCU).LT.TLlM) DISCU=0.
IF(L.EQ.NdJSS) GO TO 68

67 YGP (L )=--(CCC(M)*XG;iL )+EE( L;) /(2.*~BBC ) +DSQRT(DISCUi
GO TO 183

68 YGF,(L)=-(CCCIL)*XC-i3L)+EE(L) )/(2.*BEBCL) )-DSQRT(D:3CU)
GO TO 183

182 YGC,8L)=-CAA(L)*XGR(L)*XGB(t.)+DD(L)*XGEBCL)-)FF(L) )/(CCCL)*xG8CEL )+FE(
1I)

183 IF(CABiSCYGBCI) .1T.1.F-3) YG1!f'L)=0.
IF(L.EC.NOSS) GO TO 180
N I=NNG3S+ 1-L
YGBCNI )=-YGB(L)

180 CON'T I NE
WRITE(6,52) (YGBC I), L=1,NN0S)

181 WRITL(6,4)
WRITE(6,13) PILILX)
WRITE(6,6)
DC 20 I=1,'NR
T2=1

20 Y0(I)=A/l(?.otd.:EA)i(2'.*T2-2.-A',IEA)
'F'SOURCE(3).FQ.FNOP.AD) GO To 48
DO 210 I='.,NR
XA(I)= CL*DFATSP-YO~i)*SL

210 YAM=) SLoDF4TSPYUM*)CL
DO 190 M=-1,Nk
DO 170 L=1.NQS
LG(P.)=L
IFCFBBCL).EO.0.) GO TO 30
XAC=XA(CM)
YAC=YACM
AAA=AA( I+B8CL) NTL_*TL+CC(LiaITL
BBB= -Z.*Bhd(L)*TL*1L.XvAC.2~.CBL)*TL*YAC-CCtL)oTL#XAC+CC(L)*YAC+02-

( L)+EECL)*TL
CCC= -2..PRi1 )*TL*YAC#XAC-+O(L )*TL*TL*XAC*(AC+FBR'L)*YAC*YAC-.L-(L)o
1 TL*XAC4EE(L:vAC+FF(L)

Fig. 60. Ray trace subprogram~ - Page 2.
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NIKR RI OAT[C 69199

CCC=CCC/AAA
DI SC=RBRf*iBR-CCf',
IF(DISC.Lr.O.) GO TO 170
X=-BB3B+US(lwrýT (DISC)
lF(X.GT.XGti(!OSS) ) X=XGB(N0SS)-RMINN
GO TO 18

30 >.-(&F(L)*YOC1i~CL4FF(L))/(DO(L;+EF(L)*TL)
18 Y=X*TL+YC(M)/kL

IF(XGB(L) .LE.X.A*ýf).X.LE.XG'3'(L+1 ),AýND.YGR(L).GiE.Y.M.JC;.Y.GE.YGHBL+1)
I)GO TO 15
iF(XGB(L).GE.X.ANO1.X.GE.XG8J(L+1).AtID.YGB(L).GE.Y.AJDO.Y.GE.YCB(L+l)

I )GO TO 15
170 CONTINUE
15 IFHDABS(2..BB(L)*Y+CC(L)*XtEE(L)) *LT.RMIN) GOn 1017

DYDX=-(2.oAA(L)*)(+CC(L)J'Y+DD(L))/(?.*BB(L)*Y..CC(L).Xi-EL-(L))
'S =DY DX
lF(OABS(l.ýTL*TS;,LT.RMIN' GO TO 22
IF(Y.GE.O.)GU TO 115
TI (M)=PI/2.-DATAký2( (TS-TL), C .+TS*TL))
GO TO 16

115 TI(M)=P!/2.-LATAý?( (TL-TSbTI.+TS*TL))
16 TI(M)=DABS(RADEG*TI(M))

GO fo 21
17 TIfM)=PL(LLX)

GO TO 21
22 TI(M)=O.
21 IF(SOURC'l( 1l).EQ.WRITER! WRITE 16t6) M,XY,TI(M),L
190 CONTINUF

DO 70 1=1.MI
DO 70 K=1,NOS

70 T(19K)=-!.
DO 49 KG=I,PMI
TI(KG)=CTI(KG)*TI(KG+l))/2.
IF(I%^fKG).?4E.LG(KGj+l).AND.LG(KG).GT.(f;OS/2)) GO TO 71
LG(KG)=ILG(KrG)+[G(KG4-1fl/2

71 K=LG(KG)
I=KG

4C T(IK)=TI(KG)
45 RETURN4

END

Fig. 60. Ray trace subprogram -Page 3.
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SUBROUTINE NKJRM
D)OUBLE PTRFCISION AA,8 ,CC,o)DFE,I:F,XOB,YGp,PI ,BBti,CCC,OISCDYDXXI

IYTtlCLLS2CLSLTILDS~X~Y)9O
I ,XA,YA,DFATSPXL1INYLINPIINiDOBST
DOUBLE PRECISION TR
CUFPGN T(501,12),SOURCE(12) ,PI,RADEGD)EG"?ADMLNOSPIxMCAFYC(501)
lXA(501 ),YA(501),DFATSP9 XLIN,YLINPHLTN,DOL3ST,
I PHST(501 ),AAiT(501) ,TAPFR,.NILOK1,,NPLflK2 tYO(501)vMCX
COt'Mflu /JRMv/ N(12)tD(12,li?),DCE(12,12),TD( 12,12),FIPD(501 ),TC(501)
1 ,FREQ, POL I?
DIMENSION BC 1?)O( 12),SR( 12) ,N1( 12),DD)D( 12)

1 FORMAT(FIO.29,eX,Fll.6, 1XFlO.6,2'tlO))
2 FORMAT (5FI5.6)
3 FORMAT (115,4F15.9)
4 FORMAT (F15.7,4F10.6,F[5.7)
7 FORMAT(liH1)
8 FORMAT(7X,IHT,IOX,4HFIPD,9X,11HTRANS cnEFF,9X,IHK,9X,lHL)

999 FORMAT(' WALL THICKNESS = F1O.6/)
DATA PARALL/41i PAR/
DATA RMIN/.OOC)O0O1/
DATA WRITER/411WRIT/
DATA FNORAD/41- NO/
Ir-(SOURCE(3).EQ.FNORAD) GO TO 557
00 6 L=l,NifS
NN(L)=N(L)e1
NNL=NN(LU

6 DCF(NNLL)=1.
WRITE (6,8)
DO 5 L=1,NOS
NL=N CL)
DDD(LI)=O.
DO 5 I1=1,NL
IF(L.FO.1) WRITF(6,999) DCIL)

5 DPD(L)=OOD(L)+D(I ,L)
DO 60 K=1,MI
DO 60 L=l,NOS
IF(T(KI.).LT.O.) GO TO 60
IF(L.E0.NBLOKl.OR.LoEQ.NLVLOK2) GO TO 100
GO TO 101

100 FIPO(K)=Oo
TC (K) =0.
GO TO 60

101 TH=T(K,L)*DEGRAD
DD=2. .COS(CTH) *DnO( L) *PI
S=SIN( TH)*SIN( TH)
SR(I )=S0RT (OCri l, L)-S)
IF(POLIZ oEQ.PA-RALL)GO TO 210
RR= (SR (1)-COS( TH) )/(CSR(1) +COS( 1H))

Fig. 61. Multilayer transmission subprogram -Page 1.
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04 tFltM DATF

?10) PR=(SR (1)-')CF~(1, L ) 'COS (TH) ) / ( SR(1)+DC C( LL )*Cf)S (IH)
211 CONTINUEJ

NL=N(L)
DO) 10 1=10L

SR(11I)=S(QRT(OCE( 11 ,L)-S)
G(l )=2.*PI*D( I,L)*SR( 1)
IF(POLIZ .EQ.PARALL)GO TO 110
R( I)= (SR (11)-SR (I)) / (S (11) +SR (I))
GO TO 10

110 R(I3=(DCiE(IL)*SR(li)-DCE(II,L)4*SR(I3)/(DCE( 1,L)*I-z(II)+Dk~t:(11,,L)
1*SR(1))

10 CONTINUE
AQ=1.-RR
DO 15 I=I,NL

15 AQ=AQ*(l.-R(1))
AQ=.I./AQ
W=i. 1603i4L-#4/F:RLO
GG=G( 1)/W
CG=COS(GG)
SG=SIN(GG)

XI=CG*(1.-.AD)
YI=-SG.( I.-AD)

Y2=-RR.S3* C .+AD)
X3=-RR*CG.( 1.-AD)
Y3=RR.SG* (1.-AD)
X4=CG*( 1.4AD)
Y4=SG'( l.+AD)
NNL=NN(L)
DO 35 1=2*NNL
IF(I-NNL) 25920,50

20 Ul=l.
U2=-R(NL)
U3=-R(NL)
U4=1.

V2=0.
V3=0.
V4=0.
GO TO 30

25 11=1-1

GG=GC 1)/W
CG=COS(GG)
SG=SlN(GG)

Fig. 61. Multilayer transmission subprogram -Page 2.
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NKJRM DATE 6919q

UI=CG. (1.-AD)
VI=-S'V( 1.-AD)
U2=-R(11 ) .CG*( 1.9AD)
V2=-R(11I)*S.c~,(1.+AD)
U3=-R( II )CG*( 1.-AD)
V3=R(I )*SG.(1.--AID)
U4=CG*( 1.+AD)
V4=SG* (1,.-)AD)

30 Pl=XI*UL-Y1.\'I+X2*U3-Y2*V3
01=Yli:Ui+Xi.Vi+Y2*U3+X2*V3

0?=Y 1.U2+X 1.V2?1X2*V4+YOI*U4
P3 3 *U I -Y3 *'l + X4 * U3- Y4*V 3
C) Y3 =V~* U X 34V + X 4*V 3 +Y 4U 3
P4=X3*U2-Y3*V2+X4*U4-Y4*V4
04=Y3*U2+X3*V2+X4*V4+Y4*U4
XI=Pl
X2=P2
X3=P3
X4='?4

Y3=03
35 Y4=Q4

RCR= (-X3'X4t-Y3*Y4 )/ (X4*X4.Y4*Y4)
RC 1= (-Y3*X4+X3*Y4)1/(CX4*X4 4Y4*Y4)
RC2=RCR*RCR+RC I RC I
RC=SQPT C fC2)
!R=(Xl+X2*RCR-Y2*RCI )AQ
TI=(Y1+Y2*RCR+X2*RCI)*AQ
TC2= TR*TR+TI*IT I
TC(K =SQRT(TC2)
IF(TR.EQ.O..AN1XI? .EQ.0. ) TI=T[4RMIN
XX=GATAN2( TI,TR)

48 FIPD(K)=-RADEG*(XX+DD/W)
IF(FIPD(K) .Lr.O.) FIPD(K)=FIPDil')+360.
IF(SOURCE( 12).EQ.WRITER) WRITE(6,1) T(K,L),FIPD(K),TC(K),KL

60 CONTBJNUE
50 CONTINUE

557 RETUR14
E-N D

Fi~g. 61. Multilayer transmission subprogram - Page 3I 105



SUPROtJT I N : .1 1~ A w

FIr-,MO TPA (2x,?rlO.4)

1 F(IRMAT (bFXIORTCL IIGT FO./

15F(JRMAT(6X,27iflfSTACLE HEI(;IT V(IDIFIEI) FIO.6///)
DATA FL1IN/4HFL[N/
DATA CUS6/41ICOS6I
DATA CIRCLF/611CP~CLE/
DATA COSl/6HCflSI/
DATA RAD4/6H[RAI)4/
DATA RAD5/6IiRAD5/
DATA PLI/6HPLI /
DATA CUS2/6HCOS2
DATA FNOA.T/'6HFNr)AAT/
DATA FN'PiSzT/6lfFNf)ST/
DATA 'ýLOCK/4 ',In ~L
OIIST=O.
RAD=.5*A
R AD SQ =R AD*AP
RAN 1=1./RAD
PAN SQ=RA)I *;<ADI
IF(S0URCE(9)).!JE.rBL0CK) GO TO 13'
READ(5,1I) flr;sT
WRITF(6,154) OBST
IF(SCJkRCFi3).iFE.CIRCLF) GO TO 13
RADY=RAD/Y
O B ST SQ = 0 ST *0Ti ST
RLADI5,l1) OBSTD
THFT= Y/(2.*A)
RAT If=OBST~rfl~iS.T/'(RA[)Y+fBSTO*SIN(THFT))*I22
AO= RATIO*I)I'*RADS()
THFT1=Ito.
TIIFTI.= THEIV1*FUERAD
DO 15 N=1,10)

IF(AIIS(THFIF?-T'IFTI).LT.l.E-4) c-fl Tn 17
THFTJAW LRAJ"UGTHL-r1
WTR!TE(6, 19) JLFTlr)

19 FORMAT('THF1A = F12.6)
15 THETI=THET?

Fig. 62. Aperture taper subprogram - Page 1.
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DATE =69199

17 OBST =RAD*CnS(rHFrl/;).-
WRITF(6,11b5) 014sr
ASrIP=(PI-rHErI+ suwNFV-iF) )*RADSO
WRITE (6, 18) AOASTRIP

18 FORMAT('W3STACLE AREAk: IF:12.6,/.STRIP AREA = F12.6)
13 DO 8? IL=lvMI

YC( IL)=(YO(IL)+YO( 1L4 1)] /2.
YCT=YC (IL)
ArISYCr=ABS (YCT)
IF(S0URCE(5).FO.FNOAAT) C.-O TO 83
CAM= 1.
IF(SOORCE(8.EO.CIRCLE) CA.M=SORT(RADSO-YCT*YCT)
IF(TAPER.EC!.CO.Sl)fl,0 TO I
IF(TAP(:R.Eo~cnS2)P,n TI 2
IF(TAPFR.FQ.PL1) G~O T L 3
1F(TAPER.F0.RAD4)GO TO 4
IF(TAPFR.EC.RADj)GO TO) 5
IF(TAPER.EQ.COS6)GO TO 16
JF(TAPER.EO.FLIN)GO TO I

1 AAT( IL)=SQRT(.25*A*A-YC( IL)*YC( IL))
GO TO 84

2 AAT( IL)=CJCOS(PI*YC( IL)/,A)
GO TO 84

3 IF(A1S(YC(IL)).Lr.O.9A660)3) AAT(IL)=1.*CAM.
IF(A!3S(YC(IL)).GE[.O.93,0603.ANt).Ab-S(YC(IL)).LT.I.183924)AAT(IL)=(.94

17I9- (ABS(YC (IL) )-0.986603) '0.042L/0. 197321 ).CAM
IF(ABS(YC(IL)),GE.1.183924.AiNJD.AHS(YC(IL)H.LT.I.3531244)AAl'(I.L)=(.-'

1368-C ABS( YC( IL) )-I. 183924 ) 0.0631/0. 197321)*CAM
IF(ABS(YC(IL)).GE.1.38244,AND.AHS(YC.(11-)).LT.1.!78565)AAT(IL)=(.c)

1737- ABS( YC( IL) )-1 38144',) '0.336'4/0I. 17321)CI
IF(A8S(YC(IL)).GE.1.579565.AW4D.AtIS(YC(IL)).LT.1.77'5885)AAT(IL)=(.S

1368-( ABS CYC(CIL) )-l. 578365) *0.3684/0. 19732i) .CAM
IF(ABS(YC(IL)).(,E.1,775865.ANýD.Af!Z(YCCIL)).LT.1.973206)AAT(IL)=(.I

1368-(AI3SCYC(IL))-l.973206fl*O.0?1O/O.1973?1)*CAM
IF(ABS(YC(IL)).GE.2.17O526.ANID.AfBS(YC(IL)).LT.2.762498)AAT(IL)=(.1

IU:(ABS(YC(TL))G1,-2.762488)AAT(IL)=0.0842*CAM
GO TO 84

4 MT( IL)=( l.-YCT*YCT*RAD)ISO)*CAM
GO TO 84

5 AAT(TL)=U1I.-YCT*YCT*RADISQ)**2)*CAM
GO TO 84

6 AAT( IL)=DCOS(PI*YC( IL),'A)**2+STAP(MCX)
GO TO 84

7 AAT( IL)=I-AFBS(YC(IL) )/FAD
GO TO 84

Fig. 62. Apertvre taper subprogrami Page 2.
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8~3 AAT( It 1='.

IF(SORCLFigt ). EQ. Afrtr taper Iupoga IS Pag GOT.8

GO 10108



CPAPH DATE =69199

SUE'ROUTINF GRAPH(X,XtMAX,,X'NIN,NU)M~U-R,F', 1SCALE)
DU'FNSIF),'4 X(NlU,'t3L-R) %O(?6) ,P(4) , S(Hq1 ),FNUf'wA-.R)
DATA G/V +'/
DATA S (1) ,P (1) P(2) ,P (3) ,P (4)/S I I * t * fi * 02I I

IF(ISCALE.F0.0) ISCAILE=l
FACTOR=10O./ (XMAX-XMIN)
WRITEC 6,31)

31 FORMAT(IHI.//20X,'FAR ZONE POWER PATTFRN (1)6)
DO 2 K=1,26

2 0 (K=S ( I
1=0
DO 5 N=1,NUMB3FR

63 L=L41
JF(M(iO(L-1I,ISCALE)) 50,50,51

51 WRITE(6,53)
53 FORMAT(H)

GO TO 55
50 J=1

K1l
Y=(X (N )-XM IN)vFAC TOR
IF(Y.EQ.O.) Y=1E-10
Y= 20.*ALOG1O(Y)+60.

10 IF(Y.LT.3.5) GO TO 20
Y=Y-4.0
J=J+1
GO TO 10

20 IF(Y.LT.0.5) Gfl TO 30
Y=y-1.o
K=K+l
GO TO 20

30 g(J)=P(K)
WRIlc(693?) R(N),0

32 FORVIM C3A, F 10.4 ,2X ,26A4)
n(CJ )=S( 1)

55 IF(MOD(L-1,10))40940,64
40 WRITEC6,42) (G,1=1,11)
42 FORMAHIClH+,6X, 11AIO)
64 IF(MO(J0L-1,I-SCALE)) 5,5t63
5 CONT I'JE

RE TURN
END

Fig. 63. Graph subprogram.
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SLi AI 'Il= 3 17 J'2

0F 1 C, RA) P I / 1 0.
f, AIF(G= 180 ./P I

I F fP M A I (4 4 8 ý 10.5)
"PAT A V1't.'V'/( 0

, I VP•"- [. E 0 1 ,t TO 12

V,0
I =t< Ub.l;F,-' 1

DO 1 '4=2,1
MF(A~L( -i L..I.AL(":) .A•l0.AF(,'4 I).LI .Al(- )) '-r) r!) 2

GO 10 1

A (N) (- A (N) /Xt.'AX) * 100.
SL b ( V, =8 ( N,)
'R I T .(6,t1I! ) A ) SUB (V,)

CONT I UUE
Ir-( ( I;.E .F . .A Fr),.GE.3) '.0 TO .' 3
G(O To t4

1 3 M•'4/?I

SL111 -:SLP "I.

25 F0I, '!ArT ( I " l1 1 MM, J , II M //)
14 SL,"A X-:O. 0

DO 3 r1'=1,'
IF(A(f'1). 6T.SL AX.14 .A(N).LT.75.) GO TO 0
GO TO) 3

8 SI. fAX=A(N )
PSL AX=SLP-(N) *!)EGRAD
WPITF(6v11 ) P SLIYAX

3 CONT I WUE
IFrSLLMA .LX.O.O000100) GO Tý, 6
SLDB=20. k ', L0,G-O( 1O. /SLtNAX}
(; P T 0 7

6 WR ITF (6 1 9)
9 FCR,'-IAT(' I'Xl SIDFLO,-F DETECTED'

BSL l =SL PF .:" '. AD
PSLNA=B$iL 1
Rt:TUR<: 2

7 VRI 1, L(6,5) S'4AX, SLO
5 FORVAT(l0X,2-ýH lAXlMUti Sl)(L(OPI. LEVEL jFlO.4,5X,ýHPLR.CEU;f.,-X,IH

I ,FlO.4,61i F),
MYINl = I
RET'.\ '4

12 V''t..=0
IASI. I =SL-H IC .IE'it'A")

LI' I/ = X fS L I
)0 RI iU );i I

C ND

Fig. 64. Sidelobe lo-,e] subprogram,

110



DO IO N= t MM

GO TO I

to A3=AbIN)
A2=Af-(N-1
PA31RIN)

PA4=b ( N- I
I CON'T I N~ur

ANc,2=PA3 ( PA4-PA3)I* ( * 7071 *XMfAX-A3 )/I(A4-A3)

WRITFt6,40) Wbý

40 FflRtMTT(///IOX,.2
51 HALF- POIFR EIFAMWJIDT14 ,F 10. 4, X, 0HEGR~EcSq/

RE TURN

Fig. 65. 1-lali- *-wer bt~zarnwidth subprogram.
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