
A D—A0S 3 hOO ONTO STATE (PITY COUJISUS DEPT Off ELECTflCAI. ENSINEERINS F~S 9’~A 510 ANALYSIS oc THE CIRCULAR REFLECTo R ANTENNA INCLUDING FEED——Et c iu l
AUS 77 S H LEE. R C RUDOUCK. C A KLEIN F30602—76—C—0 2214

UNCLASSIFIED ‘all—I RACC-Tfi—77—fl9 P4.

I _ 
•u~ ui _ 
rum _ 

~iii



‘ ~~~~~~ 

I~

I I ~U~2
~ I 8

1.25



RADC—TR— 77—259
Final Technical Report

~~~ August 1977

A (‘,TD ANALYSIS QF ThE CIRCULAR REFLECTOR MI’ENNA INCLUDING
FEED AND STR1J~ AI’ ~~NP~ S~..:
The Ohio State University ~~~~~~~~~

Approved for public release; distribution unlimited .

ROME AIR DEVELOPMENT CENTER
Air Force Systems Command
Griffiss Air Force Base, New York 1344 1

C~3



This report contains a large percentage of machine—produced copy which
is not of the highest printing quality but because of economical consideration,it was determined in the best interest of the government that they be usedin this publication.

This report has been reviewed by the RADC Information Office (01)and is releasable to the National Technical Information Service (NTIS).At NTIS it will be releasable to the general public , including foreignnations.

This report has been reviewed and approved for publication.

APPROVED: 

~~~ 5 ~~~~CARMEN S. MALAGISI 0
Project Engineer JUST I ~

APPROVED WSTRi8~iT1~M/AVAI BftiTY~~~
JOSEPH L. RYERSON
Technical Director
Surveillance Division

FOR THE CO~N~J~DER:

JOHN P. HUSS
Acting Chief, Plans Office

If your address has changed or if you wish to be removed from the RADC• mailing list, or if the addressee is no longer employed by your organization,please notify RADC (DAP) Griffiss AFB NY 13441. This will assist us in• maintaining a current mailing list.

Do not return this copy. Retain or destroy.



UNCLASSIFIED
SECURITY CLA S SIF ICATION OF THIS PAGE (WI,en Det. Ent.~,d)

A DY ii~~ ~.Ir A rtnu Ar READ INSTRUCTtO NS
BEFORE COMPLETINC, I-ORM

i REPO9~T N $MQER ~~. GOVT ACCESS ION NO. 3. RECIP IENTS C A T A L O G  NUMBER

RADC~ TR — 77 — 2 5 9 / 
- ‘

S

4 ‘fl T’L~~ (Wd SIJS4IN ) - ,5~~~~yp~~ QW~ fiE qj*’l B PERtOD CovER~~o
A CYD ANALYSIS OF THE CIRCULAR REFLECTOR ANTENNA ~inal Technical Report.
INCLUDING FEED AND STRUT SCATTER~. Manrb 1976 — April 1.977~ ,

I P O R ! . . , N G  ORG . REPORT NUMBER
— 

4381—1
- - - - - 5 Z D~~”~~~I’.Qft G *N  T NUMBER(S)

S. H. Lee 
~ 4~ 

R. G. Kouyoumj Ian ~~~~ F30602—76—C—0224 ~~— R. C. Rudduck
C. A. K l e i n  

__________________________
S P f~~?~~~U1Na O R G A N I Z A T I O N  NAME AND A DDRESS 0 PROGRA M ELEMENT . PROJECT . TASK

AREA B WORK UNIT NUMBERS
The Ohio Sta te Universi ty 62702F
Elec trical Eng ineering Department — f ’  j ‘~6~~~~
Columbus OH 43210 ,~~~ .. .‘ P  7

I I .  C O N T R OL L I N G  O F F I C E  N A M E  A N D  ADDRESS 
1 ~~~~~~~~~~~~~ 

—

Rome Air Development Center ( O C T S )  ‘ / August 1977
Griffiss AFB NY 13441 _~~~~.

‘ “• ,iu~e~R5 1i~.qs99 ‘ -. 1
IS MONITORING AGENCY NAME B A DDRESS(If  d i f f o ,e n ?  I,.,,., CnnI,oIlIng Off ice) IS.  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

Same
UNCLASSIFIED

ISa . DECLASSIF ICATION DOWNGRADING
SCHEDULE

____________________________________________ N / A
15 DISTRIBUTION STATEMENT (o( i f . f *  ~ epor()

Approved for public release; distribution unlimited .

17. DIS RI B U T IO N  S T A T E M E N T  (of th e •b.I,.cI enl•,.d in Block 20 , If di f f e ren t from Repo rt )

Same ~~~~~ _~~~~_ I

- S  Ø~~4ç~\P

15. S UPPLEMENTARY NOTES C,
RADC Project Eng ineer:
Carmen S. Malagisi (OCTS)

5’

‘-S

IS . K E Y  WOR DS (Conlfns,. on r.o•,a• .id. if nec eecas y d identIf y by block non,b.r)

Reflec tor Antennas Diffraction
Numerical Analysis Scattering
Geometrical Theory of Diffraction Strut Scattering
Computer Program

A B S T R A C T  (Co,,Elnss. on ,..,. ,.• d d e  If n.ca..ary nd Id.ntlfy br bIo~ k ntsrnb.r) 
—

Recently, the wide ang le side lobes of a circular reflector antenna pattern
we re ca lcu la ted  by the Geometrical  Theory of D i f f r a c t i o n  and an overall
pa t t e rn  can be obtained from a combination of GTD and aperture integration
methods . In this report , the analysis is extended to include the scattering
from the feed supports. The feed support scattering is treated using the
concept of equivalent current line source. The cylinder scattering model
developed in this report g ives the e f f e c t  of s t ru t  sca t t e r ing  on the wide
angle side lobes of the re f lec to r .  The sca t t e r ing  from the feed s t ru t s  

—

DD 1 j A N 73 1473 EDITION OF I N O V B 5  ISOSSOLETE 
UNCLASSIFIED

S E C u R IT Y  C L A S S I F IC A T I O N  OF T HIS  P A G E  (*1,.,, Dcl. Pnts ,Cd )

‘
4

~

. ...- - -
—

~

— ,-~~—,.——- —



UNCLASSIFED
SECURITY CLASSIFICATION OF TH IS PAGE(W h ba le Enl.r.d)

always has its greatest effect near the scattering cones for each strut.
These scattering cones usually give rise to a maximum aperture blockage
effect in certain off—principal plane patterns . The analysis given here can
be used to compute the complete pattern of any arbitrary plane cut for a
practical circular reflector antenna system.

I

UNCLASSIFIED
S E c U R It Y  CLA SSIF ICA T IO M OF ~~~~~ p AG ~.’Wh.n b~ te Fnle r .d )

____________________ - ——-— - —  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
.——

~~~~~~~
-- 

~~ -- —



TABL E OF CONTEN T S

Page

PART I - Theory

I INTRO DUC T ION 1

II RADIATION PATTERN 4

A. Primary Feed 4
B. Aperture-Integration 6
C. The Two Point Method Using GID 11
D. Ring Current Method 15

III FEED STRUCTURE SCATTERING 17

A. Equivalent Line Source Model for
Feed Support Scattering 17

B. Coordinate Transformation 21
C. Feed Horn Scattering Model 27

IV RESULTS AND DISCUSSIONS 30

V CONCLUSIONS 40

REFERENCE S 41

PART II - User 1 s Manual for Computer Program
A. Description of Computer Program 43
B. Example Computer Run 66
C. Appendix - Computer Program Listing 78

t .
ill

- -—  -‘



EVALUATION

This c o n t r a c t u a l  e f f o r t  resu l ted  in the developmen t of a geome tri cal
theory of d if f r a c tion (GTD ) computer code for c ircular parabolic reflec tors
with feed and st ut scatterir~g. This computer code analytically predicts
the ar f ie ld  pattern of the parabolic reflector including the scattering
f ro m re f lec tor ed ges , feed suppor ts, and the feed structure.

The results of this effort provide a means of simulating a parabolic
reflector with obstructing feeds and supporting structures and predicting
the far outside lobe responses. This computer code can more accurately
simulate the parabolic reflector environment than previously accomp lished
I n the pas t .

This fits into the RADC Technology Plan (TPO I—B) for analy t ically
simulating parabolic reflector antenna system before fabrication ,
installation and test.

The computer code , OSU PATT, is presently operational on the
RADC—HIS 6180 computer facility and will be used to analyze the performance
charac teristics of radar and communication parabolic reflector type
antenna systems .

/ V /
~~~_ 4 ) / 7f~f~~~ •
CARMEN S. MALAGISI
Projec t Eng ineer
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PART I - THEORY

CHAPTER I
INTRODUCT ION

The classical analysis of reflector antennas was well developed
in the late 1940’s. According ly, the radiation pattern in the forward
hemisphere of a reflector antenna can be calculated by either the
aperture field method or the current distribution method [1]. However ,
these methods are rather slow for electrically large antennas , and in
general do not predict the wide angle side lobes accurately. Recently,
the wide angle side lobes were calculated [2] by the GTD [3,4,5] which
offers an efficient way to obtain the radiation pattern except for
the forward axis region . Thus an overall pattern results from a
combination of GTD and aperture integration methods . Using this
approach , the far field patterns of the circularly symmetric parabolic
reflector antenna with the feed at the focus were calculated in [2].
The effect of a rapid field variation at the edge of the reflector and
the coupling between two reflector antennas were also analyzed
using the GTD approach [6].

In this report, the same approach is extended to the scattering
from the feed supports . Also the analysis has been extended to
incl ude calculation of the off—principal plane patterns . The feed
horn blockage is also treated in a simil ar manner to that in [2] by
replacing the feed structure by an equivalent circul ar or rectangular
flat plate model whose area approximates the cross section of the
feed structure . This approximation is justified in the forward
direction , where the feed horn blockage is generally most significant.
The flat plate scatterina is analyzed by the conventional physical
optics approach [7].

On the other hand , the feed support scattering is treated in a
different way in which the scattered field of each individua l strut
is obtained using the concept of equivalent current line source [8,9].
The GTD is used to determine the equiv alent line sources. The total
effect of the feed support scattering is the sum of the scattered
fields from each individu al strut. Then the scattering from the feed
horn and the feed supports is simply added to the other radiation
components of the antenna. Thus the total pattern of the reflector
antenna is composed of the radiation field from the reflector , the
direct feed pattern and the scattering from the feed Structure .

“ user-oriented computer program is described in Part Ii of this
report. The input to the program consists of the E- and H-plane patterns
of the feed , the frequency , the dimensions of the reflector, the positions
and diameters of the feed supports , and the physical cross section of
the feed.

‘4



In addition to the reflector antenna code described in the body of
this report , a second computer code developed by W. D. Burnside and
R. F. Marhefka has been made operational on the RADC Honeywell computer
system. This code referred to as the flat plate program is used to com-
pute the far—zone scattered fields for antennas radia ting in the near
zone of structures made of flat plates. In its present form this code
simulates structures such as buildin gs , or Ships by a set of finite flat
plates forming a convex structure for which the scattering from one flat
plate to another is negli gible. Using the present code , one can treat
the structure by a single flat plate , a rectangular box , a rectangular
pyramid , etc. Also a separate ground plane can be introduced . This
additiona l effort was supported by the Naval Ocean Systems Center ,
San Diego , California under Contract NOO123-76-C-137l.

The present code is limited to one structure which can be simulated
by as many as 14 plates . This is based on the array dimensions in the
code and is not a limitation of the theory . Each plate can consist of
6 corners ; however , each corner must lie in a plane or the computer code
will abort. The definition of the plates is made by first setting up a
fixed cartesian coordinate system relative to the structure under investi-
gation. The plates are, then , defined by the location of the corners .
The antenna location is , also , specified in the same coordina te frame .
One should note that the fixed coordinate system should be chosen such
that one can easily define the structure . The program has the flexibility
to handle arbitrary pattern cuts relative to this coordinate system as is
discussed later.

The antenna presently considered in the computer code is simulated
by a set of electric or magnetic elemental radiators. There is a maximum
of six such radiators which is limited by the computer code dimension
and not the theory . Each electric or magnetic radiator has cosine
distributi on, arbitrary length , arbitrary ma gnitude and phase , and
arbitrary orientation. This eleriental antenna is considered initiall y
but can be easily modified in that the code is modular in construction.
In this case , the SOURCE subroutines can be easily exchanged with another
antenna pattern subroutine.

The present form of the computer code is not large in terms of
computer storage and executes a pattern in short order. The storage is ,
of course , dependent on the dimensions which might vary ; however , the
present code requires approximately 100 K bytes. It will run a pattern
cut of 360 points for a flat plate structure with one antenna in approxi-
mately 10 seconds on a CDC-6600 computer.
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The limitations associated with the computer code results from
the basic nature of the analysis. The solution is derived using the
Geometrical Theory of Diffraction (GTD) technique which is a hi gh fre-
quency approach. In terms of the scattering from a finite flat plate ,
this means that each plate should have edges at least a wavelength
long . In addition , antenna elements should not get closer than about a
wavelength to any edge. In some cases, the previous wavelength limit
can be reduced to a quarter wavelength.

A part of the work carried out under this contract concerned the
development of diffraction coefficients for perfectly-conducting
cyl i ndrical scatterers. These diffraction coefficients were used to
calculate the scattering from the feed support of a reflector antenna ,
as described in the body of this report. However, they also were used
to predict the degradation of the pattern of the LAMPS antenna caused by
the presence of a nearby cyl i nder. The LAMPS antenna is a 3411 parabolic
reflector antenna with a nominal frequency of 4.6 GHz. A report [13] was
prepared on this task , and since the results were of interest in the
analysis of a shipboard antenna configuration , its publication was
supported by NOSC through the Naval Reg ional Procurement Offi ce, Long
Beach , California under Contract N00123-76-C-1371.

3
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CHAPTER II
RADIATION PATTERN

A. Primary Feed

Reflector antennas are classified according to the geometry of
the reflector surface as well as the shape of the reflector rim . In
this report, a focus-fed paraboloid with circular rim is considered .
However, this approach can also be applied to other kinds of re-
flector antennas . Since the feed is located at the focus , it is con-
venient to introduce a spherical coordinate system to describe the
field of the primary feed with origin at the focus (Pf) and the
y axis as the polar axis as shown in Figure la. To describe the
radiation from the feed at the reflector , another spherical coordinate
system also wi th origin at the focus , but having the z axis as the
polar axis is used (see Fi gure lb).

Pt 
Y

~~~~
- z F

~ 1T.9

(a )  (b)

Figure 1. Coordinate systems for the primary feed .
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The relations between the coordinate variables and unit vectors
of these two systems are given by

cos ql =cos $f sin ef (1)

— cos $ sin ~ 
= S~1fl $f S~fl ef (2)

— sin 4~
’ cos 

~~ + 
-‘ ~,CoS $ ‘

* f B f ’ B

“ U — 

~ 
COS I~) 5 I f l  ~) ‘ COS ~ 4B ( )

where

B = ‘1l - sin 2 
~ 

sin 2 •‘ 
, (5)

The coordinate systems for the reflector geometry are shown in
Fi gure 2 where (R,e ,~) are the spherical coordinates of the far field

Z

Cc ) Cd)

Figure 2. Coord i nate systems for the reflector.

point. If we assume that the reflector is in the far zone region of
the feed source, the field of the primary feed having the same polari-
zatlon in the far zone as a dipole oriented in the y direction is
given by

5

— --—--__~~~-‘- r -------- - - -- -- - —- - --—--. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
- - 

- -- - - — - — — - —~~~~ 4



—jkR ’
A (~ )e

~ 
g 

~~~ R’

= — F (
~ ~

os*
B
sin ~t U 

- ; CO~ ~~U 

f (ip ,+ ’) 
-jkR’ 

(6)

where g(0f,~f) = f(~ ,q ’) is the primary feed pattern ,
A is set equal to F , the focal length of the reflection ,
for convenience

and R’ 2F 
coS* 

is the distance from the feed to the
reflector surface.

11
In the off—principal planes (

~ ~ 0, ~
), the feed patterns are approxi-

mated by interpolating between E- and Il—plane patterns in the following
way,

f(*,~ ’) = 

~T 
- ~~ 2~’

where

f (ip ) +e 
2

f (*)-f(*)
- 2

and

= f(*,~
’ =

= f(*,~ ’ = 0) . (9)

B. ~p~rture— Integration

In this and the next two sections we are Considering the
antenna pattern wi thout aperture blockage or “to calculate most of
the scattering from the reflector~. The GTD together w4 th the direct
feed radiati on provides a very efficient method to calcLlate most of
the antenna pattern . The 610 fields can be calculated from only the
feed illumination of the aperture edges. However , the main beam and
the first few sidelobes depend on the fields over the entire aperture .
Consequently, the classical technique of aperture integration is used
to calculate the pattern in the forward axial region .

6
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Using the concepts of geometrical optics and conservation of
power , it can be shown [2] that the magnitude of the aperture field
is related to that of the incident field by

t E a l = E~(R’)l JR’ ~~~~~
- . (10)

It follows from the above expression , adding the appropriate polari-
zation and a phase factor , that the aperture field is given by

—jkR0
= er F f(~p,~~) 

e (11)

where

= - 
~~

- [p ’ cosip sin~ ’ ÷ ~ cosq � ’]

= + 
~~~ 

[
~
. sin2q~ (1 — cosip ) ~

— (cos~ S1n
2
~

I + COS
2I~ ’)  y] . ( 1 2 )

P0 is the distance from the feed to the rim of the reflector (see
Fi gure 4), and

= ~~
‘ sin~t . (13)

The coordina te systeri for describin a the aperture field is shown
in Figure 2a in wh i c h the ori g in i s  at the center of the reflector
aperture .

In evaluat i ng the ra di at i on from the aperture , a spherical
coor di nate  sys tem , shown in Fi gure 2b, and also centered at 0, is
introduced to describe the far zone field of the reflector antenna.
By the equivalence pri nc i p le w i th i ma ge theory , the equivalent
magnet ic current induced by the aperture field is

~~= 2t 8 x z

The pattern function of this equivalent current source is given by

2~ a

= — f [~~(p ’ ,~~‘)  x ~‘] ej~~~
I51 6C05 _

~
h ’) p Idp Ud~~ (14)
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where r’ is the unit vector along r’, the distance between the field
point and the source , and a is the rad ius of the aperture .

In substituting ~ into Equation (14), we consider the x and y
polariza tions separately. As in [2], the aperture field Ea can be
approximated by interpolating between the aperture distrib ~tions alongthe principal axes .

-jkR0
= E (p ’ ,~-) = - y F fe(*) 

e

-jkR0
= E~ (p

’,0) = - y F fh(*) 
e 

R’ 
(15)

Thus the aperture f iel d is given by

E~ ( p ’ ,4~’)  = T
f(P ’) — 6

f
(c ’) cos2~ ’ (16)

where

Ea + Ea
, ,~ e h

‘ f~ ~‘ 
= 

2

and

Ea 
— E a

ô f ( P )  = 
e 

2 
h (17)

Hence for the y component of the aperture field in Equation (14), we
have

Ky x = 2Lv E~ x z) x r ’

2 ~ E x(x sine cos~ + y sine sin$ + z Cose )

= 2(~ sine sin~e — )“ cose) E (18)

where we have assumed ~ ~ for far field calculati on.

8
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The pattern function of E~ is therefore given by

= (‘ cose — ~ sine sin~) 
~

-

~

- I~ , (19)

where

21T a
= f  f  E~ 

~~~~ sinOcos 
~~ p ’dp ’d$ ’

The ~i
’ integration can be analytically evaluated using the well— known

properties of the Bessel function J~; thus we get

I = 2~~ f [T f (P ’) 30(kp ’sine ) + ó
f
(P) cos2~J2(kp ’sine )]p ’dp ’

(20)

The above integration is numerically evaluated by Simpson ’s rule.

Next consider the x polarized aperture field . From Equations
( 11)  and (12)

-j kR
0

= - sin2~’(1—cos*) F f(*,$’) R’ (21)

In the princi pal planes (~ 
= 0, ~

),  these x polarized fields vanish.
Thus only the y-component of the aperture field contributes to the
radiation patterns in the princi pal planes . In the off—pri nci pal
p lanes , the x polari zed component E~ may have si gnificant contribution
to the radiation pattern which reaches a maximum in the 450 plane .
For the E~ component in Equation (14) we have

K x  r ’ ~~
‘ 2(-x cose + z sine cos~ ) E~ . (22)

Thus the pattern funct i on Fx become s

= ( cose — ~ sin8 cos~) ~~~
- I~~ (23)

where

9



2-it a
= f j  E~ ~J 5 i n 0 c 0 5 _ ) p I~p I~ p U 

. (24 )

Using the interpolation for the primary feed pattern as given by
Equation (8), the above integral becomes

-jkR0 2-it a
= 

F e 
2 j  f ~~~~r- [sin24~’(l-cos*)][f1-f6cos2q ’]

x e~~~
’5 nec0s($_4 ’) P IdP ‘d’’

-jkR a
= itF e ~ Jl{sin 2+ (l—cos*) ~r J2(kp ’sin0 )

f

+ -
~~ sin4cp (l-cos*) ~~~- J4(kp ’sin8~ 1p ’dp ’ . (25 )

In carrying out the q integration , we have made a stationary phase
approximation that $‘ 4 in the expression for B, i.e.,
B = \Ji~ sin 2* sin

2
~. Again the above integration is evaluated by

Simpson ’s rule. Hence the total far field as obtained from aperture
integration is given by

-j
= x~~’~~ 

+ T~(e~~)] 
~ R 

(26 )

which is expressed in spherical components by

= — (
~ 

sin t~ + cose cost) 
~~

and

= (e cos$ — • case sin$ ) 
~~ 

‘x

10

____ 
~~~~~~~~~~~~~~~~~~~~~~~~~



C. Two Point Method Using GTD

The wide angle side l obes of a circular reflector have previously
been analyzed by using the two point method based On GTD [23. This
method states that the diffracted field from the paraboloid is con—
tributed mainly by two stationary points , Qi and Q2 on the rim of the
reflector (see Fi gure 3). The detailed formulations of the diffracted
field in the E- and H-planes are given in [2]. The off-principal
plane diffracted field pattern can be obtained by using a similar
procedure . The far zone diffracted fields from Q1 and Q2 are given by

f — 
•..jk(R—a sine )

t’~(P) = 
~ 

. 0(Q1 ) ~
j-;-
~

-
~

- e 
- R (27)

and

— —jk(R+asine ) + j-it/2
E
2

(P) = -~f(Q )  °~~2~ ‘~~~~@ 
(28)

respectively, where 0 is the dyadic diffraction coefficient for a
curved edge , Ef(Q1 2) is the electric field of the feed at Ql ,2and a is the radiu~ of the reflector aperture . For rays normally
incident on the edge , as is the case here , the dyadic diffraction
coefficient [4] can be expressed as:

(29)

where O~ and 0h are the scalar diffraction coefficients for the soft• and hard boundary conditi ons , respectively, and are given in [4],
and

e is the unit vector tangent to the edge ,
= x I; I being the unit vector in the direction of the

incident ray ,

Pd = x d; d being the unit vector in the di rection of the
diffracted ray.

For the ray diffracted at Qi
=

pd e x d = 8 ,
p = e x I

~ 
$ x

* = a is the half angle spanned from
the focus to the rim of the reflector.
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10

a

Q 2

F i gure 4. Di fferent regions illum i nated by
the edge diffracted rays.

and

R’ = R
0 

is the d i s tance  from the focus to
the rim (see Figures 3 and 4).

Combining Equations (6), (27) and (29) wi th ~~~~~~ 
and *=a (i.e.,

B = B0 = {i~~- 
sjn2a sin 2~), the 

diffracted field from point Q-j
(see Figure 3) is given by

13
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~~~(P) = t~(a ,~ ) [
~ $ D5 (Q~~) + ~ 

(
~ x ‘ l~ 

Dh (Q l )]

F a e jk _ 8 5uhiO )

= [ 
~ -~ -~~~

- D5 (Q~) — 0
h~~~l~~~ 

F f(a,~)

—jkR0 —jk(R—asine )e a eX —
‘
--— . 30R0 ~sinG R

Similarly, the diffracted field from Q2 is given by

rd(p) = 
~~ ~~~ D~~(Q~~) - ö cosa sin p 

~~~~~ 
F f(a,~)

—jkR0 -jk(R+asi ne )+j ~.

x~~ - -
~

-
~~~

- 
~~ R 

. (31)

The reflector rim is illumin ated by the feed pattern as interpolated
from the E— and H-planes . Thus

f(cz,$) = fT(a) — f6(a) cos2$ (32)

where 
~T 

and f6 are defined in Equations (3a) and (3b). The diffracted
field in the different GTD regions is given by

ti~ —d
‘z~~~

r
I I  

~ 
- -a.

(33)

e
t

< e

where et is the ang le of the shadow boundary for Q2 (see Figure 4).
Then the field of the primary feed is superimposed on the diffracted
field in the region from 6 = 0 to 6 = it-a which is the shadow
boundary of the field from the feed .
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0. Ring Current Method

In the rear axis region , the ring current method is used to
calculate the di ffracted field , since the two point method is not
valid there [2]. The E-plane and H—plane field patterns for 6 close
to iT have been formulated in [2) as

-j(kR -

= - ~ !.~. 
e 

R [A 1J0(x ) + A2J2(x) + A3J4(x)], (34)

where x = kasine ,

A 1 Tf(Dh - D
~ 

cos e) + 
~~ ~

0h + D
~ 

cos e)

A 2 = - If(Dh + cos e) — âf ~°h 
— ~s cos e)

a
A3 = ~L (Oh + cos 0)  , (35)

and

-j(kR -

Eh 
= 

~~~~~

__ e 
R 

— [B 1 J
0
(x) + B

2 J2(x ) + B3 J4(x)],

(36)

where
a

B1 = Tf(Os 
- Dh COS e )  - .! (O~ + 0h cos e),

B2 
_T
f(Ds + cos e) + 6

f
(D — cos e),

6
B3 =~~~
!(D+ 0 h cos e). (37)

Uote that the diffraction coefficients O~ and 0h are assumed to havetheir rear axis values , i .e., for e =

In the off-princi pa l planes , the field  in  the rear axi s reg ion
is obtained by interpolating between Ee and Eh as follows :

E~ = E sin 2t~t + E
h 

cos 2~. (38)
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This can be transformed to spherical components by

E0 = E~ sin~ (39)

E~ = E~ cosq~ . (40)

since - it-O is assumed to be small.
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CHAPTER III
FEED STRUCTURE SCATTERING

In practice , the scatter ing from the feed horn and the feed
supports increases the side lobe levels and reduces the gain of the
antenna. There fore, the blocking effect of the feed structure s hould
be taken into account .

To analyze the scattering from the feed structure , two different
riiodels are used. An equivalent line source model is used for feed
support scattering and a f lat plate model is used for feed horn
scattering.

A. Equivalent Line Source Model
For feed Support Scattering

The effect of the feed support blocking is usually estimated
by the projected shadow method in which the feed support or strut is
replaced by its effective shadow on the reflector plane . The
radiation field from the shadow area is then calculated and subtracted
from the antenna pattern [10 ,11]. In this report , an alternative
approach is developed in which the scattered fields from the strut s
are computed by the equivalent current approach [7]. S i n c e  s t r u t s
often take the form of circular cylinders , only metall ic circular
cylinder struts are considered here . Als o , the incident field on the
struts is assumed to be the reflected wave from the reflector only.
That is , the interaction of the direct feed radiation and the strut is
not considered. The strut scattered field as reflected by the re-
flector is also neglected . Therefore, the feed support scattering
problem is equivalent to a circular cylinder scatteri ng with a plane
wave incident at a specified incident angle; however the amplitude
of the plane wave can be a slowly-varying function of position. The
equivalent current approach is used to take into account the vari-
ations of the incident field along each strut , which includes the
effect of the finite length of each strut . In this approach , the
scattering from each element of a strut is assumed to be the same as
that from an element on ~n infinite cylinder wi th the same incident
field.

Let (x ,ri ,~~ ), ~~~~~ and (r ,~ ,i) denote the rectangular , cyindrical
and spherical coordinates of the strut system , respectively. Consider a plane
wave incident upon an infinite conducting cylinder of radius a , located at
the origin , with an incident angle ~~~, at ~~~

‘ = it , as shown in Figure 5.
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I h E

Fi gure 5. Geometry of the scattering cylinde r with an incidence
angle 8.
(Note that E~ and E4 both lie -in the plane of incidence ,
which contains the incident ray and the cylinder axis.)

The incident field can be expressed as

= (
~ cos~ + ~ sine) E0 e

jk(x sin8 + ~ cos8) (41)

The field component parallel to the axis of the cylinder is given by

E~ = ~ sin8 e jk
~~ 

sin8 + ~~ cos8) . (42)

Noting that

x~~~~~cosy (43)
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we have

= E 11 sin8 ~~~~ 
cos8 ~~~~ sin8 cosy (44)

For a wave incident at an angle 8 with respect to the cylinder axis ,
the analysis of the cylinder scattering closely follows that for
8 = 900 [73. Thus

= E11 sin8 e
_jk 

~ cos8 ,~—n 
~~~~ 

sin8) e i
~

’

Then the scattered field component from the infinite circular cylinder
is given by

= E 11 sin8 e~
jk ~ cos8 ~ ~—n an H~

2)(k~sin8) x
-

(45)

In  the far  f i eld zone

E 11 sine e jk
~~ 

cos8 + r~ sin8)[~~ Z.~ — a ~~~n

= 
e 1

~ 1 
€ an cos nyE11 st n8 

~~ 8 itk n=0 n

where

m n~~
a s i n  )

an = — 

HT2~(ka sin 
)

n

n = 0
=n 
t2 otherwise

and

s = ~/sin8

The scattered field for parallel polari zation can be represented by

ci -4-—- = cx E~ 05(y ,8) 
e ±  (46)

Si
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where the diffraction coefficient is given by

D5(y,8) 
= 

~~~~~~ ~~~ n~O 
£n a~ cosny 

(47)

Comparing P wi th the field of an infinite line source with current

= 1
~ ~~~~~~~~ 

which is given by

2k I r~~ —jks
E - a  0 e (48)

4w€ UT

we obtain an equivalen t electric current line source for the con-
ducting cylinder with a current equal to

4 0 (y,~)
= —a--— E 11(~) . (49)

Then the scatterin g from a finite section of conducting cylinder can
be obtained by calculating the radiation from the equivalen t finite
len gth line source. Thus the equivalen t current I for the parallel
polarized incident field becomes

- 
I(~ ) = I

~
(
~
) ej~~

c058 (50)

and the far zone radiation field is given by

= - ~~~ D5(y,8) 
e-~~~ sinaj2 E,1 (~) e~ 

05 0 5 6)  d~

(51)

where (r,a,y) specifies the spherical coordinates of the strut system.
Similarly for the electric field component perpendicula r to the axis
of the cylinder , the scattered field can be obtained from H 11 as

H = 
~~~ 

Dh (Y,6) 
sina j2 H 11(~ ) ej Osa+c0s6) d~

1 (52)
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p
where

Dh (y,6) 
= s-

~
-
~8 ~~ c~~ b~ cosny

and

J ’(ka sin6 )
b = - 

H~~
2
~(ka 5m B )

The corresponding electric field for the perpendicularly polarized incident
field is given by

•k —jkr
Dh (y,8) ~~r 

sina

x 
J 

E1(c) e
3 os cosB) dB . (53)

B. Coordinate Transformation

In order to add the fields scattered from the feed struts to
the radiation field from the reflector , each strut coord i nate system
needs to be transforme d-into the reflector coordinate system. As
described in the previous section , the rectan9ular coordinates of the
strut coordinate system are denoted by (x,n,~ ); and (r,- .,y) denotes
the spherical coordinates . The relationship between their
respective unit vectors is gi ven by

r X
[A] ~ (54)

where

1~
ina C05y sina siny COS cz

~~~
[A] = COscc cosy cosa sthy —sin a (55)

— sin y CoSy 0 J

is the transformation matrix.
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Similarly for the reflector coordinate system

r~i r;i
I = [B]~ ;

L~J L~Jwhere

~ sine cost sine sin~ cosel
[B] = cose coshl cose sin~ —s ine . (57)

COS4h 0

Now let us transform the (x,y,z) coordinates in to the (x,n ,~ ) ones.The transformati on consists of two steps : first rotate the x axis an
ang le 

~ 
about th~ z axis , then the z axis is rotated an ang le e~about the y ’ (or n) axis , as shown in Fi gure 6. The resul tant trans-

formation can be expressed by the followi ng representation:

~~~~~~ ~~~~~~ ~~~ 
_ 5j r

~o1 r~i= j_ smn 4 0 co~~o Q . (56)

L~J [~
ine 0 cos~~ sine 0 ~in~ cose0J Lz]

If we denote the angle between the strut alon g the ~ axis and thenegative z-axis as B , and the angle between the x—a xis and the strut
projection on the xy plan e as •s (see Fi gure 7), we have

~o
=
~~ 

(59)

= ir-~ (60)

and

]1 [T] L~1 (61)

wher e

[_cos B cos~5 —cosB sin~5 
_sinBl

[T] = f —s inq’5 cos~p5 a . (62)

L!j
~ 

cos~5 5 m B  sin ’~5 —cosB j
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• 80
z

x
( b)  ROTAT E 00 ANGLE ABOUT i AXIS

Fi qure 6. Coordinate transformations between the strut
and the reflector coordinate systems .
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,,. P ( ra ,y)

(b) SIDE VIEW

Fi gure 7. Geometry and coordinate system for
an individual strut.
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Then the relation between the two spherical coordinates (R,6,~) and(r,a,y) is given by

= [A][T][Br’ 
[oj 

(63)

where [B]~ is the inverse matrix of [B]. To express a and y in
terms of 0,~,B, and 4~ , the components of x,n ,~ are written in the
(x ,y,z) coordinate system as

x = — x cosB cos45 — y cosB sinq 5 — z s-m B (64)

= — x sin4 5 + y cost (65)

= x sinB cos~5 + y 5 m B  sin~~ — z cos8 . (66)

But

x = R sina cosy (67a)

n = R sina siny (67b)
= R cosa (67c)

and

x = R sinO cos~ (68a)
y = R sinO sin~ (68b)
z = R cose (68c)

Putting Equations (67a) and (68) into Equation (64) and combining
terms, we obtain

sina cosy = - [sine cosB cos(4—$5) + cose sinB] . (69)

Similarly, putting Equations (67b) and (68) into Equation (65), we get

slna siny = sinG sin(~p— p 5) (70)

Dividing Equation (70) by Equation (69), we have

s i ne s in(~— p 5)tan y -[sin0 cosB cos(~-~5) + cose sin~I 
• (7 1)
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Also , substituting Equations (67c) and (68) into Equation (66), we
get

cosa = sinG sinB cos(+-.~5) 
— cos6 cosB . (72)

For a given observation direction e and $, the angular coordinate
a and y for a given strut can be calculated from Equations (71) and
(72), where 8 and •~ specify the orientation of the strut. The
field components in the strut coordinate system can be transformed
to the reflector coordinate system by using the following dot
products obtained from Equation (63) as

a .O = — cose cos(p-c~5)[sina siriB + cosa cosy cos8]
+ cosa siny sin($_

~~
)

+ sinO (cosu COS-y sin8 -sina cos8) (73a)

= [sina sin8~ + cosa cosy cos8] sin(~—~5)
+ cosa 5inycos( t~—~5) (73b)

= siny[cos~ cose cos(~—q’5) — 5 m B  sinG ]
+ cosy cose sin($—q~5) (73c)

y q ~ = — Siny cos8 sin(~—~5) + cosy cos(’~—~5) (73d)

Thus the far field scattered from the strut can be expressed in the
(R ,e ,~) coordinate system as

• E6 = 
~~~ 

E~ + e”~ Ey (74)

(7 5)

E
~ 

and Ey ar: given by Equation (51) and (53), respectively in which

EH = E~ s1n~5 (76)

and

EL E~ cos$5 (77)

as shown in Fi gure 7.
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In addition to the coordinate rotation described above , the
transformation also consists of a linear disp lacement of the
coordinate centers along the z-axis as shown in Fi gure 8. Thus

C

‘1 x

Pf

x

Figure 8. Linear axis placement of the strut and
the reflector coordinate systems.

r R-z0cose in the phase expression for the far field approximation
in Equations (51) and (53), and r R  in magnitude. The quantity z0
is the distance between the two coordinate centers , i .e., the distance
from the center of the reflector aperture to the intersection of the
strut on the z-axis.

C. Feed Horn Scattering Model

A coamionly used method to analyze the feed horn blockage is to
assume that the scattering from the feed aperture is the same as
that from a conducting flat plate whose area is equal to the cross
section of the feed. This approximation is justified in the forward
regi on , where the feed blockage is generally most significant . T hen
the effect of the apert ure r a d i a t i o n  being blocked by the feed can be
approximated by adding the pattern of the equivalent flat plate to
that of the reflector. Since the feed aperture is relatively small
compa red wi th the antenna aperture and is located at the center , the
aperture field can be assume d uniform over the flat plate . So

= - ~ e~~~
’
~
0 (78)
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(a) CIRC ULAR

y

b

(b) RECTANGULAR

Figure 9. Flat plate models for the feed horn scattering .

for a feed with circular aperture of radius C (see Fi gure 9a), such
as a circular feed horn . The far zone scattered field for small 6 is
given by

—jkR 2 31 (k c sinG ) -jkR
2irc 

~~c sInG e . (79)

If the feed is a rectangular waveguide or horn , the scattered field
is given by
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—jkR {sin (? sine cos+)l
rR . Y J AR ab~~~~~ x

rsin(~ 
sine sin$)1

L ~ sine sin$ J (80)

where a and b are the wi dth and height of the flat plate model ,
respectively, (see Fi gure 9b). The scattered field components can
be obtained in spherical coordinates by using Equations (39) and (40).
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CHAPTER IV
RESULTS AND DISCUSSION

Prev ious analyses [10 ,11 ,12] of feed support scattering have
usu a l l y been li mit ed to angles near the main beam reg ion . However ,
the cyli nder sca ttering approach develo ped i n this report p rovi des a
model to treat the wi de ang le scatter ing of each stru t. Therefore ,
i n addit i on to the ga in loss , thi s approach also gives the effect of
s trut scatter i ng on the wide ang le si de lobes of the reflector .

According to the geometrical opt i cs assum p tion , the forward
scattering from a cylinder is identical to that from a str i p  w i t h  the
same cross section provided that the diameter of the cylinder is
large enough. Thus the field obtained from the two solutions should
be nearly the same in the forward region. In Fi gure 10, the scattered
pa ttern of a rectan gular strip is com pare d w i th that of a vertical
c i r c u l a r  cy l inder (B = 90°) with uniform incident field , whose [—fiel d
is parallel to the cylinder axis. As shown by the curves , the field
near the forward axis in the H—p lane (transverse to the cylinder axis)
agrees within 1 dB for ka p = 7, where ap i s the rad i us of the strut.
For l arger ka p, the difference is even smaller since the geometrical
optics approximation of the rectan qular strip for the cylinder gets
better . For wide angles (e > 20°), the agreemen t becomes poorer ,
because the shadow aperture model is not valid there . Another com-
parison is made between the Induced Field Ratio (IFR) coefficients in
the paper by Rusch et al [12], and those calculate d from the equations
in this report. The IFR coefficient is defined to be the ratio of the
field forward scattered by the cylinder to that of a flat strip with
the same physical cross sect i on as the cyli nder . Thus the IFR can be
obtained from the ratio of Equation (51 ) with E 11 = 1, 

~l = 0 and
Q = L to Equation (80) with a = 2a~ and b = L. Values of the IFR
obtained from this ratio are compared in Table 1 wi th those calculated
by Rusch et al , where the IFR coefficients of [12] are taken from
Fi gure 2 of that paper . The consistency of the two methods in the
forward axis region is evident. Since the IFR as defined in [12] is
restricted to forward scatter , the results of [12] cannot be used in
this work , where the bistatic scattering from the cylindrical strut
is required .
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Tab le  1

IFR Coefficients for a Circular Cyl i nder

Ar g = kasin B
x = Arq /it

______ - _____ 

IFR (E—PLANE) IFR (H—PLANE)

Ar g x Eqs . (5l),(80) Ref.[12] Eqs . (5l),(80 ) Ref.[12]

2.54 0.81 1.34 J~ l9.8° 1 .33 / -20 .3 ° 0 .78 /22 .9 ° 0 .79 / 2 1 .9°

4.62 1 .47 1.22 1— 14.3 ° 1. 22 /—15.0° 0.85 Ji5.~° 0.85 /16.4°

6. 74 2 .15 1 .16 /-ll.5° 1. 16 1— 12 .1 °  0.88 / 12 .4° 0.89 Ll1 .5°

7.02 2.24 1.16 L~ll .2 ° 1.15 /~ 1 l. 70 0.89 Lfl.~
° 0.90 /11. 00

Fi gure 11 shows the geometry of a practical reflector antenna
system which contains three struts w i th d iameter  2a~ = 0.37” , B = 68°
and $~ 

= 90°, 2100 , and 330°, respec tivel y . The d iameter of the
reflector aperture is 24” , with F/D 1/3. The rectangular feed horn
is mounted in a ci rcular fl at plate wi th radius c = 1.2” . The
H-plane pattern of this antenna system for a frequency = 11 GHz is
shown in Figure 12. The pattern for the principal total field
corresponds to the principal polarization and consists of the total
rad iation , i nc lud ing  that from the ref lec tor , the di rect fee d pattern ,
the feed model scattering and the feed strut scattering . Also
shown in Figure 12 is the pattern for the ra d iat i on from the
reflector and the direct feed radiation , without the feed system
scattering.

As seen from Figure 12 , the scatte ri ng from the feed and feed
s truts causes li tt le effect on the main beam . This is pred icta b le
since the radiation field from the reflector itself dominates in this
reg i on , as can be seen i n Fi gure 13 w h i c h  shows the fee d sca tter i n g
components separately. Beyond the main beam and the f irst few side
lobes , the scattering from the struts and the fee d dominates and
substantia lly raises the side lobe levels for ang les less than 35° .
Fi gure 14 shows the results for the off—princi pal plane ~ = - 15° in
which the strut scattering is hi gh for angles out to 80°. Th i s
occurs because the scattering cone (see Fi gure 15) of the stru t at

= 90° has a maximum near e = 65° i n the 4~ = — 15° p lane , in
addition to the maximum on the forward axis. The other two struts
make less contribution to the scattered f ield in this plane since
their scattering cones are located in different directions. Therefore
the feed support scattering effect in the $ = - 15° p lane comes ma inly
from the strut at q~ = 90°. The scattered field patterns of the
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2a~ 
II 37

-~ — 90°
120°

2C*2.4
”

(a)  FRONT V IEW

/3 68°

0 ‘24”

H

F=8 ’

(b) SIDE VIEW

Fi gure 11. Geometry of the reflector antenna system .
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Figure 15 . Scattering cone of a cyli nder.

stru ts and the feed horn are shown in Fi gure 16 . Note tha t the total
pattern is no longer symmetric with respect to the z-axis for most
off-principal plane cuts as can be seen by comparing Figure 14 and
Figure 17 for the ~ = - 15° and q’ = + 165° plane pattern . Even
though the feed pattern (and thus the aperture field) is assumed to
be symmetric , the strut  geometry is not symmetric in this p lane .

The antenna pat terns in these figures corres pond to the
principa l polarization , defined in terms of a Huygen ’s source. Thus
the 6 and • components can be transformed to principal and cross
polarized components by

Eprinc 
= s in ~ ~ 

+ cos~ E, (81)

Ecross = cos~ E6 - s in ~ E~ (82)

The fields scattered from the feed and struts are shadowed by the
reflector surface for much of the rear hemisphere . However , the
shadow boundary  for the feed suppor t  scattering is difficult to
defi ne since part of the scattered field is blocked by the ref lector
as 6 approaches 90° , and this blocki ng keeps on increasing as ~i passes
90° until the scattered field is totally blocked out at e = ~ .-

~~~~, the
shadow boundary for direct feed radia tion. For simplicity , the
shadow boundary for the feed support and feed horn scattering is set
at 0 = 90°. This appr )ximation shoul d be reasonable since the scat-
tered field from the struts is usually small at pattern angles 6 > 900 .
However , a sli ght discontinuit y still exists in the pattern at 6 = 900

because of this truncation.
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CHAPTER V
CONCLUSIONS

In addition to the gain loss , which  has been di scuss ed i n
prev ious ly  reported analyses of feed stru t sca tter in g referenc ed
in Cha pter IV , the cyl inder  scat ter in g model develo ped i n th i s  re port
gives the effect of strut scattering on the wide ang le s id e lo bes
of the reflector antenna. The scattering from the feed struts always
has its greatest effect near the scatterinq cones for each strut.
These scattering cones usually give rise to a maximum effect on the
antenna sidelobes in certain off—p rincipal plane patterns. For
exam p le , the maximum effe ct of one of the antenna s t ru ts in  Fi gure 11
occurs in the off-principal p lane wi th ~ = - 15° as shown i n Fi gures
14 and 16. When the other contributions to the radiated field are
included , the ana lysis g iven here can be used to compute the comp lete
pattern of any arbi t rary  plane cut for a p rac t ica l  reflector an ten na
system. The basic radiati on pat tern from the re f lec tor  i t s e l f  i s
obtained by using GTD for most of the pattern and aperture integration
for the main beam regi on.

Al though only circularly symetric reflector systems with
focused feeds are discussed here , the ap p roach can be exten ded to
reflector antennas with arbitrary rim shapes and to off-set fed
systems as w e l l .  Once the apertur e f ie l d is known , the aperture
in teg ra ti on can be car r ie d ou t an d the i n c i d e n t  f i el ds on the s t ru t s
are ava ilable. Thus the scattering from each stru t i s rea di ly
obtained . The same idea can also be app l i e d to the s t ruts  of
rec tan gu l a r  or other cross sect ions;  however , the di f f rac t i on coef-
f i c ients are more di f f i c u l t  to ca lcula te  i n these cases .
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PART II - USER’S MANUAL FOR COMPUTER PROGRAM
“CIRCULAR REFLECTOR ANTENNA WITH FEED AND STRUT SCATTER” (OSUPATT)

A . Description of Computer Program

OSUPATI is a computer program which calculates the total field
radiated Thy a circularly symmetric parabolic reflector including effects
of scattering by a number of circularly cylindrical struts and blockage
by the feed horn. The user is free to specify the geometry of the
reflector , the size of the feed horn cross-section , both the E— and
H—planes of the feed pattern , and the size and orientation of the
struts . This brief user ’s document will indicate the methods used and
the limitatio rs of the program , and required formats for input data ;
details of the theory are given in Part I of this report.

The basic geometry used in the program is shown in Fi gure 1.

y

1~~ FLECTING
SURF!~~

x ~, FOWU’BD

-~ ) - Z  AXIS

PRIMkWI F~~D
RADIMX~R

Fi gure 1. Geometry of Reflector.
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The reflector points in the +z direction with the feed located at the
focus of the para bola. The polarizati on of the feed is linear in the
+y directi on ; thus E

4’ is the p r inc ipa l polar i za ti on in  the ~ = 0 plane
an d Ee is the principal polarizati on in the 4’ = 90° plane. The E—pl ane
of the feed horn and the reflector is thus the yz plane and the H-plane
is the xz plane. The s t ru ts  must  be oriente d so tha t  each s t rut  projec ts
through the z axis . At this time the principal plane feed patterns must
be syninetric. These patterns are specif ied by listing field values
for discrete values of 4, the ang le away from the —z axis (see Fi gure 2).

y

Fi gure 2 . Feed horn geometry .

The followi ng sections describe specific aspects of the problem .

DESCRIPTION (iF INPUT PATTERN

As mention ed before , the feed pattern is described in its
princip al planes by supplyi ng tabulated field value s . The feed
pattern is approx imated by a piecewise linear function . A provision
has been added so that the assumed field values past the last tabulated
value will be 0. To be safe , one should be sure to specify the pattern
explicitly from s~ = 0 to 1800 .

Between princi pal planes , the f i e l d values are s im p ly i nterpo-
la ted from the ~alues in the principal planes . The E— plane values are
wei ghted by sin ’~ and the H-plane value by cos24’.
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REFLECTOR PATTERN CALCULATION

The reflector ’s secon dary pattern is ca lcula ted by two dif ferent
methods over two different ranges of polar angle 6• For small
6 (~~~- sin 6 < 24), the aperture fields are integrated as specified
by phys i cal optics. Due to the symmetry of this problem , the i nte-
gration is still one dimensional and thus relatively large apertures
can be used wi thout prohibitive computer costs. For 6 ang les pas t the
l i m i t , the Geometrical Theory of Diffraction (GID) is used. The fields
calculated by the program are all normalized by the peak field of
the reflector by itself . Any di rect field from the feed is also
inc lude d in  the total f i e l d .

FEED BLOC KAGE

The effect of blocka ge by a feed cross-section is very simply
modeled in the forward direction by Ki rchkoff ’s method . When a
rectangular feed is specified , the scattered pattern has the fam i l i a r
sin(x)/x shaped pattern in each principal direction while for a
c i rcu la r  feed , the pattern has J 1(x)/x var iation .

STRUT BLOCKAGE

Scatter in g by circular cylindrical struts is calculated by
f i r s t ~‘n ding the equivalent currents on segments of the struts and
then in~egrating the reradiated fields which are produced by these
currents. The equivalent currents are calculated from the diffraction
coefficients of the cylindrical strut cross-sec tion and the incident
apertur e ~1eld. The diffraction coefficients are a sunnation of
eigenmodcs for the ci rcular cylinder. 
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LIMITATIO N S

Due to l i m i t a t i o n s  in theory or the arrangement of the computer
p rog ram , the fo l lowin g limits shoul d be observed .

STRUTS

STRUT must not extend past z ax is , i .e., RLO2 must  not
RS2 2excee d 
~~~
—

~

- . The case of a strut passing

throu gh the axis can be done by using two separate
stru ts th a t mee t at the ax i s.

STRUT d i ameter should not exceed four wavelengths .
Maximum num ber of struts is 4. Beta shoul d
be in  the ran ge 00 to 90°.

For best r esults , strut angle BETA should be
lar ge enou gh so that sampling points are less

than a 1/4 wavelength apart , i .e., s i n  $ > ____

FEED PATTERN

The maximum num ber of poin ts to fi t the
pattern (N2) is 50.

REFLECTOR

Maximum diameter is 100 wavelengths.

I N P U T FORMAT

GENERAL COMMENTS

All distance parameters required for input are in inches ;
a l l  an gles should be spec i f ied in degrees.

All dec imal numbers may be anywhere within their specified
f i e l d ; a l l  integers must  be r ig h t adjusted . The decimal point must
explicitly appear for all decimal numbers .

Commen ts may be typed on any card to the r i g h t  of specif i ed
f i elds .
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REFLECTOR GEOME TRY CARD

PURPOSE : To enter geometry of reflector

CARD : 10 —
~~

-—------i
~ 

___3_
~;

D2 FREQ FOR NAP

The tu be r s a long  the  top r e f e r  r~ the  las t  c c 1u~~~ ir ~ -~~~~

PARAMETERS : (I integer, F decimal number)

D2 (F) -diameter of reflector

FREQ ( F ) -  frequency in MHZ

FDR (F) - ratio of focal  d is tance f to
diameter D

NAP ( I )  - number of aperture integration points.
If this  parameter is less than 50 ,
or if it is omitted , 50 w i l l  be used .
If over 99 is used , 99 will be used .

NOTES:
• The NAP parameter allows an increase of integration

points over both the aperture and the strut for
large sized reflectors , whi le  a l lowing a smal le r
number of points and smaller computer costs for
smaller problems . The value 99 may always be used
if the computer cost is not objectionable.
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FEED PATTERN CARD

PURPOSE: To provide data on number of points used to model
primary feed pattern .

CARD :

The nur -- h . r s  I t h e  ~~~ r ~ o - coi ~~~ n ~~~~~

PARAMETERS : (I  integer , F decimal number)

N2 ( I )  - number of data points used to d~~t’~r m i n e
pattern in piecewi se linear function.

NOTES :
• This card determines how many cards nf the next

forma t will be read .
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FEED PATTERN DATA CARDS

PURPOSE : To provide tabulated values of p r i m a r y  pa t te r n .

CARD :

1

~

”

~~

PSI F I E L D~~ 

-

The ntr~ber5  3ion~ t he top  r e f e r  t~~ t h . . - L3 s t  lu~-~ in ~-~~~h f i  ~3

PARAr-IETERS : (I integer , F decimal number)

PSI (F )  : Ang le from axis of horn (-z axis
of reflector , see fiqure 2) where
tabula ted  value of f i e l d  is to be
supplied .

FIELD (F) : Field value of horn at that PSI angle.

NOTES :

• The re should be 2 qroups of cards of t h i s  f o r m a t .
N2 Tabulated values to be interpolated by piece--

cards wise lin ear function fo r E plane
N2 fTabulated values to be interpolated by piece-

cards lyise linear function for H p lane

• For PSI larger than the last given value of PSI ,
a zero is assumed for the field value

• The maximum value of psi should subtend the edge
of the reflector or erroneous result s will oc’~u r .
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NU MBE R OF STRUT PROBLE MS CARD

PURPOSE : To indicat e to the nroqram how many problems wi ll
be done with the same reflector and feed p a t t er :
(above cards) but with different blockaoe para-
meters (be low cards)

CARD :

/ 1 0
/

N C~\ 5 F

The r~~~~~~- r -  -r  ~~~ ~~p re~~c r  to  t. t c o l u . n  in  c~~~h f~~~I d .

PARAMETERS : ( I in teger , F decimal number)
NCASE (I) - number of different £trut problems

to be done wi th same r e f l e ctor and
feed pat tern

NOTES :
• If NCASE is not 1, the entire group of cards to

be described below mus t be repeated NCA5F times

• If the NCASE field is left blank , N CA SE ~.-ill beassi gned 1. However , t h i s  card must  a l w a y s  be
present even if it is blank.

50

- —- —  
.. ..— - -s. - 

~~~~~~~~~~~~~~~~ 
—--.-—-.~

—
- —,.———- -.__--—- -



FEED SCATTERING MODE L CARD

PURPOSE: To describe size of feed aperture  for  blockage
purposes.

CARD :

(

~~KG DIM(1) DIM(2 }

The nu tb ors a r— s ~~ €r to p refer t , the la s t ~olu ~ n ~~ eazh  ~~~~~~

PARAMETERS : (I integer , F decimal number)

IC ( I )  - Code va r i ab le  tha t  indica tes  shape
of feed aperture.
The v a l u e s  a r e :  1 - feed is c i r c u l a r

2 - feed is rec tangu la r

DIM (1) (F) - These parameters are dimensions
DIM ( 2 )  (F)  of feed (see f i g u r e  3)

If K G 1 , DIM ( 1)  is rad ius
- DIM (2) is ignored

If  K G = 2 , DIM (1) is length of feed
in x direction
DIM ( 2 )  is length of feed
in y d i rect ion

51
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K G * I  K G = 2
c DIM (I) 

________________

~~~~~~ I —1_v

L I~~~~~
L

D1M(2)

k A X

Ax DIM (I)

Fi gure 3. Parameters on Feed Scattering Model Card .

ZS22
DIAMETER OF

* ,~ ~.\STRUT IS DP2

H I S 2 
1

~~~~~~~RL~ 2 

~~

\~~~~ 

APERTURE CENTER

Fi gure 4 . S tru t Locat i on Parameters .
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COMMON STRUT DATA CARD

PURPOSE : To provide data that is common to all struts.

CARD :

/

1 ~~IO 20 ~~~~~~~

0P2 BETA NS

The nu~sbers along the top refer to t h e  l i s t  c o lu c~n i r  ~~ c h  f i ~~ld .

PARAMETERS : (I integer , F decima l number)
DP2 (F) - diameter of s t ruts

BETA (F) - angle of struts from -z axis
(see f igure  4)

NS ( I )  - number of s t ruts  (cannot be more
than 4)

NOTES :
• This card causes NS cards of the next format

to be read .
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INDIVIDUAL STRUT DATA CARDS

PURPOSE : To describe data that may be different for each
strut.

CARD :

,~~~

‘ 20 301 4 0

RS22 Z S 2 2  R L O 2  P H I S 2

The ~ r~h.~r- -; al rr;~ the top refer t~~ t h e  last column in t c h  i .~~l d .

PARAMETER S : (I  integer , F decimal number)

R S22 (F )  - Radial  d i s tance  of one end of the
strut from z axis (see figure 4 )

ZS22 (F) - z coordinate of this same end

RLO2 ( F)  - length of s t ru t

PHIS2 (F) - q (phi) ang le of projection of strut
in the xy plane

NOTES:
• For good accuracy there is a relationshi p

between N A P , d iame te r  of r e f l e c tor in wave
l eng ths , and angle BETA . For a given NAP ,
and diameter , the more near ly  pa ra l l e l  the
struts are to the z axis , the farther apart are
integration points along the strut. This is
the reason for the size restriction discussed
under “limitations. ”

• Due to the analytical modeling done , any pa rt
of a strut whose projection falls outside the
aper ture  w i l l  be ignored.

• There must be NS of the se cards.
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PHI CONTROL CARD

PU R POSE : To a l low the user to specify which pattern
cuts he wants.

CARD :

10 20 
- 

30~ 4 50 60 70

NP ANP(1) ANP (2) ANP(3) .. . . .. .

The n--tr b ers along tne o~ refer tc  last column in e~~ ? fiel d.

PARAMETERS : ( I integer , F decimal number)

NP (I) - Absolute value is the number of
phi cuts. If NP is positive , cuts
will be evenly spaced . If NP is
negat ive , cuts can be arbitrarily
spaced.

A N P ( l )  (F )  - Informat ion  on phi cuts : if evenly
A N P ( 2 )  spaced case , ANP (1) is starting

phi value and )\NP (2) is increment
between successive phi values. If

ANP(7) arbitrary spaced case , the first
NP values of ANP are the phi

values.

NOTES :
• No comments are permitted on this one card

since all possible fields are used .

• If arbitrary spaced phi ’s are used , l i m i t  is
7 different values. This limitation does not
apply to even ly spaced cases.
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THETA CONTROL CARD

PU R PO SE : To set spacing and limits of field values
with in  a phi cu t .

CARD :

10 20 30

NTHETA THO NE DTHETA

The numb ers along the too refer tJ the last colL n in each f~ e 1 l .

————~~~~~~—— —~ -_____________ _______ — ______

PARAMETERS : ( I  integer , F decimal number)

NTHETA (I) - number of theta values

THONE (F) — first theta value

DTHETA ( F )  — increment in theta values

NOTES:
• THONE should be assigned 0 to obta in  prope r

normalization of secondary pattern.

56
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PLOTTING CONTROL CARDS

A special group of cards , with a different mode of

operation are used to control the plotting of data. This

input , consisting of the AXIS , TITLE , CURVE , and NEXTPHI

cards , can be rearranged to provide a wide variety of

plotting options. Much of the data read in by these cards

has an assumed default value . If the user does not provide

some of this  data , the program wil l  assume a u s e f u l  va lue .

Hence , the user has the option of using standard size p lots

by enter ing only several numbers , or else , choosing h is  own

plot format by entering additional data. Once the user has

entered this data , it becomes the new assumed values for the

rest of the program and this data does not need to be entered

a second time unless it is desired to be changed .
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AXIS CARD

PURPOSE : To cause the plotter to draw a new coordinate
axis for the patterns to be subsequently
plotted .

CARD :

X L E N G T H  ‘fLOW  

- ;

The n r r  rs aicn~ the top refer t~~ th .r last column ~~~~~ f i ~~l~~. 

PARAME TERS : ( I in teger , F decimal  number )

AXIS 1 : The word AXIS in columns 1 thru
4 and the number 1 in column
10 signifies which type of p l o t t i n g
card has been read.

XLENGTH (F) : length of the horizontal axis (theta
angle)  in inches

YLENGTH (F) : length of the vertical axis (field
pa t t e rn )  in inches

VLOW (F) : value of the field pa ttern in dh
to labeled on lower point of vertical
axis.
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AXIS CARD (cont.)

VHI ( F )  : value of field pattern in db to
be labeled on hi ghest pcint  of
vertical axis.

PHILAB (F): decimal code that controls plotting
of the phi values. The values are :
1 = phi value for each individual

curve will be plotted. Use this
option when plotting different phi
cuts on the same axis.

0 = All the curves on a single axis
are for the same phi cut and phi
will be labeled only once for the
graph .

NOTES:

• The default values for this card are :

XLEN GTH = 9. VLOW = - 7 2.
YLENGTH = 6. VHI = 0.

PHILAB = 0.

Thus the standard default plot has an axis 6” x 9”
with the 6” vertical scale rang ing from 0 down to
-72 db. Only one phi cut angle label is provided .

• Labels on graphs make complete graph larger than just
dimension of coordinate system .
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CURVE CARD

PURPOSE: To cause the computer to plot a s 1 e - t e d
component of the most recently comput d
phi cut and label it.

CARD :

10 
— 

20 
— 

/
CURVE 2 COMP

The numbers along the top refer to the last column in each f~ el-J .

_L_ _ _

PARAMETERS : ( I integer , F decimal number)

CURVE 2 : The word CURVE in columns 1 thru
5 and the number 2 in column 10
signify which type of plotting card
has been read .

COMP ( I )  : Component of field that is to be
plotted . These component numbers are
the same order as the magnitude in the
output printout. The values arc :
1 = for strut scattering, principal component
2 = for strut scattering , cross-polarized

component
3 = for feed scattering, principal component
4 = for feed scattering , cross-polarized

component
5 = for reflector + direct feed , p r inc i pal

component
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CURVE CARD (c o n t . )

6 = for reflector + direct feed , cross-polarized
component

7 = for total field , pr inc i pal component
8 = for  total  f i e l d , cross-polarized component

NOTES :

• Any number of curves from the same phi cut can be
plotted in the same graph by successive curve cards.

• Curves for strut scattering aj-ld feed scattering will be
plotted only as far as e 90 even if the maximum value
of ii is larger. This is because these quantities are only
calculated in this range. For e ~ 90 , the r e f l ec to r  a nd
direct feed and total fields are the same cur~’es.

• Sections of curves that would go beneath  the m i n i m u m
plotted values VLOWspecified on the AXIS card are
drawn as straight lines at the bottom of the graph . This
situation occurs for very deep nulls and for cross-polarized
curves.

• AXIS card should precede the first CURVE card .
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TITLE CARDS

PURPOSE: These two cards cause a user supplied title to
be drawn beneath the coordinate axis.

CARD :

~I4 
~~~ ThT~~~~

Th e n um be r s  a l o n g  the  top  r e f c r  to t h e  las t  column In each  f i e l d .

_ _

text of t i t le

The num bers a1~~ w the top ri- fcr to the last column n e~icc f~~e~ J.
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PARAMETE RS : ( I in teger , F decimal  numbe r )

TITLE 4 : The word T ITLE in columns 1 thru
5 and the number 4 in column 10 sig n i f y
that  this  and the next card provide t i tl e
in f o r m a t i o n .

NC ( 1 )  : The number of cha racters in the t i t l e
which w ill be g iven on 2nd card

SECOND card
ti t le : the f i r s t  NC characters  in this  card

will appear centered beneath the
coordinate axis.

NOTEE :
• If NC is specified as 80 the entire second card will

be the plotted title. The variable has no default
value .

• The size and shape of the reflector and the frequency
are automatically plotted in the upper right corner
by the AXIS card . The TITLE cards are useful to

record the struts and feed details on the plot .
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NEXT PHI CARD

PURPOSE : This card causes-the next ph i cut to be calculated
a f t e r  process ing plot ca rds .

CARD :

11 
-

~~

The n u r n h ~~r i~~~n~ t h e  t op  r e f e r  r h -  !~~~ t c o l on in  e a c h  f~~e 11

PARAMETER S: ( I integer , F decima l number )

NEXTPHI 3 : The word NEXTPH I in columns 1 thru
7 and the number 3 in column 10
s i g n i f y what  type of plot card this is.
There are no o ther  paramete rs  on th i s
car’3.
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~[ xTPI l j  LARD (cont.)

NOTES :

• This  card is necessary to specify that the computer
should calculate the next phi cut it has been
prev iously given and not expect another plot command
to plot a curve for the present phi cut .

• There should be as many NEXTPHI cards as there are phi cuts.
Even if no plotting is desired the NEXTPHI card must
appear. The program has been written so that if only
NEXTPHI plot cards are used (no plotting is desired)
then no calls to plot routines will be executed and
no output plot file need be provided . The program is
also wr i t t en  so that  if plotting is never desired ,
onl y 1 card need be removed from the main program to
eliminate reading r~EXTPH I cards.

• After reading a NEXTPHI card , a new AXIS card needs
to be read only if a new axis is desired . In thisway , different phi cuts can be plotted on the same
axis.
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B . Example  Con~pute r  Run

The input data for an example computer run are given in Table I.
This example consists of three cases; the printed output data for the
first case is given in  Table  I I  and the p l o t t e d  o u t p u t  is  g i v e n  i n
Figures 5 , 6 and 7. This example corresponds to a 24” diameter
reflector with F/B = 1/3. For the f i r s t  use there  are three s t r ut s
with diameter 2a1 =0 .37” , ~=68° and c s gOo , 2 10° , 330°, respectivel y.
A circular flat plate with radius c~’l .?” is used to model the feed .
T he pattern plane i s ~=—l5° and the frequency is 11 GHz.

The printout of the first case , given in Table II , f i rs t echoes
the input data , and then prints an interpolated input pattern that has
been deduced from the arbitrarily spaced primary fee d pattern data
points. The printout of the coefficient s of the scattered wave was
used in the development of the program and can usually be ignored by
the user. The bulk of the printout is the different contributions to
the secondary field of the reflector. In the sample a theta spacing
of l/4~’ was use d so th at the corres pondi ng p lot woul d have very
smooth curves; a wider spacing can be used with increased roug hness
of plotted curves . The principal and cross-polarized components of
eac h con trib uti on are reference d to the Huygen polariz atio n refer ence.
After 90°, only the reflector and direct feed , and total fields are
computed and listed . The pri ntout for the res t of the three cases i s
s i m i l a r  an d has been omit ted .

Three examp les of the computer plotting subroutines are shown in
Fi gures 5 , 6 and 7 . T he exam p le in Fi gure 5 dem onstrates the capa-
bility to plot the individual scattered field components: the basic
contribution from the reflector and direct feed radiation , the strut
scatterin g, the feed horn model scattering, and the total field
which includes the various scattered field component s . In this
example only the principal polarization components are shown. T~ie
antenna geometry , pattern plane , and frequency correspond to the
exa mp le com puter run lis ted above . In this plot , the standard size
and scale have been used .

~ne N E X T P H I  3 card causes more conputations to be performed .
Since only one valu e of phi has been specified above and since ~CA SE
was read as 3 the next card is read as specifying a new strut and
blockage problem with the sai’ie reflector geometry and primar y feed .
A new strut confi quration with a single strut at phi= 90° has been
~,r-t. The second case , F i qure 6 shows the capability to plot dif-
ferent pattern plane cuts: q~= — l 5°, 0~ , 90 are shown. In this example
only the princi pally polarized component of the scattered field from
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the struts are shown. Again the antenna geometry and frequency
corres ponds to the above computer run. Each NEXTPHI 3 card causes
the phi values def i ned on the phi val ue car d to be execute d .

The c a p a b i l i t y  to c a l c u l a t e  c ross -polar ized  components is show n
in Figure 7 where only the total field is shown in  both p r i n c i p a l
and cross polarizations . The reflec tor geometry , the d irect feed
pa ttern and the frequency are the same as above . However , instead of
t r i pod s t ru t s , there is only one s t ru t  located at ~~=20° . The s t ru t
diameter is 2.0 inches (l.86A ) and ~=68°. The strut length is the
same as above . The strut ang le 

~S~
20 and the lar ge strut diameter

was cho sen to demonstrate  a large cross polarize d component of the
strut scatter. This cross polarization effect dominates for 4)>45°
in the q~~I20° plane which i s near the scatt eri ng cone of the strut.
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C. /~ppend ix - Computer Prog ram L i s ti n,g~
The listing for the computer program described in this report is

given below :

“C i rcular Reflec tor Antenna w i th Feed and Stru t Scat ter ” (OSUPAT T )
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A l ) ’ 4 = ) P 1  . 9 F 1 A 5 , 5 / 1 2 . 0 $ W ’ -l 3 1,51) 111( 1’
A ’ J ( , ?~~ I P ! — f 3 F T ? - I J ) / ( 2 . 0 * W N I 1 5 - 5 ) 1  7I’ ” CI
A ’ , ( I~ ” ( P1.h1 T A P ) / ( 7 . 0 $ t 4 1 11 ( 1 5 ) )  7l ; a~ (1

A”J 1 ,4 = ) P ( — 1 4 1 1 A P ) / l 2 . O ’ ,.N) I ’, ) )  ‘19 40
I ‘ ‘I ”,)) 7400
I’ * C A L C ) l t  *1) ‘ 5 - .  A5) a ‘4— (5-5) ( 74) .1’
C (15)) 79?)”

141’ ’)- 1 1 1 4 1  (01.511 45)/(P) I*w N ) .0 .~~ I ~~‘u 1,~ ’(5-
‘,‘1~1 1 I  1 5 - )  (‘-01 ,14 1 I A N ) / ( P I 1 * W N P A O .b ) II ” ) )  (‘16 5 -
O a’ I’~ IF I~’ ( ( P 1 •11I~ 7 1 1 / 1 0 3  1 1 1 ) . ) )  • C p II ” I’ ’’)’-

C (~5 ) I  7 ,1 ( 5-

C •‘‘ C’I’ - I )’ III A P I  ( I F’ ) : 1 5  (II T I 1 A N ” I T ( f l ’,I U U N C 1T f l N  I t ’ )  X 1 5 - L 4  11 , ( )  7 1 , 7 5 -

I’l l
A P I., ’ I-’ ) I* )  *4)1’)” Afi, ,4’4,”(’(T, 3 <“ ‘ I I  7’~” 1
A Q ( ) . 0 I 1 .t . A ) ) 1 )  IA I ’ ,W’J ,l_i I’’’ ) I ’ ’ , ) )  1,0)5-13
A P I , ,, : P I I 4 I . A I I l  T 4 ) ’ ,a’4’4 ,’J 11I’ ) ‘5 (7  1 1” 1 0

I I ’’- )  I ‘ a ’ - , 5-
1, * 5 *  I a ’ P’ ’ 4 ) t  ( ( I I  I’ A ) C I I L A ’ )  I I 1 3 1 I C I 1 ’ a F R ’5- 1 1 A M  wHFl~( ) I F L O  0 1 ) 1 1 4 1  15 5 1) 1  IN 0 1 1 ” ” ’
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k1 .O/~~(I)SIPI /WN)—C C~S tt ~f~1AN / W NI) osu
X7 ~~I.0/ flS~~P I / W N ) — C O S I R F T A P / W N ) )  t~~tJ F~I3 f l

(1S(J 8140
DH~~Gt 4 * ( 1 I* ( K l 4 p ’~.’~ ~~~C o~ u AII,fl
RFIUkN OSti (.1 10

C 050 P180
~ S** C A L C U L A T E  THI FOUR TE RMS OF 701 DIFFRAC T ION CO FIFIC IrT 1150 tii ’~oC. liSt i  8200

‘~O C fl~~— C F X P ( — A J * P I 4 t / ( ? . O * W N ’ P I 1 ø S T N I A F T A O * P I 1 R O ) )  050 A ? 1 0
If I A M S IA N C I - P I Ø N P N ) . G T . F P S ! )  GO TO 100 fIS t) 02 70
Ft ~5~~I A N G I — P T ’ N PN) * 2 . *W N OS U 1,230
C I= QtE PS, WN,1,PI) 050 874(1
GO TO ISO 150 8?’.0

C 11511 F’?~’.fl100 C1~~C f l T A N ( A N C i )* F  ( A R c , ! )  [iSIS 8770
)‘

~(‘ IF I A N S IA N( , 2 s P 1* N N N ) . G T . F PS T )  GO TO 200 0515 8780
F PS=tANG?4PI*E1NN )*?. .WN OSIJ 8290
C2~~Q (FPS.wN .1,P1) 1)5(1 8300
c,o It) ?~~0 0511 8310

C 050
201 C2~~COT AN (AN(,2 )*F(ARr,?) FiSh R~~io250 IF A~~StANG 3—plsNPP).GI .FPS!) GO IC) 300 (1511 8340
(PS= (ANG3—PIINPP )’2.*WN (IS O R 3~~O
C3~ O (EPS,WN,L,P1) 050
(.0 TO 350 115(1 #3 70

C 1~15(1 P3~’O
300 C3~~CO1AN (~~NG3)’F (ARG3) osu R~ 9O3~~0 IF I A BS I A N ( ,4 , P I* N N P ) . G 1 . F P S T )  GO TI) 4(10 OSU (.400

Ep S~~(AE.G4 .PI. r’ 1Np)a2. .wp1 050 8410
C4~ Q (FP5.WN,L, PI) 0311 8’.?O
£1) Tn 450 (150 8430

C (1511 8440
400 C4~ CDTAN (ANG4 )$F (ARG4) (150 8450
450 COnTINUF risu 8460

C 0511 8470
C ***  COMPUTE OS AND UN 1)5(1 8480
C 1)S1t (.490

DS rC ,5 *C 0 * ( C 1 . t 7 — C 3 — C 4 )  1(511 R’~00flls~ GH.CO I.(CI,C2,C3,C4) 0511 85I0
RFTUI1N 050 NS~~o
END (1S(f 85 )0
(UNCTION SGNI X) 030 P540

C PURPOSE TO GIVE MINUS SIGN IF X IS N E G A T I V E  OR VICE V ERSE 05(5 f l5’~0IF IX ) 1,2.3 ocu fl~~~o
I 3GN~~— T. 

OSU (.‘.70
RETURN OSU (.580

2 S C N- 0 .  (iso RS~~O
RETUR N (50 8100

~ S(~N~~t. 
(150 8(10

RFTUPN ISO Al, ’O
END 0511 (.6TO
COM PLEX It~~CII (Wl F IX ) 1)5(1 8(4(1

C TRANSITION FUNCTION F IX) FOR D !FFRAC’TDN COFFFICTFNT osu 8650
C (1~ Ii 81~~flC F IX) 1$ COMPUTEr) BY FRISNFL INTEGRAL nsij 8670
C FOR X>B.,0k Xl.?, FIX ) IS EVA LUAT FO BY APPPDX !MATTON 115(1 8(110
C FRROk BY A P P RO X I M A T I O N  IS W I T H I N  II )13I) (.(9(1
C SUBROUTiNE REQUIRED C S X ( C . S , X )  1•’S( I  8700
C ( ‘SO (.710
C 11511 8170

COMPL EX Z X , Z  OSU (.~~30
R E A L  P I/~i.141 592  3S/ , PT 4 / .7 N 5 3 9 R) ~~/ ,  P 0 /  2.506(783/ fISts R~(40C O M P L E X  CP I4/ ( .7O1T061 R ,.107 1O6 7 8 ) /  (ISU ( .TcO
IF tX— P .) 20,20, 10 rIcO 8760

10 X ?~~X • X  Ost;  8770
X 3 = X ? * X  (‘SO 87$fl
X 4 r X ? * X 2 0511 8190
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F ~CMP L X l 1  .— .15 / X ’ 44.l.I’ 15,’X4 , .5/X —I  .1115/81) 115(5 8800
81.1(5MM (ISIS 8810

70 IF IX— .?) 40,30.31) OSU $P?O
30 1X.CM PLX IU. , X )  (iSO 8830

CALL  ( S X I C , S , X )  (ISO 8840
Cl~~.S— C 0511 8850

FISU PP~,OFr ~~QR T I X ) * C 1 X P I / X ) $ P Q A C M P L X I 5 i , C 1 )  05(5 8870
RETURN 11511 8880

40 l~~S Q M 1 I P I A X ) — ? .’X * C P I4 — 2 . SX * X / C P T 4 / 3. (15(5 (.1.40
I ~r1SCfX P (CMPIXIO. , PI44X )) 1)511 (.q(ifl

RITUR N O~~) 89 10
(NO (1315 (9 70
SUBROUTINE CSXIC ,S,X I (151) 8030

C 050 8940
C P(S RPOSF ‘iS U 8950
C COM PUTE S 1)11 FRISNEL i N T E G R A L S .  osu 8960
C (iSIS 8910
C DES C R I P T I O N  (IF PA R A M E T E R S  (ISIS 8980
C C — TNt RESULTANT OUTPUT OF C I X )  1)31) (.900
C S — T IlE R E S U L T A N T  OUTPUT OF S IX )  i s o  soon
C. X — AR GUMENT flSU 91110
r. 0511 907(1
C FROM SUUROUTINF CSIC ,S,XP OF SS P 050 9030

l~~AIiS I X )  03(5 ‘1(140
2 IF 1 1 — 4 .)  3,3, 4 ((5(1 9050

C (IS O 9060
C IF IZ.LF.4.) 050 9010
C 030 9080

3 C~~S Q R T I Z )  051) 0040
S~~l~ C 0S11 4100
Z = 1 4 . — Z ) * I4. .7)  030 9110
C~~C~~I III I I 5 .) O OJ P S I— )T *Z . 5.2 4 42 9 1 1— 9)* ? .5 .4 5 )  IB2F— 7)S l  030 9170
I.3.? 13 3 0 8 F— 5 )A l , I . 02 0 4 18 F— 1 ) * Z , I . 1 0 2 5 4 4 E— 2 )S 7 . I . 8 4 0 9 6 5E— 1  ) 030 9130

Sr S . I I I( I 6 . 6 7 76 8 1 F— 1 0* 7 ,5 . f ) ( .3 150 f— f ( ) * ? ,5 . O 5 ! 14 1 E —6 ) * l  050 914(1
!,2.4 4 1 8 1 6 E - 4 ) * ? . 6 . 12 13 7 0 E— 3 ) SZ . $ . 02 64 9 0 V —? ) OSU 9 1 0

RETUR N IISU 9)6( 1
C 050 9170
C I F  ( l . G l .4 . b  0513 qi(.O
C 05(5 S.1~~04 f(

~ C O S l Z )  050 9200
5’ S I N( 1)  USU 97)0
7:4 ,/ 7 (ISO ‘l2?0
A = I I I I ( ( ( 8. 7 (~8 2 5 8 I — 4 * Z — 4 .i 69? 89 F —3) ! l+7 . 970943E— 3 ) * Z — 6 .7 9 ? R O 1 E —3 ) fIStS 9730

I * Z — 3 .0 9” 341E— 4 )*Z ,5. 97 2 1 5 1 F — 3 ) * l — I . 6 0 6 4 2 8 E — 5 ) * l —2 ,4 0 3 3 7 2 F — 2 ) * ?  050 92411
?— 4 .4440 9 1E—9 OSU 9750
8 .1111 lI-6.#,13926E—4S7,3.401409F—3)*?—7.?71690F—3)*?,7.478746E—3 ) 050 976(1

1a ? — 4 .0 2 7 1 4 5 E - - A ) * Z — 9 . 3 1 4 9 1 0 E— 3 ) * 7— I  .207998E — 6 ) * Z , 1 .9 Q 4 7 I 1 E — 1  iSO 9270
1~~S uR i t l)  (151) 9280
C. .5, Z * I D *A , S * B)  ( ISIS 0240
S’ .S . Z ’ I S . A— I ) S B )  0SU c~~Oo
RI TURN (ISU 9~~1O
[ND 050 9370
CO M PL FX FUNCTIEPI) Q I I P S , W N , RL, P I ) (1511 9310
R E A L  L 05(1 ‘5340
t ’ R L  (ISO 9350
Q W N * C F X P ( C M P IX ( 0 . , P I/ 4 . ) )* I? . *PI* S Q RT I L ) * S G N I F P S )— 4 .*P !* L* EPS 030 9360

~*C~~XP ICMPL~~I0_ , P I / 4•)~~) (151) 9310
RE TURN (‘3(7 91150
FNE) 1(311 ~3~ 0• F(IPJC I ION C IITA N IX) (ISIS 9400

OSU 94 10
IF (S .NF. 0.) GO 10 ) (15(1 047(1
C I I IAN I. t50  050 9430
RI TUR N (55( 1 9440

I C(l 1AN~~COS IX ) / S  1)511 ‘s4 ’.O
R I  T URN  1)311 9~.(.0I NI) ~S() ‘14(0
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C 5116)5010 (NI (51 (ISIS 9480
C (IS IS 9490
C • (I S) )  0500
5 fiSt ) 9~~)0flSii 95713
C PURPO SE (ISIS 9530
C CO MP IS I l  1(11 J BES SEL FUNCTION FOR A r.IVFN AR&(IM FNT AND (1ROFPOSII 9”40
C (550 9550
C USAGE (150 956(1
C C ALL PI SJIX,N,BJ .0,1ER) 051, 95715
C 0511 95150
C OF 5CR (PT IPN OF PARAM F TERS (ThU 9590
C X —THE ARGUMENT OF THE J BESSEL FUNCTION DESIRED (ISti 91 00
C N —T HF ORDER (IF THE J BE S S E L  FUNCTION O E S I R F O  (ISIS ‘56)0
C BJ — 11SF RE SULTANT J HFSSFL FUNCI1OM (ISIS 9670
C 0 —R FO UTREO ACCUR ACY (ISIS 96)0
C I(R—k ( StILT ANT FRROR CODE WHERE (15(5 9640
C I[R~~O NFl ERRO R 03( 1 4650
C IFR.I N 15 NEG ATIVE 11511 0,560

T1R~~? II 15 N F G A T T V F  OR ZFRO (ISIS 96(0
c IIR =3 R OU1RFD A C C U R A C Y  NOT OBTAINE D 0511 9680
C IFR~~4 RANGI OF N COMPARF () TO X NOT CORRECT 15F F RFMARKS)OSU 9690
C (131) 9700
C REMA RI I S (13(5 97(0
C N MUST BE GREATER THAN OR EQUAL 1(5 ZERO, Bill IT MUST 81 (1St) 97’O
C LESS IF’AN 030 9730
C 2 0 . 1 O ’X — X * *  7 /3  FOR X LESS THAN OR FOUAL TO IS OSU 9740
C 90.X/2 FOR X GRFATFR THAN 15 (iSO 9150
C 030 9160
C SUBROUTINES AND FUNCTION SUBPROGRAMS RE QUIRED 0311 Q u O
C NONE (ISO 9780
C flStJ 9790
C METHOD (iSO 91500
C RECURRENCE RELATION TIE.HNIQIJF DESCRIBED BY H. GOL USTFTN AND (1511 ~RIO

• C R.M. THALER ,’RFCURRFNCE TEC HNIQUES FOR THE CALCULAT ION (IF fiS tS ‘1870
C BESSE L FIINCTIO’iS’,M.T.A .C. V .)3,PP.102—1OB AND l.A . STEGIIN 0511 9830
C AND H. AHRAM OW ITT, ’GINFRA IlON OF BFSSFI FUNCTIONS ON (ITOH OSU 9840
C SPEED COMPUTERS’,M .T.A.C.,V.1I,1057,PP .255—257 ocu 91550
C OSU 9860
C 030 9870
C 1150 9880

• SUBROUTTNF BFS JI X ,N,BJ,O ,IFR) 0S1J 9890
C (iSO 90(’Q

ItJ~~.0 IISU 9 0 ) 0
1FIU)10,7O,20 0SU so:’O

10 I1R ) 050 QQ 3O
RF 1IJM N ((3(1 9940

2O IFIX )30,30,31 (5511 9050
30 iFR~~2 (530 9960

• RETURN 050 9970
• 3) IF (X—15.)32,37,34 (1St) 99)30

3? N T F S 1~~20..!O.~~X—X $* 2/3 (SSU 9Qc.(I
GO 11) 36 (131110000

34 NTF ST .90 .4 X/ ? .  flSII I f lOl0
31, I F I N — N T FS T )4 0 ,38,3B (1SUIOO?0
38 1FR~~4 IISU)0030

• RITOR N 03010040
40 71)5.0 (‘$010050

(4I~~N. I (1S 171fcit.0
P P R FV .O 050)0010

C (‘$1510080
C COMPUTE STARTING VALISE (IF H 1131)10090
C OSIIIO100

TEIX— 5 .).O, 6G,60 (1SI.I0110
50 MA ~~X s 6 .  051110170

0(1 10 70 OS (IIC1 30
1,0 MA~~1.4*X460./X 1)51110140
1,l MRr ’ 1 , I F I X I X) / 4 4 2  03100150
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MlER(S~ MA XOiM * , Mf3 ) fl3 151011,O
C ()3U10170
C S ET  UPPER L I M i T  (1)- H 031310180
C 051)10190

M HA X . NTE ST (13(510200
100 1.1(3 190 M~-M ZF RO,MM*X,3 1151110710

I f)SUI 0270
C SI I F IM ),EIM—t ) OSUIO?30

03(5)0740
FM 1~~1.OF—?11 (.31510750
FM ..O (1SII)0?60
A LPI tA ~~.O 0317 10270
I F ( M — I M / 2 ) S ? ) I 2O , I 1O , 12 0  051110280

110 •)1~~— 1 DSU1(’?90
00 11) 110 03010300

120 JT~~I OSU1O3IO
1 30 M7~ M—2 (5301(1320

tiCS 160 k.I,M?
MK~ M—K 031110740
1IMI’.7 .* F L O A T I M K ) * F M 1 / X — F M  05010350
FH .EM I 0511(0160
FMI .BMK D$U)0310
IF (MX—N—1 )I50,140,t5O (‘$010380

140 BJ~~BMK flSt l l O lQO
150 JT~~-JT 050113400

S=I .JT 05(510410
l~~O A IPHA =AL P HA. BMX* $  OSLJ IO4 7O

MMK.2.*FMJI X— FM 05(110430
IF IN) 180,l1O,TBO 05(110440

11(1 ltJ~ BMX 03U10450
1 8(1 AL PHA .A LPHA 4BMK (IcIII(I45,O

8J~~itJ/A LPIlA 05(5 10470
I F IA B S I BJ— B P R (V )— A B S I D * BJ ) ) 2 0 0 , 2 0 0 , 1 90  DS(J 104R0

190 B,’R EV .BJ 0SU10490
IIk.3 (151110500

200 RFTU RN (ISlilOSl O
EN D 050 10520

C nct ;1o5~~oC (13(1)0540
C (‘5010550
C SUBROIITINI BE SY os Uinc lo
C 05(5)0570
C PURPOSE (55(510580
C COMPUTI THE Y BESS EL FUNCTION FOR A GIVEN ARGUMENT ANO 0ROFROSUIOS9O
C 1)5010600
C USAGE (151)1 06113
C C A L L  B E SY IX , N , B Y , I IR)  (‘S 11106?O
C 051110630
C (IF SCRIPT ION (if PARAM E TERS 05(110640
C X —THE ARG UMENT OF THE V BESSEL FUNCTION OESIRE!) 03U10650
C N —THE ORDER OF THE V BESSEL FUNCT ION DESIRED (IS(110610
C BY -THE RE SUL T ANT V BESSEL FUNCTION 0501067(1
C 1FR— R ISU IT ANT ERROR CODE WHERE (ISIIIOt I40
C IF R.0 110 ERROR (5SiII(16’1O
C IFR~~1 N IS NFGATIVF 051)10700
C IR R=2 X (S  N E G A T I V E  OR Z E RO OS U I O 7 I O
C IfR~~3 BY HAS EXC EEDED MAGNITUDE OF IO**70 (150)0770
C (iStlI073 13
C RFM AR XS 031110740
C VF PY SHALL VALUE S OF X MAY CAUSE THE RANGE OF TNF LIBRARY 03010750

• C FUNCTION A LOG TO BE FXCFFD FD 031)1011,0
C X MUST BE GREATER THAN ZERO 051110110
C N MUST BE GRE ATER THAN OR EQUAL TI) ZERO (130(0780
C (1SII1O?90
C SUPROU1INFS AND FUNCTION SUBPROGRAMS RFOUTRFO (1cIllO$O0
C NONE 03(11(810
C 05(110870
C ME T H(l1i (I5II(0~~30
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C RECU RRENC E RI LA T ION AND POLV NDMIAI  A P P R O X I M A T I O N  TfC HNIQIJ I  051) 10840
C *5 DI SCRIBID (IV A .J.M .NITCIICrICK ,’POLYNO MIA ( APPR OX IMATIONS (ISISIDITSI)
C 1(1 BE S SEL FUN(. 1111115 (IF ORDER ZERo AND ONE *111) TO RELAT ED 050101,60
C EUNCTI I*l5’ , M.I.A .C., V.11,1951,PP.86—RR, AND 0.15. WATSON , 05010870
C ‘A TR IA 1ISE ON Till THEORY OF BE S SEL FUNCTIONS’ , CAMBRIDGE 0311101580
C. (IN IVER~~ITY PRESS,  1958, P .  62 05(510890
C 051110400
C ,U109 10
C 031)11)920

SUBROIITINF B F S Y IX , M , B Y , 1 I R )  (53010910
C 03(11 0940
C CHECY ~ FOR ERRORS IN N AND X 051110950
C (13111041,0

IF IN) 180, 10,IO 0301097(5
(0 1(8=0 (1SUI0ORO

I F IX )190,190,20 (1SUIO99CI
C 1)5(11 1000
C BRANC H IF X LE SS THAN OR EQUAL 4 (1S(11 l0I0
C 05(511020

70 T F ( X — 4 . O ) 4 0 ,40,30 03011030
C OSU1 1040
C COMPUTE YO AND V I  FOR X G R E A T E R  THAN 4 03(5( 105 0
C (jSCII 1010

30 TI~~4.O/X 03111 1(510
T2 11*T1 03011080
P O = l I I l — .00000 37043*12. .0000173565).T2— .00004B76 13)*T2 OSUI 1090
I • .00011343). 12— .00I753062).T24 .398942 3 (53011)00

Q 0 1 1 ( ( . 0 0 0 0 0 3 2 3 1 2* T 2 — .0000142018)*T2+ .0000342468)*T 2 0SU11110
1 — .0000869 791).T2,.0004564324)*72— .O%74 6694 03111117 0

P1 I ( ( I . O O 0 O O 4 7 4 1 4 ~.T 2 — .OOf l02 0O92 0)*T2+ .0OO O5BO75 9) * T2  (530) 1130
I — .000223?03) .T2 , .00292 1B76)$T2 . .39 89423 05(111140

O1~~ll l ( _ .OO0 0O365Q4 *T2 . .OOO0 l1,22 ) *T?—.0fl0O3Q8708)*T2 OS UI I1SO
1 • .000106414 1 ) $ T 2 — .0006390400)*T2 . .03740084 (S I i I I I6O

A 2 . O / S Q R T IX )  03011170
b = A * T 1  03011180
C = X — .18539B 2 flS(111190
Y O ”A * PO* S I N ( C ) + B * Q O t C O S I C )  (ISO) 1200
Y l~~— A * P I * C f l S l C ) + H * O ) * S 1 N I C )  051111210
GO TO 90 031111220

C 05151 1230
C COMPUTE YO AND V t  FOR X LESS THAN OR EQUAL TO 4 OSU1I?40
C (iSIS) 1250

‘.0 XV X/2. (151111760
X~~~XX *XX 5)5(11)770
T.ALOG(XX )‘ .5177151 031)11280
SL J M~0. 03(5)1290
T F R M~~T (IS(111300
YO~~l 050(13(0
00 70 1=1,15 (15111 1170
IF (L—1 150,60,50 051)) 1331)

50 SUM SUM4L./FLOAT (1—l) 03(111340
e.G FL= L OSUI 1350

T t =T—5lIM DS IIILI6O
IFR M~~lT1RM . (—X7)/F1**2).l1.—1./tFL*TS )) 031111170

10 YO = V O s T F R M  (-$01 131) 0
TERM • X X * ( T— .5) (‘$ 1111390
St)M=0. 03011400
Y I . IFRM 1)5(1 ) 1410
00 550 1.7,11 f1SUII4?0
3(IM SUM. 1 ./FLOAT IL—I ) rISUl 1430
FL =5. 031111440
FL 1 F L— I  • 05111 1450
1~~~1—SUM 05(51141,0
T I - R M I I E R M * I — X 2 ) / I F I I * F L ) ) * l ( T S — .5 / E L)/ (T S . .5 / F1I))  (53111)41(1

80 YI VI .TFRM 030(14110
P l2 .6165198 (3 ( 511 49 ( 1
YO PT2*Yfl 05(1115(0
YI .— P17/X4PT2*Y 1 050115)0
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C 03111)57)3
C CHECK IF (WILY VOl SIR V I  IS DESIRE D f lS ( l115?O
C 031) 11540

90 IF(N—I)I (IO,IOO,11D (‘5lI11~~5flC (15(11151,0
C RETURN EITHER VOl OR V I AS RfQI) IRFF) 051111570
C ((SOT 1580

100 1FIN )IIO ,I70,II0 05111)590
110 ITV =YI  031111600

00 1(1 170 031111610
120 R Y = V O  031111670

GIl 1(5 170 0SU1Ib~ OC 0301 1640
C PFRFCIPM RFCURRFNC F OPERATION S TO FIND YNIX ) 031111650
C (ISO) 1650

11 0 VA =Y C’ 031)1 1610
VI3=YI 031)11680
K =1 03(11)690

(40 T=FIOA T (7*K )/X (55(511700
Y C = T * Y P _ Y A  (15(51)710
I F I A B S )V C )— 1 .O r 1 O ) 1 4 3 ,145,14 1 0501)720

14 1 I F R= 3  03(111730
RFI(IRN 03111 1740

145 ‘( K+ l (15U11750
IF ( K— N) 1SO,I10, I5O 05))) 1760

ISO V A = Y B 05)5 1)770
Y B Y C (151111780
GO TO 140 0311)1790

1 60 PY YC OSlJ1I’ICO
1 10 RETURN 03011810
1 )3 0 IER=1 05(111*70

R (TIJRN 05011810
190 1(15=7 0311)1840

RETURN r1S()111330
END 031111810

C OSUI1PIO
C (15(I))l5PO
C (15(51 1890
C SUBRO UT INE 0SF 030)1000
C (‘$1111910
C PURPOSE 055) 11920
C 10 COMPUTE THE VECT OR OF INTEc,RA1 VAL UES FO~ A GIVEN OSIII)°30
C FQUIDI TAN T T A B L E  OF FUNCTION V A L I S E S .  (‘3 (111940
C (151)1 19S0
C USAGE OS U) lO6 f l
C CALL 9SF IH ,Y ,Z,NDIM)  (13(111970
C (13011080
C OFSCRIPTI! )N OF P A R A M E T E R S  05111 I9°O
C H — THE INCREMENT OF AR GUMENT VALU ES.  (I$(I1?000
C V — THE INPUT VFCTOR Of FUNCTION VAL IS ES.  030 120)0
C 7 — THE RFSIJLTI NG VEC TOR ((F INTE GRAL VALUES.  7 MAY BE (I5(117070
C IDENTICAL WITH V .  03(5)20 )0
C 110TH — THE DIMFNSII1N (IF VE CT OR S V *11(1 7. (1511)2(140
C OS(J 17050
C REMAR KS 05(112060
C NO A C T I O N  IN C A S E  NOIM LESS THAW 1~ (‘5 113207)3
C 031117080
C SUBPO(PTINE S AM) FUNCTION S UBPQOGRAMS PFQ ( 1T D F)3 f lSljI7O~~O
C NONE 05(517)00
C 03) 1121)0
C METHOD (‘31)12170
C BECINNINC WITH Z l1 )=0, EV *LIIA TION (1F V E C T O R  7 15 DONE BY (3)5)7 130
C MEANS (SF SIMPSON S 8(11) !c1C,FTHFR WITH NEWTONS 3/B R(JLF OR * 05017 140
C. CO M BI NATION (‘F THE SE T~~) RULES. TRUNCATION FRR OP IS OF ((35112150
C. ORDER H••S (I.E. FOURTH FIR OEP ME T HOD). ONL Y IN CASE NOIM=3 5131112160
C TRUNCATION ERROR (SE 7(7) IS OF OPr)rR ‘I’~~4. 031112)70
C Ff3 15 REFE RENt ) , SEE 0511121813
C ( 1)  F.R. IIILOEBQA ’l f l , )I ITRrSDIICT IOP,5 It) M’ ) MERI CA L A N A L Y S T S . oct l l7 lQo
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C ICC RA W — I 1 L L ,  N EW YORK/TORrTNTO/LON ()ON, 1956, PP.71—7 6. (13(117200
C I?) L .l(J I1HUFHL , PRA KI ISCH F MATH FMA YIK FIIrP INt -ENIFI IRF (1119 (‘$1137730
C PHYSIKEP , .PRINI ,1R, BF RLIN /GUIFTTI9GEN /HFIDFIBFPG, 391,3, 1I$I J)2??0
C I’P.~~I4-2i1. (131112230
C (SSUI2?40
C
C 05 1112760

SUA RFIUTI rS I OSEIH ,V ,Z,N5)IM) OSUI??70
C (ISI!l?780
C 05012290

OIMFPJS ION V S  I ),Zl1) 0301230(1
C 0S01231 (i

HT . 3333 33(* H  05(11 7170
1) (NDI M-.’)7,R , I PSIJI2’l (1

C (1SU1 7140
C NOIM IS GREATER THAN 5. PREPAR ATIONS OF INTEGRATION LOOP OSu1215(i

1 SUMI=Y )7).Vl?) 05(1)2360
$(JMI=SLI M I4SUM1 1)SI!17370
3(lM1~~IlT * IV ))) .SUMI .Y( 3)) oct p l 73 150
AU* 1 = Y 1 4 ) ,Y I 4 )  P31117190
A I I X I A U X I . A U X I 03(1174 (10
A (IXI SUMI,H1*(V (3).AUX),Y (5)) (55(1174(0
Al,X? HT*IY(l)43.1S15* (Y(2),Y (5))+2.6?5* (Y (1)4V(4))+Y (6)) (IS1l 1 ?4?0
SUM2=V (5).Y)5) - (131117430
SUM2 S(1M2 .S(1M2 031?! 7440
5(,M2~~AUX?—HT* (YI4).S(lM7.Y(6)) (13( 112450
Zfl)=0. 0S (IT?4t’-0
AUX ’V43).V(3) 03(11741 (1
A 5 J * = A U X 4 A UX  0SuI7480
7 (2)=SLJM?—i )T.(Y (2).AUX,Y (4)) 031)12490
l (3)=5(IHT (SlIl250C (
7(4)=S (JM2 05(51231 (1
IF INOIM—b )$,’,? (131117570

C 05(512530
C IN TE GRATION L OOP rruI?cAO

2 (1(5 4 I~~7,N UIM ,2 flSIIl?5~ 0S,IJMI=A(lX l ( 155) 175 1,0
SIIM?.A UX? OSUI?5 10
A U X ) Y ( I — I ) . V ( 1— l )  0301
A(J X L =* UX I .A UX I  f l S ( I 1?390
A I l~~t~~S ( J M l , H T * ( V ( 1— 2 ) ,A ( J X I ,Y ( 1 ) )  ( 131) 17600
7) 1—75=3014 1 035)17610
J F l I — N flIM )3,6,6 03(117620

3 A ( lX?~.V I  1 )4V ( I) ( 1 3 5 ) 12 6 3 0
A ( I X ? A ( 1X?+ A UX2 03(J ) 264 0
*l I)2 SI)M ,’.) ST *  (V I I— )  ) ,A UX 2 . Y (  1.1)) (15(51 2 1 5 0

6 7 ( 1 — 1  )=S0 M? 051) 17160
S ?(i~0TM—1 )=A SJX I 03(117610

Z ( N( 1 I M )~~A UX 2 031 ( 126150
R I 111R11 03(517190

6 lI T ~f l I M— 1)~~c (lM2 fl5(1 12100
7 ( 1, ( l ( l 4)=A IJX )  (53(51 7710
RET URN ((3(117720

C 111(1 OF I N T E G R A T I  (1P5 LOflP 031)17110
C 031112740

T I F I N 0 I M — 3 ) 1 2 , 1 1 , P  ( IS II I?730
C O1S(51? le ’ O
C 1:0tH IS EQUAL  10 4 (515 S (130)7,7(1

55 S t I M ? = I . 1 2 3 e H 1 ’ S V ( 1 ) , Y 1 7 ) , Y 1 2 ) + Y ( � ) , V 1 3 ) , Y t 3 ) 4 Y I 3 ) , Y 5 4 ) )  0SUI?7 N0
I(S I I I? 790

SlIM ! r SlIM • .UMI ( 13(1 171500
S I I M ) = H T $  IV ) !  ).SUM1 •V( 35 ) (‘$15171510
711 ) 0. 031)17*20
AUX l~~Y I 3 ) . Y I 1 )  (130(7810
A IJX I A IJX I4A( 1X1 (15(117840
t S ? ) S I J M / — I 4 1 * ( Y ( ? ) , A U X I , Y ( 4 ) )  f lS1l)?54 ’0
I I ( 1 1 r ) I M — ’ ) IC, 9 ,9 0c ( J 1?Q 10

9 A UXI~~
V ( 4 P , Y ( 4 )
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MISSION
of

Rome Air Development Cenler

R41X~ plan s and conducts research, exploratory and advanced
develop aari t p rogr a in ~~~~~nJ, control, and ~v~~~,nicatiOns
(&) activities, and in the C3 areas of inf oz ~ation sciences
and intelligence. The principal techeical aiasicn areas
are c micat.ions, electrosagn etic guidan ce and control,
surveillance of grotmd and aerosp ace objects, inteLligence
data collection and h.ndllng, inf or ation syst technolOgY,
ionospheric propagat ion, solid state sciences, atczoi v
physics and electron ic reliability, aintaina billtg and
con p sti bility.
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