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NOTICES

When Government drawings, specifications, or other data are
used for any purpose other than in connection with a definitely
related Government procurelient operation, the United States
Government thereby incurs no responsibility nor any obligation -

whatsoever , and the fact that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications,
or other data, is not to be, regarded by implication or otherwise as
in any manner licensing ~j  holder or any other person or corporation,or conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto. 
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I . INTRODUCT ION

Th is report describes the work done on Contract No. N0O123-76-C-1371
for the year 1 August 1977 to 31 July 1978.

The overall program is divided into three areas. These are 1) basic
scattering code development , 2) reflector antenna code development and
3) basic theoretical studies to support the first two areas. The following
sections describe the research accomplished in each of the three areas
mentioned above.

I I . PROGRAM SCOPE

The scope of the work under Contract No. N00123-76-C-l37l is to
develop the necessary theory, al gorithms and computer codes for simu l ating
antennas at UHF and above in a complex ship environment. A revised mile-
stone chart for the three year program is shown in Table I . The revised
m ilestone chart shows the inclusion of the more useful source represen-
tation (item C of the Basic Scattering Co de). The more useful  source
representation is being given priority in the current three-year program
over the near field anal ys i s of cou p le d structures wh i ch was shown i n
previous milestone charts.

I I I . BASIC SCATTERING CODE DEVELOPMENT

The analytic modeling of a ship to predict the radiation patterns
of antennas mounted on shipboard is being accomplished by the use of the
Geometrical Theory of Diffraction (GID) [1,2,3]. This  i s a h i gh f re quenc y
technique that allows a complicated structure to be approximated by basic
shapes representing canonical problem s in the GTD. These shapes include
f l a t an d curved wedges and convex curved surfaces. The GTD is a ray op-
tica l technique and it theref’ .

~ allows one to gain some physical insi ght
i n to the var i ous scat ter in g ~)I1d diffraction mechanisms involved. Conse-
quently, one is able to quickly seek out the dominant or significant scat-
tering and diffraction mechanism for a given geometrical configuration.
Th i s, i n turn , leads to an accurate engineering solution to practical
antenna problems. For example , the performance of an antenna at UHF and
above in the presence of a complex ship environment can be modeled using
f l a t  p lates , box-l ike structures and a finite ellipttc cylinder to repre-
sent the various component parts of a shiD as illustrated in Figure 1.
A user orien ted computer code is being developed to aid the antenna and
system desiqner to accomplish this task.

This section i. riefly describes the basi c operation of the third gener-
at ion of this scatterinq code for the analysis of antennas in a shipboard
environment . This version of the code allows analysis of scatter i ng struc-
tures that can be modeled by concave flat plate structures , an i nf i n i te
groun d plane , and a finite elliptic cylinder all of which are built up
from the basic canonical structures. These shapes allow one to model a
wide variety of structures in the UHF range and above where the scattering
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I
s truc tures are l ar ge i n terms of a wavelength . The general ru l e  i s t hat
the l ower frequency limit of this solution is dictated by the spacings
between the various scatterin g centers and their overall size. In practice
this means that the smallest dimensions should be on the order of a wave-
length. This can often he relaxed to approximately a quarter-wave lenqth.

The GTD approach allows other types of solutions to he interfaced
with it. For example , the modal solution can be used for a small cylinder
or the moment method can he used to mode l wire segments , sma l l  s t ruc tures
or antennas. The present scattering code is capable of interfacing with
the wire segments of the Numerical Electromagnetic Code (NEC) [4].

The positive time convention e~~
t has been used in this scattering

code. Also 6k~
he ra di at i on pat terns are assume d to be i n the far fi el d.

The term e~~ /R has heen suppressed unless otherwise specified by the
user of the co de. A l l  of the s t ructures  i n th i s co de are assume d to be
perfectly-conducting and the surrounding medium is free space.

As ment i one d above , the GTD approach is ideal for a general hi gh
frequency study of shi pboar d an tennas i n t hat onl y the most bas i c struc-
tur a l fea tu res of an otherw i se very com p l i cate d struc ture nee d to be mod-
eled. This is because ray optical techniqu es are used to determine com-
ponents of the field incident on and diffracted by various structures.
Com ponents of the dif fracte d fi el ds are foun d us i ng the GTD solut i ons i n
terms of t he in di v id ual rays whi ch are summed w it h the geometrical opt ics
terms i n the far fi el d. The rays from a gi ven scatterer ten d to i nteract
w ith othe r s t ruc tures  caus i ng var i ous hi gher-order terms. In th is way
one can trace out the various possible combinations of rays that interact
between scatterers and determine and include only the dominant terms.
Thus , one need only be concerned with the important scattering components
and ne gl ect all other higher-order terms. This method leads to accurate
an d eff i c i en t com p ut er codes that can be systemat i cal l y wr i t ten and tes ted .

.4

Complex problem s are built up from simp ler components in terms of
a modular computer code. Th is modular approach is illustrated in the block
diagram of the main program shown in Table II. The scattering code is
broken up into man y subroutines that represent different scattered field
components , ray tracing methods , an d sha dow i nq rout i nes. As can he seen
from the flow chart , the code i s struc ture d so t hat a l l  of one t.ype of
scattered field is computed at one time for the complete pattern cut so
that the amount of core swappinq is minimized thereby reducing overlaying
and increasing efficiency. This also is an important feature that allows
the code to he used on small computers that are not large enough to accept
the entire code at one time. The code can be broken into smaller overlay
segments wh ich will individually fit in the machine. The results are,
then , superimposed in the main program as the various segments are exe-
cuted.
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I
TABLE II

Bl ock Diagram of the Main Program for the Computer Code

START

Read Input Parameters
0I Convert Units and Rotate-Translate Geometry
r’IL Echo Back Parameters

Refer to Table I I I

SL Do Loop on Source Segments

Def i ne Varia bles Fixed by the Geometry
GEOM and GEOMC and GEOMPC

KL Do Loop on K

JL Do Loop on J

PL Do Loop on Pattern Angle

Branch to Section Defi ned by K

K=2 K=l K=3

Branch to GTD Term for Plates Defined by J

J~ l J~2 J=3 J=4 J=5 J=6 J=7

I
-~~-

-

- .  
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D i rec t F iel d from Source
INC FL 0

Si n gl y Reflec ted F i elds from Pla te
REFPLA

Dou b l y Reflec ted Fie lds  from Plates
RPLRPL

OL

Sin gly Diffracted Fields from Plates
D I FPLT



Reflected-Diffrac ted Fields from Plates
RPLDPL

Diffracted-Reflected Fiel ds from Plates
DP L RP L

Doubly Diffracted Fields from Plate
(not yet implemented )

, 1 
_ _ _ _ _ _ _[ Branch to GTD Term for Cylinder Defined by Ji

‘

I
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J~ lc

IF LPLA (If plate is also present

F 

bypass direct field here )

1 D i rect F i eld
L

4
~e f l ec ted , Tra n sition and Deep Shado~T~F i elds for Cy l i n der

REFCYL an d TRANS

Reflecte d F i el d from En d Caps
REF CAP

Di f f rac te d F i el d from En d Ca p R i m
E N D I F
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Branch to GTD term for Plate-Cylinder
Interactions Defined by J

ee
Fields Reflected from Plates then Refl ected or

Diffracted from Cylinder
RPLRCL and RPLTRN

‘V

• Fields Reflected from Cylinder then
I Reflected from Plates

L RCLRPL

,I. p

I
S.’ 4.



Fields Reflected from Cyl i nder then
Diffracted from Plates

RCLDPL

Fields Diffracted from Plates then
Reflected from Cylinder

DPLRCL

10
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1

Su perimpose the Var ious F i elds We i gh ted
to the Current Magnitude and Phase

for the Particular Source

4 PL

JL

4’ KL

4 SL

I Print Total Fields and Directive Gains
OUTPUT

Plot F i elds 1

1 11
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The rode is divided into three large sections. The first two sections
were incl uded in the second qeneration code. The third section is being
included in the third gene rat io n of the code. The f i rst sect i on conta i ns
thc~ major scattered fields associated with the indi vidual flat plates and
the interactions between the different plates . These include the direct
field , the sing ly ref lec te d f i el ds, dou b ly ref lected f i el ds , the sing ly
diffracted fields , the reflected-diffracted fields , and the diffracted-
reflec ted f iel ds. The d if fracte d f i elds i nclude  the nor m al d i f f rac te d
fields as well as slope diffraction , a newl y developed heuristic corner
diffracted field and slope-corner diffracted field. The double diffracted
fields are not included at present , but a warn ing is provided wherever
this field component might be important. This is usually only a small
angular section of space. This field may be included later whenever time
and effort permit. The second section contains the major scattered fields
associated with the elliptic cylinder. Th i s i n c l u des the d i rect fi el d,
if not already computed in the plate section , the reflec ted f iel d, the
transition field , the deep shadow fields , the ref lect ed f iel d from t he
end caps , and the diffracted field from the end cap rims. The diffracted
field from the end cap rim is not at present corrected in the pseudo caustic
regions. This is where three diffraction points on the rim coalesce into
one. Th i s i s onl y im portan t i n small  an gu la r  regi ons in space an d i s not
deemed appropriate to he included at the present time . An equivalent current
method could he used for this small region but it is rather time consumino
to use for the benefits derived from it for such a general code. The third
section contains the major scattered fields associated with the interactions
between the p la tes an d cy l inder. This includes , at presen t, the fields
reflected from the plates then reflected or diffracted from the cylinder ,
the fi elds reflecte d from the cy lin der then reflected from the plates ,
the fields reflected from the cylinder then diffracted from the plates ,
and the fields diffracted from the plates then reflect’ed from the cylinder.
These terms have been found to be sufficient for enqineering purposes when
anal yzing wing-mounted aircraft antennas as well as many other structures [5].

The subroutines for each of the scattered field components are all
structured in the same basic way. First , the ray path is traced backward
from the chosen observation direction to a particular scatterer and subsequently
to the source using either the l aws of reflection or diffraction. Each
ray path , assum i ng one i s poss ible , is then checked to see if it is shadowed
by any structure along the complete ray path. If it is shadowed the field
is not computed and the code proceeds to the next scatterer or observation
direction. If the path is not interrupted the scattered field is computed
us ing the appropriate GTD solutions. The fields are then superimposed
in the main program. This shadowing process is oft2n speeded up by makin a
var ious decisions based on bounds associated with the geometry of the structure.
This type of knowledge is used wherever possible.

The shadowinq of rays is a very important part of the GTD scattering
code. It is obvious that this approach should lead to various discontinuities
in the resulting pattern. However, the GTD diffraction coefficients are
designed to smooth out the discontin uities in the fields such that a continuous
field is obtained . When a scattered field is not included in the result ,
therefore, the lack of its presence is apparent. This can he used to advantge
in analyzin g comp l icate d problems. Obv i ousl y i n a comp lex prob lem not
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a l l  t he poss ib l e scattered f i e l ds can be i n c l u ded . In the GTD code the
i mpor tance of the neglected terms are determined by the size of the so-
called gliches or jumps in the pattern trace. If the gliches are small
no additional terms are needed for a good engineering solution. If the
gliches are ldrge it may be necessary to include more terms in the solu-
t.ion. In any case the user has a gauge with which he can examine the
accurac y of the results and is not falsel y led into believing a result
is correct when in fact there could be an error. In order to show the
versat ility of the code and to test its accuracy a l arge number of example
prob l ems were run and compared with measurements whenever possible. These
resul ts are included in user ’s manuals [6,7] that illustrate the above
ideas .

The method used to input data into the computer code is presently
based on a command word system. This is especially convenient when more
than one problem is to be analyzed during a computer run. The code stores
the previous input data such that one need only inout that data which needs
to be changed from the previous execution. Also , there is a defau lt  l i st
of data so for any given problem the amount of data that needs to be input
has been shortened. The command words that are presently imalemented in
the computer code are listed in Table III . The input parameters for the
third generat i on code w i l l  be a modif ied version of those use d i n the sec-
ond generation code [7]. A more detailed description of the modified pa-
rameters will he given in the next quarterly report and the user ’s manual
for the third qeneration code.

The input/output format of the basic scattering code may d i f fer
sl ightly between the NOSC and OSU versions. NOSC personnel will make the
modifications in the input/output for their needs and will furnish an
appen di x to the user ’s manual detail ing their modifications. The two
versions of the codes will be the same other than the differences in for-
mat.

j In order to conf irm the validity of the GTD and the numerical ac-
curacy of the basic scattering code over -a wide range of geometries , the
co de ’ s results are being tested against measurements made at OSU. Whenever
poss i ble , the code ’s results are also being checked against measurements
made at other facilities or against results found in the literature. For
exam p le , the bas ic scattering code has been checked against measurements
made by Bach [8] on a variety of satellite shapes. The code ’s calculated
results for a dipole in the presence of an ei ght s i ded box as i l lus t ra te d
in F ig ure 2, is compared against measurements in Figure 3. The calculated
results for various locations about a finite circular cylinder as shown
in Fi gures 4a,b, and c, are compared against measurements in Figures 5a,b,
and c respectively. In all cases the agreement is very good, conf i rm i ng
the vali dity of the basic scattering code ’s results. The small discrep-
enc ies that exist between the patterns can be contributed to measurement
inaccuracies and to the lack of double diffraction effects in both the
geometries and , i n the case of the cyl i n der, -to the pseudo caustic caused
by the coalescence of rays on the endcap rims.
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TABLE I I I

COMMAND WORDS FOR INPUT DATA

CM: Commen t car d

CE: Last or onl y comment card

TO: Test data opt ions

UN: Un i ts of i nput

FR: Frequency

PD: Pattern Data

R G : Far F iel d R an ge

RI: Translate an d/or rotat i on of
geometry

PG: Plate geometry i nput

GP: i n f i n i t e  ground p l ane

CG: Cyl inder geometry i nput

SG: Source geometry input

AM: Source input from NEC/AMP

LP: Line printer output

PP: Pen plotter output

XQ: Execute program

NX: Next problem
S 

EN: End program

•1
14

— A “

~~~~~ 
— 

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



1

4’ 
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4 z
I
I
I
I x y

I
I Figure 2 . Electric dipole in the oresence of an eight sided box.

I The two geometries considered above are composed of either plates
alone or a finite cylinder by itself. These separate shapes can be an-
al yzed using the second generation of the scattering code. The third gen-

I eration of the code, however , has the plate -cylinder interaction fields
included so that geometries containin g both plates and a finite elliotic
cyl inder can he analyzed. This is a much more difficult problem , due to
the more complicated nature of equations definin g the ray paths and the

I fields. In order to test the accuracy of the five interaction fields that
are being inclu ded , a series of measurements were made at OSU on a simpli-
fie~ geometry that resembles a situation that may arise on shipboard.

I The geometry is shown in Figure 6. This is a very difficult problem be-
cause of the m u l t ip le bounces of the fields that can occur between the
plate and the cylinder . This , however , illustrates the engineering solu-
tion that can be obtained using the scattering code. For comparison pur-
poses , the separate pieces are first studied individually. The calculated
and measured pattern of the half-wavelength dipole is compared in Fi gure
7a. The results for the square plate are compared against measurements
in Fi gure 7b. The results for the finite circular cylinder are shown in
Fi gure 7c. In all of these three cases the comparisons are quite good.
The radiation pattern of the di pole i n the presence of both the p la te an d
the cylinder is compared to the calculated result from the second gener-
ation scattering code, in Figure 7d. The second generation code does not
include the plate -cylinder interaction fields. Although the basic struc-
ture of the pattern is there, the proper levels  an d f i ne deta i ls are m i s-
sing. The measured result is compared to the third generation code result

I
I
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in Figure 7e. Thi s result contains five plate -cylinder interaction fields
as is listed above. It can he noted that the levels are better and that
the fin ’ de tails have the right trends. The plate -cylinder interations
are still heinq improved and more tests are being made on different vari-
eties of shapes to see if the code is functioning properly . However, the
results in Fi gure 7e indicate that the third generation code is giving
qood results for enqineerinq purposes.

In all of the examples above the scattering code uses an anal ytic
represen tati on for the antenna.  T he antenna pr esentl y considered in the
computer code is an electric or magnetic radiator with a cosine distri-
bution , arbitrary length and width , arbitrary magnitude and phase , and
arbitrary orientation. This antenna is specified as follows for an elec-
tric source

I ( z ’) = ‘m cos(!~
_
~)

E = 
sine’ (~-~‘)cos~~.& cose) w sin (k~sinR’ cos~ ’) 

e~~~~
’

E~ ?n m 
( ) 2 — k~sinR’ cos4 ’ r ’

The result for a magnetic source is obtained usina duality . Any arbitrar y
antenna can he simulated by superposition of the elements by making the
leng th 9. small (9.~ 0.lX), spacing the elemen ts less than a quarter wave-
length , an d then we i ghtin g their magnitudes and phases to s imula te  the
current distribution of the desired antenna [9]. Since the radiation
pattern is relatively insensitive to the current distribution thi s method
works very well .

The NEC co de i s also i n terface d w i th the GTO sca tter i n g code. Thi s
allows comp l icated antennas to be analyzed using the best features of the
momen t me thods to f i n d the antenna ’ s impedance characteristics and current
distribution. Then the GTD scattering code can be used to calculate the
radiation pattern of the antenna in the presence of large scattering struc-
tu res . At present , the scatterin g code is written to use onl y the wire
segment capabilities of the NEC code and not the patch segments. The NEC
currents are assumed to be the value of the current at the center of a
segment that is approximately 0.15A or less in length . The field [10]
of an individual segment is set to

- 

j~~~
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k9.  
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‘t
which gives consistent results with the NEC code. The scattering code
is normalized in the far field to exp (—jkR~/R unless otherwise specified .
The fields are output in volts/meter , however , it should be noted that
unless  a r an ge R i s def i ned the un i ts are ac tua l l y vol t s .  T he di rect i ve
gain is also calculated by using the power radiated as supplied by the
NEC co de.

The interfacing of the NEC and GTD codes has been tested by using
two examples obtained from Mr. Jim Logan at NOSC. Both examples are composed
of antennas th at were mo dele d by w i re segments over a perfec t l y-conducting
infinite qround olane. Using the assumption that the current distributions
obtained in this way will not be perturbed appreciably by slightly chanqinq
the environment , the currents  from the NEC co de can be use d to s imula te
the radiation pattern for the antennas mounted over a finite plate which
i s over an i nf i n i te groun d p lane as shown i n F ig ure 8.

To test the compatibility of the current distribution used in the
GTD co de w it h t he current  we i ghts obtained from the NEC code , the GTD co de
was used to calculate the field for the example problem of four quarter-
wavelen gth dipoles. The locations of the four dipoles are illustrated
in Figure 8 as the four solid lines parallel to the x—axis. The infinite
ground plane is coincident with the square plate for this first test.
The dipoles were divided into a total of 20 segments. The fields obtained
from th is calculation resulted in a directive gain with in 00.2 dB of the
NEC result as shown in Fi gures 9a and b for the plane d=0 and 4=90

0, re-

( spect ively.

The GTD co de was next use d to show how the d i rect i ve ga i n chan ges
V when the four dipoles are placed over a square plate over a ground plane

as shown i n F i gure 8. The comparisons between the infinite ground plane
and square plate cases are shown in Figures l0a and lOb for the two pattern
p lanes .

The second example is composed of four sets of crossed dipoles as
shown in Figure 8 where solid and dashed lines are used to represent the
crossed dipoles. The results obtained from NOSC for this example were
obtained from an AMP code print out rather than an NEC code print out;
however , the resul ts are still useful for comparison purposes. The GTD
and AMP results for 48 segment dipoles over an infinite ground plane are
compared in Figures lla and llb , where Figure lla shows the vertical com—
ponent an d F i gure ll b the horizontal component. The solid curves represent
the GTD code result and the X ’ s show the AMP result. A gain the two results
compare within 0.2 dB. Square plate results are also shown in Figures
h a  an d llh. Directive gains for the infinite ground plane and squar8
plate cases are compared in Figures 12a and 12b for the 4=00 and ~=45p lanes , res pect i vel y. The two exam p les conf i rm that  t he GTD an d NE C code
are compa tib le.
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Figure 0a. Comparison of the directiv e gain of four dinoles over an
infinite ground plane obtained from the NEC code and from

the GTD code using the NEC currents (~~0° vert ical
polar ization~.
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Figure lOa. Comparison of the directive gain of four dipoles over
an infinite ground with four dipoles over a square plate over

a square plate over an infinite ground plane (4=0
vert i cal polar i zat i on) .
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Fi gure lOb. Comparison of the directive gain of four dipoles over
an infinite ground with four di p~ples over a square pla te over
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The main disadvantage of using the NEC currents in the scattering
code is the time required to compute the results. At present , the time
for one pattern computation increases by a linear factor of the number
of NEC segments specified . In the next year , ways of increasing the effic-
iency of this process will be studied. A more useful source representation
capability will be imp l emented . The inclusion of a width to the source
representation is a step in this direction. It is booed that this will
he compatible with the oatch segments of the NEC code. Also , a study will
he made of summing up the incident fields from each of the source dip ole
elements so that the diffraction calculations need not he made for each
individual dipole . The effect of a group of dipole sources will , t hus ,
he more efficiently comp’~ted .

In the next contract year the third generation of the scattering
rode will be comp le ted alon g wi th a user ’s manua l . The code will he de-
livered to NOSC by October 31 , 1978. A co de manual , which has already
been started , will be written giving details of all the individual sub-
routines in the scattering code. Als o , as men ti oned above , a more us eful
source representation will be studied and included in the code when it
is completed.

The scatter ing code has been much in demand over the past year and
has been sent to many agencies. Because of its vers atility it can be used
to s imu l a te  numerous antenna pattern dis tor t i on effects.  The fo l l ow i na
is a partial list of how the first generation code has been used and by
whom:

- Westin ghouse (ba l t imore , Mar y l and )  i s us in g the code to anal yze
the scatter ing effects of a radar (search and track) mounted
on a tank.

- Electronic Communications Inc. (St. Petershurq, Flor id a) i s
us ing the code to determine the optimum location for various
antennas mounted on and around a communication van.

- Naval Research Laboratory (Washington , D.C.) is using the code
to locate antennas on an F-14 aircraft.

The second generation code has been or is in the process of bein g sent
to the followin g :

- Martin Marietta Corp. (Denver, Colorado ) -

- Atlantic Research Corp. (Rome, New York)

IV . REFLECTOR ANTENNA CODE DEVELOPMENT

The task of the reflector antenna code development is to deve l op
user-or iented computer program packages by which the fields of typical
Navy reflector antennas can be calculated. These codes are being deve l oped
as part of a l arger effort to develop computer models for simulating an-
tennas at UHF and above frequencies In a complex ship environment.
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Th~ t ir’-,t t e k  under the ref lector antenna code development was to
t ve)oi the I I l l I t i l t  I i  prouram p i i ka q e  for ca lc i ~lat m g far f ie ld  patterns .

Feed hlork iq~ iri d sca t t e r i ng  e f f e c t s  were not included in this phase.
Thes .,ilt h, !nc lp l Iled la ter  (see Table I) . The second task of this effort
i s  t h~ Il, V P J I I I I I I I i i t  flf 1 I (  1~~~ t generation comnuter code by which the near

i d e  it t y p i c a l  N ivv  refi r t o r  can al so be calculated . The second
I f l I~~~ it  i l I r l ‘ i t  l r ( t f r  ( h , ca pable of both near f ie ld  and far f ie ld compu—
it  u ri s , wil l he c o m p l e t r c ~ in the near future and is scheduled for del ivery

~t t h i  nd if t b ,  next qua rter as seen in Table I.

Thes e c o m o u t i r  proaram packages are desi gned to have the f lex ib i l i t y
I I I C (~~~ I t I t e  the fi e lds I f most reflector antennas. One important feature
et the C d i -, is their capabilit y for a general reflector rim shape. Another
i p i r t  j o t  f e i t . ure is their capabi l i ty  to input a pract ical ly arbitrary
vo lum e t r i c  feed p1itt r r . -

Since the ma ,jor ity  of Navy of lector antennas have parabolic sur—
f~ices , only the cl-i ’, ,  ~f parabol ic surfaces are imp lemented in the computer
codes. The geometry of the re f lector  rim is treated as piece -wise linear .
The codes are f lex ib le  enough to include general reflector rim shapes such
as p t ica l  and rectanqu l ir wi th  chopped corners.

theoret ical appro ac h for computing the far f i el d oát tern of the
general ref lector is base d on a combinat ion of the Geometrical Theory of
Di f f ract ion (GT D) and Aperture Integration (Al )  techniques. Al is used
t o  compute the main beam and near side lohes; GTD is used to comoute the
wide -angle sicle lnhr’s and th e  t a i k i o he s .  To implement the computer algo-
r i t h r . based on these t heories , efficient ways were developed to handle
calcul t ions involvin g the feed pattern , the aperture field and the far
f i e l d  n a t t e r n  computat ion .

The iti v e l l t l i l I r t of th e first gener ation reflector code for far field
p~~te rns was complet i l and del iv e red to NOSC in February. A user ’ s m a n u a l
[iji b c , heen puh lj s h , t for the first aeneration code. Further testing
w i’ done on th e far field code and its accuracy has been verified by com—
par i ons with independ ent pattern data. The results of these comparisons
are given l i t e r in th is report.

A . Feed Patterns

Sampled data  from each measured feed pattern cut is input and stored
ri the code . Linear interpolation is then used to obtain a piece—wise

linear representation of the input pattern cut. The feed patterns in
pl ane ’ other than those corresponding to the input pattern cuts also are
c,il ul at ed by linear interpolation. Thi s method provides a computation ally
effic ie nt way of calculating the aperture fields and feed spillo ver radi-
)Hon without requiring l arge amoun ts of computer stora ge for the measure d
feed pattern. Only relativel y few data points need to be stored for es-
sentiall y complete feed pattern information. Furthermore , the piece -wise

—  - — - — - —  
~~~~~~~~~~~~~~ 
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linear method has the advantages of flexibilit y and simp licity for general
feed natterns. No cut-and-try procedures are needed; the samole feed values
can he obtained directly from measured feed pattern data.

An opti on has been added to the secon d generat i on re f lec tor  code ,
currently under development , for convenience in specifying the feed pat-
terns for offset-fed reflector antennas. Part of the logi c for the offset
feed pattern was built into the first genera ti on co de; bu t some m i nor
additi ons were necessar y to run the offset fee d opti on. Thi s opti on en-
ab les the user to spec i f y the pat terns  of the fee d i n the coor di na te system
of the tilted feed horn axis. The code then automati cally transforms the
feed patterns to the coordinate system of the reflector. This feature
simplifies the input of data for a symmetrical feed horn in an offset-fed
ref l ector .

Several su brou ti nes have been develo ped to treat a feed w it h a gen-
era l  pat tern  an d general polar i zat i on. These su brout i nes decom pose the
feed radiation into components to provide the necessary information for
the following: 1) aperture fields , 2) GTD edge i l l u m i na ti ons , and 3) direct
feed radiation. Detailed equations for the feed patterns are given in
the Seven th Ouar ter ly Re port [ 12] .

The far field ref l ector code uses either a piece-wise linear feed
pa ttern , or the analytic functions described below. For sum patterns the
anal yt ic function is given by

- 

-
- 

e \~oJ cosN(~~_)+ c
F~(~L~) = 

° (1)
l + C

where the constants A , 4 and C can be controlled for each input pattern
cut ~ . The pattern valBe in Equation (1) is normalized such that
F,~( O )~ l for all 4- plane cuts. The constants A , C an d N control the sha pe
o
~ 

the pat tern.  The constant 4’r~ 
permits a given pattern shape to be stretched

or compressed. For difference feed patterns the analytic function is given
by

f~(4i) = c e 
1j)~~ 

s in N(~~_) (2)

B. Reflec tor Geometry and Aperture Integration

The reflector rim geometry is specified by the X- and V-coordinates
of each junction point on the rim. Thus the projection of the reflector
rim onto the aperture plane is specified as piece-wi se linear . The rim
points P~ are numbered in a counter-clockwise sequence. A typical reflector
rim shape with eight rim points is shown in Figure 13a. A rectanaular
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grid size (D
~ 

an d 0 ) is then chosen so that  the aper ture can be d iv id ed
into a principal re~tarigular grid as shown in Fi gure 13h.

The aperture fields are calculated and stored on the principal grid
for use in the aperture integration. The principal gr id values  are use d
for all output pattern cuts. The aperture fields are calculated at points
off the principal grid by using l inear interpolation from the principal
grid. This is more efficient than calculating the aperture fields from
the feed pattern for each rotated grid that is used for off-principal plane
cu ts.

The rotating grid method described in Reference [13] is used for
the aperture integration. This method provides good efficiency because
i t combines several features. One feature is the use of overlapping sub-
apertures which allows a piece-wise linear representation for the aperture
distribution. Thus variations in the aperture fields can be represented
with relativel y few subapertures. Furthermore , the su bapertures can be
electr ically large; thus minimizing the computer storage and also the amount
of numer ical integration required. Another feature of the rotating grid
method is that the y-integrations are carried out for each column of the
aperture and each one-dimensional integration result is stored. The stored
values for the y-integration are then used for each pattern angle in the
plane perpendicular to the y-axis; thus the eff ic iency approaches that
of a one-d imensional integration. Even though the integration grid must
be rotated to obtain the pattern in other planes , the requ i re d gr i d rota t ion
is cocnputationally much faster than the numerous two-dimensional integrations
that would otherwise be required.

C. GTD

The rotating grid method is used to calculate the far field pattern
in the main beam and near side l obe reg ion.  The GID i s used to ca lcula te
the wide-an qie sidelobe and backlobe regions for the reflector antenna
computer code. Advantage was taken of the existing GTD computer subroutines
used in the basic scattering code. The GTD anal ys i s of the ref l ector i s
similar to that of diffraction by a f l a t  plate [5], exce pt that the curvature
of the reflector surface must be taken into account. It was found that
the reflector rim must be subdivided into nearly straight segments. A
su itable criterion is that each segment of the reflector rim be small
enough that the focus lies in the far field of the rim segment.

The GID method used in the reflector code increments around the rim
and determines whether a diffraction occurs for each linear rim segment.
This is done by comparing the diffraction angle with the bounds on the
perm i ss ib le range of ang les. If no diffraction occurs for that segment
the code checks the next rim segment. If a diffraction does occur, the
diffraction point and the vector for the incident ray from the feed are
calculated. This procedure is the same as that used for the flat pl ate
scattering code except that the geometry information associated with the
parabolic reflector surface is changed.
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11 ( 11 d i ffr u ted field o rit r ihut i on is fi r ’ t calculated in components
n rp erut ic iila r and par a llel to the specific rim segment . The perpendicular

and paral lel  f ie ld components , E~ and E , , ,  are then transformed to E and
E coluiponents in the reflector coordinate system , so that the diffr~cted
f *~ ld contr ibut ions can he summed for al l  rim segments. This process of
(ll c ul at l nq and summinq the diffracted fields for all the rim segments
is repeated for a l l  GTD pattern anales.

Most of the far field pattern calculations are performed in terms
of the F and E comoonents ; hut are then converted to principal and cross
pola ri7 e~ comno~ents for the output oattern. A Huygen ’s source represen-
ta t io n is used as a reference for the orincipal and cross Po lar izat i o ns Fl ’~].

D. Su mmary of Computer Code

The ref lector code for far f ie ld patte~’n comp utations reguires ao-
proxim atel y l2~ Khvtes of storage. Typ ical  CPU times are less than 1 sec-
ond per pattern angle on the ElectroScience Laboratory Datacraft  computer.
For exam ple , the patterns in Fi gure 17 require about ~OO seconds each ofCPIJ time to give a printout for 361 pattern values (~A=O .5 ) .  The cor-
respondin g CPU time for Fi gure 23 is about 210 seconds. The code is ex-
pected to run 3 to 5 times faster on machines comparable to a CDC-6600 .

The capab i l i t ies  of the code may be s ummarized as fo l lows :

1. A general ref l ector rim shape may he used (p iece-wise linear).

2. The required input data for the feed pattern is minimized by
p iece-wise  linear pattern f i t t ing.

3. Storage and computation time of aperture data for Al is mini-
mized by using a principal rectangular grid and interpolation
of the aperture field .

~~. The efficienc y of the far field oattern computation is maximized
by the u s e of GTD for wide pattern and es and the use of the
rotatina grid method for near—ax is angles (main beam region ’).

c~ The feed may he linearl y polarized with any orientation or
ci rcular ly  oola rized.

The GTD and AT anproaches used for the code have a basic limitation
on the minimum size reflector that can he modeled . This limitation is
prohah ly on the order of lÀ to 3A for the reflector diameter . Howeve r,
virtuall y all practical reflector antennas exceed 3A diameter. There is
no basic limitation on the maximum size of the reflector for the basic
anal ysis. In  the code, the re f lec tor surface is assumed to he a perfect
par aboloid. Thus , an actual reflector antenna must have sufficiently good
tolerances , especially at high frequencies , so that it can be accuratel y
modeled by the code.
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Ii

The pract ical  l imi tat ions on th is version of the code can he sum-
marized as follows :

V 
1 . The feed must he located at the focus and have a constant phase

pattern.

7. The ref l ector surface must he oaraholoi dal .

3 . Strut scatter in g effects are not included .

4. The grid size used for aperture integration must be chosen suf-
ficiently small to give a good representation of the aperture
f ie ld  distribution.

~~. Arra y variables associated with the rim data , the orincipal
grid and the feed pattern must be given sufficient dimensions
for the required input data .

Several statements are included in the code to print out a warnin g
message if the declared dimension is exceeded for certain array variables.
This has been done for the variables mentioned in item 5 above.

A block diagram of the main program is shown in Table IV . A command
word system is used to input data into the code. By this method additional
computer runs can be made by making small changes in the input data. As
seen in Table IV the code can be run by using default data stored in the
code (NX: Command). This is useful for initial testing of the code. Also ,
the default data can be changed as desired by the user to represent a

• commonly used reflector antenna. Various test options (TO : Command) are
available for testing and debugging the code. The input patterns of the
feed antenna are specified by the desired number of th-pattern cuts. The
inout oattern data is controlled by the FD: Command. The feed pattern
may he snecif ied either by sam ple feed data points or as analyt ic func-
tions. The reflector geometry and dimensions are specified by the  DG:
C ommand . The rectangular qr id size to be used for aperture integration
is also specified by the DG: Command . A do b o o  for operatin g freguencv
was included so that the code could he run for different frequencies with- 

- ‘

out changing any other input data by using the FO: Command. This is useful
if the feed pattern can he assumed not to change with frequency. If the
feed oattern changes with frequency the feed command (ED:’) must be used
befo re the code i s execute d at each new fre quenc y. The ~-p 1anes desiredfor the output pattern cuts are controlled by the PH: Command. Either
evenly spaced pattern cuts or unevenly spaced cuts (up to 10) can be spec-
ified. The LP: and PP: Commands prov i de for line printer and pen plotter
outputs , respectively. Comments can he printed on the output data by using
the CM : Command. The UN: Command is used to specify the appropriate units
for the input data. The code is run or executed by using the XQ: Command.
The comman d word system is described in detail in the user ’s manual for
the code [11].
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I

TABLE IV
BLOCK DIAGRAM OF THE MAIN PROGRAM OF THE FAR F I E L D  CODE

NX:Comman d
Read Default Data 

-

TO:Command V

Read Test Da ta

r
L~ead Feed Pattern DataJ

DG:Comand
Read Reflector Geometry Data

FQ: Command
Read Frequency Data

_ _ _ __ 
L

PH:Comand
Read Output Pattern Data

1 -

~~~r~ LP:Com m an d
For Line Printer Output

T
For Pen Plotter Output V

‘16 

‘1

____ _______ _________________ ‘I
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CM: o rC ~ CommandFor Comments on Output List i n q~

U N :Comman d
Read Un i ts for Input Da ta

E x ecu te Program

• Write Feed Pattern
If (LWFD)

Ca l cu la te  Powe r Ra di ate d
by Fee d for An tenna Ga i n

DO Loop on Frequençyj - 

~~~~~--Calculate Constants Assoc iated
with Bas ic Reflector Geometr

Set u p Pr i nci pal Gr id

_ _ _  _ _

Calcula te  and Store Aperture
F iel d Data -_______

Calculat e Geometry Assoc iate d wi th GTD
______ 

(GEOM Subroutine )

DO Loop on •-plane Cuts‘-- -1- V-- i
Calculate Shadow Boundaries

(SBDV Subroutine)
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I
Set up Rotated Grid

Ca lculate and Store V—integration Sumsi

Calculate Range of ~ Anglesfor Al and that for GTD

DO Loop on AT Pattern An~ les~

I UO Loop on X-integrat ion to Calculate
the F i el d by Al

DO Loop on GTD Pattern Angles
( GTD Subrou t ine )

increment Around Rim to Sum Diffracted Fields
(GTD Su brout i ne)

~O Loop on all A -ang les for Pattern Out put

L~
dd Feed Pattern Sp ill over l

Con vert F~ ,E4 to Principal and
Cross Polarized Components

_ _ _ _ _  

t
Pattern Data Output

{ Return for Next Command Wordj
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‘ 
E. Computed Far F ie ld  Pattern Results

The results of the qeneral reflector code for several examole antenna
geometries are presented in this section. These examples illustrate the
versatility of the code for computing far field patterns of reflector an-
tennas with various rim shapes and feed patterns.

The first example is the common case of a circular reflector with
an on-axis feed as shown in Figure 14. A GTD anal ys i s was p rev i ousl y
developed for this case as reported in Reference [15]. Calculated results
are g i ven in Reference [15] for a 24’ diameter reflector wi th  an F/D rat io
of 1/3 and a freguency of 11 GHz. The feed is linearly polarized in the
y-direction . The measured feed patterns for this antenna as given in
Reference [15] are shown in Figure 15. The piece-wi se linear feed pattern
option of the reflector code was used to approximate the measured H- and
[-plane feed patterns as shown in Figures 16a and b, respect ively.  The
far f ie ld  patterns as computed by the general reflector code are shown
in Figures l7a and b for the H- and E -o lanes , respectivel y. The results
from the general ref lector code were found to be in good agreement with
the ca lcu la ted results of Reference [15] without aperture hlocka ae as shown
in Fiqures 18 and 19. Aperture blockage and feed strut scatter ina effects
have not vet been included in the general reflector code. - - - The comparison
of the computed results with the measured patterns in Figures 18 and 1°
is one indication of the va l id i ty  of the genera l reflector code . Other
comparisons are given below to further demonstrate the accuracy of the
neneral reflector code.

The nex t two examp les illustrate the flexibilit y of the general
reflector code for treating various rim geometries. One example is a re-
flector with a 19X x 11X rectangular aperture and a focal distance of
1OA . The other examp le uses the 19A x ll A rectangular aperture hut with
chopped corners as shown in Figure 20. The fee d patterns were chosen to
he the same for bot h ref lec tors an d are shown i n F igures 2 1a an d b. The
fee d i s ver ti c a l l y pola r i ze d . The pa tterns compute d by t he general re-
f lec tor co de are shown i n F ig ures 22a to c for the rec tangular  aperture.
The corresponding patterns are shown in Fi gu res 23a to c for  the same
aperture but with chopped corners as shown in Figure 20. Discontinuities
occur i n the pattern because dou b le dif f ract i on effects are no t i nc lu ded .
These discontinuities usually occur at low levels in the pattern.

It  was or i g inally anticipated that offset-fed refl ectors could be
handled using this first generation code. However after carefu ll .y examining
this code, it was determined that several improvements should be made before
an offset-fed reflector can be effectively run. Thus , offset-fed reflectors
will he treated in the second generation code which is presently being
developed. The following examples for offset reflectors were run wi th
a orel im i nar y vers i on of the secon d qenera ti on code.
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(a )  FRONT VIE W (b) SIDE V I E W

Figure 14. Circular reflector antenna wi th F/ D
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Figure 20. Rectangular refl ector with chopped corners.
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I
The f ir s t exam p le  for an offset r e f l ec tor i s shown i n F ig u re 24.

For tunately, sufficient data were published in Silver [16] to completely
specify the antenna and most of its feed pattern. The feed pattern data
for this ref l ector had to be extracted from the published dB contours
[16] of the aperture field as shown in Fiqure 25. The feed is horizontall y
polarized . The feed patterns were specified by using the option for an
offset feed tilt angle (PSIT=20 ) and the feed pattern symmetry option
(ISYM=3) . This feed symmetry option specifies the feed pattern to be
symmetrical about the y-z plane. Thus , for exam p le, the feed pastern ~nthe ~=-60 cut and 0>0 is the same as shown for 0<0 in the ~=+60 c~t of
Fig8re 26g. Th8s the0input 0feed gattern w~s specified in the ~=-90—60 , -30 , -15 , +15 , +30 , +60 and +90 ~ p l ane cu ts as shown i n
F igures 26a through e. The E- and H-p lane patterns as compute d for 9.?
GHz from the general reflector code are shown in Fiqures 27a and b. The
corresponding measured patterns as published in Silver [16] are shown in
F iqure 28. The measured and computed patterns are in good aqreement con-
siderinq that feed strut scattering effects are not included in the re-
flector code. The full 180 patterns as computed by the general refl ector
co de are shown i n F igures ~9a an d h. The fee d spi llover i s ev id ent from
the lobes near 900 and 110 in the E— and H-planes , respectively. Since

‘ 
the feed pattern information was obtained from the aperture f ield contours
of Fiqure 25, the feed spillover was estimated by extrapolating the feed
natterns with smooth curves as shown in Figure 26.

V 
- The next exam p le i s the offse t ref lector shown in F ig ure 30. The

projec ted rim shape i s circular as shown , althou qh the rim is actua lly
ell igtic al . The feed is horizontally po l arized with-an offset ang le of
51.5 . A specialized computer code was previously developed by Mentzer
et al [17] which is app li cable only for th i s particular antenna . The fee d
pattern was obtained by calculating values usin g the special algorithms
developed in Reference [17]; and then these values were input using the
pi ecew i se li near fee d opt i on. The resulting i nput fee d pattern cuts are
shown in Fi gures 3la through c. Although the mid -C band frequency was
no t prec i sel y known , several frequencies were tried until one was obtained
which matched the beamwidths of the patterns calculated in Reference [17].
The patterns computed by the general refl ector code are shown in Figures
32a to c. They are in excellent agreement with those calculated in Ref-
eren~e [17] and shown in Fi gures 33a to c. An antenna gain of 63 dB was
computed by the general ref lector code; an d the ga i n of the fee d horn was
computed to be about 37 dB. Thus the general refl ector code predicts the
antenna ga in as 26 dB above the fee d horn ga i n. Th i s i s w i th i n about 1
dB of that shown in Figure 33.

The depolarization properties of offset reflector antennas were
studied by Chii and Turrin [18]. They calculated the maximum cross polari-
zation produced by a linearly polarized feed and checked their result with
a measure d cross polar i ze d patt ern of the offset reflec tor w it h an offset
anqie of 0 =45° shown in Figure 34. Kauffman et al ~1gJ also checked this
case w i th ~alculate d patterns from their computer program for circular
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F iqure 24. Offset reflector rim shape and crossection.
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I
reflector antennas . Their computer program is based on an aperture in-
te grat i on anal ysis involving the quant izinq and sortinq of numerous aper-
ture field data. In the calculations of [18] and 119] for this offset
refl ec tor exam p le , a c i r c u l a r l y synitrietric feed pattern was assumed . The
feed pattern was taken to be the same as the H-plane pattern of an open
en ded c i rcular  wave guid e as shown i n F i gure 35. The pat terns compu ted
by the general  reflector  code, as shown i n F igures 36 throu gh 38, are i n
excellen t agreement with those computed in [19] and with the measured
pat terns of [18]. Note that excellent agreement is achieved for the cross
polar ized beam as shown in 0Fiqure 37 for the 

~~~~~~~ plane. There is no cross
polarized beam in the ~=00 plane for a symmetrical feed oattern.

~~ A~.t:lw e ar~~ IC(~

-2 -4 8 -10 -12\

I Rcflcc to~

—06 — — V..  I I --  
per iphery 

-- 0 0.2 0.4 (16 0.8 1.0 12 14 16 1.8

7 V

f
Fi gure 25. Constant intensity contours0 

in paraboloid
aperture (horn feed axis titled 20 relative

to paraboloi d axis).

No cross polarization occurs when the offset reflector is fed by
a circularly polarized feed; hut the depolarization prooertv manifests
itself by a beam shift for circular polarization. The left and right
circularl y pol arized beam s shift in opposite directions [18]. The cor-
resnondinq circularly polarized cases as computed by the general reflector
code are show8 in Figures 30 and dQ~ Tb8 calculated beam shift in each
case was 0.35 • or a total sh ift of 0.70 between left ang right circular
polari zation s. This compares well with the value of 0.75 as determined
from measured patterns 1181 . The latter are reproduced in Figure 41.
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Figure 76. Innut feed patterns for offset reflector example.
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Fi gure 30. Offset reflector with circular projected rim.
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Figure 32. Far field patterns of offset reflector with circular
orojecLed rim computed by neneral refl ector code.
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Fi gure 32. (Continued)
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1

( a )  FRO NT V I E W  ( b )  SIDE V I E W

Fi gure 34. Offset reflector geometry for eöample of Chu and
Turr i n L’8]

~ 
D = 12 i nches , ~~~~ =45 , f/D=O.25

and frequenc y = 18.~ ~i-Iz.

.. .-~~~~ 
PHI (DEG) = 0.0 I

10 ~~~~~~~~~~~~~~~
PSI (DEGREE)

Figure 35. Feed pattern for offset reflector example of Reference ~18].
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Figure 36. Far field pattern for example of Reference [18],
computed by general refl ector cOde. Principal
polar ization is d~O° plane.
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Fi gure 37. Far field pattern for example of Reference [18],
computed by general reflect0or code. Cross polarization

in 4=0 plane.
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Fi gure 38. Far field pattern for example of Reference [ is ] , compute d
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Figure 39. Far field pattern for example of Reference [18],
computed by general refl ector code. Left circular

polarization in 4=00 plane .
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Figure 40. Far f ie ld pattern for exam p le of Reference [18] ,
computed by general refl ector c8de. Right circular

polarization in O= O plane.
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V . THEORETICAL STUDIES

Substantial proqress has been made in the work relatir ,q to the ex-
tension of the GTD to treat the diffraction from an edcie illuminated by
a non ray-optical field . In the confi qurations under study , the non-ray
optical field is the transition region field of a second edqe. This tonic
has been described earlier on pp. 67 and 68 of [4508-6]; it has also been
mentioned on p. 26 of [4c08_7].

It should he pointed out that Equation (~ 1~ in [~50R_6] applies to
a pair of staqqered wedqes with different wedge anqles , as well as to the
half olanes shown in Fiqure 45 of that report. In the present period , the
anal ysis has been extended to the case of the thick eciqe, as shown i n F ig-
ure 4?.

0 c I d 2 r P

Fi gure 42. Thick edge illuminated by a source at 0 or 0’.

The solutions for the field at P when the source 0, edqe 1 , edqe
2 an d P are all i n l i ne can he summar i ze d as f ol l ow s .

A. The electric field incident from 0 is perpendicular to the top
surface (hard boundary condition).

U(P~ = ~~ f(c+d+r 2
)+fl(k~~

”2)

13. The electric field incident from 0 is parallel to the top surface
(soft boundary condition)

U(P) = f~ 
tan hj~~(~+d+ 

~ 
Jf (c+d+r2) + O( k 1

)

where f(x) is defined by Equation (42) in [4508-6].

93

~~~~ —
- r ’ . ~~~~



Thi~ preceding formulas have been app lied to an example where the
thick edqe is part of a rectangu lar cyl inder ; however one is still deal—
inn with grazing incidence on the top surface, as indicated in Figure 42.
Calculations of the field at P when P is in the far-zone of the rectan-
qul ar cylinder are comnared with those obtained from the moment method.
The agreement is found to be very close , generally within a few percent ,
even when the surface exposed to grazing incidence is only 0.2A wide.

Also the solut i on has been gene ral i ze d to the case w here the s ourc e
(or field point) is not in line with edges 1 an d 2, as in the case of the
source at 0’.

This research is essentially complete and a technical report is being
prepared . A paper describing this work was presented at the USNC/URSI
Spr inq Meeti ng in Washington , D.C .
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