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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
procureme nt operation, the United . States Government thereby incurs no
responsibility nor any obligation whatsoever, and the fact that the Government
m ay 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 the 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. I
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The view opinions, and/or findings contained in this report are those of the
author(s5 and should not be construed as an official department of the army
position, policy, or dicision, unless so designated by other documentation.
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BRIEF OUTLINE OF RESEARCH FINDINGS

This summary describes the work on ARO Grant Number DAAG29 -76-G-
0331 from 24 September 1976 to 23 September 1979. The purpose of this
grant is to develop the basic theory, al gorithms and computati onal tech-
niques to analyze the electrically thin , dielectric loaded , cavity backed
radiator , c ommonl y called a rnicrostrip antenna. The overall approach
wi l l  be to develop techniques which are applicable to a wide class of
geometries , and to app ly these general techniques to this specific antenna.

Our approach can be divided into six steps as fol lows:

1. Develop a general purpose moment method code for anal yzing
geometries involving wires , plates and wire plate attachments.

2. Show that this general purpose code is applicable to the
electrically thin cavity antenna, or microstrip antenna.

3. Adapt the techn ique to treat patches of “arbi trary” shape .

4. Adapt the techni que to treat attachments near edges.

5. Adapt the technique to treat dielectric loading.

6. Ver ify accuracy by comparison with measurements.

At present all steps except number 4 are complete. Thus , we are
able to anal yze coax fed microstrip antennas of rectangular and non-
rectangular shape . Although considerable effort was applied to the study
of wires attached to edges of plates , we do not have a satisfactory
technique for treating edge fed microstrips . Our current techniques
predict resonant frequency, but not impedance level accuratel y f or the
edge fed microstrips .
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I
Y u i~~ ~p~~-l ’Jices reproduce our journal publications resulting from

t’n s research. The application of these techniques to the microstrip

un~ ~flr1u is the ~uhject of a manuscript now in preparation. It is sum—

mur i ze l  bel ow. -

Most previous work on microstrip antennas can be di v ided into three

categories. First , t here are t he t ransm i ss i on l i ne mo dels , where the
unknowns are the propagation constant , characteristic impedance , and

loads on an equivalent transmission line which approximates the m icrostrip

antenna. Second , th ere are th e modal solut i ons , where the unknowns are

the di u tr ibut ion of cavity modes in the cavity formed by the reg i on between
the microstri p patch and the ground plane. By contrast , in our solution

the unknown is the current flowing on the microstrip patch. This current

i s determ i ne d by us i n g the met hod of moments to solve an i n tegral equa t ion
in which the current is the unknown.

The basic building block in our solution is a moment -method surface—

patch modeling techn i que for anal yzing bodies composed of wires and con-

ducting p la tes. First it will be shown how the basic surface-patch

techni que is applied to the air-dielectric microstrip antenna of Figure

la. The antenna consists of a plate or patch a distance T above a ground

plane. The antenna is coaxially fed with  the center con duc tor exten di n g
beyond the ground plane and contacting the top patch. In Fi gure lb the
ground p l ane is removed and the images of the top patch and the center

con ductor are inserted. The coax aperture is mode led by a voltage source.

Prev ious experience by this author and others indicates that the coax

center conductor need not be modeled as a metallic wire , but can be mo dele d
rather simpl y as a cons tant curren t f i lament where for convenience a
current of one amp is used. This is shown in Figure lc. The geoemtry
of Figure ic can be anal yzed with a surface-patch moment-method code.
Briefly , the current on the patches is expanded in term s of N expansion
modes:

= 

n~1 
Kn ~~ 

( 1)
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I ~~~~ MICROSTR IP PATCH

COAX F:ED~~~~~
71 ~~~~~GROU ND PLANE

(a)

W I R E ~~~~

2 T]I ~~~~~~~~~~~~~~~~~~~~~~ I NAG £ PAT C H

VOLTAGE GENERATOR

(b)

,
,._-PATCH

2T1 ~ ,~~~~~~~~~ — I N A G E  PATCH

J 1 = z AMP

( c )

Fi gure 1. Models for the microstri p antenna.
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r yOi~ ~l ~~rt .inu- i ar c~~r f  ace patch cur~ e~ t expansio r- or testing
moles are shown in Fi~~ r~ 2~. The moment -method sol u tion ~e s u l ts  in
a cy st ~m ~f s~~~lta neo An l i r ~eir -~-~~ t ions c~~ the form

7 1 = V (2)

where [:~ is the N~N i~~~i~nce -‘ ~~~~~ I is a column vector containing
the N expan sion -: -~~f~ ic ie n t s in EOu~~~i~~r (1) m d  V is the excitation
column vec tor . ~ tvp~ :ml elem ent in , 2 is -l iven by

7mn = 

~ ~-n 
. ~ ds ( 3 )

where Em is the free space fields of the m th t es ti n g f a nc t i o~ and the
integrat ion is over the surface of the n ’ expansion ~~~~ A tyo lca l
eleme nt of V is given by

V I . E~ ds

where is the impressed one-amp current in Figure lc. App li :a tion
of this techni que is in principle strai ght-forwar i , however , in pra ctice
it is chall enging since certain terms in the moment met nod impedance
matrix need to be evaluated to within about 0.1% accuracy .

Next it will be shown how the moment method solution is modified

by the dielectric slab between the microstr ip patch and the ground plane.
Fi gure 3a shows the model of Fi gure ic , ~ut with the addition of the di-
electric slab and its image . Using the volume equivalence theorem , the
slab may be removed and rep l aced by the equivalent volume polarization
currents

= j (r-;~~) E ( 5)

where is the permit tivity of the slab , 
~ 

is the perm ittivity of free
space , and E is toe actual electric field intensity in the slab . This
is illustrated in Fi gure 3b . 

~v 
is , of course , unknown since E is unknown.
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(a )  (b) ( c )

Figure 2. Surface patch expansion and test modes.
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DIELECTRIC SLAB

I (a )

I-
211 € 0 

_ _ _ _ _ _ _ _

I ( b )
Figure 3. Microstrip antenna with dielectric slab .
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W e nave ia -I pr ay b u s  experien ce in Todify 4 n~ cum ent- met hod ~~ ~t i -crc
to account ~c-r diele c t r i c inho m ogene it ies where and m’e consi dered
ci t - her mc in’ Ieoendent unknowns or as dependent unkn owns.

H~ r~ we consider them to be dene ndent unknowns. in th is c a se
Equ ation (2) is modified to

[z~’z 1 r = v (
~

)

where ‘. 7 is a matr ix  which accounts for she presence of the d ie lec t r i c
slab. A typical term in L~i is given by

~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 7 )

where E~ is the field of the ~th exp ansion mode in the presence of the

dielectric slab , Em is still the free space field of the m
tkl test mode ,

and the integral is over the volume of the dielectric slab .

If the ~xa~ t Green ’ s function for the slab is used in evaluating

then the presenc-~ of the slab is handled exactl y. Unfortunatel y,
the Green ’ s function for the slab involv es the Sommerfeld integrals which
are difficult and time consumin g to evaluate. Thus , to have a numer i cal l y
efficient technique for evalu ating the ~Z matrix we need a much simpler
method for ev aluating E~ . The first approximation used was that onl y the

z the component of E~ would be si gnificant in the slab . Next , previous
work suggested that z E~ in the slab could be reasonab l y approximated
by the ~ component of the f ie lds radiated by 

~n i n  a homo geneous  m e d i u m

of perm itt iv~ty ~~. This was f o u n d  to be a reasonable approximation

except that it i gnores the fact that , for a surface c ur ren t on the surface
of a slab , the normal component of the D field in air will be somewhat
less than the normal component of the D field in the slab . This effect

was taken into account using the method of dielectric images and considering
the fields to be quasi—static in the slab.
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F iqu r - 4 chow~ a compari son of rnPu~bJred and c~ l cuT t t~~l inp ut im-

pedance for a coaxial ly-fed rectan gular m icrostrip. Although the

details were not mentioned above , losses in the dielectric and in the

• finitely conducting patches were included in the calcul m ti n ns , and have

- a si gnificant effect on the bandwidth and the impedance level . Non-

rectangular plates can be treated using the modes of Figure 2b.
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APPEN D ’ A

(I., ,1Rig ii r ’ n is \ ear  to ne Field I- prr ~ s iii n~ (or Ke~ taii gi i lar
Si ii tisou da I “,~, rf .,~ e ~1onopule

it — —

I ~i K H Nit H~fO~.IJ. sI ‘410k ‘.1 F M~-i~ P . ii I - L) ~I POLAR.
- 
‘~~~~~~~~~I,*

-5’41 )  I l)V. -SRI.) H \F\’.M ~~ ‘. ~.l I- ~I Iii- K - ( F E  F

.Iburoc: [he nearzone fie~~s ,,I the ~~~~~~~ surface monopole 
— - L- -1

are presented in term s of e~ponen t ,ai integrals. —~~

I ~ I ( .,e ri c~ r~ ot ‘ang ula r  cur ~~~e to: p ~Ie m d  ~~‘- J i Ofl

I. i \ I  ROl)( ( T ION point

ii is w .k1~ k n I w  n that  a sj nus~ ida I electric line source with
ir~ it rary length has simple rigorous near- lone field expressions respectively - Let this rectangu lar surface monopole radiate in a
( I  I urthe rm ire t his h~ s been usd 1 -

~ t h considerable adv m n- homogeneous conduct ing medium wi th  intr ins ic mpeua: e ~
(age in mome nt-rn~ thod , lut ions (or thin-wire antennas and m d  propagation constant  ‘y B~ integrat i ng ~ ith res pe .t  to
ssj i ie r s - rs wi th ,m r bit ra r ~ sh ape 2 1 — [ 4 j  in moment-method e l  t he fields ( I t  the sinusoidal line sou rce . -~ e ~bta n the
,oll t . n s  t I r  sheet-metal  antennas 3nd sca tter e rs , it is advan- fo llowing expressions for the :ie lds u the s inus ba!  c~~~~a~~e

ragec us to use surface dipoles ( instead of thin-wire dipoles) for monopole.

expanding the unknown surface current density in a basis set
15 1 - A great  teal of computational expense can be avoided by L ,( x . - :1 = 1~ C[ ( ! 2 S 2 — 11 S 1)  sin h ‘y /i 1~ 2 F i ‘21  ~ 2 I

selecting a sur t ace current mode with near-zone fields expres-
sible as a finite series of tabulated functions. Only the sinus- 

I

l ida l  surface cu r ren t  distribution is known to have this F (~ ~ 
-) = oCt (1 2 T2 -— 

~i 
T1 siri h v / ‘ ‘12 ~“ i ‘2 1  ~-‘2 Ionportant property - The field of the sinusoidal dipole m a y  be

on ained h~ sutt incing ne he l ls (ii tw o  sinusoidal monopoies. 3
sing the 1 d b  es pressi ons peresented here , computer sub-

rout ines have been developed for the fie lds of sinusoidal sur- L ~(x . ,i , :) = 2r 1( ’(I i 2 ~~1 ‘21 l ’
2 )

t .m e monopoles and dipo les. These algorithms are found to he
eff ic ient and stable even when t he observation point is near or // (r v . -~~ 

= ( ( ( 1 2 6 2 1
~ ~~ 

s in h ‘
~ ‘ / 12 T 1 12 1  T

on the source. Furthermore , the ~a lcu lated fields satisfy all the
appropriate boundary conditions at the source. When the 15
distance to the observation point is not too sma ll, the fields
may he obtained readily wit h numerical integration. In H~ (x . - :1 1C((1 1 F 1 ‘2 ’ 2 s mnh y/i — 1~ ~~~ 

12 1  S2
moment- met hod applications , however , the observer is often
on r extremely close to the source where the numerical 6 1
approach is diff icult .

v . :1 0 — F

II . NEAR -ZONE - . F I E L D  EXPRESSIONS
= t 3 ir sin h -‘,vh s inh yic )

(onsider a time-harmonic source wit h the following electric
surfa ce current density: 112 = 11 cos h -yh — 

‘2

~‘v(1 1 sin h -y (z 2 — :) + ‘2 sinh -y( z  -- : 1 )1 cosh 7) ‘2 1 = ‘2 cosh y h — ! 1 1 1 0 1
j = ~~~~~~~~~~~~~~~~~ — - - _______ ________________

sinh ~~h)  sin h I i’~ ~~~~~~ (k , i , rn , 0 )  ( I I  F
I I

0 ,, ~~~~‘ I  1k . 1, ‘c~ o )  ‘

the  t ime 1 e i ~ k’n~ e is imn ler~ r o . c i  A s ilt u st rat e l ui 1 g .

- his sc iir~ .r ~ ui t h e  : p l an e ti t h e  l’cgi n 0 i I k . i - ) k  I. ,n. o ) I ,
,,n,l : i - -

. “ - i is a planar rectangular ~ iii r~e with edge

J dime-t iso ns 2 m d  F, - where /i - - 
~ :~ . [he constants  i~ = - - 2L(o, 1 , 0 , u )  .~f lO. 1 , 0 . r i )  4 ~~~~~( k . I . in . oland ‘2 denote the te rn itnal currents in amperes at :~ a n d  :~~.

( 14 )
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I ig 2 Geometry of rectangular surface dipole w ith fields oven in
Table I.

rASL E I
I F t  r Rtr-  I t I .L1 S T N E N O T H  IN V M FOR S U R F A C E  DIPOLE

IN I i( , 2 ALON G LINE Is , y .  o F = I s , 005x. 0-IXI

4 
—_______ _________

- 
- 

s , . s 45J ~- a 0  t m t . : s ;  
~~~ 

131 .650 
~~I ~s is . , . - ,~c i  i - r s  91 2:0

J 54) a ‘1 / . ~ - I 
~ 

56 - 569

- S .)  ‘i/ 4)  L!.~~J ~: ~ f~~~~2

~~~~~
- L -

~~~ L~~~~~ i ~~

c R ~ 5 + j k x = 1 ( y — y 1 ) + m ( z — z~ ) I I~~ )

b = R~ 2 ~‘ j k x  + 1(,y y 2)  + in(z — (18)

1 1 9 1  : -k — I 1 — i  m — i

As indicated in Fig. I - R,, and R~~2 denote the distance from
a corner of the source to the observation point. In (17 1 and

1 6 1 . c i cc and - 2  -s - For the exponential integral in
116 ) , subroutine F XPJ is available 1 2 1 [31. in the summat ions ,
t he indices k , 1, and in take on only the values — I and + 1 , 50

there are eigh t terms altogether in the triple sum, The expres - • *
sion for E, -is correct only if x diffe rs from zero. When x van-
is hes , however , t he correct fie ld may stil l be obtained from (3 )
with any suitab ly small value of x such as x s/ 106 .

The sinuso idal monopole has li ne charges on the edges jm
:~ and  : : 2 .  hut the y  wi ll disappear when an ther

mon o pot e is conne c ted to one edge I to  f orm a sinusoidal
dipole ) an d  the current  at ihe other edge is set equal to iero
For t his reason , the contributions fro m the line charges are
omitted in the  fie ld expressions.

Fi g. 2 il lustrates a surface dip ole in the y : plane with
term inals at : = 0 and one ampere terminal current. At 300
MHz, the electric f ield intens ity of th is dipole (in free space ) is
listed in Table I. 

- -
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Electromagnetic Modeling of Composite Wire and Surface Geometries

I II Nl~~.’~~\ \  \4 1-MBI- c- il- F- F S’c -  II \l t’ (l/~~R s t ’l IiI- ’.i 5IF ~~t Fi I N . I l - F E

-l bsiract -‘ moment method solution to the prob lem of radiation
cr 1c.atlering from geometries consisting of open Ir closed surfaces.

w ires. and w ire surface lunc oons is presented . The method is based on
the ~ nUwod ~~ react~ m n Io~~~ul5tM)n, Sever~ e~~m~~es of mpu t ~~ped-
an~~ c~lculatsons dlusuate the versatility, accuracy , and computation~
ef ficiency of the met hod .

I IN TROD(’c’TION
I ig 1 c..,ener.i l prorlem ge.~r n e r r~T 1IF M1-T 1l ( ) D f m r .  e nt s  is perhaps the most widely used

too l t ) r  thr e l e .  ‘ rom.m gn etr ~ rn- s dehng of kodies which ar e
enclosing the scatte rers . and it is the unit u r w .mr- : r - I rT a .  tonot large in te r ms  - ‘,t

’ a wavelength . The advantages of moment S. The scatterers may c-i nsist of solid surfaces mo d Hr. ~methods i rd .m. . u r . m . y  versati l i ty, and t he ability to compute and the wires may contact the surfaces F - r  now , the ~~~~~ c-
near- ms ael l -i- f i r  c,rne parameters.

will be considered closed. The sources Ii . M g e re r a i e  theThe most wide ly used forms of the method of moments are fields I E , H) in the presence of the scatterer s . The e~~ ’ t ime
the thin-wire computer programs [1 1—1 3 1 - These programs are

dependence is suppressed From the surface-equiva lenceideal for mode ling most wire antennas. By forming a wire-grid t heorem the field interior to the surface S will vanish ~ ith~~ut
mode l they also can be used to model solid surfaces. Unfortu- changing t he exterior fields :f the surface current densitiesnately, the size of the surface w hich can be modeled practically
is severely limited since it requires many wires to accu rate ly J

~ 
= H, 1

model a solid surface. Furt her , even a very fine wire mesh may
~~~~~~~~ suc h us riirr~ nt I cc- = E X I • I,,, - . “ - ~~

..— -... ,-— , . — —  - .- . — - - — - . - - - .

tribut ion or impedance
More re c e ntb ~ urfa5e-patch models have been developed are introduced on the surface S The scattering ~~s tac ies ma~

for modeling solid sur Face s The advantage of the surface patch then be replaced by the ambient medium without a lten rt g ‘he
solution is that fewer unknowns are required per square wave- field anywhere. The scattered field , radiated by t J~. M, in the
length of surface area . Wang er a! . 141 have developed a model ambient medi,im , is def ined as
for wires and plates based on the s~nusoidaI reaction formula-
tion. -~lhe r Isr n 6’! -~~ [S~ used pulse expansion modes to model E1 = E — E1 13 )
wires ~nd plates , including the case where a wire touches a
plate Burke and Poggio have incorporated these results into a H9 = H — H~. 4 )

user-o riented computer code [3 1 . Parharni et al . have treated
the problem of a wire sur face junction using the finite differ- An elec tr ic test source , w hic h radiate s the fields I E ’- . UT I
ence technique (6 1.  in the ambient medium , is now placed in the interior region of

The purpose of this paper is to present ~ tec hnique for S Noting that this test source has zero reaction with the sources
modeling wires and surfaces , including the case where the I J , .  SI1) and 1~, ‘4 . t he reaction integral equation ~4j  is
wires contact t he surfaces , w hich is sufficiently accurate to obtained
compute impedance. The technique is based on the sinusoidal
rc4 ) L t ion formu lation and is applicable to open as well as close d J1Ici . E~,- 

— M9 HT) J.~ +fff ( J ~~ 
— H) ) .112 = 0

surfaces . Continuity of current is enforced on the wires , on the
surfaces and at the wire surface lunctions. The accuracy and a F-

versat i l i ty  of the model is demonstrated by several numerical I I
examples. Attachment po ints are restr icted to he so mew h
removed from in edge where the volume int egral  is - ver the ss J r ~e I i ’ ~’ [~

-
~ ~~~~

lion equation F 5)  is used to determine the unkn - sr  ~~~~~~
II. TI IF.ORY currents t J 1 ~~~~ 

I - c r  conductors of finite iniu. .r: ’.:c ~ the
The k - u  P 1 , . ’ ¶ f 4 - , h , j  impedance boundary condition

I uns id er a geometry oI arbi t r ar i ly  shaped s c at te r e rs  in a M1 AJ. x ~ t 6 )
homogeneous medium as shown in Fig. I - S is the surface

r
Manuscript received October 14 , 1977 , revise d February 23. 1978 is used where Z, may he a function of position For simplicity.

This work w as sup ported in part by the US Army Research OFfice only perfect conductors are considered here , thus 
~~ 1 = ‘45 = t)

and io part by the Ohio State University Research Foundation , under In deriving (S I it was assumed that all surfaces were Josed;rant I)A .502~ .76-G_I)33l so that Sc helkunoffs equivalence theorem could he used.) The authors ire with the I- lec troSci e nc e Laboratory, Department 01’
Electrical Engineering , the Ohio State University, Columbus . OH However , it can be show n that (5) applies equal ly well for
432 1 2  open sur faces. An open surface , suc h as a fictitious plate of
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/cr . ,  this. ,. fl esS . in he ccinsidercj to he a limiting ‘ aiC of a real 

~~~~~ -plj te IF r i t e  t h c ~ k nes  as the pl.itc ’ thi c kness goes to  ~Ct ( )  In
ii lilkr ent currents eSist on the top and h o ttoni surfaces “ 

Z~~ ~~S r
- . 1  h~ rea l plate As the plate thickness goes to zero , the fields Ia)

r a - ~ia t e d h~ the t o p and bottom c urrents become identical to 4 2
the fe l l s  rat.,ire d by a singl e surface current located on the

ste .enter This single surface current is the vector sum of I
the - .p an d ~ ‘ I t t c m  surface currents and is the current which

~-~t he de termined to treat open surfaces If electric test I i
s(- ,r ce , i re .~ c i  in S I , then J 1 will be the vector sum of the
curren t on the top and bottom surfaces [7 —

[he ntegr. i l equatio n S I  is solved by the moment method. I -

Ihe u n k n o w n  ~urrent J, is ex panded in a set of ‘s basis ( c x -  —~~ 0

(b)
pin ion I

L i

J 9 = ± ~~~~ ( 7 ) 
2 2

n~~i

and I~ l i s  en! ir:eil for V electric test sources placed in S. Thus 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

o
( 5 ) redu c es to the set of simultaneous linear equations ~~~~~~~~~~~ b

N

~~ I ,,Z,,,,, = ~

‘
m ’  m = 1, 2 - - N (8) Ic)

Fig. 2 Expansion arid test modes . (a) Thin-wire v -dipole. (b) Sinus-
oidal surface V-dipole. (C) Attachment dipole.

where

L sing the thin-wire approximation the current on this dipole
1mn = fJi .~ ‘ Em Jr ( 9 )  is given by

‘I

~ r sin k ( : — : i)  sin k(z 3 _ z) 1J - = ------ p
1

m ffJ 1i 1 ‘ E m — ‘4~ 
H~ 1 . 1 1 2  1 1 0 )  ira L ~~ k (z 2 — z j )  sin k(z 3 — :2)] 

( 1 1)

5,.
where P~ and P2 represent pulse functions with unit value

where I Em - H,,, I ire the fields 1)1 the ‘i th test source radiating when :~ < : < 22 and 22 < z <z 3, respectively, and are zero
elsewhere . A lso , a is t he wire radius and k = 2ir/X . This choicein the medium (ia . el and the integratio n in (9) is over the
of mode has the advantages that the near-zone fields and the

surla.,.e of the ‘ith exp.i r~ion mode
Z,,,,~ are known in closed form (8 1. These modes are placed inThe expansion and test modes used here are identical . Thus an over lapping array on the wire ensu ring continuity of currentthe method is a Galerkin method , and a symmetric impedance on t he wire ,

ma trix ~L( results . rhe form of the exp a nsion. test functions .2) Surface-Parch Mode- The surface-patch mode is a surface
wil l now he defined It is this form which ultimately determines [‘ -dipole consisting of two sinusoidal surface monopoles. Athe accuracy and effi s. iency of the solution as well as the types surface V-dipole with interior angle of 180° ~s shown in Fig.
of geometries which may be modeled.

2(b). The current on this dipole is given by
/-‘ rpann,on , ’ Tecong F’un crz one

three hisic types 1)1 modes are used wire dipole modes , ,~ 

kP 1 sin k(r — z)~~ cos ky kP 2 sin k (z 3 — : )  cos ky
I +1

surface dipole modei , and a special attachment mode when- 2 sin k(z 2 — z~) sin kw 2 sin k (z 3 — :2 )  sin kw
ever a wire - ‘ f l f le~. ls  to  a surface With this choice of functions
geometr ies con s i ’st in g of h a t  surfaces , thin w i res , and wire-surf ace
connect ions r- i .m v h~ modeled %~ piecewise flat approximation is he re / ‘~ and P, represent unit pulse Functions as before [his
can h~ made to  model singly curved surfaces . N o t e  that all  of mo de is similar to that us ed h~~ Wang ~ a/ [-fl excep t t ha t the
the modes will invol v e s inus o ids wi th the fr ee.s pac e wave- sinusoidal vari a t i o n is with the speed of light and a cosine va n -  -.
number [ hi s a l lo w s all hut one ci t the integrations required to at i o n  is used transverse ~O ~~ instead cit the constant var iation
find t he Em to he done in cl osed form , t hus avoiding the very used by Wang et a! Because of this t he fields due to the current
dif ficult ~~~ singu lar ity or second derivative ass oc iated with of (12) may be found in closed form [9). Two orthogonal and
findi ng t he ext reme near-zone fields of an electric curre nt overlapp ing arrays of the surface-patch modes are placed on
source , as is requ ired to evaluate self or overlapping impedance the surface , allowing a two-dimensional vector surface current
elements / ,,, ,, The one integration not available in closed density. Results presented in the next section indic ate that
form is associated with the disk component of the attachmen t reasonable acc ura cy can be obtained with 2st ’ or 2 2 :2 or
mode , as discusse d below . :~ 22 as large as 0.25 X . IIi Thin-W ire ~fode The wire mode used is identical to that 3,1 ,‘lr rachrns ’nt hfo de- When a wire is attached to a surface a

used by Richmond III. It is a piecewise -s inusoida l V-dipole a special attachment mode is introduced . The purpose of the
consisting o f two sinusoidal monopol es. A i -dipole with a attachment mode is twofold . first is to establish continuity of
1)10° internal angl e lying on the :-axis is shown in Fig. 2 a ) . current at the w ire f s un f ace )Ufl ctiO fl and second is to insure I
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~~~~~~e - ..‘~n~’’, c i t  rr’cr a t ta .: t he ,. .. ‘ i . e

7 r ’ l a T i o r  an d  I p ~e~ eni ‘
~~~en. ~ [his mo- :’~ co ns :sN of ao parts a re rr op ’~ e i~11 a - 5c~~~- as ’:

disk - 
~~o p ’~~ is sh .~ — t i  .:). The w ire  m )nopole 6- 

- -

-~~~ r er ’ ie -s i t ~~~t s om j r  ro the th in-w i re  
~~ - .p- -~ mode

Sin s) :,  : 1
— —

2 
( 1 3 )  8~—— ~~~~~~~~~~~~

Sin SIb — I —
-
~~

-
~~~~P ,  ~~~~~~~ ~~~ 

o : a  :‘ : 4

~ii-. k (b  — ;) ‘ .~ ~

‘~.C 3 !“.~~~~~‘ i.~~~~ l ’ ’ .i ’ ‘ t . ’ r c ’:’. ~‘ fig -i a~ti’ ‘. - . 4 c - ’ .
an - y e .:, h ar e ‘~c ~~ er  i - : ..~~~~ -i.m of ‘he annu~’is Note 1is ’,. ‘~ 4,~~s ,‘ .- 50 MHz
hi :he ro ta ~ - r- ,y’.t oct m e  ~~.. am , = . is equ.~. t ’ ,  t he ro .o
.~~rrc nt ~n m~.e a -.rC se~ n c c t  Y = 0 ,nSur:ng - - ~~-. )f  

[A B L i  I

~r-ef l t  1r the a r ’ ,chrn~ ,ci: Al so ohser ~c ra :  ‘oe sir. ‘- l b  o — ~~~~~~~~~~ ~~~- -

f~~net . . ’in in th — n~~.m~~-a ’  ir o f ) 1 4  : -c i r .e- -
~ :re disk eur rent to ne I .;-s - .6, ’ 

- - 

‘ ‘
~~ N$~~~~~~

z:r - at :h.’ iii- - tee = r It is this : ro pe rty  who: : aL~ ’ss . : - ______

‘~‘e 1i ’ ,~ ro ‘e 71a~ ed ‘ c t  ‘ he ~urfi:e and still m ai nt ain , cOr, t i-  i ’ 

.1t .-ar r~y-. t  on ri - c ,~~r ’ j . e  [be s~ri~~ I~~ o)function ’a.ss 
— — 2 , 4 . . 

- 
43

ch se~ rath e r ‘h,ir ‘a . h p “ rs in O(~ - p))since this per- 2 - I

m ’s ne fields of the :r~k to  ~‘e oh~~ ne-~ w:c 5 only one nurner- 
~~ 

2 1 - fl

5 . f l C~~r j t i u f l  . 
,

2 2 ) - ‘ ‘4

I tie a t a  hmer,t ic is c pp ’.:e -
~y au ng :t ,iireut ~s on ‘, 4 - ,  I -

the sorts e n  i r h  rno.Je~ herever ne a r e  n e e r s  t ie s urra:e Il — , -
‘

\ :  tj . :hnic:t  points ire n”’ - e s I r c  ted t o -e in the :en rer of or , I -

at ‘h~ - cc c- i -ui the ,~~r: ~ ~ 7at h ~~~~ ~i uw e ver  a more
.let ailed ‘ .i :m:r.r of th e  a ’:.t..hment mode including the edge in the experimental models the wires w’ere brass rods

~I :gs[arts acu l he required t ot att achment points less than 0.0008 m in radius , with a conductivity of 15 X 10 6 mho m

i”u: () I from icr e.l~e [1 ie t r i er radius a of the anr iulus The finite cond uctivi ty of the wires was taken into account in

.:- , r rey -’- ,n 1-, to the :- t, iIiU ~ m d  resu lts presented below the manner used by Richmond 110). The metal plates w ere

nd i .Jr: that the outer ‘ail us h has little effe.ut on the final made of brass or a luminum , and their finite conduct iv i ty  w a s

resu - r  if it is ch ‘ -~-n to - e b e t w e e n  0 I ) to 0 2 5  (Sec Fig. 3 )  not taken into account fri all cases the driven ‘sire elem ent

.5 ~h these c’ ;“.i~~’.
- cr functions , - ;urre nt . u -’.t inuity in the w a s  driven with a coaxial feed with o u t e r  ra d r u s  0 004 tn All

dire ., t o n cii J 0 is iiw.5 ~~ ’ m,cintain ed , although the current may measurements were made by t he authors
not ‘~e “In rln uou s i’ dire u t cins .:r ’hogc-.~ to the direction of The calculated results were all made using the same genersl

cu r rCnt  ‘ ‘ a Thus ~ ‘ J , = . uup, i~ ,ilw iyi fI nite and no :ine purpose comp.~ie r ro de No advantage of nhere nt  s~ m met r :es

:hs:ae .. appe .,r ii the surface t he geometries was made. The resulting s~ :lmetnes ct the expan-
For at ’ rc : ’ ras  eeds  ma~ he placed at t he endpoints of any sion mode currents offered a useful check on the :alculat :ons

wi re segment , including the mtt . i c hm e nt  segment. For example , Fig. 4 presents the input admittance for a monopole on a
i monopole- on a ground plane ma~ “,‘ modeled h~ inserting a square finite ground plane versus frequency in the sici.nity of
gc’ner,i ’ ~r it ‘he a le of ‘he m ~ncpo le er .seCn the attachment the first resonance . The calculation was done with V 14 and
m d c  a re segment and d isk In the work presented here the with 43 unknowns and is compared with measured data and
del i , ca p feed was  usc i i!though the magnetic frill model also with a wire-grid model which used 1 21 unknowns This esa rnp. e
...-uld he uçed shows t he accuracy and rapid c u n s e r c e n c e  of ‘he :a:~ h sO , - ,

The Scatterer . r  antenna geometry is thus modeled by V~ 
tion as well as a sas in g. in storage 05cr  the a re Cr

atre - -o des \ , u’f i- e patch mo les and \ att achment [he run t:rri e for t he \ a 4 - .m~e a is a k , u t  in -‘ a
modes [hen . V \ , V, \ ~ and ( - ~ I is solved for Da t a .  r a f t  ~U 24 i3, which is equiva ie n to ii ’ ‘jt 2— ) m cr n
the u n k r  an curren ’ ~amp~es I,, ~ standard I a u s s — J o r d a n  lB~,t 3 ~O~i~~< In comparison tie w-ire cr . .I m dcl 0 - s  a , . l r
elimin ation 4)) mm on the Datacraft 6024.. 3

Fig. 3 shows the effect of the attachment disk radius ~ on

III. NUMERICAL EXAMPL ES the input admittance of the same geometry as Fig. 4 . This

Several numerical examples will now be presented which graph shows that the disk radius is not cntscal and usually can

illustrate the accuracy and versatility of the solution presented be selected between 0 I )~ - 0.25 ?i .
in Sec tion II In each case , t he number of modes used is sum- The impedance versus height of a rnonopole on a I 4

marized in Table I Note that V, is the t otal number of surface- s q u a r e  ground plane is shown in Fig 5 These calculations are

patc h dipole s . Thus there are V, /2  d ipole s its eac h of the two compared with the input im pedance of a monopo le of the

of t hogonal directions on the surface The data presente d are same height on an infinite ground plane computed by image

input impedance or adm ittance , since t his tends to he a sensi- 1
• hive indicator of overa ll a c c uracy Recent irnprovenlen ts in the technique and computer ~ode have

redused the run time bi, about a tai lor ,.if 6. while increas ing a.~.utace~
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Fig . 5. (a) Input resistance versus monopo le height tot monopole
centered on 1 .4 A square ground plane compared with same
monopo le on infinite ground plane as Computed by unage theory.
(b) Input reactance ver s us monopole heigh t for monopo ~e centered
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— 

—

to that of }-g 3 . cscep .hat a retl ec i ng p a . e  l:s .itta ne.1 ‘i-i I

u-nc side of the gruur,d p lane N ice that t he a . Ct  the re- 0 ‘0 20 30 4-i- SC 60
fleetI ng ~iate .i,:fers fr..m - b i t  of the gt .C SCU plane arid r h t  d i a ~~~I

the rh - or’ . -anti rne.l’,ure;nents i re in c lo’~e ,m: r ee = r iC . nt  ( ) s e r ap  
- 

. 
—Fig ecu ’  slrn ’ts n~e ae rsus separ s’.c 5 0! d r iae .  I’~ — -or h n ~~c s a r t a a  u -pa tc h dIpo les ar e O C i  tO insure _ n t t n a I t ~ ~ parasitic a r e  eI~m e n r  ‘ ‘ ac h rn~ P 4 f 4  ‘ ~l4 rn a: ‘s .i ‘I-a~~urrent  a t  t he plate to p s tc  un~ t r n  Pr ’s . rn ‘ ri ‘ap~ Ie heig?’. = I) 4 2 1  m Parasi t i c vote he igh ’  = 3 -~ in

F:g s ho w s  m e  n i - at  . i irnt t ta n~ e - t  ‘ crc ~e . nnet r y  of P : g  3 1 50 MHz,
with the addition o f a c r a r a s i t r u  a i re  c l e m e nt  .5 cm ab- -,vc the
groun d plane mn . ?  pa r  il ici  to the te d mon 1po~e [he .id rn t t an :e
is sho w n as a o~n- ;rron of the s e cr ’a r i t on .1 of the t w O  ‘a rea

a suris il-at geometry .. ip s t ha t  nbc S t S Si i iC  - 
94 —

elemen t no w touches the ground plane sos ~~~~~ 

Fi g. a shows the measured and aa ie u i red input impedance a - , .

of a r bar fed ree ’an gu iar  -:av it~ b.m~ ked s lo t  a n t e n n a  opening 
—— 
I 304 — 

— 

-
. - .into a mite gr and plane 

~~ 5:8 1 , ~~

l~ CONCH 1I U N
-‘ mo ment mct i -  d ,0 i u t ion to the pr o le m . 1  r a d i a t o n  or

scat tering from cr amer cs . - nSiSt -’.z . - t  a res open or - lose
s u r t a a e s , an d w i r e  s ur t . Icar  J unc t Io ns  has r~een presented T ru e 

_______ 
a :  .u A~~ : Z ,.Eechn i~ ue is a ( alerkin ,llU~ I ‘n h~~t I ri. the s r.us.ndj i  rca.  — — —

tion l’ormulation. [he expansion and t e st  inodes acre  ~h- I-sen — —
to obtain c a n t I nuil~ of current on the composite st ructure , 

i .. 
-~~~~~

the pr” ~ r j~/p behavior of the surface current density at 750W”,
attac hment points , and facilitate the numerical evaluation of 

\ 

‘ 
. _4~~ 

, eoo i~s, /t he impedance mat rix . Numeri cal examp les presented illustrate 690 ‘,‘ ‘ . 2
the ac c ur a cy ,  versat i l i ty,  stabil i ty, and  computat ional efficiency .~~ 

.t . .

F of the method Future work will ,ente r  on further improving 2 - - , / ,,~ 
2

the speed m d  com putational effi~ ienc~ of the method arid ,\ 
‘
~~~~~~~ l

s I 
/adding the presence of dielectr ics. ~

‘°-
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Near fields of a vector electric line source near the edge of a hedge

1) M. Po:ar and E H . .V ewman
I-/i ’ a’- .. a ‘ -‘i ,’ j ,jb ’-,ji,,,’ , !i,pj r ,,l, ri( f /- /,‘ ‘,, ii fr v c’,’r ,‘,“ ‘r (15,. , V iuie I n i a ’ e r cmt , ( , ‘ ‘,i a ’ ilh , - -z~~ -:

Rece ise d Ju I~ I m 1’,

‘simp le a. l i e d  t rait es p r e s at .  na are ,ibtj ined f r  the I ’ r’!ds I an eI~ ctric line a ura a.’ a t  h ran -, c c r - ,c
I tr l ’ngiiudinal current fla w p,irallel i i  and nea r the edge of a p e r t e a i l a  a ndua sir ,cedee Ehe

- I  an ed ge c h u b  i s not pe r tec i l s  sharp is in’.esiigated by co nsidering ,i c s l r : d i r r  pped
half plane

I INTRODI : TION The current is assumed to he constant with respect
- to: Thus the source current densi ty ma’~ be w rittenThe problem of scatter in g by wed ges has been -

t reate d ex te ns i s e l y  by many authors [ Bo ms -man et as

at . 1 969: fe/s en and Mar< -ui =i tz , 1973J . Usually the . I
ana l y s is  in so ls es as vmp tot i c  methods fo r evaluating j ( p ,  

~~ 
= (I ,j i ~

- J,i5 1. : )  ? ( p  p t
far fields, wi th  l i t t le emphasis on near-field calcula- p

lions , It is the near-field aspect with which the - ‘ 5 1  -I / M 1 ( I t
present paper is concerned.

An Interes t in the near ione fields of a sourc e The method of solution is to use the two-dir nen-
near an edge arises when formulatin g a moment siona l d yadic Green ’ s function for the w edge to
method solution to the problem of a wire antenn a find the magnetic field lie  ‘o the ‘ -cctrn r current
mounted near the edge of a plate or wed ge. In J. Then , since the field and source points are close
a previous paper [ . Vewman and Po:ar . 1978 1 the to the edge . sma ll argument approximations are used
authors presented a mom ent method techni que for the Bessel functions which occur in the resulting
wher eb y problems with wires mount ed 0. i~s or infinite series. The series is then summed in closed
greater from an edge may be treated. The anal ysis fo rm , pt’ese r~ ing the source s i ngularity. Maxwell ’ s
presented here l’orm s a first ste p in extending this equations are used to find the £ fields Of course,
techn ique by sy nt hes iii ng an expansion mode to with the fi elds of an electr i c source known the
treat the case of the w ire near an edge. A wire f ields of a magnetic source may be found from
attach ed near the edge of a wed ge may have current duality.
transverse or parallel to the edge. Thus a vector B. Two-dimensional ds adic Green ’s 1~~nc t 1on
electric line source parallel to the edge but with The two-dimensional dyadic Green ’ s function is a
current transverse or parallel to the edge is consid - solution of the vector wave equation [ ToE , 19731
ered. Simp le expressions for the near ione fields 

~ —k ’. )G _ . ( R W )  = ~ (I Im s R - R 21are derived which exhibit not onl y the correct ed ge
behavior hut the sourc e singularity as well, where k = 2~ - -k , , . I is the un it dyad. R = pp

bb .  R ’ = p ’ ~ ~~ ~~~
‘ 

~~~ and a -_ i - satisfies the ho undar ~2 r H E o R Y  FOR PI-Rt-F ( TLY ( ONE)t. (  T IN(; WED G E condition ñ z V a 6,,, . = 0 on S. The fields are
then found fromA. in: r oduct,on. The geometry of the problem

is shown in Figure I The field poin t is (p. ~ l while H Ri  = S G~ R R ilk ) d.c 13 ,
t he electric line source is at (p ’ . k ’ ), 0 < 

~~ ~~
‘

and, assum s ng e time dependence ,2TT -- m b .  The line source is parallel to the edge
ol’ t he wedge and has com ponents I - I - and I
of current in th e ~ . ib. and d irections , respect ivel y. Et R = — a Ht R - J R l  (~~)

4 , ,r. ,h i5 ‘I’q 
~ ~r S’,,C,, ‘ , t’haa,a

~ I u,. .~ The integration in ( 3 )  is over the sourc e region.
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_ _  

t i e r

ff ’ i
( 2’ r iS , )

I c ninirs iii he If l C a, i u ra .n ‘C i i  in
t sp l i t  S i)

d.s ‘ - c’s - , ii c a’, . , .
~i

J ~~~~ . ( I  — 5 , 15 C - ‘
I ‘ si ne ( I )  in ( 3 1  gives , 2i~H’ lp. ~ l = — - ‘ -—- 

H R ,  = / , (; ,,, 1k K 
~ ‘ ~, (~~~r -

a I , (. . R  K ‘ t i ~~~ l , G~ M R  ‘a  ~~A J l S p)J , I 5 p  
- eoS a’5 s i f l ,~ I i

- - . ‘ ~~
, ~~ ~I ~ . s s  .

The (ireen s u f l a,t iOf l  (.,,,, is g isen ~~‘. Tam [1Y 7 1 .
I t no te that t’rom ( 1 1 .  V C,,,, = IJ , so that — 2 / ,
ink the ~t .ind ~ sector ~ ase func tions are needed H I p ,  ‘ Dl  =

in the e urenfunc tion expans ion of (~ ,
S i  t A p If , I ap )

(, R K = , I d s — - -- —-- — -
~
--— sin ta b  sin oD l I l t

+ lk, , t ( A ’ — k )
2 1 ,,. ‘1 ‘

~~~. ~~~~~ ~1
I ifs ‘S ‘ - ‘ u ~ . , ‘ ‘-‘- (6) The integrations in ( 8 ( — ( l l )  can be evaluated ( Tas ,

2c r .5 ,) — ( I  ‘ .~~~ l l k ’ — k~ ) l 9 7 l j  to give
w here - -j n r l,, ~~.., o cos o~b sin t a b

P c i  hI = — — ———-— ) —--- --

~~~~~ ‘ ‘ ‘[ I  n = I )  ir ( 2 r r — . 5 (p~~~~ (l - & , t

n~~~0 
o = n v = n ~~~~~ —~~ 

f J , l k p l H : ~~( k p ~ ) 
~~~~ I’

n = I ) . I, 2 , - -
‘ and the vector wave functions H ( k p ) J (k p ’ ) ~

are (the tw o-d imens iona l form of t he s ector wave j ~~kJ cos mnb cos tub ’
fu nctions given above is most easil y found from H~ (p .  ‘51 = - — —

~~~~~~

th e three-dimensional form given by ( Tai. 197 1J ( 2rr — i b )~~ a I I it~

by letting h = 0) Ii t k p ) H , h i ’ ) ~t t ’

1 13 1
0 s in c v  I_ H , h pti ,’, l k p 1 p - a ’

M = — J ( S p )  iS p  si , I k p )  obS
‘I

’, coy sin ‘ ‘J 1 -, t~ cos i - a ‘.ifl i i ’ .

(7) H t~~t . “ii — — —. .

ci ’s I an ‘5 p 
....,a ( I ‘ “ I ,)

= f l A p )  t~~it: - , ., ,

sin I i S p)!! S (
~~i a

1 ‘ ‘ - 
, 11 4

Ii k 1~~)J  (~,p ) ~t p
( o ns istent wit h Tat ’ s ( 1 9 7 l J  notation. M and

‘S in ñ refer to M and ‘S with primed spatial 
H — 

jan ) .! s in rub sin uS ’
(sa tu rc ~’) c~~srdinates , whereas e lsewhere the prime ~~~~~ “ — 

(2 an .5 , ,~~ ( I  s- ~ , t 
- -

refers to d ifferentiation with respect to the .sugu-

ment f J ’, l k p ) H ; . tA p ’ ) p < p

In def ining field componen ts . supers cri pts refer ~ H~~” t A p J, A p ’ ) ~ ~
, 

( IS )
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I.. p to t his point the t’tel d e s p r e s a l a ns are a. i f lf liL’~ t’ H- I p
rig. ir ills H ,, t )i ~‘ = 

( a n  
~ I( .\ t a r  n e/if , if ! I l ,J t t ’ ’Pt  fhe - ‘ ur~ e and f t eld

p. inN a re n ia ~~ re’.t r i v te d ii he c la se t a l  the ed~ c ca r’ . a 1.5 - -5 ) p ,i s.’s I’S - .

. 1 ’ the w c ,fa ’e so 
~ 

— I and p - 

~ I I sing Sfl ialll 
~, 

R R
,ire lrne r I t  .ip; r a c c m _ o i . lns for t he Hess -S t~ i r ~ a .t i i , f l s

in ( 12 )  ( I  
~) and rieonometri c ideni it i es a teids -

/ \
‘

T :�.. (~ 
. ) Nm ‘ - 5  ‘5 ’ ) - sin i l’ S  ~ p - .

I _ ,
I!” ~~. to Ii-’ )

2 a n ’ ~
. ) t a I - / ~

. -

~ ) f ’~in . 5  ‘ii sin o h  .5 p -

~ ( \ c a ’ ,  u I’S - ‘5 ) - cos .p5 5 I ]  p p
I,., 2~~—~~a 1 ,J 

-1! . I p. ‘ti c = t I I
( a n  .5 , p - I ‘

. (p ~— I (ci v ‘5 ‘5
’ ) L a s  a .5 .5 ) J ~

- I p p
2 

~~~~ 
p /

I ‘ f p \
—‘ ~~~~ I — I ~~~~~~~ ~ ) -‘ s in o l’S — iS ’ t J p < )a

I . 2 ,, ,
II ~p. ~~ 

- 
l i s t( 2 r , - ‘5 ~p I , /p \ -

-
- 

~~
, ‘) Isin aSh iS’ ) — sin u.S — )

~ ~ ~‘

~~ co s . . ( ’5 ‘5 I - Cat s , ,  I’S 5 15 p ~ p

~~~~ ‘5( =- — ‘ - ‘ ‘ i i i
) ( 2 a n  - i S ) p  

~~ 
(
~)~ 

[coS o(’5 ~ ‘5
’ ) — Cos o (’5 — ‘ 5 1 1  ~

Using th e summat io n form ulas -~ .3)  and ( . -\ 4 (
given in the Appendix . after simp lifi cat ion , the w here i = ~n/ 2nn — ‘ t )  and
desired closed form results:

R p — p ’ ’ - 2p p ’ ’  ceo, u S  an ~ I

— I p $ )  
—H Ip. ‘5) - The E fields could be found either b~ using (4)

2~~an 5 ) on ‘ l )-(IS) and app ly ing the procedure .il small
Isin i (’5  ~ ‘5 ’ ) sin IjiS ‘ ‘5 ’

) 1 argument approx imations and summation of th e
- -‘ - - — — — - - —- —j 120) series or by using (4) on (20H23) directl y. Identical

- results are obtained with either method for all E
I~~i - components except t’a r  E ’ . w hich ~ ould reduce

= 
~ 
‘an 5 t o iero if the cu rl ~if 2.21. t 2 ~~ w e re  ta ken Thus- - 

L t s found from t 3~ ,ind 1 14 ) I I 
~ . ~ hile the i t he r

~ 
p ~a it’s (tb - ‘5 ’ ) 

~~
‘ — p sa ’~ i ’ S  ‘5 I F cu’mpsu n e n t v  are f o und hs using 4 1 and 2 t .  (21 )

R R After ‘ i m p i t l s a t i l in ,  Iu ’ = L = F , - 1.. (i .
and

121)
~ 

a 

~~
‘ . 

/ i- )pp( II , ,,,. ‘5) = ‘ F~’ ( p .  5)
2 2 a-r ,5 . 

‘=o

sin 1 ( 5  ‘ S I  Sin L ( ’ 5  .5 ’ ) 
~ 

2 )t ~ (I - l~ t~ - ~~~~~ ( ‘(‘5 - ‘5 I
I — - - - - -- - — I — , -
[ R , R L
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p a p “ p ’ l u ...’. a -5 5 I , /
I I..p

I., , ‘ “ 1 0~5~ p p OCt ti I I~~,’ . . ,, . ,  . 
~~. ‘ .s . . -

~~ .s ] 
~ ~~~ 

)

I’ I l’)~ 
I It p a I ‘.ifl . 1 ~ ‘~ ~ I 1~ - ,

‘ti 
“ ‘ I — ‘ 5 ’c -  p )~~ ) S I p <  p

2 , 1 , 1 2- s  5 .1 L k I ”  a 
‘ i

( p ’ 1a I s m f l , c t u  -“ c i  
—

- 
, ( 2)) I’. p. - 5 =

R’

I (p
I pr - ’ ~ .: 

~~~~ ~ 5 ’ ) (C ’s . ‘S I a. , ’ s , a I ’i -~~)I “ -

p. ‘to - ‘I p
_ r . ~~, . ’n ‘ D I  P

- p~~’ ) sin u’ (  -h .5 ) 
- - . : — -~ I )I - S ( p -

— , 2~’I Ja a ii . p
R ’

L’s~ng the summation formula ( -
~~~ I of the ppend ix

/ ., a ’ )  oP t ’ gi v e s
~- 1 l’ at, )

2;’.aI ,, l2~ . ’ . 5 t  .. ~ ~ p1. ,~ 
• ‘i = —‘ in[ 2p p I ) )  — a ) C a a S  ‘ ‘ S I 4”i.,,, ,, R

R~ j
— SI ), - p I o u S  ‘5 I )30 )

2 )1 p ’ p p (  Cu ’s ‘ 171  a D ) ’  ,ai

p Equations (20) - l 23 . 24 1’ 2” ). and 3i) i are the
com plete field esp ressi c uns for an arbit rary vector

Ol p p IO4 ’5 - ti I 27) electric line source and are rigorous in t he near-field
51 limit. including t he proper source singularity. N,’te

From 3), ( 14 )  and ( l~~( the proper edge behavior in the fields as p I’)

Also note that the expressions for H in (20)—(23
‘a) . / are independent of frequency. indicating a quasi-

F ( I a . a )  — 

1 2r. 5 ) 5,,lt.c ~esUl (  Hence (20)— (23t co uld have been ob-
taine d from a car nf , -rma ( mapping appr oach

‘ I , .. ‘ Figure 2 show s the magnitude of F ’  v ersuss in , a i  ai~~ uii~~ i 4 )01/ -s p I
distance along the surface of the wedge for sariou’ ,
wed ge angles and A = I m. p 0. 1 m. tt ’ = --

1. (5 A C  —
— ~(p - - p ’ )~~ S — ‘5 ’ ) p ~ ~~

‘ v . anu — I .  
-

j w c ., p -\lthough the transverse field components are

- ‘ 1 
25 1 singular at the edoe u i  the ide,il vkedi!e. flO su~h

I ~~ 
.~~ — 

a 
vi ngu lar it s C 5 l .~,(a  u n  an s p hssica ll y realizable dee- a

t .i~ , t 2 a n . t (r. ’m,i~~~~t I~ sca t te re r ,  The reason fi at th is di) lerence
t~ that ihe deal w edg e h,is .i “i-rI e c t i s  sharp 5 , 1 . 5 ’

sin . 5  sin l I l t)  II~~ a p ti I h p t w ith a disconltnu ous normal v ecta. t r .  w hile in p hs si

-‘ c al r i - t i l t s  ,in~ real ‘ed ge ’ wil l  ha~ e .i small r.id~ t is

/ i t  curs attire so that the normal S ect i ir at the i-dun e
‘5l p — p ’ ( O I . t )  — it,’ ) P P w ill change ~ont m ’tuousIy .15 It mo v es arutur i d the

J t i =~~ ‘ ed ge ‘ This I ,tct wa s  recently used h~ Rhode s
Using smal l argument appr ox imat ions in the Bes- ( I  ‘1’ 1 5  in Co nnect i on w i t h  ph i, ‘ , iCai l l y  re,ili ,ah le

sd functions in (2~ ) gives antenna aperture dis t r ibut i o ns
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a

/ I ~ 3 ( a c  n e r a  - a) 
~ fl c Is  i r is  :‘ a, r a- an , r or - he a~ rt j , e

a a , 1 ui, ae ia’ it- c edge of a ,,‘a t r a d e ’  t . ’ ç’ r...i ha l f  )‘ iaa .e ( , , aaea ’ .I

: 2 —  ,,~ pa Lii , ‘ I- a’. is in ft-c n. r . 1  d , r e . : . n

,‘. u ’ a ’.’~~ ~~~~~~~~~~~~~ - 
r 

IC ’ ‘ a  
I, ( R I  F ” ’ ’ iR

where F ”~~ 
‘
~~ ( R I  is gi ven ht- (2~’~ an d (2 ~ ) o mit-

(‘ au’ 2 51 ,,w r .ar ,ide f 15 ph.~’.r ~ t .er ~ us n - m a l i / s i ting the detailed den ’. a t o n - for & ~ 
— I and kp

ia5i,It, ’.S .,c -r ~‘ 
(a. t Ic  sides . 1  the wed ge ‘.utfaiu e 1.’t a , tn I aaj a a ”  :. ‘a =—

ang les p 0 I m. I m. 5 = 0. I, =

.‘\rtother interestin g aih - ,ersa t i ,,~ s that some f ield 4 a’-j -
compone nts asv a ’a from the edge become singular 

‘5when t he line source approaches the edge (p  -
~~ [(0 2 ‘ p)u ’ ) ’ - (a / pp ’ )~~~J c i t y  — 2Ia~ pp ’ (

0). This is ir. ag reement wi th rec i p roc i ty .  Of course. - . — -

t his s i tua t ion could never happen in practice because I , - ‘5 2
the penf ei t ls sharp .sed ge does not exist  I 21a i~~a I - -

~~ 
- (a /‘ Pi’

In order to get .i feeling for the field behav ior 
1,

at a phys ical ‘ e dge the mathematically ideal edge t 3 1 1

of t he wedge itt this section is remus ed b~ addtng The t a t  al I f ield for = 0. a5 ’ () -5 — I)
a a, tr iular cs- linder tip. .~ lth~)U~h th is  ~Ci’n1et i  S is- - - p = 0 I m , I ni is plotted versus p = e fairnot an i- Sad mode l ( i f  a ph’us ica l  edge . it should- an us values it a for the cy linder-tipped half planeall ow .s quali ativ e vie ~ of the f ield hehavit r wi t h 1 -in f ianu r e 4 -\(sii shown in this figure is the I.t he advan t age that  it is mathematical ly t ra ctable ,  . ‘ -

f ield t ’ r  a perfec tls sharp half plane. w hich wo uld
c t ’ r r e  sçaa nd to a = 0 I no cs ltnder tip) ~‘ a’ .~~e

Itlia S ‘ii i’st)i ~ -T I  P~’),I) H ~\ i . I P1. -v ‘.. I . ‘ 
.

s how a he same c u r v e s  f u r  (I = (1 01 I S = I mi
By using the same metho d as th a t  outlined in The p -a ~ a xis is la ’gar t th rn ic  to g iv e  art expanded

se c tio n 2 , the c losed luirm field equations li ,r a view at the ed ge area Fi rst  at all . note that  t a r
cy l inder-tipped wed ge may he obtained Here, only a = 0 (nu t cy linder ) the f ield is becoming singular
the e xpre s sion f i a t  E~’ for the special case of a as ex pected , Now , fo r a sm~ l I hut finite cy l inder
half plane I’~ a 

- = 
(~ ) wtth an I , hn e sourec = radius .i the I: f ield increases as the edge i=

I — I)~ on the ‘ ,j r l , ia ,c - ‘I  the h.ilt “Line I’~
, -~ .ip pr .ia.h.cd h i t  reaches a max imum m d  a’.’tts h,

(0 is presented /ena ’ it (t  ad . as is requi red by h. .n,t ,t ry s , ’ nd : t i u ’ns
‘the a’ c. m e l t ’ , t .  ‘r the a,v  c t l a l i ’ r  ‘ .r ’~-ed halt r I m e  I t  can 5c seen It, m F a: .ini-s 4 and h.i~ he

is  sha a w n  in I ‘iiIi - The .~~ . - ui ma.’ : . 1. -n il a l a. ,tu Ii ’ . reaches .i hig her ma x imum t ‘r sm ,iller ,i ~ an i s  n t
(ireen s t tin iti. ’ri ‘ i ’ - he . ‘ht, mir ied t r ot the three- singular c s c e p t  t , ’r a = It
dimensional result In iS  en hb Ta: l ’)7lJ as described F igu r e  6 show s the t , t a l  I, ‘ f ie ld  t ’ r  ,

in se it tu i n  2 The (creen s function is seen t o con s ist 5 = 0. ‘5,, = 0. p = 0 I m. = I ni. m d  ad

if a sum of t he :. t~f - p lane ( ,reen ’ s t u n c t i a t n  and — 5 10 m v e r s u s  p = an a reCt angular  scale
ter ms w hich , ici i , Ufl t  t a r s catt er ing from the cv— la i r  the ideal half plane and the c t - lm nder ’ t ipped half
lm ndri cal t i p. Thus plane. along with a sketch o l the relati ve s i re t i t

23

__*__, ,- - -  -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ ~~~.T_



::: :
6 ‘

— 

~~~~~~ 
2’

5 ’ , 0 ~ 
1,

~~I0
I _ “ -f

i ‘~~
_, S I,-

a _ I ~~~~~~~~~~~~~ ‘
I 

‘

~~~
‘

~~ ~~~~~
t ,~~ ‘‘~~ ‘ ‘ J  

‘ 
Q~~,_u,,,.i., . ’ l i i  .,,J ,~~~~a I i  a

S - 

0 00 1 002 0 0 4
ID : 0 — 2  ~~- i ______________________

p 
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f i g  4 M.,~ a. ia. .ft - .~ L’ a p hase = 9ff) s e r s us  p.’.sit i .iI 
~~ 

FIg ‘- M ,a :n,r-al e if L phase — I e rsus p a a s l r . .  .~~ p

= i~ a l .n~ the s urface ‘f a c~Iinder’tlpped half plane 1,,r sa r r l ,us  
= ~ it ’ r~ the surface of a c~ ti r ide r-ttp ped half plane compared — -

aa tt u e s .1 c ,iir.der tip radius a p — () I m. s I m, — 
rh that f a t  arm ideal half plane T he ret a t isesize i f  the s ’,Iand r ,ca l

I I , , . 0 l  t g .  a 0 t h a l l planet .p is also -.ir - =n . p  = I),t m , s = I m . aS ’ = ’i. ’S — 0 .

6,0~ 

I , = I , u i = p ’ 2 f ~

Li
the cy linder. Figure 7 show’s the same cur v es f o r

5 
0 = 5 / 1 0  ‘ m

5 ‘10 7
4 ‘O~-~ t. SiON

Simp le closed form expressions have been -.

,‘‘ de rived and presented for  the fields utf an electric 

_ _ i/ I line source wi th arbitrary current flow near  an d
3 ‘10 ,“ i parallel to the edge of a perfectl y conducting wed ge.

,“ , The e l fect  of a ph~.sical edge (not perfectly sharp

Os / ~ 
/ has been investigated h~ comparin~ t he fields near

2 I the end a t  a cs linder-tipped halt plane w i t h those
/3) o near ,Se ed ge u t  ~ fl ideal half plane.
/ /~~,Io 

The a b a s e  ri- s t i l t s  s how ’ that  lt i r even a small 4

1) 10 / departure It~am an dea l edge the f ie lds wil l  n t

/ / he s in ~~ul,i r Since any pht - s i c al sc,itt e n i n g i-af ir e h,m s

0 . . a 1 ~~~ ~~~~~~~~~~~~ 
a cer ta in  ule inee  t i  roundnes s a r  ri ’ ,t a’hness. sing s)-

— 
0 ’ 2 an t i — s  w i l l  not he found in the ed g e ii n t i s  It

P should he mentioned that  there is not universal

Fig Mj~ nmti t , ic  ‘ I  I phase — ‘~t~~) s ersu s position 
agreement the Interpreta t ion of the dif ference s

ii along the sui O .i~~C , t(  a c~ Iinder-t tpped hall plane for various between ideal edges and ph~ smc~ l edges l ee . 1972] )~ I

va Iu~s of cy l inder tip radius a , p = 00 1 m . a = I m , ~ However,  it is c lear from the data presented that
= 0. ~ 

- 0. I~ = I, &, — 0 (half plane) fo r a source in he near vic in i ty  of an edge the
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2 s I r ~ 
. E quating real and i m ag i n i r t -  par t s  g i v e s  the desired

resu l ts

I a ca’s I t a l a t
4 0 ’ Ca ’s i , t i la t  ‘ I \ ’ a

i ~~~ ‘~ , I -‘ 2a ’ cu a s l t , I ’ t - a

“ifl ( i ’ 5 t
~~ aj ’ sin n t ’S) = ‘ I \31

4 I - 2aj Lu ’ s ( (ó )  0 ’
I 36 t0 —- b E A m.,

.-\lso, fr om ( A l ) .

E~~ -
. a ’

~~ a~
’ = —  -

- I - a ’

Integrating from -‘ —
~~ to giv es

IAf (

0~ LMOER -
T . PPE O Rep lacing a b~ ae and eq uating real par ts gi ves

C __i r a ,  i i i  i i i  J a i l  l u a u  ,,
0 30 ’  002 003  004 

c.as In m óI = — In ] t  — 2a~ La’s I r~,a )  a ’ ’

~~~~
—_—— - - -  , ,, p? -

Fag 7 ~a1agnitude ii’ I. phase = - 90’t ‘.ersus position (p
a~ .ilatng the s ur t ace of a ct -tinder-tipp ed ‘sa lf plane compared 4c k noaa !edgr nenrc The w ,a r k  reported here wa s supporte d

with that f u r  an deal hail plane The relative size of the cy lindrical b’. contract DA -5G2~- /a- ( -033i between the Deparir-nent ‘1 the
tip is also shown. p ~ 0 I m, a = I m, th ’ 0. ~ = 0, Arms and The Ohio State t ’ n oe r ’,u t ’, Research Fo undation

= I . a =
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I . EN T RODUCTION

In  a previous paper L i ]  the authors presented a moment method

solut ion for wir es , rectangular plates , and wire/plate attachments.

The purpose of thi s paper is to present some details of the formulation

and of the computer code, and especially to show how the choice of in-

teqral equation and expansion and testing funct ions impact on the ver-

s at i l i t y,  accurac y, computational efficiency, and ease of use of this

and other similar formulations.

B r i e f l y, the solution 11]  is based on the reaction integral equation

and employ s spee d—of—li ght piecewise —sinusoidal  (PWS) wire , surface ,

and attachment dipole expansion modes which are placed on the composite

w r e /surface geometry in an overlapping array such that continuity of

current is enforced. The weighting or test modes are chosen i dentical

to the expansion modes, and thus the solution is a Gal erkin method ,

yi t ’l ding a syninetric impedance matrix . Electri c test sources are used ,

‘~o open as wel l  as closed surfaces can be treated.

I I .  MODE LAYOUT

The mode layout wil l be described with the aid of an example ,

a inonopole on a bent plate as shown in Figure 1. The detai ls of the

m odes have been given previousl y [ii. Since this problem involves wire ,

plate , and attachment modes , the impedan ce m a t r i x ,[ z ] , can be symbol-

ic ally shown as:

I
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W4 W/A

A/w [ A/~ A/A

W WIR E
p = P L A T E

A A T T A C H M E N T

W i r e _Modes

Fi gure ?a shows the wire broken into three segments , or two PWS

dipole modes L2i .  Note that while the wire current generally does not

vanish at the attachment point , the wire mode current does. Thus the 
-~

need for an attachment mode, described below.

Surface Modes

In the computer code a rectangular plate is defined by specifying

the coordinates of three consecutive corners , and the plate segmentati on

in the two orthogonal directions. Figure 2b shows plate 1 of the bent 
-

~

plate geometry divided into three segments in the l-to-2 direction and

three segments in the 2- to— 3 direction. Six overlapping PWS surface —

dipoles are shown as arrows in the l-to-2 direction , and s ix  in the a

? -to-3 direction. Not shown are the modes on plate 2. 7
Attachment Modes

The purpose of the attachment mode is to estab l i sh cont i nu i ty 1
of current at the wire /plate junction and also to insure the proper

I/~ s ingu lar i ty  of the plate surface current density in the vicinity
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of the attachment point. Figure 2c shows the PWS attachment dipole

consisting of a circular disk monopole with 1/; surface current density,

and a wire rnonopole with non-zero current at the attachment point.

The attachment point mu st he at least O. 1 . from the edge ‘of a plate ,

hut it need not be at the center , at a corner , or have any special location

with respect to the surface dipole modes.

Overlap Modes

When two plates intersect additional surface—pa tch dipole modes

are required to allow a nonzero continuous current at the p late-to- plate

-~ junc tion . These modes are termed overlap modes. They are identical

to the surface dipoles on plates 1 or 2, except that the dipole angle

niy differ from 1800. Figure 2d shows two overlap modes at the junction

of the bent plate. The edges of the overlap surface dipoles need not

coincide with the edges of the surface dipole modes on plate 1 or 2,

t hus  allowin g the intersection of plates of different size. The code

automatically checks to see which plates intersect and inserts the over-

l a p  modes.

Toep litz -Like Properties

The plate — to—pl ate block of the impedance matrix is shown below :

P,/~ PI/P~~PI~~~

P2/p
~
P
2/Ol

O/~ 
J 

O/p

P1 = P L A T E  I

P2 = P L A T E 2

0 O V E R L A P

F
_ _, 

, _ _  _  . _ _  ‘ I



The various partitions show plate l-to-platc 1 “orf~’ce dirole rnutt.aal

i rnpi’danct’s , p late 1—to—p late 2 mutuals , overlap—to —p late 1 mutu als ,

I)ue to the regular nature of the placement of surface dipole modes

ri .i p late , considerable savings in computation t ime is a v a i l a b l e  in

computing the p la te 1-to—plate 1 block and the plate 2—to—plate 2 block.

For examp le , cons id er the plate 1- to-p la te 1 b lock , for which the modal

la ,yout is shown in Figure 2b. Note that Z1 2  = Z 3 4 .  Z1 4
= — etc. On an arbitrary plate it is onl y necessar y to

compute the mutual impedances between the first mode in the l-to-2 direction

and al l the modes on the p late , and the mutuals between the first mode

in the 2-to-3 direction and all 2—to-3 modes on the plate. The detail

of the plate 1-to-p late 1 block is shown below:

‘2  3 45 6 7 8 910 11 12
I X 0 0 0 0 & 0 0 0 0 0 0
2 x 0 0 0 0 0 0  0 0 0 0 0

3 X  0 0 0 0 0 0 0 0 00 0

~~X C ’ 0 0 0 0  0 0 0 0 0 0
5 X (‘ 0 0 0 0 0 0 0 0 0 0

6LX C 0 0 0 0 0 C. 0 0 0 0

7~Y. C 0 0 0 0  X 0 0 0 0  C

~ C) C 0 0 0 X 0 0 0 0 0
9~ X 0 0 0 0 0 X 0 0 0 0 0
!~)I )” C’ 0 0 0 0 X 0 0 0 0 0

I I ~~X 0 0 0 0 0  X 0 0 0 0 0
I2[~~~o o 0 0 0 x o o o o o

X ELEMENT COMPUTED

0 EL EMENT NOT COMPUTED

Ih~ x represents elements which must be computed , and the 0 represents

•‘Iements which can be obtained from the toeplitz -like properties. If

on a g iven p late there are N 12 modes in the 1-to-2 direction and N23
30
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modes in the 2-3 direction , then onl y N 1, + ~ ~~ of the (N 12 
+ N23)

eleme nt ’ need to be comp~tcd .

III .  COM PUTAT IO N,o ADVANTAGES OF MODE CHOICE

MflV
~~~~~~flCC

A rapidl y convergen t se~ of modes w i l l  m i n imi ze the size and thus

the time required to coip’jte t~e ‘-ipedance matrix and the required storage.

Figure 3 shows a comparison ‘of the ~ ‘rp it admit tance of a monopole on

a small p late computed u s i n g  15 P~~C modes to that using 68 pulse modes [ 3 3 .

Noting t ha t  15 PWS modes show better agreement with measurements than 68

pulse modes, it is clear that the PWS basis converges relatively fast.

Computation of Impedance Elements

Two al gebraicall y equivalent , but numerically different , techn iq ues

for evaluating the elements will be presented , and their relative ad—

J vantages in computing various elements described. The discussion below

will concentrate on surface-to-surface dipole and disk-to-surface dipole

impedanc es which occupy the majority of the time in the computation

of the upper triang ular part of the symmetric impedance matrix.

A general impedance matrix element Zmn is defined as L i ]

1mn = - 
f .1 ~m 1 , e2) n 1 , e2~

ie1 ie2, (1)
e 1 e2

where e1,e2 are independent coordinates on the surface of the n-th ex-

pansion mode. 
~n 

is the current density of the n-th expansion mode ,

and Em is the free-space electric field of the m—th test mode, which

can he writt en as

31
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~m l , e2) = 5 f ~o
(e 1,e2;t1,t2) .

~m
( t 1,t2)dt i dt2, (2)

wh~a r a  .J is the current density of the m-th test mode , t 1 and t 2 are

i r t ( I ( a p ~~rliIrant coord inates on the surface of the rn -t b tes t mode , and

is the free-space Green ’ s function. Equations (1) and (2) show that

an itnped arice element in general requires a 4-fold integration , i.e.,

t w o  to f ind T m and two to integrate over the surface of the n-th expansion

node. A useful property of the PWS modes is that Em is known in closed

fo rm for a wir e [4] or a surface [5] monopole , an d requires only one

simple numerical integration for a disk monopole. Each dipole -to-dipole

is the sum of four monopo le-to-rnonopole impedances.

The second way of computing the impedance elements is to consider

the surface-di pole mo de cu rren t an d disk  mono pole curr ent  as be i ng made

up of PWS filaments. The order of integration in Equations ( 1)  and (2)

can he interchanged to give

Z jnn = 
f 

zmnn (e 2, t 2 )de 2dt 2 , (3)
°2 2

where zmn (e 2, t2 ) represents the mutual impedance between two filaments

l ying in and t 1 directions. That is ,

z,nn (e 2, t 2 )=~~ ~n l , e?~~~ ~o (e 1,e2 ;t i,t2 ).
~ m ( t i,t2 )dt ide i . (4)

I’tII aidvantag e of the PWS modes is that the zmn (e 2,t2 ) of Equation (4)

i r a  known in closed form ~~~

•1
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An 1 ‘1 In tq a f ¶ ho neco nd met h’o~ • s imi 1 ar to that —n p 1 ‘o I /

Popov~~. an - i Popovic [7 ~ occurs when comput ing the iopedan ces t e tw e e n

t,a~~’ ~ ‘ r ~~ac o  p itch monopoles I f  either the ~w r f a c e  curr ent ~i reot ions

i i e  p r i l  le  , or the vector transvecse to thc- surf-ace m- ’orioo oles ~ri

p u r - il l o l. If the exp insion and test surface monopo ’
~es - are each ~epre-

s n t ui hi M f i 1amof l t~a , then Egua tion (3) rea’~ires 
a
~

’
~ ev a~ u a tic n - ‘of

/ (e t ) .  Hw y’ no more tna n ’M or the z are ii F f~ i- ’ont . Eyu n  2 2 rnn -

ct nn i oj tho ?M vi lu~~ prior to computin g the mut ua l i- ip edan ce, ~oe

com putation time will he prop orti onal to 3M rather t h an ,M2
•

Another time -savi ng techniqu e deal s with the sl°w conve rneice

of the rr ’iu r oric al integration of Equation (3) when c o r ci t i n q the ‘ lutujal

impedance of two touching surface monopo les. This slow convergence

i s a result of the fact that the imag inary part of t~e mut ua l iToedance

of two PWS filament s has a logarithmic singul a rity as the distance betwee~

thi ’ tw o filam ent s gets small [81 For small sepa ration x , the reactance

H - t ~~ i u ’ ~~ tW O filaments can he written as [8 3

X ( x )  = C 1 ~ C ln( x). (5)

Ih(a co n st i r t s C j and C? can be eas i l y evaluated and the logarithmic

s ingulari t y integrated an alytically. Figure 4 shows the self-reactance

ii a Sujrf u (o monopa le computed using Equation (1), Equation (3) directly,

irud quit i ru (1) wi t h the above two techniques ( i . e. , onl -/ M eva ] uat ions

nt / . v a~~t r i - F  m g  logar i thmic s i ng u l a r i t y ) .  Also shown is the corn—

pi t t run F in c for each of the three methods; all times shown in this

33

— 
___________ ---

~ 

——-—-— — 
tc ,,, ‘~ ~~~~~~~~~~~~~~~~ 

—

~ W ~~~~~~“ 
— ‘

~~~~~
‘
~~~ 

— “~~~~ ~~~~~~~~~~~~~~~~~ w r —  - ~~~~~~~~ 
- ‘ -. ‘- 

~, .. -
~~~~~

.. ~~~~~~~~~~~ ~::~
i_.._ 

—



a i r a I or t , l~ H i t ,  i t t  602-1 wh uch a; ILi )ut  an a i r ’der of inagni tu l - ’
a al ) w (a r than an 1 BM370—165. In using Equations (I) and (3) directly

I t o  - u y ’f,ace monopoles are separated by 1O~~~ to avoid the singul a rity.

No . p a r a t i o n  is required if the logarithmic singula rity is removed .

From Fi gure 4 it can be seen that not onl y is the use of Equation ( 3 )

w i t h  the above discussed t~ c. techniques faster than the other methods ,

b u t t  i t .  is also more acc~ - at e.

One case where Equation (1) has an advantage occurs when computing

t he  mut,ual impedance between a disk rnonopole (of an attachment mode)

and the set of surface dipoles on a plate which is parallel to the plane

of the disk. Here, advantage can be taken of the fact that only the

F field of the disk monopole is needed (since E, =O an d E z. =0),z n
and ilso E i s  i n d e p e n d e n t  of ~ . Thus , much t ime c~n be saved by f i l l ing

a tab le of v a lu es of F versu s p . Th i s ta b le can th en be i nter pola te d

to f i nd  
~ 

on every surface dipole mode on the p late , m a k i n g  the  e v a l u -

i t ion of Equation (1) very fast. An order of magnitude saving i n com-

puter time is then reali zed for small plates , with substantially greater

savings for larger plates.

V. CONCLUSION

This paper has demonstrated that in a momen t method surface/wire

formul ation , the piecewise sinusoidal modes have significant advantages

f rom the standpoints of convergence and the fast and accurate computation

ru l the impedancE’ matrix. Als o , techniques for reducing the run time

nt s uj r f a i c e / w i r e  codes were presented. To show how the speed of a typical I
oril ut iOn u~~in he improved by these methods, the problem of a x/4 monopole 

- -  

-
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mounted on a l .0i square plate - .‘a; run ~i thc’jt u sing an1 sf~ Lh-, t ’ o i . n i ~~~~u c a ;

mentioned in this papo r , and a g -in u ;j n - j -j fl o~ the mc - t i run~~ t~~- 5 ;i u i - ~ ’ u e s ,

Js i r - ~ the tecbni q~~-~ ‘.~ecreased t o  r -~r t im e by a fact- - n of t~ tj - - 115

sec. on the Datacraft 6 n?4 (abou t  20 se c.  on IPA 31O~~~- 5 ) ,  w ’tb an in c r~ ~c

in accu racy (both run; used the sfo c-trj of the i mp o~~ f -’ - r ,t r i x ).

The authors would like to than k Pro f s ~a s o r  J .H. Ri cb ri~ 
‘
~ for siip ply~n.3

i nv al ua ble su ggest i ons , advice and computer subroutine ;. Helpful dis-

cuss ions with Dr. W.D. Burosidu and Dr. N .W. Wang are also appreciated.
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Figu r e 2. Layout of the (a) wire , (b) surface dipole ,
(c) attachment , and (d) overlap modes for a
monopole on a bent p la te. 
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riqti r ’ 3. A comparison of measured input impedance of a
mono pole on a sm a l l  plate with that computed
using PWS modes and pulse modes.
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AP PE Ht I~ E

ANALYSIS OF A MONO DOLE MC LJ NTE D NEAR OR A T
THE EDGE OF A HALF -PLANE t

0. M. Pozar and E. H . Ne~~’oa r

The Ohio S ta te  Univers ity Elect roS cience Labo ratory
Department -‘of E loct ric a l En qi n e e n ing

Colum b us , Ohio Y3?12

A~~S T R c c T

The prob l em 17f a monopole ant~ nn a mounte l neir  or -a t. the edge of -a

hau lf -plane i s so lve d us i ng a hybrid moment method solution with an integral

c a ~ p r e C s i o n  for the exact half-p l a n e  G reen ’ s fun~ tion . ~esu its are presented

a for input impedance of a A/4 monopole vs. distance from the half -plane edge ,

and v s. ang le for an edge—mounted antenna. Simple expressions for the surface

current density induced on the halfp lane are derived and used to synthesize

an attachment mode for use with the author ’ s previousl y develo ped s~ r face

patch moment method solution when a wir e is attached at ‘or near an edge of

a fini t e plate.

*Thr work reported in this paper was supported in part by Grant
HAAG?9-76-G-033l between the U. S. Army Research Office , Resea rch
Tr iang l e  Pa rk , North Carolina arid The Ohio State Un i vers i ty Research
Fou ndation , Colum bus , Ohio
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UHUC I : ON
1k pr iblem of soot jnu~ d inte r . - ,t is that ‘of ao ~ ~~

-
~~~~; 

r-
~~~sr ed  ‘on ‘Hnj~~e

0 i i i  ~n ’~ nd e’ . A nt~ r n a  ‘on ‘op~~ a r j c al bodies ha ie reen a n a l  JZ~’ , as

I is ,rf l - ’ r n  i ’ o o n no r~— gen~ r’a l s t r uc t j res 2 ’3 . ~~~c- j~~t b - ’ o r S  b a i~

a surface patco m’om~ nt metho d sol ut ion for 3e ’onetnies ifl~~O l v i r ’ o

~~rpr , and r~r ta n gu l a r p lates , incl ud ing p l a t e p late and w H e / o l - a t e  3u~~Cti 5nS ,

t r ie w oe/p la te att achm ent po int wa s r est ’i -’oted to he . . o~ — ore ~~~~-‘fl

i p 1 ~~~ edge . This pape r presents a new ~~‘- e/p 7 ate -at~~ a c - r - e r t  n o de t~ at

r~ nuv ’ s this restriction , alirw in g a wire to be a t t a - ’ e l  ~~~~ t o  ‘o r ‘o n a

n il f-p lan e type edge. The development of this new surface patyi ~ome~ t ~etho d

:a /p a n s  ion mo de is based on the canonical solution of a ve~ t i c al rn0000o’e

ou~~n t . ’d ne ar or at the edge of a perfectl y_ c ’ond -j cti rrq h al~ — p l an~~. Th’s cano n i ca ~

‘o-s i a t  ion is a hybrid moment method usin g the exact hai r — plane ~a’-een ’ s fj n ct i - ’o ri

in f l t a j n~ jl f’orm, with the source and image term s separated fn’on the di i —

‘ru st~~J fi e l d . This form of the Green ’ s fJnct 100 also y ields the nea— zone 
-

s A r ’ 1(e current density on the half-plane ~n toe v i c init y ‘of the e1~ e a~ d 
-

Source , which is used to synthesize the ab ove-ment i oned surface patch ex— -
~

; -i nc~ on mode for attachments near or at an edge. Presented are graphs ‘of -

in p ut impedanc es for a vertical >/4 monopo le vs. dist ance from a half- plane

c I9C , ~nd for a ~/4 monopole mounted on a bal ~ -p 1a re edge vs. azi m uth ang le.

Far - fi e l d r~’;j1ts for antennas near half-pl an e edges are av ai lable in~ . I
The problem of a wire antenna in free S pane  car he solved v i a the m ’o-nrant

1 -  tho t sni u t  on of an an t e q r a a  1 equation u sin g toe free space ~~~~~~~ ~ ~ ct  a
If the w i r ~ antenna is in the presence of another Sc att er irq St uCtur~ there 3
inc a two possible modi f i ca t ions .  The f i r s t  is to rep l ace the free-space Green ’ s

funct ion by the special Green ’s function for the particular scatte ri ng Struc t re .  1
The second approach is to retain the free-space Green ’s function , but suitab l y
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~ax p af l d  the Cu rr en t .s ~n the wire and the so att~~ an g s t r u ’o t j r~~, and so l ie fo r

the i ’xp l r u o ion coefficients in the MM so l at ion . Tne a-L,a n ta ’o c- ’of ‘ne fj r~~

aapp r- irh is th at ri~ r a w  i~~ nowr s are intro- di ced into t ne MM sol -u ti on and

s iir I e th mp~~Iii r se matr Ion’, no ’ i nc r r -as-e nv~- r 4- h 
~t ~f t~~c- I sal a’ -ed

I c a , whil e t u ,a di sa rlv iru t aqe is that SOP ~~~e ’— r S function “ toe sc a t t ~~r~~

r u u j 5t he rI i)wrl in a c irnp uta~ i n u ~ l y ef~ i ci e nt fo r o~~ The  - a d v e a t a g e  of toe

Sa a I ürud approach is that the Green ’ s func tion of the 5-atterer need not he

r i )W f l  w h i l e  the 115 a d i - int an~ is  th at new fl~~f l O~ ~s are intr oduced and the

s u e  of the required impedance m atn i , c-a r inrrea :e substantiall y if the scat-

Sorer is electri cally large. (Not ~ that the MM/GTD hybrid -oetbo d 2 can be

i (ru sid p re d to be of the first tyne , -,~here the exact Green ’ s function is replaced

by t he GTD or hi gh-frequency appr o .irnat ion.) Both approaches are used in

this pape r.

II . SOL IJTION FOR VERTICA L MONOPOLE NEAR EDGE OF
HALF -PLANE USING EXACT GREEN’S FL~1CT1ON

Theory

The geometry of the p r o b l e m  is  s how n in Fi g ure  1 . The wire and half-

pl ane are considere d to he p erfect ly_ oon di - t i r a g. The ba sic idea of the

so lution is to expand the wire currnn tr u sing p i ’ :’oewi se— sinusoid al modes ,

find the fields of test modes (also PWS ) in the presence of the half-plane ,

and compute an impedance matrix:

= — 5 I~ (y) ~r I 1 (Y 0) E~ (yjy 0)dy0dy (1)

where I
~

(
~ ) is the PWS tes t /e xpa nsio n mode current ,

E (
~ I~0 ) is the half-p l a n e  G reefl ’s function , representin g

the E field due to a y infinitesima l electric
di pol~ of u n i t  momen t.
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S a n r ~~ the test and expansion modes are equivalent we idle a G i l e r k i n

S~~Ji jt ,~~n , and Z 1~~~Z~~1 . The wi re currents and input impedance then f~ i l o w

from the solution of a matrix equation of the form z} ~i] ‘
~
] , where rz]

the ‘npedance matrix , ~I] is the column vector of current expansion coef -

ficient s , and Iv] is the vector of mode vo l tages.

Thus , this solution depends upon the availability of the half-pla n e

Green ’s function in a form suit able for fast and accurate eval u ation . :t

was first attempted to use the famil i ar form of the half -plane Green ’s function

expressed as an ei genfunct ion expansion , suc h as g iven by T a i 5 . This repre-

sent a t ion was found to be unsuitable for two reasons. F i rs t , the eigenfunction

expansion cont a ins an infinite series of in f in i te  integrals that con tain

source and image singularities that would ma~e eval u ation of self or over-

la lp pin rj mu t u al impedance term s d i f f icul t  to do accur atel y. Second , the ei gen-

funct ion representation does not lend i tse l f  to small argument approximations

for evaul ation of near zone surface currents in simple closed form . It was

fouinrl that the fir st term of the series wo’jld g ive the correct edge behavior , 
- -

hut  not the correct source singulari ty. For these reasons , an integral ex-

pression for the half -plane Green ’s func t ion n i- in n by O C ni ’o r was ~sed .

From ’, the total Ey field due to a ,~
‘ directed in f in i tes ima l e lec t r i c

dipole of moment I~ in the presence of a conducting half-plane is (e3’~
t time -~~

h .penience)

~~~~J - 

{~~~~~~~~~~ 

cos cos ~~~ H~
2
~(kR 1) + ~ 

- k ?)I~ - + k~)I~~

~2)

whe re

f H~~~~(kR cash u ) I j  (3 )
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-6 -

T ) o f i n i ng the modif ied Hertz potent ials

dR 
= j  

~ 

H~
2
~ ( kR cas h u) du; f l 2 )

~dR ’ = 7 H~
2
~(kR ’ cosh u)du , ~l 3 )

and as log the relation 7

- k R
5H 1 (kR cosh u)du = 2j kR (14)

and the fact that -

~~

-

~~

.-- = - -
~~~~ and -~~-!

,

~ -_ = -~~~~ .— , allows the diffracted field

to be written as

~~~ = cos cos ~~ H~
2
~ (kR 1 ) - ~~~~~~~~~~~~~~ 

- k2) 
dR

+ k2) ~d R’} (15)

w her’~ E = E I O C  
f E~

ef + [~~~f = E9
~~
°
~ + Ed~~y y y y y y

Note  t h a t , using Equation (14) , ~dR and  ~dR ’ can be expressed in terms of

finite integrals:

-j kR .~~~~~~~

~dR 
= - ~~ —_ ~~~~~ _ - 

~ f H~
2
~ (kR cosh u)du , ( 16)

dR’ ~ 
—jkR’ .

- 
e 

kR~~ 
— 

~~ ~ H~
2
~(kR ’ cosh u)du. ( 17)
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- t  m an 9 th’~ modified Hertz potential s

~ .1 H~
2
~ (kR cosh u)du; ( 12 )

~dR ’ = 

~ 7 HS2
~
(kR’ cosh u)du , (13)

and u sin g  the relat ion 7

-jkR
5 H~

2
~ (kR cosh u)du = 2j e kR ‘ 

(14)

and the fact that -

~~~~

_ = - -~ E~- and  -
~~~~

-_ = -
~~~~

_ , allows the diffracted field

to be written as

= ~~ cos cos ~~~~~ H~
2
~ (kR 1 ) - ~~~~~~~~~~~~ - k2) 

dR

+ k2) ~dR ’} , (15)

where E = E 1OC 
+ Eref + Ed~

f 
= E9

~~
°
~ + rdlf 

- -

y y y y y y

Note  t h a t , using Equation (14), and ~dR ’ can be expressed in terms of

finit o integrals: - 

- .

- jkR -~~~~~~~dR 
= - - ~ r H 1

2
~(kR crush ~\ d ~ (16)

dR’ 1 — jkR’ - ~R’
- ~~ ~~~~~~~~~~ - ~~- I H~

2
~(kR ’ cosh i)du. (17)

0
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I t can be shown that and are not singular at R=O or R’ =O.

The diffract ed electric field is now in a form which has no singularities

at the source or image .

Since the geometrical optics terms have been separated from the dif-

fracted field , the impedance matrix [z] can , for computational purposes ,

he broken into two parts ; 1Z
1 

[z0] +- I~z] , where [z 0] represents the im-

pedance matrix of a monopole on an infinite ground plane (E~~° contribution)

[AZ] represents the E
dlf field contri bution which accounts for the edge .

Since PWS modes are ised for expansion and testing the [z0] elemen ts can

be computed in closed form8, eliminating the difficulti es wh ich would be

encountered if this evalu ation were done numericall y. This is an important

an d useful distinction from other similar soluti ons 1 . The remaining task

is to evaluat e [az].
The PWS modes are arranged on the wire as shown in Figure 2, numbe red

from top to bottom. The test modes are positioned on the wire axis at (x0,z~O)

while the expansion modes are placed on the wire surface at (x0,z=a), where

a is the wire radius. Note that the modes are PWS dipoles except for the

bottom mode, which is a PWS monopole with its terminal at the base of the

wire. This allows non-zero current at the attachment point. The contribution

to the mutual i mpedance between modes i and j due to the diffracted field

can then be written as

AZ 1~ = - 1 1 (y0) I 1~ (y )E~~~(YIY0)dYdY0. (18)

Thus , [az] can be calculated with two numerical integrations for Equation

(18) and one for Equations (16) and (17). These integrations are well behaved ,

typically requirin g only 10-20 Simpson intervals each. This ease of computation
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of is a direct r~ su1t ~f the fact that the inci l ert an-I re f le c t e d  f i e ln

compon ents w ’~r e  se par ate d from the total field , a l l n ~ ing the near~y S i n gu l a r

p o r t i o n , LI
], 

to on c-i -a l iated in closed form .

ft ~ so lut ion i es c n i bed  above g ave a qui c~ 1 y can-in rg in - } resu lt ~ r t b - ~

wa re currents , as shown in Table I below . This table gives AZ

w r i . r ~ . Z 10 is the input a-npe lance of a ~/4 , a= .OO1X nonopole nea r the edge

of hi lf -pi a r a e , in - I Z0 is the input i~ pe iance of the s ame -antenna ~n ~nt ed

ur in infini t e ground plan e. x0 is the I~stance of the antenna from the

n Ir ~~
a . Results are shown for 1 , 2, and 3 modes on the monopole. ~ de~ta

gap generator -at the base of the monopole was used.

Table I

Y~ tZ , 1 mode tZ , 2 m od es~~ -SZ , 3 ~cdes

.05 12.1-j7.1r~ 11. R-jS.70 11.7-j9.OQ

.10 4.2-j8.2ç~ 3.5-j9.2c~ 3.3-j9.4c~ -.

.20 -2.8-j3.8c2 -3.6-j3.8~ -3.7-j3.8~

.40 - .32+jl.9Q — .0 9+j 2 .2~l - .04+j2.2Q

.60 .87-j . 73~ .-35-j.9 1Q .85- j .9~Q

r oe convergence of Z 0 is shown in Table It below: I
Ta b le U

Mo des Zo

I 36.5+j21.1~
2 40.6+j2 0 .6’° —

3 -~1.4+j2I.0OQ
4 41. 7+j 2 1.3Q
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Fr -c r, tne -abov e i-a~ .a it is seer that toe solut~ on has o r ac tic all y con—

.‘ r~~~’~ w i th t w- - wire mrries. r omp -at at ion time for this sol uti on is ass

30 s~con is~ wh~:n 2 expansion modes a re used. This sc Iu t ion is valid ~or

anj i u s t o - rce , 
~~

, from the bal’ -p lane edge except when the antenna is w i t n i n

d f-~-w wire ra d ii of tne edge. in this case nume rical prob lem s a’e encc~ nSerec

since the fiel ds cont ain the 1/~ x edge singularity. Plots ~f vs.

i ce  -;hown in Fi gures 3 and 4, where comparison is made w~th resu l ts f ro m

MM/GTD method 2, and with results from the MM/surf ace patc h solu tion pee -

seo ted in the next section.

~- Inr iat  ion of wire current

Thi solution iri the previous section used an axial current filament

for te stin g and a circum ferentiall y uniform surface current located on the

surface of the wire for expansion. Thus , the solution did not account for

or g ive any inform ation about the circumferential variation of ~‘o c.ui~ ent

around the wir e surface. This aspect of the solution was of interest for

two reasons.

First , it was import ant to determine if a Fi ll account of th~ c~ rcum-

ferential variati on of the wire current , due to the edge proximity, would

‘i l tor the input i mpedance as determined by the previous solution , which did

riot account for any vari a tion. Secondl y, it was of interest to determine

the circumf erential variation of the cuirrent at the base of the wire in order

r to build a suitable expansion mode for wires attached near an edge , for use

in th e su rface patch MM solution .

*AT1 times reported here are for Datacraft 6024 — about 8 time s slower
than IBM 360/165.
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Hr ci r .um fe r— nt i al i an at ior ~f t ne ax i a l ,~
j r.~ c i r r e n  t ~ ~s ~ nn

ac c o u n t  ~ y p 1 i cin g ex p a nsion f i I t m e nt s  e — ien l~ a foin ~ t oe s -~r ace sf t nC

i .e., by c ns t r i i r t i n j  -i w i r e - s r i  I no le l ~f the Ea c h f i l~~ e nt is an

u n I i p~ n l i n t  ~~~~~~~~~~~~~~~~~ i f l  c a n a1~ o be r~ - rn e n ~-p a n t )  sep an a~e mod es al ~ n~

it s length. Test nodes are place d a 1 cngs i de tre e~san sio n fi lam e~ ts s~ accd

.000001A away. Thi s procedure appr oxim ate; t — ~~ s~ rf ace testi ng an d e pans i c-~ .

Figu re 5 shows ~ .4 ~or -p ~~l~~, rac i ~s .‘lO’ , ol a c e d  .-~ 5-~ ~~~~~~ t — e

f a h al f—plane. 4lso shown are toe p ssi~~icns cf eig ~ t ex p ansi -c r 
~i 1 ane t s

u s i  in thi s example. In th i s examp le 3 modes were employed in the lorg i_

tud ina l direction for a total of 8x3 = ‘4 unknowns

The current at the base of the nonopo le is plotted as magnitude and

ph -ise in Fi g u re 5. As expected , the data S C O W  sy~metry between fila m e~ ts

2 , 3, ~n’I 8, 7, 6, respe ctivel y. The data -also show , as mig h t cc exp ected ,

mer~-~ current flowing away from the edge than toward it. If the f ilament

currents in the above table are added to find the total current , the “ average

input impedance can be calculated and is found to be identical to the value

g iven by the simp ler one-filament solution of section B. This inte resting

effect occurs for other segmentation schemes and distances from the edge ,

and is s im i la r  to an effect reported in connection w i th  c losel y spaced w i re

antennas 9. The circumferential variati on of the wire current becomes ‘ess

prono anced as one moves up the wire.

Express ions for surface currents

In th i s section simpl e closed form expressions wil l  be de n i i-o d ‘or

the surface current density on a perfectl y-conducting half -plane in d u ced

by -in infini te simal electric d ipole on the surf ace of the h - alf p la ne a n d  near

its roiqe . These results will be used for synth esis of an expansion mode

for a w i r e  attachment near an edge in the surface patch MM solution.
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For the tota l surf - r c a  cur r en t -I~~ns i ~ -/ , one m as~ vector all y add tb~
c ~ r r i t~ on ‘h’ tOri ~

, ‘ ~n’ h u1 f -~ l a n e  ( ~~~~ ~= , )  t i  tOsse on the bottom -~~~

t O  h u l  f-plan . ( - 

~, 
- i ) :

H1( O ) i  ~~~~ (19)

- F~ ~y0) H ~:- - 7- (20)‘1  /  X

Ih e t ;f - i  ‘ ~T i’-Ids i — ’~ ,

H = 

~~~~~~~~ cos il~~
2
~~

(
~~P

1 ) < 1~R 
+ 

k R ’  
( 2 1 )

H - 
I~ f-k aI R k

z J ~~~7~~~~~~~~aç 
(22)

since tluc di pole is located on tb ’ top surf ace of the half -p l ane at y0=z 0 g ,

we have ~~:0, R R ’ , 
~R

=rA R~~ 
and r R~

IR I .  Th u s , from (19)-(22),

~sx ~~~~~~~ 

- k + k (2 3)

~~~~~~~~~~~~~~~~~~~~ : :
~~~~~~

:
~ 

+ k 
~~~~~~~~ 1.  ( 24)

12i~Hlw I - ’  s i n h 1 
~ 

- 

~~ 
t hen

J
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~~ 5O

~~ 2r

- 2 f  HS2
~
(kR cash u)du

I ti~0 f4a=2~r o

= 2’~ (x,z x ,z )
0 0 

~ =~~~=O ( 2 5 )  -

where -

p (x ,zl x 0,z0) = 

~~ 
H~
2
~(kR cosh u)du. (26)

Then (23), (24) become

= 

~~ 

2k ~~~ ~(X ,Z!X 0,z0)
} (27)

= ~~~~~~~~~~~~
- H~

2
~ (kR ~ ) - 2k ~~~~~ ~(x ~z I x 0~z0

)} 

. (2 8)

We now develop a small argument approximation for ala :

For small x , -.

H~~~(x) = x/2 + j

so (26 ) becomes

~~ 
-
~~ 

~~ ~~ 
+ 

~~~ ~*~~ u : du

= k/~~ cos 
~ 

(
~~

-
~~~~~ 

+ ~~~~~~~ tan~~ 

2/~~ cos 
~ 

(~~
-

~~~~ ) •  (29)  1
52 1

1

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

‘----
~~~

-—-~ 

- 

—-~~~ .
— 

—~ - ~~~. -~—=—— -
~~ - - - ~~~~~~~ — -



For  t~, p r i o r i  case -
~ ~1 (~ O~ so ‘ e d  o~~o

• The real p u rt of the app ro x i —

mat ion t~~ th~ ‘un c tion ‘
~~ is ignored in the rema in -icr of the anal ysis since

i t  is ri -q i i l i b lia in com paris on to the imag inar y p a r t .

Tb los t step is to c a r r y  r j f  t h e  d i ff e r e nti u t ions as in dica t e d in

(?7),(20). When this is done there will be presont terms w h i ch vary as l/ ~~
2

d i -  to hi r. ii -irg es wh ch are locoa c -d ot . the .~ r u i S of th’- dipo l ~~~. Sin ce these

t e rms  v u r u i oh in a phy s i c a l  s o l i t i~ ru wh ic h has c o n t inu o us  current , they are

omi tted in the final expressions. So, f or a ver t i ca l  e lec t r i c  di pole of

mu, iit I~ near t i e edge of a ha l fp lase , the surf ace currents are

~~ + 

2/
~~o

(x-x o
)] A/ rn (30)

2/~-IZz 1 o
3 = - - — a- A/m

~~ ~~~~ /~~T~~~ R2

Obse rve that .1,73 with / depend ence and J 5~~ ’ wi th  l//x dependence ,

a s ,~~~ u requ ired by edge cond ition s . Also , 
~~ 

and contain the correct

h R  s in g ul a rity in the vici n ity of the source. It i s  ~1so of interest to

not’~ that Fquations (30), (31) are not frequency dependent , i.e., they are

qu.is I — s t a t i c  results. Ho wever , retainin g the first term in the real part

or hi gher terms in the imaginary part of (29) will introduce a frequency

dependence , if desired. Three-dimensional p lots of Equ at x ons (30)—(31) are

hown in F i qures 6 and 7.

111 . SURFACE PATCH MM ATTACHMENT MODES FOR WIRE/PLATE) ATTACHMENTS NEAR OR Al EDGES

This section deals with methods of modif ying the author ’ s surf ace patch

modeling program4 to handle antennas mounted near or at the edge of plates.

Ori g inall y, the program used an attachment mode which had the following features:
53
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u )  infor nJ c o n t i n u i t y  of current from w i r~ to plate .

b) Enforced the proper DIP dependence for surface current in

the vicinity of the attachm ent point.

c) Had no f-va riation in surface current. (In this section

is used to denote azimuth al direction around the attached

wire.)

d) Worked well for wire attachments .1X or further from an

ed ge , and for .1A<b< .25A .

This attachm ent mode, sh own in F i gure 8a , faile d for antennas mounted

closer than .lA from the edge as shown in Fi gures 3 and 4 (as mode A ),

probabl y for the followin g reasons;

a) Disk mode radius was limited to the distance of the monopo le

from the edge , thus reducing the area in which the ~/p singu-

la rity was enforced.

h) Disk mode did not contain any q-vari ation in current density ,

which probabl y becomes increasing ly important as the antenna

gets closer to the edge.

Thus , a better attachment node wa~ needed to handl e antennas mounted close

to or at the edge of plates.

A ttachment Mode Development

Four expansi on modes , denoted as A ,B ,C ,D, for wi’-~ p late juncti ons

will be Ji ocHbed . All four modes con sist of a d i sk m onop n le whi ch rests

on t b  p 1 ~~~ an d u W i re  n inopn l~ whi ch o~ erl aps w i t h  t h e connect ing wire.

Since this wire ru onopo la is common to all four attachment modes , it is not
i ’ : n u t e d  in let-u I here.

54

-5 ,’_ _
;_ _ ‘  

~ .—
.-

-

~~~ ~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -



Mode A) - This is the original disk monopole described in4 , having a surface

current density

J (p,4)) = A ~~~~~~~~~~~2~ - , (32)

where A is a normalizati on constant chosen to sat i sfy (33):

71T

f d
~,

(a ,4))ad4) = 1 amp . (33)

In (32), a is the wire radius , and b is the outer radius of the disk. For

this node the disk is circular , so b is a constant w.r.t. 4) . Fi gure 8a shows

how this mode would be app lied to a wire attachment near an edge . Mode A)

fails when used near an edge for the above mentioned reasons.

Mode B) - The f i rst  approach toward improvement of disk mode A) was to main-

ta in the disk radius at about .2X where it overlapped ~he plat e, but cut

off the disk where it overhung the plate; see Figure 8b. The surface current

density for this disk mode can be written as

J ( p ,4)) B sin ~~~(4))-p) (34)

where B is a constant chosen to sat isf y (33) and b (4 ) ) is the outer radius

of the disk , now expressed as a function of 4).

This type of mode overcomes some of the drawbacks of the previous mode

in that it has a 4)-variation of current and yields a larger area where the

l/ ~ singularity is enforced. The results obtained when using t h i s  mode are

not s igni f icant l y better than those obtained with the ortgina l mode A) .

T h i s  is p robab ly  due to the fact  tha t  the 4)-dependence is not close enough

to the exact dependence. For instance , when p is c lose to a, the current

density of mode B) is large but does not vary apprec i abl y with 4), while

j
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F qur~ ~ - i ri t [qu it hu n (30) show that si gnificantl y less current is fl owing

t ow a r d  th~ edge than away from it. Another poin t is that this mode does

not have a uniform limit as the attachment point approaches the edge. -One

w r ail d expect that the current flowin g toward the edge would smooth l y decrease

to zero as the attachment moves to the edge. Mode 8) does not have this

behavior. The disk modes presented below do have thi s desired asymmetry.

Mode C) - The next step was to construct a disk mode whi ch had less current

flowin g toward the edge than away from it. One distr ibut ion which does this

is

= C ~~~~~~~~~~ sin kb(4)), (35)

where C is a constant chosen to satisf y (33). This current distribution

roughl y corresponds to that obtained from the exact solut ion for the circum-

ferent ial  current variation , as shown i n Fi gure 5. This type of mode has

the desired property of un i form ly approaching a semicircular disk as the

attachment point moves to the edge (Fi gure 8). Also , t h i s  mode reduces to

the standar d attachment mode, mo de A) , when the distance between the attach- - -

ment point and edge becomes greater than the disk outer radius (.r.2\), since

b(4)) = constant for this case.

TFiis type of attachment mode gave the best results for antennas at

or near an edge. Results from the surface patch MM solution using node C) I
with i ~/4 cienopole near the long edge of a .4-kx.SA plate are shown in Figu res

1. T h~ - ; h a t  be t w ’ i n  the surface patch results and the exact results

for a set-n i - infinit e half-plane in these fi gures is due to the fact that a

f ’ n i t - - s  lied pl a te had to be used wit h the former solution . As can be seen ,

mode C) yields a significant improvement over mode A). Figure 10 shows

results usin g mode C) when the monopole is mounted on the edge of a plate .~

vs. ang le. 56
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Mo Jej~) - The next type of disk mode which was developed was one constructed

f rom an arbitr ary number of wedge-shaped sectors of current , with current

(list ribut ion li ke that of disk mode B) over each sector , but wit h each sec tor

being an independent unknown . See Fi gure 8d , which shows a 4 sector disk.

This type of mode has the advantage of allowing the MM solution to arrive

at currents (both magnitude and phase) which best satisf y the integral equation

in a least-mean-square sense. The resolution of the variation in disk current

can he made finer by increasing the number of wedge-shaped sectors that the

d is k  is broken into. When ei ght such sectors were used the results for input

impedanc e agreed fairl y we l l  w i t h those obt a i ne d us i ng mode C) .  Note t hat

th is  type of attachment mode would work wel l  for wires attached to piecewise-

curved surfaces .

E dge Mode - Recentl y, there has been an interest in directly enforcing the

edge condition in MM solutions 14 . Thus , it was decided to construct a mode ,

based on the analysis of Section II , that wou’d enforce the edge singularity

of the surface current component parallel to the edge of the half -plane ,

and stud y its effect on the solution . This “edge mo de” was constructe d from

PWS current filaments to embody the essential features of Equation (31).

The surface current density of this mode is

—sin k(z+94
~~~~~~ ~~~~~~~~~~~~~ 

for

J5(x ,z )  = ~~
— for —z0<z<z0 (36 )

s i n  k(z—L)
r~ ktz0:L) 

for  z0<z<t
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we~ re the coor din ate system is shown in Fi gure 1 , A is a suitable norma~ izing

on tant , and 2Z is the overall length of the mode. The width of the isie

(ext ~-r it in x-l ire ct ion) is arbitrary, but since most of the current is ljcate~

re a r t b  i ’i g ul~ rit y at ~=O , this width is not too critical if chosen to

h .O5~ jr ;reat~-~r . The result of using this edge mode with different ‘engths

e l  ~u i t ’ a - , w15 inter esting. F i rst , the edge mode was excited in the surface

p t ’ h  ‘~M sol ation , as indicated by a non-zero mode current. However , the

e put  - ip~ I rri ce ‘lid not si gnificantl y change from the result obta ined without

- m i n i in edge mode . Thus , a l l  of th e ot her sur face  p a tch , wire , and attach-

mc r i t  c u r re n t s  changed in the presence of the edge mode in such a way as to

l e a’~’e the input impedance unaltered. At the present time the best exp l~ n—

at on we have for thi s effect is that the singular behavior of the edge

current can be approximated adequatel y in a least—mean -square sense bv the

surface -patch di poles alone. Incorporation of a special edge mode explicitly

satisf ying the edge condition does not improve on this situation in the present

case.

IV . SOLUTION FOR A RADIAL MONOPOLE AT THE EDGE OF A
HALF-PLANE JS ING EXACT GR EEN ’ S FUNCTIDN

Them

The solution for a monopol e mounted at the edge of a half-plane is

s im il ar to the solution described in Section II , except that here the exact

,r. - - r r 5 f unction is expressed in spherical coordinates. This alleviates - -

‘ h len 1 1 v I nq  tb~ vertic a l rnnnop ole up to the edge , while al loAin ~

~he : rlo po l t! to be oriented in a pos i t i on  other than ve r t i ca l .  Figure 9

s i  ~s t he p o rnetry . The monopo le l ies  in the x -y plane at an ang l e  ~ from

the half -p l ane surface. Without loss of generality, ~ - is restr icted to 0<~<-n.

II ;
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From another paper by Senior 12 , the radial component of the electr ic

f i e l d  due to a radial ly directed e lect r ic  di pole , with moment I2~, near th e
(~il ge of a h a l f -p l ane is

E = ~~~ + k 2
~ 

0 (IR-IR I ) }  . ( 37)

where 1R and 1R’  are defined in (3) ,  (4) .  Equation (37) represents the fields

in terms of a Debye potential , whereas Equation ( 2) represented the fields

in terms of a Hertz potential .

Now , it can be shown that

+ k2) 

r~ e~~~~~} , an d (38)

~~~age 
= - ~~

o{(
~~ + k2) 

ro e~~~ ’} (3~

where the mi nus si gn in (39) is due to the fact that the image dipole is

in the -
~~~ direction. Then, defining

Er = E~~
C 

+ ~irnage ÷ E~~~ , (40 )

we have

= + k 2) 

r
~ 

(
~ dR 

- ~dR 1

)} 
(41)

where and ~dR’ are defined in ( 16) and ( 17) .  Observe that when ~<~/2
there is no ref l ected Err field for V>1r/2, so (41) does not strictly repre-

sent the diffra cted field in the usual sense.
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The source and image fields are then separated from the total f i el d ,

and the [ZOI section of the total i mpedance matrix [z] is computed in closed

form as before. The {~zI elemen ts a re foun d by

= - 

r
1
. 

~~~

. 

1 1 (r 0) ~~~ (rjr 0) I~ (r)dr dr0, (42)

where r0~ 
ranges over t he tes t mode an d r~ ranges over the expansion mode.

The differ entiations in (41) can be eliminated by integration by parts , which

also removes one of the integrations in (42). Note that , because of the

non-zero wire radius , the electric field along the surface of the wire con-

tains an F0 component in addition to the Er component. This E
e 

component ,

wh ich makes onl y a small contrib ution , has been ignored here.

This solution was programmed and run for a x/4, a= .O O 1A rn ono pole , with

i delt a gap generator at the base of the rnonopole, vs ang le ~~. Figure 10

Shows Z
th u s i n g  two modes on the wire compared with the surface patch ~M

solution . T hi s resul t  at s~=ir/2 also agrees with the anal ysis for the vertical

mono pole in Section II as x0 approaches zero. Note that Zin goes to zero

as ~ approaches zero as expected , since the antenna then becomes shorted

by the ground plane. As ~ approaches zero , the reactance curve takes a sharp

turn downward before going to zero. This effect is probabl y exp lained by

the fact that the capacitance between the rionopole and half-plane increases I
s har p l y as the monopol e iets closer to the half-plane , before going to zero

i S  t i n t  hes ti~ n a if -p i ane .

Another independent check is available from Tai 5 who computed the input

•~- sist-ance of monopole at ~= -ri by integr atin g the far field r adi a t ’~ n natte rn

(tie nput reactance cannot be calculat ed using Ta i’ s met hod ) .  ~rlso shown
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in Fig ure 10 is a surface patch result obtained by G l i ss on 13 for a ~/4 rnonopole

n o u nt ’ d on the edge of a finite plate , which compares reasonabl y with the

other results.

The surface curren t density can be derived for a source at the edge

of a half -plane in the same manner as was done in Section II. The final

result for a di pole of moment I,/V~, is

~sr ~~ . sin A/rn . (43)

The di pole moment must be reduced as as r0-~0 to maintain f inite f iel ds.

Note the correct source and edge singularities.

V. CONCLUSION

This paper has presented anal ysi s and results of the problem of a

monopole antenna mounted near or at the edge of a half-plane or plate. The

canonical solutions using exact Green ’ s functions have been presented as

a basis for compari son with other solutions. Expressions for near-zone

surface current density were derived and used to synthesize an attachment

inod~ to handle wire attachments near plate edges in a general surface patch

MM so lu ti on.
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PLATEI _

(a ) ( b )

- -i j inal attachment node , mode A) fin al attachment mode , mo de C)

( c )  ( d )

ittach inent mode C) when monopole is segmented attachment mode , mode D),
no~inted at a p l ate edge. shown w i t h 4 segments.

Fi g~’- .~ 3. Attachment oode development.
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INPUT IMPE DANC E OF X/4 MONOPOLE
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Fi gure 10. Input impedance of a x/4 radial monopole mounted at
- the edge of a half-plane vs. ang le , computed using

MM/exac t Green ’s func t i on an d surf ace patch w i t h
att .  mode (C ) .  Als o shown are independent results
for R and Z at cz=l8O0, from Ta i and Glisson ,
respectivel y.
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