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CHAPTER~I
INTRODUCTION

The problems of dielectric coated linear antennas have be=
en investigated by many authorses In this respect nuneroﬁs WOoT-
ks haverbeen performed. Some of these works are given in thé\
referrences in bibliography. With the basis of these referren-
ces the present work has been performed by the author. The
specialized thing for the author is to study some of these
articles, So without enterning into the vast field of works
the author only reflects some portion of these works. The aut-
hor has studied certain articles as dielectric loading of dipe-
ole antennas in sgﬁ%ical and cylindrical medium. He has &lso
studied the behaviou®m of electromagnetic waves in dissipative
or lossy media. He has diverted his specigl interest in these
works because the recent scientific activities in space expl-
oration and guided missiles have presented many new and radice
ally different communication and instrumentation problems Also
the work on this subject has become necessary to communicate
between underground or underwater terminals, Propagation betw-
een burried transmitting and receiving antannas is usmally via
a path which can be described as "up, and down", The flow of
energy is essentially from the source towards the surface, and
then down to the receiver. The direct path through the medium
is nef usually'considered as the attenuation would be prohibie

tive, particularly in the case of sea water.}However, the
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a;tuktténnmay be changed when the antennas are placed with-
in or near a poerly conducting stratum. Therefore, it beco-
mes egsential to have an accurate knowledge about the beha-
viour of sm antenna in the medium so as to be ablie’interprete

logically the results of the antenna measurements,

In the study of linear antenna, a convenient starting
point is to study the effect of an incident electromagnetic
field on an antenna structure. For this purpose it will be
assumed that the antenna structure is a circular-cylinder
of some essentially non-lossy material, covered by a coaxial
cylinder or by a sphere of some lossy material, The medium
affecte the antenna performance severely and causes communle
ication "blackout" by attenuating the signal appreciably.
Theréfore, it is important to understand the effect of this
dielgctric loading in order to spedify the system requirements,
It is alse important to know some of the resulty from the

dielectric loading of the antennas. Under certain conditions
a wave may be guided without less of energy by a slab of
perféct dielectric having no metal boundaries. The conducti-
vity of sea water is relabively high than that of fresh water,
nghis explains good reception at sea., There is another factdrr
which may be considered in this analysis that the attenuatieﬁﬁ
factor becemes high at millimeter or submillimeter wavelengths.,
The dielectric coated wire or dielectric bod may be used for
low loss guiding device. But one of the most useful thing is #af
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if we want to increase the radiation resistance it is more
helpful to increase the dielectric comstant and premeabil-
ily of the medium than to increase the physical size of the
structure. Because by increasing the physical structure
there is a certain range beyond which there will be no
extra benefit. For ¢..»/, the radiation power factor is
also decreased. Yet it is seen in the Chapter-] that moder-
ate relative dielectric constants of the sphere ([<&»< &4 )
provide a slight improvement of the power factor if the
boundary of the dielectric sphere is within the near gone
of the dipole. This is contrary to the expectations,



CHAPTER=- II

DIELECTRIC LOADING OF ELECTRICCDIPOLE
ANTENNAS SURROUNDED BY A sPHERE(12)

I. INTRODUCTION

It has been indicated by Wheeler(8)tnat dielectric lose
ding (& >!) decreases the radiation power factor of electric
dipele antennas., However, there are exceptions for an infin-
itesimal dipele surrounded by a finite dielectric sphere and
alse for dielectrically loaded small-angle biconical anten=-
femnas, where a moderate increase of ¢~ provides a slight in-
crease of the radition power facter. In the latter two cases
the dielectric surfece is not tangential to the electric field
lines. So the results of Wheeler are not strictly applicable.

According to him the dielectric loading of the antenna
increases the suscegtance B and does not alter the radigt=-
ien conductance G. so the antenma radiatiom power factor
p=% decreases, The specific geometries considered here
invelve an infinitesimal electric dipole in a finite diele-
e¢tric sphere, The field components of the small dipele can
be obtained from a scalar solution of the wave equation, It
is shown in the discussion of electric dipole that there is
a slight improvement of the power factor p for a moderate
relative dielectric (i.e.i&dy), if the boundary of the die-
glectric sphere ie within the near aone of the diepole,This

is contrary te the expectations.



5. DHE ELECTRIC DIEPOLE SURROUNDED BY A: SPHERE

An electric dipele is locatediin thé csmter of a
dielectric sphers of radius "&' which is shown ik fig. 1
and of dielectric constamt ¢, , magnetic permeability 4.,

and conductivity § of the region I. The outer r8gion IT is

dH

Fige 1v in Electric Dipolle Surrounded by a Spheres

characterized by c¢,, .,y and 4, For a suppressed emt time

variation of the fields, the field components are given by

1 dY(ru)
Ee: = r 2607 ‘ )
Hoi = L (S HLwED) ——-%‘*é‘ (2)
Lo 2 (32U (3)

Eri = T ¥ 5inmb 08 (3«1«9 26 )

Eeor = H'I’L = HQL = 0O (Z’)
where w satisfies the scalar wave equation

1 S

Vig + kiuwi = O (s

kz-:wb%e;__,iwﬂ.da. (6)
To evaluate the above equations, let us comnsider

E=-Ve®

where ¢ is a sc&lar-petantiikl.



in the spherical co-ordinate systems
E=QpEnt QpEe +ApEg |

o

. 1 e / B

Vo= arBh raoh B5 v w30

Writingsfpu--%(m), where u is also a function, we get by
corgonparing

v
l.Eg = .-?L— = TLT _%";‘;% 1
or Eoi = s a;gfat) \
Again vy - 3E,+%—'—E = 8E € gf !
s BE+ (weE = C5+U*9@)E |
or VX H = (408 (BpEy —f—C\’gEM-Q‘ﬁE_tJU,-;Q Y
Alsoy, VXH =

G 2 . s [ bﬁ."Hv
e [weCHp %me ) - 2l 74 2o 55
-2 )] + 8L [Re(r Ho)- Hed -
By comparison we get
2t 2\
. . {
(B+iw® Ee '_'P[S«’\'\e @,H“bﬂ
As the variation in the ¢ -direction is zero, we\}gget

Hp = ~7TEp (8+1L0€) =- Cg.f.twe_) ‘?bc;,) N

L

or Hpp = = (&+it€d) 2 ' | ‘?*s..h
Also  (B+iwe)Ep = v;mo ,chﬁ-b%we)ﬂ ?i’ij
- S
Ev = T Rud - (%\ 9 )j -
or

Ewi = ,‘,Swe[® (smb Y]
, E¢L:°)H¢>C:0j Hpiz O .
To solve the equation (5) let us take the wave equation
in spherica;. co-ordinatos. Then vie +k'ie =

and

D
Lfayacl
v
] D o / ?__k +|<L'l’\~
* G § %QC%W\G ‘be) * Trgate OB

With the symmetry about the axis the variat:.on with
" azimuthal ang1e¢may be neglected. Then
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Vi + k=

Let us sssume @ product sclution of the form
w=RKE ,
where R is alfunction of r alone, and @ 18 a function of

¢ alone, Theh

2
%% ' °e ’ %1; "R where = :TE
ae L %:RG 6" = Z((Lﬁ

S"%R”e+2 R'e + —'r,Re +—ff+a—mé1ze’+ K*RO = o

ow (W E oy B = (2 9

The two sides of the above equation are equal to each
other for all values of r and ¢ , and as R is a function
of r only, and O 4is a function of ¢ only, both sides
can be eéual only to a constant, Since the constant may
be expressed in any non-restrictive way, let it be
n(n+1). Then the two resulting ordinary differential

eqguations are

)R
7}%£<+m°dr+{p# n@ﬂﬁfﬂo

2 5 W8 _
and —p :ﬁﬁcw-+h@ﬁ)@ o

It is seen that the solution of the first equation is
the Bessel's function. So
R = Adn (kv .
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The solution of the second equation in terms of simple
functions is not obvious, so a series solution may be assumed.
the co-efficients of thisrseries may be determined so that
the differential equation is satisfied and the resulting series
made to define a new function. For n is an integer the proper
selection of the arbitrary constants will make the sexries
fér the new function terminate in a finite number of ferms.

Thus, for any integer n, the polunomial d#fined by

P, (ce38) = ETILF [ 7((0_((:3;_@] "l( Costa _.D”L,
is a solution to the above differential equation.The equae-
tion is known as Legendre's equation; the'solutiens are
ealled} ILegendre polynomials of order n., It is evident
that, stnce they are polynomials and not infinite series,
their values can be calculated exactly if desired . The
values are tebulated below

P (tos ® = |
P (CoSQ) -~ Cos &
A (Cose) = _—%(:«:t’-oslé ~1) .
P, (s = 4(5 o2 €8O
4&_(35_ ces?o — 30 ec2t B+ 3)

't

i (CDSQ)

' 5 2
P (ee20) = +(63es%0 - 70 Cose 415 ce3®) |

Then one sulution is written

6 = C B (ese)
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and the function defined by the above solution is called am
associated Legendre function of the first kind, order n,
degree m. Thege are actually related to the -ordinary Legendre
furictions by the equation
m
m ™M, A
P10 = (=) LA 1)
o
By differentiations according to this equation, the polyno-

mials of the first few orders are found to be

B (Ces6) = ©
P:’ (cose) = SAim e

B (tose) = 356 38
Py (Cos® = 2 Sme(s e - )
P (eose) = 74 &me(7 ces?o -3 C30) .

S0, the solutions of the equation (5) may be written as

Q) .
n = An Falk® B (ee8) - = - = - 0
£ - A R0k By (eos) ®)

where ,7‘;1(;) and fm&)@ are the spherical Bessel functions
of the first and fourth kind respectively, and where P,(Cos6)
is a Legendre polynomial of order n. The fields in a homo=-
geneous infinite medium may be drived from the equation(8)
after letting n=1, Thus, the H,, component of the dipele

moment Idh is given by

_ I&-ﬁ Lk CAM G Q-'LK(P
How = g (HER™° 9

From equation (8), W, = A, %C’)Ckm) P CCose)

:-?—g—'— = H;% [\Q;(@(kriﬂ B (cs®]
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Se from eguation (2),

He =-(3+ioe) A, & [ @eyw B (Cx®) | (10)
where 'E,(l)(k,‘p) = —Q,(z)('z) = (‘;1‘,“ ‘!ﬁ—) e Fq' (11)
and P (Cos® = U056 (12)

Carrying out the differentiation in equation (10) it
follows that

Hp, = (Briwe) A (L - &) Fpne

: = ~ {2
=(&+ie) A (-3 o Rgme,

2
and from equation (6) N
X K,
(8. +i00&) = — lo Mo
we get N
L () —1% T AR c N oo . — LR
" Togs Ao @ vme = g (it Sees
A1y —ix rdl . . iy
Can _ S . £
B ¢ ¥me = I (1+1%) $mp
A - T AR ot
o= T 4 T ' (13)

Assuming (8) as the primary excitatiom, suitable solutions

for the two regions are

wo= A -Q,(ZJCK.'») + B 3’: (kp)] Cos & for 0<» < a (14

€Y,
uy = B K (kaw) CosO for A S¥ <3  (15)

For the continuity of the %angential electric and magnetic

field it is required that at r=& the boundary conditions are,
Ee. = Ee.
Ho, = He,
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Thus (3.+L€) . and %(‘P i) are continuous, From the
above boundary conditions we may writtem,

Bi+riwe)u = (Btib6) wy
o (B +twe) AR Pk + B k)] tes 0 =(Br L6 C 8 e Cos ©

(2 ; Brtise) @ 2
or R, (k) + B ko) : %E?;We%) a3 *.Q'( (K24)

o %% 4 B I = %%% ANON . (18)

also for %(’a’ug i.e.%(lug s We get

%[X-&F(x)(&).}.ﬁ’:( g:(:()j — _g__a%[y Q‘CQ)CD]

(17)
where
2= Ka (18)
b R a
Ka o (19)

The spherical boundary between the two regions at r=s is
assumed first to lie in the near fields df the dipole, For
Ko, K <¢ | 9 emall argument epproximations of the spherical

Bessel functions are used in (16) and (17). Then

TS0 & K& (20

5y~ B+ o (21)

and letting b= 0 , W& can solve (16) and (17) as foilows.

From equation (16) we get

/-\‘L
vy 6 Cory o ML
FraaG ) -(F+5
and from the equation (17) we get
D9t N - Yyl [&
2(F &+ %) =S &HCF ""B“)

_2__}__, 3_—-6-'.@‘.’:! 1
w8y = T F &P

orTr

w
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¥ i, gL _ Crzv ‘LD
or T 3 Y
a L 06 @
or — -~ Tt & a(

C/ay _t

H 3 )DL) .
Since k,&, k28.<<1, only the following terms are consid~
ered i.e.

e L _20 . _C &
P Ay ax T A o+
3 g& e | _C L __C 2€
N N S B el ENGED)
3 e | ¢ 6+26
or & T ’H.e'z—( &, )
or e 36
A ¢ 26,
T 3é&
C = A Thae
as 2L = k|LR-L = @1/—{*0 €, C\.L
and Y- = ki = ke 6QT

Putting the value from (13)

C_’_w,/(ml'cﬂﬁ. 361,
== =g

¥ 2er

(22)
Now determining C and A the fields of the dipole are
computed by substituting (15) in (1). Thus we get

9 - '3 C‘rk"'b_)

@
- L o mw {Cr e @se}

Using the large argument approximation of the spherical
Besgsel function

N S (23)
we get @
' 0 o T 36y
Eg. = (" 7% 1!

’, ,.'
e,+2e=. r ae‘ar* {r( <) e"ge}
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- (= asf;&)'ae"arsz " Teoss §

. _ lwte M z6n R _—Lkay
. Ee;," IV ey Smg 0 . (24)

The radiated power is

ann
W :._;1{ Gv.f T =N rsome do dop (25)
i eLf f ("/""I"w 631’36) e o A

T
_ﬂf(w,&ﬂc@, eSS ‘:-(g—fcsswa-ﬁfd@)o@

E 26

.
;znﬁLCGMA fﬂ) (e-hze) :

Now T4

]_'L__ k\_/ﬂw _ L,Cu:;
b TG T el

W = _fr 4 ze (ran)” (25
Tojan C?’*&&

Then the radjation resistance follows from this equation

as

= RW
R = & = mf; (A ( 5™ .
The capatitance of the dipole antenna is
o= S5 (27)

where A'is the effective area., The radiation power factor is
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found as
. R _ 966 igpM (28)
P - X - R Lo @ = —(-6 'ie )L 5 T *

Let the effective antenna volume Adh is V and let ép:-557

the equation (28) becomes

¢ K2V
p= (?;;.'E‘)L Ei N C-4°)

Now from this equation (29) we can see that the radiation
power factor p is increased giightlylfor I <&-< & , but is
decreased for larger values of &, .

If the spﬁerical boundary between the two regions at r=a
lies in the far fields eof the dipole, k2 and kaa>>4 and
large argument approximations<éf the spherical Bessel func-

tions are used in (16) and (17). Then

J e -k Gt x -
' (30)

K0 -Gt 3

From (16) we get

R Tol LY

)
@&,ﬁ\
YA
PN
4
b\
&a
D
.

and from (17) we get

& [ 1B wx)

n
9P
v
-
b)
e
Q@
—
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or V\-Q_UY-!—B Sz - 'L%- L

(- Usmyy (L2 gong) @ o9, cege
~e) : - A * ('\ Tm2 ‘-%@

L’:,S%'quv(:i—J@anjz:-J?lﬂkhﬂ%)
1

oy _Q_._e--‘LS: V& . O,rc_ﬁQt’b \ré‘f |
A V& G+ By Sy 7 - H S Gex g sox

Y
e ey . (31)
NE CosX 4 L JE, Smk
" From (1) we get the radiated electric fields

S0

bl -
: W(Tk 1)
gl.ar, {Y’C ﬁ.@(kaj €23 6 }

"o
- )'L 1’3 J'E—“] ! "‘L‘(‘IJ’
’?"DGBT{THQ Ja@gzﬂfe?;e“z(" kzr)o“ &’9}

.1 e N B g g
v be%vEﬁQ@.&x+V€xhx( KL)Q . C"*e}

>t NE ;
9(* )t

~ L —_—
-7 8%y ﬂ\@l & (1 + Ve (i Gj



i6

1y JE —L K2 ()
T %G{AJ@, ng(K,c\)‘FL\ré;. (t\‘M(K\O\)Q— C@SG:{
 wo Tl VG g talr-o)

GTTY W&, Cos(1,0) +1(E, Sm(Ka) GKn 6

—( K,

(o Ans Tl Sim O (r-= ' ) -1
= tlo l; Y2 .3 )[w hq -+ L,\[—S":L Svm klc\] (32)
As before the dadiated power is
1T
. Aro k::(:[‘a(.ﬁ) /
L arey ST L. f v
’ Ces ¥, & +-—€_'— G K;q
'%he radiation resiistance is f
‘ n £
2 KL(Ml { r
Remfpome— = [0 L - 17(33)
& 6M Qﬁkm-+%§%Man !

The radiation power factor p is obtained from (27) and{(®):

as : ) v .
(E‘./é,,) Ky Cﬁ c%) ) L(34)
pP=WRCe — * R
et Kka+ T GmKa 6T L
The radiation power factor p is increased with the . g -
&,

ry
increaging values of € - -5 This increase is quadratic.;

with €y, if kja=(n+%)1, and linear if kja=nmn. R
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3, DICUSSION

The short dipole is alsc termed as condenser=type
eantennz., The characteristics of the capacitor antenna
for the dielectric ioading €y can be deduced from simple
reasoning, Dielectric is assumed to be inserted with rota-
tional gymmetry in a cpacitor antenna of same symmetry.
The boundary of the dielectric is made to follow the ele-
ctric field lines between the two plates of the capacitor.
The electric fields in arnd near tﬁe capaéitor and the
magﬁetic fields outside the dielectric remain nnaltered
if the volBage V of the capacitor is maintained constant.,
The fields outside the volume occupiled by the antenna and the
dieledtric depend on the electric and magnetic fields on
the boundary surface. The essential part of the argument
is that the dielectric boundary is tangential to the
electric field E. This requirement is not met with the
Amall dipole, which exhibit sizeable radial electric

f£ield conponents at the dielectric boundary.



CHAPTER~ITI

ELECTRIC DIPOLE SURROUNDED BY AN
INFINITELY LONG CYLINDER(?)

The short dipole is located at the centre of an infini-
tely long cylinder as shown in the fig.1. The electric dipele
of moment Ih is assumed to be z-oriented. For a z-oriented

electric dipole, the wvector potential is given by

fr QKREYD yof o IR 2KR
éTt TR(x~) ') 47 R 1)

where R2=(x-x' )2+(y—y' )2+(z-z ")2,

x',y'y2z' is the location of the dipole
and XyYy% 1is thé“point in space where A, is desired.
ikR can be expressed as a combination of the

The term e

functions invelving the cylindrical Hankel function of garoth
order., There being no restriction on the eigen-value, it will

ikR

be continuous, and therefore e should be expressed as an

integral over all «s . Writing Weyrich's formula as
ikR . (X HO - |
e =3 =t r) o 2
e f e ( r) L (2)
and subjected to the following conditions
() r and z real; (b) OSarg K- < T ;(e)O< arg k<™

the condition (a) is obviously satisfied, and so is (¢),

since k=w [, [#C +{ _%_. o The conditiom (b) will be used
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to cheose the contour of integration. The equation (1) is

reduced to

. og .
a, = LETE [ (e o da

Fig.1- Electric dipole and an infinitely.

long c¢ylinder.

- Ll%% VCV-?) +£w;’?

[

From above we get the following relations

E e 2t Aa
YT ok eyeox

Egp = 0

Ex

!

. v
t“g‘fl‘l"* ';z_"-j Az -

The boundary conditions are

0 g
Hy = HY
) at v —a
ey = ESY

(3

(4)

(5)

(6)
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In region I, the vector potential wil cinsist of the
homegeneous solution of the wave eguation and that due to
the source, In the region II, it will be only of the home-
geneous solution of the wave equation., So the vector potentials

in the two regions will be

Ay - I’HKI H G 2 g +/ W) T, == r) PR

Cz) /4”@{) H,(m ) e"ﬂo{oc
(7

where a(o) and b(¢) can be determined from the boundary

conditions.

To solve for a(x) and bgc) we use the following proper-

ties of Dirac-delta function

[Ty - qn Bl
- (8

and ,ofo}@)g@(' o) Ay = GO

From the boundary conditions we get

e VI Ao oF Y =a
LT er1g ! (KX 23 l
o /t’\[ 87-(—-@ H’OCEG\)'P'Q 060( +/']o-(€a)a(o<)€Q[°(X J

e ﬁ@O 46D ¢ 2" XA ]
—od
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o -—L/%Z
Multiplying both sides by j L dz, we get
—o&

|[f’df L A TR H((Q)EQL@(w z%d-f*ﬁjéfﬂ)a@ﬂf‘a @{_ﬂpa&pfj

_ L [féf,gé() H (6a) 6 © Lﬁ_ﬂ)gd&o@d}

where 1=, /pt xt y 1g=a/pI- ™

The prime sign with J, and H, indicates differshtisn
tion with respect to the argument.

Using the first condition of the equation (8) we get

Fre ff M’L £ o (280213 B el +f 5 yed) £ 2 3ot A ]

':/T& [_:5;@;) HUIC{U"Q 6 - B (~-2) Ceo(_])

and frem the second condition we get
2 lhlgane 2 4 5100 ¢ anaed]
= L[4 (bR 2]
or F[ . L L 7ty a7

= - [ee0 8/ (6] .
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Again using the boundary condition E§1)=E§2), we get

uo 2% (v -L(o @)
wler o ]f,,, A" = /:kﬂ + w,,] Ax
g N

24
Now, 34; - {AT&/TIW@ Lo(;(afo(

+K:\®J;C }K*}_a‘xr) ‘%’”_el‘?(x -
~od

'al
o %ﬁ}’ B u«m @W@(‘“JQWQ”@(

+ f akd T, («/ L‘L-«Lra)&dﬂ ew'}‘;@oc S &.;(9
a vy

"
VDTAE 06152(2)'

and similarl —
o rxt

So we may get

o] A = L2 ] akl
e

[N
)_ () K
er l = E—e’ BK IT’ZC\
T
or & [ ’t-g‘,;—%@ Ho(e) +0607: (] = S50 4,62 ] (10)

Dividing (9) by (10) we get

ALTR | ’
[ 2428 k) +37, ey 2]

Z= W)

z{;o [.%%\Lfﬁ#,,@a)ﬁn@a)a@j ) —%%({esf |




Putting -_;—K ’ N=§é, we get

VR [ R e + 3t 0]
- Ho(f@[ T4 H,(@n(:@a@j

o Al [ R 1@ - b £ 19 TR

= MT‘Q = [Hole®) Ho (). £ - W (40 1 (&)

LI [ o wly - S 4 b O]

oY 0\@9 - —

b £ T ko) -7, (&) 1 (69

| Putting the value of a@) in (9) we get

Ak [%@ Wl - 2 d n@hled] } ]

P
% L nres- :r”c@ H(6)

,z., mrﬁ MC)%TCU{

= op £() HS (o)

K £ AT [/ (02 1.6 = T
oy 46D = VAL € D’*’Uﬂ@ T(@y..(@j.

ko [ L2 L 7. ) 1ty () o o)
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But lc-ﬂcDH:@ﬁ) — To(€a) Hy (4) = ‘:?Tt_é@d .

»&AI,@ l
ETE Tyl — L2 L 5009 Wiewy]

So b{)=

Hence the solution of the wvector potential is formally
given by (7) with the values of a{x) and dP&).

With K =1, N=1, |

& )=0

i gA, Q
and bl )= 2 [ %DQH,,(,@@) I({@Ho’(f°)j
Then ’b(f><)— 'L?r:(r

This is exactly what is expected because in the absence

of the cylimder, the solution for A, mustagiven by (3).

Radiated Power

The Poyinting vector is given by

PAEE = %) X ap A
T [ 5
FT’ v ECP Ek
TURR LZ; H

= [ar(Ep e BeHo) = ap (0 W B+ (B - £ Y],
Since Egp =0 and no power in the ¢ -direction, we get
Beté [ax B Ho — @r ExHE ]
To find the radiated energy we may findpthe poynting

vector along the infinitely long cylinder., So the energy will
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be W= fl%::lnrofx plus some contributions of ends of the
~4

cylinder located at o0 . Thia flow of energy across the
two ends of the cyclinder at fo0 does not contribute to the
field radiated away from the cylinder and will hot be

considered here., So the radiated energy will be
W~ fﬂ BAmr Az
—0d

_od
W :-—fE; Hq,%m1 AX , since B,z - Fy Hl-;‘.
—,

For the second region

[kl i Ljﬂx

= ?[K}“ o] f?.t

H

%: | K] fé@ Ho () e“o&of’o(
)
- %’E@ Ho(6r) 2% ol

2 ' - oy )
o - A 2 = - et D S
So W—fm’ A f""m & 4 6 Ho(—@?’) PLGEIN
fl, (460 40 i L)) e

o,

=T f Az f £
LT 2T
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- o foe /s Ak g0 geolt 4w g0l e €%

From the condition of Dirac-delta function of (8)

we get

e M LT e 5 B e A

e/ f—‘%’f— BT (e

e
- ﬁwp,m _f 4 (4" 4R (8] (0 e
T
E ‘ijz«, f,eé%*@f A fﬁ(/ﬁ;w)[Hﬂ@@J " A
o _ .
We have :@;‘?jja
that is, the congugate of 3(1) is Héa) So we have
- "*"“’“”fm@*@a yo@’(f) LIE (a1)

The equation (11) is the complete expression Bbr the
radiated energy both in the near and far field, For ‘
evaluating the far field an gpproximate method will be

discussed here,
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Asymptotic evaluation of the electromagnetic fields
by the method of steepest descent.

M asymptotic evaluation of the following form is

required. . ﬁz(@: f:’@ H(@T@ Q[p<2 vy

The variable of integration « runs along the real
exis from -«0to +00. There are two branch points at (-1,
which lie on the real axis., This difficulty may be avio-
ded if ko is first assumed to have a small imaginpary
part corresponding to a small but finite conductivity
of air and then let this imaginary part approach zero.

With large value of r it is assumed that (Vi Zalp) D) | -

Then
PO & / £ 0 . 39(91 (12)

, To tntegraté the above equation by the method of
steepest descent it is necessary to make the following

substitution:
x = to S\MQS .
= Qtidy ! (13)
2= R $MB § |
= R Cese

The angle o is measured from the r-co-ordinates
and from the z-axis,
Now to evaluate the #ntegral by the method of

steepest descent the integral may be written

I=f3[é;9 SL[ax ko=t r ] A | 14)
~&4 |
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where 3( (¢ is a complicated function. The condition of
the equation (13) are substituted in (14) and we get

z=@f flresimgy o OREMOSm +hRCOBES By ooy 4

= [tk smp L RECPR 0 oty 159
e

where C is a suitable contour.

'Now the transformation of the equation (14) from
the of ~plane to 'bheqb-pl'ane changes the contour from
along the ®peal axis between -coto +0to ABC as shown
in fig.-2. It is desired to deform this contour along
which the imaginary part of ¢ KRes(g-¢) is constant in
the region where its real part is the largest, At the
maximum point of { KoR €ss(6 =) , namely at b= 6-40 ,
Re[4 KR %3 (6-%)] is largest. This is the so called
"saddle point". The equation to the deformed comtour
is obtained by evaluating I nDlKo‘R Cos(e— | at
$=06-10 o This givem

Cos (6D CosA Pa= |- : (16)
The plot of (16) within the allowed Riemann sheet:
is A'B'C' as shown in fig.~2. AJong this contour i.e.
¢, and ¢, satisfxing equation (16)
Sl gpy

plheRess(6-0 _ (kR Gxzgpx (17)

The imaginary part of the exponent in (17) is constant

along the new contour. For large R, the quantity has a
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maximum at ¢h, =0 and rapidly decreases on both sides of the

saddle point.

A SbL

\\s N

-
2

\B'\%\%n -
X

Fig.-2. Contours of Integration in the
Complex @ -plane. '

T

The poles on the proper Riemann sheet are the surface
wave poles and those an the improper sheet are the leaky=-
wave poles. Without explicitly evaluating the residues at
these poles, it may be observed that from the physical point
of view, these contributions must be very small if the field
far away from the surfac&® of the cylinder is desired, because
all such contributions will decay exponentially. Therefore
for the field far away from the surface the significant
contribution will be from the saddle point. About the saddl.e
point

Sim4 gy ~ a2
€sB oz Pz (18))

and along the new contour

dp =8 & g, (19°)
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Then from (15) and (19) we get

I—f V7 T ko sings) @ KR 0RO =Ty e s, (20)

where u is a point on the contour close to the saddle point..

Within this region fCKo S«{mqé)te,-s ¢/_Lf0<,,g\-q@ Css ¢yindependently
of ¢z . Also, if the limit of the integration is changed to
-0 t0 +ag very little is added to the orignal value, Then

. . 1
IR (Ko 5m@) Ko CoSe e"m/zfe“‘?fw@"‘(om)l oLbe
-—og

a [2R . ~LTUp kR
/-@ f(Ko Gne) Ko ose @ R . (21)

Then the eyuyation (12) may be written as

) 2 ~ATY4 Yy Ak,
A r_)‘;éu(o S’\’V\ﬁ“) Tl/\/—--— R £ - ﬁ KeCos0.£ éQ R
R>w '
K, Cou@ -T2 (xR
& 24(ko Sing) - oK
24( M@ﬁpcﬁqb R Q
r 24k sme) Kol3€ 57 TR kR

¢ o R
or 252 24(K sme) o 7,1/‘3.9—%-— , (22)
r-> o .

R>0

Thern the electromagnetic far fields are -

Ko
#2) o — 2 0K, Sm® Keos o 2K
L wON R
R>ce
)N Lo (@ - .
é@;;" & Mo (23)

R->c0
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where £ (K S«%Q) is the value of b)) with &= Koban 8 .

If we can assume that lga, 1a<<1, then the equation (23)
can be reduced to a simple form. There is, however, one
restifction since o runs from = to 40y 1l and 1 also run
from =of to +a o If 2z 1is assumed to be large, then the major
contribution to the integral (12) will be from regions
wheree( is not too large‘.- Thus for large 2z, 1,2 and la may
assumed values small compared to ugity.

For this special case, b(x) reduces to

£ : !
b)) = =it , (24)
L s Y= 2
n "i‘lﬁ &)~ T
) A ! ‘
o ) o bof s ]
- G
' &R
H%-_-__%@i@- 2_%__.. e = (2B)

where H¢ois the magnetic field in free space duet"a dipole
/
arCesto (br—D .

alone. If €y=y, the tem[;__ e becomes unity

as expected, and the equation (25) reduces to the far zone
magnetic field due to a dipole alone. The electric field is
obtained by,multiplying the equation (25) wtthnﬂz;%5 .

It is possible to use the large argument apprexiﬁation
of the Bessel and Hankel functions if the diameter of the
cylinder is assumed larger such that la and loa are both

much greater than unity. Then we get

: —( Se
N TR 1L Y e _
PO Tm L] Cos 5 4 Té"”b Gons (2

where s=la-177/z,, 8¢ = (- 11/[/ :
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Then

Yo - LS
B2 o p,, (*/6)" (27)

. D> 06 - L ed
g Ceg T A

where the value of Heq, has been given.above.

As it is difficult to carry out integration about an
infinite cylinder to obtain total radiated power, only the
poynting vector will be cdnsidered for the purpose of

comparison, The poynting vector for the medium,
2 2
Pt BN M =3 [H]

®he poynting wvector Po for the case of dipole in free

oSl sz,

For free space i.e. at € =0

space

Hg)= Hy - - (28)

Then putting the values of (27) and (28) we get
- % ,Ls, 7
=i Ao 2
P[22 He /)
CrSS—-f{EiE Fng
= //t,ee L
and Pb e-fﬁpo ,

Se the ratie of the magnitudes of the two poynting

vectors is given by

P, et
- . (29)
0 Cos &— £ éﬁ".& %M S




33

Se far we have, there was no restriction on the value
of ¢ and 4+ In the following discussion both &€ and 4 will
be assumed real, We take

I N A AN [N I
- Ces ©

Lo Ko (230

Therefore, with € and_+{ real we have
A NL S;\"\»\Lé

RIE ==

From the above expression if €prand N are unity, P./P,

(30)

Pr
i0

reduces to nmity and it is expected, Consider the case

when & =0. Then

P, N o

F ~ = 4
S A
k M€ &r._ Ev
but Neg = Jwee ek, T B

and 8= h{”-—-:{LC\ -_ TL/Z/ — Ka — WL/ :A}f"r’km K .
PI' ~ ) ~ 6 K |

° e st [fE R ke 1Yy ]
Let us censider a few simple cases,
G&SQ: I,
k =1, (VérKea ) varies, then
i . (32)

~J

P
L - ;
Fo T 14 (6o sont [VE ka-Ty ]
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The meximum value of Pr/PO is about

(’\,—ETF Iéocl—" W‘/ )=nTz, Where n=0,1,2,.-.......

A% theseppdints

.1;1;} ~ N
70 Imax,

Again the minimum value of‘Pb/Po is about
(JZ:,KQQ‘—-‘Q@ )=(2m+1JY, ;where m=041,2,0000..
At these points

PI‘ N&-——-—-—-— ~ ,___.__’
T{I’-’n.\*(&’"D ~ Néw

mi

The nature of variation of Pr/PO with &r& K= is

shown in fig.-3,

Erd !
T 7T Ka Cougy,

(+p)m (*l'*%)ﬂ, (ntHn (ntGIn ok —

Fige=3+ Variation of radiated power with &-and kqa
(not to acale).
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kﬁ varies; Eyp=1, koé=Constant, then

P A Kona

-P—-’_‘.“
O (g 1) st [V ke T
The maximun‘points are about

(I\/-E'—Y-V\ Kac\_wf )=(2n+1)‘%’ where n=0,’|,2,.......

At these peints

~ Lm)% .

max,

P

T
.IO

The minimum Eoints are about

(/VI(T‘KaQ“—W[f )=IIT(, Fhel‘e n=0’1’2’oooco-o-oo-oo
Bt these peints

Pr ’
~
P Imin, Ko

This is shown in @ig-4.

———

(2 )% +% (% +_79( @n +5)L + 77;_

o Ko —————a

Fige=4. Variatien of radiated power with km(net to scale).
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DISCUSSION

From the plets of fig.3 and fig.4, it is appesred
that in the case of large cylinder, the radiation depends |
on k and €y, and there are resonant and - antiresonant
peints. According to the pattern shown in figures the
radiation increases with the increase of kn and Ep. It
may be pointed out that the cylinder behaves like a B
"resonance’cavities". This is the cause of the existence
of the resonance and antiresonance points, with the reson-
ance @ccuriLg at intervals ka=11radians. This is very
helpful to design the antenna structure. These curves
also reveal that if maximization of the radiation resis-
‘tance is the criterian of the design, thenm it is suitable
to increase the values of km or €rthan to increase the
physisical structure of the antenna, Because there is a
raﬁge beyend which there will be ne extra hemnefit for the
larger size of the antenna structure. Enother point of
discussion is that if €vis less than nnity the value of
: Hgg) dees not increase. And for all ether values of €p
except unity, it decreases, This is not surprising
because ir this case, the infinitely leng cylindrical
ddélectric red behaves am 8 wave guide and some energy

will be flewing along the red,



CHAPTER~-IV

DIPOLES IN A CONDUCTING MEDTUM(?)

I. INTRODUCTION

In this section we shall investigate an electric dipole
lecated in a semiminfinite dissipative medium. Sommerfield
was the first to formulate the problem of an electric dipole
over a conducting earth, obtaining an asymptetic sotutioh |
when the dipele and the observer were on the interface.
Medified saddle-peint integration téchniques have been
uvsed for the more general case of the dipolg over the
conducting esarth. Ih the present investigation we sghall
apply a new technique to the Sommerfield integrals for
asymptetic selutions eof Fourier integrals. We shall consider
the case for vertical and horizontal electric dipeles and

it will be easy to treat the megnetic dipoles.

II. Case A: . Vartical Electric Dipole

The geemetry has becn shown in fig.4. The dipole is
located at z=2¢ above the interface. The uppef region z>0
will be designated as region 1 and the lewer region <0
will be designated as region 2, The plane interface is at
iwt

z=0, An e -7’ time dependence is asmumed and alsoe it is

assumed the permeability . is identical in both the media.
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For cyiindrical symmetry we can express the entire

electromagnatic fields far the verticd dipole in terms of

fgea

Regien 1(¢,,6,, /u,)_

TR,

> J
|
, Region 2(€:,6,, &)
I
' I
w
~Fige.1. Ce-ordinate system.

the z-component of the Hertzian vecter T(,. Let us take

E='ﬂ—,, v(v.8) + twA
B= VXA '
A=-% ’LAT&:-—Q:/L&D/&GTL'::
where ﬁ;‘: YN
So
- A '
Mg = - - LA

LE T WME

VA2~ R Awac (. 7@~—4w,¢\5(' )

Se we get

E= _Z@_v —&w,aec )j'ﬁ/‘c")( 5‘@9}\(’:@

or E= ’V(-—c?%z—) + 24 M g
: )
ia

and B=an——ﬁvx(zn) g
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where the complex propagatien constant
. :
B = Wint (2)
Again (V4 ﬁ,’”l) A-"'z=-/~Jz and congidering the

infinitesimal dipele strength P, We get
]

Py
ng -:5—_—&- = -imzo
Then ( V't ab) &, =imap -
or (Vi oY) (~Lwune Tix )= A0 Pz

( Vq'-f—/b")Tsz = - -%{ .

Then with subscfipts 1 and 2 for the regions, the
field eguatiens for an infinitesimal dipele of strength

P, in region 1 and 2 are

VTt BTy = - %5005(3) SG=x) ,X 70 g (3>
Vg 42Ty = O, | xse §

But the boundary cenditions are

Egq=Ego , Hgq=He2

€1Epq=&Enp  sArlpaTAeHnae

We may write

By= =~ 75" WX (X Tyz)
H.= — _’.L'_.@_il ® .
er < IETYN V?‘( ﬂ|’>€> T4 V;((Q*T(&)
. . L
AM N .
and H2= 'w—ﬁ VA (tz Tsz) = -«Lw&v?\(?n_zy .

» ot L
PRI AR . -
rak e,

[
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' T -
that is , V¥ (E%-Zig) — V( ’b;;} = ’9,@221'(22——'&%11&,2

= £ % Tyz (Aaty)

Az we have considered before that the permeability A¢

is identical in both the media. Se we get

DTy, _ O Ty
2z T ox

Se the boundary conditions are

€Ty = €42z § % )
OTuy _ Oflve !
X o

also at XD X, iy D0 8

and N> 00 5, Ty —>0 - % (5)

These equations can be solved by the straight
forward means of the two-dimensional Fourier transform ﬁ)

where

(& 5, :_g“@‘)”ﬂ) <) A Ly (6)

and the inverse Tt is given by

| - i
T3, %) :ﬁifn@)q&«e SRCPT o (7)
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Applying the two-dimensional Feurier transform in (3) -

we 'get ’

f(" [ Ve t8ta] e o " s oy
———f( 2 gy 95220 & ot

Using rectangular co-ordinate system the left hand side

becemes
- N A
ff(ch‘» 1“2:,1 "f'%.&t 7 )KkQ L( ﬂfi@d@ 0@
3’% -y ot 1€y - Brth )
(T e ST B e By S,

- Integrating by parts, the first term will be

AVL&&({ Lg")t ?Tt,q ""L\?f Lgh?ﬂ;z 0@&}

: {O Ny [ [ ety ]

I

:(O;L‘Q%(UE{ g{é-( Snnrx["d+ . '(Z_CS‘YLTLR 0@},]
~ox —od —d

£ . ..
=- % ffna & I ST g Ay
—a3

=-§ ﬁx Cg)”p"’@
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1T —
Similarly the second term will be — % Ty (E) lb';()

Then the equatien will be

69 T (49 4 [ 35 e &t

=[-( (&%) fb;(uﬁﬂrjjﬂiz ($,7,%)

= G;%i* ”311) Ry @5 %)

where XIL = /3,2_*- (gl"f@ '

Then the differential equation will be
L —-
(‘"ab'&i i, Ty @)‘L&
- £ f {809 4 J(H)E( ndty.

Similarly applying Fourier transferm to the other

equatien of (3) we. get
e 1N
(55 1% T (B9% =0
where Yi - )@,2‘—— (g‘—-f-lfj .

The melutions of these ordinary differential equatiens

satisfying the boundary conditiens in (4) are given in

termg of the inverse transform .
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Thus for 27/0

w0 LHA2] 2 2 ) (x+2)
o1 by e A 3,:"%51 h ' o ™
T‘ﬂZ(’fb%@ - l[?‘l”[? -—T) [ Yl +ﬂ;:{' -f“ﬂ[l)"l. b’]

L(8a )
% 0€§ Gg‘z (8)
" For zL0
""ﬂ! 571 LX% Lb’l-z
T(?.k(}b 29 [ﬂ(?— (;& ff(l U ﬂ?}{l +pl Y ) ‘6°,
LEntn2) '
I3 4
§ 4 (9)
where 3,5 - {,g,l"——(f):(—/f)} )

_ (10)

== ef

The equations (8) and (9) are simplified to the form.
given below by changing to polar co-ordinates (A,6) amd
substituting the integral representation of Bessel func-
tions., For 2z>0 -
| . YA ol ARy

G Lgng, LTCR,,
1 L ‘L‘X (g"f‘y
A By ! D
+4‘Rf% 2 r & Hn((ﬂ‘ﬁ')ﬂdﬂ
- /l

L D’, ‘fﬂfl?fl

Ty =

11)
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For zg<0
b4 2 s L% LA,
where Rf = x2+y2+(z—zo)2 = r2+(z-zo)2
2
and Rg = x2+y2+(z+zo)2 =-r2+(z+zo) .

Case B: Horizontal Electric Dipole

It is necessary to have two components of the Hertzian
vector T, and T4 for the horizontal dipole in the medium. Then

the electromagnetic fields for this case are given/by

T
E = V(j'%"{f*—l- b———-;&_f) *f—ﬂl(/’*/t\ﬂxfi‘\@ !
) g (13)
L £
B=- o [VX(RTtat 1) ] - 8
Similarly beforé we can deduce the field equations
for 20
]
VIR')«L’ ’f“ﬁ}ﬂn{ =g Q
N § (1)
vy, + ﬂflﬂ% A I 8o §&=) : |
and for z{0 "
Vlﬂna+ ARy, = O § (15)

VLTL}'L-_IL f&’}—R?L =0
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Again the boundary conditions will be as befofe

0
T L ORY _ DT, , DM, §
/‘J”FLTLX! :[’:»L T 3% X ‘b')‘t + %21
" L y
ﬁ! T(,‘(' :ﬂ»ﬂx,_ - ﬁ;;?— %'—z% g /53'"3717(1_ D
OX (16)
and at

X—=> -t 71,092&)9 0
x> T (MY =0
As before, the equations (14) and (15) are reduced to
ordinary differential equations by means of Fourier trans-
form. Solving these differential equations with the boundary

conditions in (16), the following inverse transforms can dbe

written as

£ Cil(»‘f ~2%) di @Tk‘o) 20 1@'2—&:2’) (@3){1—}23
énlé,ﬁ( T ¥ YA )5@0(’1

__ A 2 ([ 2B () ((exwmy)
- QTLHG E}Lj7igiﬁi1f7gllg ' Q'(— ) a(?CI%

»L(z?f-? Zf:z

g™ g7 elff (7 < &@H?’){?O@Z
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ik o (7 G-ty t(%28%) L
e .(@ 4, m,z?jx,. ' "’-c( HZ%@”@L

———m e e =~ (17)
where z?'l-_:ﬂ ’7—#(51_{_@
Vi k- ()

Similarly as beforé by transforming to polar co-orcina-
tes (A,) and substituting the integral representation of
the Bessel functions, the equations (17) reduces to the

following form : for =z20

R As R, I O Oz
T, = e[lﬂm 7R ¢ m[*o’m%, o (e ( )7U7(7g

@f:'?/z,) ('(‘%
mﬁ YA f ﬂzlbé-bﬁz {, ) O( >7LO€7\

and for z{0 | R _‘_(,9

A ’E'B)Qn “{)722 {
Tl = % 7%?;"3 AR R BV

At o (L Ok iz il

My = — ng 330 F;lngf‘é’n?“b’: e gf)(mj}\ 0(7\/
where R,l2 = x2+y2+(z-zo)2 = I'2+(Z"ZO)
R22 = x2+y2+(z+zo)2 = r2+(z+zo)2
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To get the complete description of the electromagnetic
fields the integrals (11), (12) and (18) have to be evaluated,

Asympbotic solutions of the following two integrals will be

given :
— "'g ) )9
fﬂ bt ?f' & D0 A A (19)
ST :
~a (A A Lt
C' ( Artat

T T g X\
where I = (7\ Hﬂl) =
1 po
oAb (7\ 3,
and the rest of the integrals are obtained from them by simple

differentiation. Thus the asymptotic solution to the second

and fourth integral is obtained by taking

- (*arzzo T ‘b’X)IL

I1T. A Short Description of the Asymptotic Method

o0
.- The aspmptotic evaluation of an integral fjc@\) QL‘N}(A
for large values of r is obtained in the fol—f;wing manner, The

function 3((7\) should be a generalized fugction and ghould
possess only finite number of singularities like poies, Zeros
and branchpoints, It is known from the complex-variable theory
that the contributions to the solution come form these singule
arities of the function,The asymptotic solution is obtained by

expanding the function f @ around the singularity, e.g.,if the
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function has a branch point of the type (A~ 7\;5%' at A =7,;, then
(ﬂ-?hf%fﬁg is expanded around the singularity p», . After the
expansion the complex intéegral is reduced.to a linear combin-
ation of simple integrals. After splitting ®E the complex
function {(ﬁ) into a lineat combination of simple functions,

the inverse Fourier transform will be asymptotically equal to

[ {100 SN flragy @ e 7,

where 2,4, A, are the singularities of the functionjfk%) s and
’51(‘7)19 and {5 (¥, A2) are simple functions of r. So from the
nature of the solution, the major significant contribution

will be from the singularities close to the real axis. The
further a singularity is from the real axis, the greater will
be its exponential decay term for increasing r, and so the less
significant widl be its contribution. There is another difficu-
1ty when the distance seperating the two singualrities of a
complex fﬁnction-f(h)- is so small that the product of the
distance r and the distance of seperation of the two singula-
rities is small, This difficulty may be overcome by grouping
these two singularities and expanding the function around

one of them. That is, if a function has a branch point of the
form (7\-.7\,3/'L and a pole (ﬂ—ﬂzjﬂ and the two singularities

are close together, then to evaluate the function asymptotic-
(A~ 7D

(A-ADT
The direct method is applied to the equation (19) and the

ally, the function :FC@) is expanded around Az or A; .

modified method to that of (20).
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iv. The Asymptotic Evaluation of the Integrals

Now we shall evaluate the integrals (19) and (20) for

the special case when [gY 3> [g}] and z and 2o<T and

/¥ > [ + Thus O, « _[7 _QL')\'}"
H, (o 'ﬂ’TL«'\T’ [l“f‘g&pyﬁ- 128 ?131_7{1_'* ]

A. Evaluation of I,]

[0
I,] A ﬂl——ﬂ L

a’f L )";-2. hi[2 QL”’ 7
1,./714 [H_sw’?\ +[48’(w)1 At **3’”‘5‘

{2 2 '-27;23 '3’12' (e =
A g [ wﬁ—*f—‘?s(fa’) A YD

2
The exponential 2 is expanded as a series around z

_Q-_ny: 21;,2 H,GD(N’) 71 ﬂ(?\

and is given by

2 (A2 LC/ S
B g G P, Y (s

Again writing

(bt & *@’l—a"){hhiu—ﬁ(—ﬁ @ (&)5’ @ish }
=afi-dxeod(- a%rﬂff(%?——ﬁ"%?")w“}
'f"'{'—jl 1‘{11'(2“2%})'# X‘j(%?——%bf_m - -j )

By rearranging the equation (21) in odd and even series

of 'b’p_ we get
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e f,ﬂ s {-he W - el (5 Ay
_ﬂ’—‘io LRT{I_’_ _/_ 62@ ?\/L‘*“-} O(/\

In the above equation (22) the singularities of the first

v

(22)

part are the branch points at A=#3 ,Az+4, and A =0 , and
the singularities of the second part are the branch points
at?t::tﬂ;'a and Azo and a zero at A-+ 42, . To satisfy the
Sommerfield radiation condition, only the singularities in
the upper half plane above the real axis are condidered. Hlso
as [g1)>> || and|p] is complex and highly dissipative, only
the branch points at A= 4, is going to contribute significan-
tly to the asymptotic value of the integral. In the far zone
the zero will not contribute to the integral. So only the
first part of the equation (22) will be considered. The

expansion of the function

Pl °<7\+/.%9 6/% ”_Vi*/.zg e ) C hxt ~ =)

around Az/f>to the first two terms is given below:

DRV o R Nz 9 L
,/dwf 12 QHirlFar ?"Q‘M{[&’Aﬁ g 128 iy 2K PL:]
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. : T
‘D“ﬂ””’"*‘}‘ﬂ "L(n"aﬂ'{[?«% KAr /BL’{'“F/?’L Y’*g«m 9
f(ﬂvJ‘Q’ Y -(f-’ﬂ—f2
= J[ Al J*/s’m - “'} (23)
where I'L?' = Z

After an inverse transformation of (23) the resulting

expression is given by

F ({1‘0\3— &ﬁxf2(ﬂ|41 nN*<2o
T Ty‘l‘ /% —/QL

I - Aty 1 _
Tl ~ TR+ 5 "ﬁ— »‘Zﬂ, *z‘f‘fm““j‘“ :

{/32[ [~ AT I“—xj+

(24)
B. Evaluation of 12
Again assuming the series of Héq) (A¥), the integrall
- . A28 AY Ky Ay
Iz—ﬂ‘rf-/s 'WF e et
rH"ﬂ‘z"
b ~—fdx
VAt T TS T |
(25)

' L3
Similarly the exponential L is expanded as Taylor's

series in z we get

, 2 ﬁ: 791,"‘,@137! ’ﬂ-?a L7\3’ [
2 i VTR —ﬁi———% e gt
fm g (»ézﬁ
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Rearranging the above equation in odd and even series

of ¥y 4 we get

(x>~ ) —h% i ¢
T2 ﬁr LS, {f ﬁ, iy < 'eL 'f’é} +g«a~?\76_+f28(41°) %7\—7

T A
3
frssema mal 2o ) 1 (7
o9 4&%: .
C/'l'i fBDN 'L -'*J 9(7\""{ 1ﬂ1E'&L /7\_1_76"1_(,_
ﬁ:l’h&-:j'

T S 92 S
Eﬁ" T T o a7 ! Oh} ' (26)
Now let us consider the first half of the equation (26).

The singularities are the branch points at A=+z, s NTF/4

i ﬁ!ﬂ"—

and A-pand poles at A- W « As before the singulari-
/ [

ties in the upper half plane are considered tc satisfy the
radiation condition ot infinity. Also, as|4 |M]4], and|A]
is complex and highly dissipative the main contribution to
the integral is going to come from the singularities, the
branch point at+p, and pole at +/f_/;_;_ﬁ1-— . The distance

between the branch point and the pole is

ﬂfﬂL -
and is very small, So when r ks moderately large, the

modified method will be applied as suggested before. The

singularities @"Z"—G)YL are grouped together, and the
1 .

’l.—_ e et ————
Ay Tted
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rest of the function

42 (e , 5 o
ol R A S

M s

is mxpanded around 4, ETTRE After this expansion and

rearrangement, the first part of (26) reduces to the follow=-

ing with O((;Lk) ) O(&-}’o neglected :
ﬁ. | (A-s8 Dlia Lfd"? WTRE arf - L Y 4
R{Y ﬁlq"ﬂl_’d/ Iﬁ—_ ﬂ( [ A}l""’LE
+ h!
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CAGYS X[ 144E /1— 4&.6? +h et
+ B + o | (/ b, ) joﬂy\},

(9\—'&,} l/‘az/mf_ _Ql']\Y’[ (7\ )
JF»TL

13 g i
B o i (emte, 9 (e
N {tnv 2 T E&r & o + lﬁg(t?){ﬂl‘ +(7\ 4[1“’17')

v QI[K ; /+hL fﬂfﬁiﬂ]”-‘]ao\)

+Jrar f?; Lf—ﬂ W)

(27)

A
where & = E(I_‘fhl)yl'-f'/j and 4= -—;;7’—'
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After an inverse Fourier tfansformation of the equation

(27) and a rearrangement in ascending power oft% y the first

three terms are ( the terms O(na) are negleéted )

[2 _é___ Qtpm Aﬂfz/f—_[_,.,lp (11‘41_2/ el +j_
T pfisat v

1 X
Qg enmepit Qo) il (o= v )

o V t(ﬁu AL)r
+ H&(Tnj? = ) erde EVL x, Y,\;Lj} | (28)

!
where jd - and o *‘_,_m___,
Xe = L T I) /4 R
" In the second half of (26) the function has poles at

bagly it = 22 and branch points at Azp and A= 1/ . Dhe to the
TN
same reason as said before, the only singularity that lies
in the allowable plane that is of any significance is the

pole at A - —2ZL_ , An expansion around = Ao fTFRE

NI+ RE
leads to
2' Lﬂ,rQ'o T’\l LAY - sy { -(h‘)ﬁ-z X
J& ﬂl R(1+nD% F/\/——-_—H-}.lgl rnt, ,zf
((‘fﬁl)y Vi
+ ) Z?DL R4 /23(“*&" ]‘(7‘ (29)

Only the first term of the expansion is written, since

the Fourier transform of all others is zero., Inverting (29),

the'following expression is obtained:

SR .
@E’T,- ) N A Tl 7 (30)

The leading terms in the asymptotic solution of (26) are
obtained by adding (28) and (30). The result after rearrang-

ement is
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V. Results

(31)

From the above evaluated two integrals, the Hertzian |
vectors T for both the vertical and horizontal dipoles
can be written in the following form.

A, Vertical Dipole

CORY - SN ¥ LSl V-3 LRV 1 £ T2 /\/,.f—r{;hm
N2 = s ﬂriﬁ“vﬁ*)—g e D AFh o

Coe -
o e 1T T D ot i ) w0 ()
I .
'f’m(j% — 2 (zf'z‘) "= J]} X 20 (32)
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B. Horizontal Dipoles
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DISCUSSION

The asymptotic solution of a dipole immersed in a
semi-infinite dissipative medium has been obtained in order
to study the communication between submerged suﬁmarines or
between a transmitter and receiver burried in the ground in
geophysical explorqpions. These investigations have been
made under the assumption that the curvature of the earth
and the ionosphere may be neglected. Since the present
interest is only in sénding signals in a single direction,
isotropic sources are wasteful and inefficient., From the
theory of dipoleé in air it is known that, by a proper
choice of parameterssmost.of the radiated power can be

confined to a narrow beam in a desired direction.



CHAPTER = V
STUDY OF SLOT ANTENNA
INTRODUCTION

¢ [Jg,c A Dy

It is,knoﬁn that a wave guide

(4)

or cavity completel§
closed by perfect conductor can not radiate. If holes or
slots are provided then there will in general be radiation,
Fields excited in the slot from the infterior in turn excite
waves in space which may act to carry energy away. If the h
holes are small compared to the wave length such radiation
will be small. If the slotsrare large the fields may be
-built up to such an extent that radiation is appreciable

and the slot becoomes a useful antenna,

Slot Aerials

Let us consider that we cut a slot, approximately 2/
long, in a large sheet of metal and feed current into
the sheet by a parallel-wire line as shown in fig.-1.
Then it is’seen that the two halves of the slot form ?%?

short-circuited lines and currents will flow in the sheetgs)

5

Fig.-1. Slot Aerials.
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Thus there will be a pofential difference across the slotb

and an electric field across the slot will be maximum at

the centre and zero at the ends. This field will also fringe
out on both sides of the sheet, A comparistn of the field
distribution with that of a A/, aerials, will show that the
magnetic and electrid fields are interchanged but in diffe-
rent form. Therefore the slot acts as an aerial.butilthe
radiation is polarised at right angles to that of a Ny, aerial.

Normally we wish the slot to radiate on only one side of
the sheet. This can be arranged by boxing up one side of the
slot, a hemisphere about?yQ in radius being suitable., The
impedance is then doubled.

If a slot is cut so that it is across the eriginal
current flow on the face of the guide, then it can be seen
that the new current distribution will approximate to that
showp in fig.~-1, and therefore the slot will radiate in the
same manner,

Slot Arrays

The behaviour of slot aerials has already been discussed
briefly above. So it is evident that an array can be formed
from cafe@ully spaced slots, suitably fed, the most practical
arrangement being formed by cutting}yaslots in the walls of
a waveguide.Buch arrays fall into two main classes, depend-
ing upon whether the guide is closed by an adjusfable
piston so that it is carrying a large stationary wave or

whether it is correctly terminated and therefore carrying a
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travelling wave. In the former case the phase of the wavé
will be the same all along the guide, except that it will be
reversed in sign at each half-wavé length. In the latter
case, on the other hand, there will be a progressive change
of phase depending upon the phase velocity in the guide., For
exampt#, Weecut slots on the broad face of a guide, one-half
of the guide wavelength apart, and displace each alternate
slot en opposite sides of the centre-line. If the guide
carries a stationary wave, then the amplitude of the guide
wave at each slot will be the same but the phases at adjascent
slots will be opposite. The spacing on alternate sidescdf the
centre~line will, however, currect for this and we have a
line of radiators all of the same phase. The arrangement will,
therefore, be a broadside array.

If a travelling wave in the guide.is used then the
spacing of slots is usuaally about 200 electrical degrees
instead of 180 electrical degrees at the mean frequency to
be used. As the phase velocity within the guide is different
from that in space, the beam formed makes an angle with axis
of the guide. This arrangement éan be used satisfactory over
a wide frequency-band, Since the wave in the guide is being
attenuated, it is necessary to cut the slots such Bhat the
coupling of the slots further from the feedpoint of the guide

is greater,

Fndfire Slot Antenna

The endfire slot antenna( (7)spage 8125 a travelling-
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wave antenné characterized by a phase velocity equal to or
less than the velocity of light in free space. Here we have
discussed the type of aperture excitation required to prod-
uce endfire radiation. The apertures of the practical,
broadband, endfire antennas may be made wide enough to
obtain pencil=beam radiation without the need for an arrgy
of slots.,

To determine the aperture emcitation, it is convenient
to think in terms of the equivalent current distribution
in the aperturé. Thus, to obtain a horigzontally-polarized
endfire beam, we need a distribution of horizontal electric
current elements oriented at right angles to the endfire‘
direcfion, or a distribution of vertical magnetic current
elements. ?279btain a verticq};yfpolarized endfire beam
we need a distribution of horizontal magnetic current
elements obiented at right angles to the endfire direction,
or a distribution of vertical electric currént elements. But
the signal in the plane of a horizontal ground plane is
greatly reduced by the shorting-action of the ground plane
for horizontally-poliéxrized radiation. SQ only the v?rtically-
polarized endfire antennas will be considered.

In practice wvertically-polarized endfiré fadiation can
be obtained by either TE or TM excitation of slotted,

dielectric-field waveguides,
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quﬂ Excitation

1

R K

S —

Cross=section Side View.

Fig-"2o Fig.-ao

A practical endfire slot antenna is shown in fige=2a
Fig.=3. shows an endfire slot antenna of diametrically opp-
ogsed slots in a ¢ylinder.

Analysis of the aperture field

An analysis based on the partially-filled waveguide of
fig.-4 is quite useful and easy to apply. In this method it
is assumed that the phase velocity is not appreciably slte-

red when the air-filled part of the guide is removed. From

P
A

e ' - -
| - -
' ﬁ. ui" Ef:,___ — -
"1 n-"f" 1
DiwurahiZy,
L 1Tl il ‘»_
T et ~

Fig=4. Partially-filled waveguide used in endfire
antenna analysis.

the partially-filled waveguide analysis two types of hybrid
mode operation are possible. One type corresponds to Hx = 0
and the other to EX = 0, In practice it is found that

something close to the Hx = 0 mode is produced by coventio-

nnl
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nal TE excitation of a dielectric-filled guide with a skde
normal to the E-field removed.
The phase velocity in the partially-filled waveguide

is given by

o=~ @

where

c velocity in free space

]

v = phase velocity in the z-direction

g = 2

‘A= free~-space wave length

M = mode number

and k8 is the propagation constant in the
¥=direction in mediumair,

For the Hx = 0 mode, Rb satisfies the equation
D = £ - '
ky tan k0 = () k tanky (D = =), (2)
where k1 is the propagation constant in the x~direction
in the dielectric medium 4.

Analysis of a Terminated-Waveguide slot Antenns by
an_Equivalent Circuit Method ( (13), page 16) ).

The terminated-waveguide slot antenna consists of a
slot cut in the wall of a waveguide terminated in a
known impedance. The slot field, therefore, is a function
of the waveguide termination and may change greatly for

different impedance values. The determination of the

slot field is usually an extremely difficult task. So

it is desirable to employ a techniguento find the
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radiated field without a detailed knowledgé of the slot field.
If the slot radiates into a half-space i.e. the slot is
contained in an "infinite baffle"”, the radiated field are
analyzed very conveniently in terms of spherical transmission
line theory. A single spherical transmission line.is Suffic~
ient to represent approximately the far fields radiated from
a slot excited with symmetric and antisymmetric incident
electric fields. So thattthe half-space is represented appr-
oximately by two spherical tranmission lines, and the slot

is viewed as a network coupling the wave guide with the
half-gpace region. Now if the equivalent circuit parameters
of the slot are knewn, the far spherical mode voltages and
currents for a given waveguide excitation and termination

may be computedhby simple calculations.

The specific configuratidns considered here are symmetric
rectbangular E-plane and H-plane slots radiating from the
broad or narrow face of rectangular waveguide. The coupling
propertied of the slot are represented by a lossless four
terminal-pair equivalent nebwork whose parameters, at
suitable referepce planes, may be expfessed approximately
in terms of those of the lossy two terminal-pair equivalent
circuit for the radiating slot when considered as a dissi-
pative element, The parameters for the latter network can
be determined either theoretically from a variational

calculation or from direct measurement in the féeding guide.
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E-plane slot

(a) Four terminal—pair Equivalent Network: -
The E-plane slot configuration is shown in fig.-5, when

the rectaﬁgular waveguide i1s assumed to propagate only the

L T T'B)TH
: // ) \\
!

| !
Tnfinite : !
Baffle i !
Tl k -0 T:,,

Fig.=~5-Slot structuresasd s+ Fhg.=6~ E~-plane slot stru-
orientation of co- cture(side view)
ordinates for E~plane and terminal plane
slot. locations,

dominant qu modg. If the slot is excited by two waves having
identical electric field components E at the symmetric, "far'
terminal planes T, and T, (fig.;a), a n@gneiic wall

( Hfangential = 0 ) exists at the z=0 plane; the correspond-
ing slot field is shown in fig.-7(a). For convenience, planes
T, and T, are fhoosen a "large" integral number of guide
waveiengths away from the symmetry plane. If is seen from the

symmetry of the slot fieid configuration that the fields ra

}T, L, g}ectric
:;14 { | ipole
A Magnetic
¥=0 plane x=0 plane currents
z=0 plane
(a) ‘ (b)

Fig.~7- Symmetrically excited slot ( E-plane )3
(a) Slot electric field,
(b) Equivalent source.

radiated into the half-space region resemble those due to a
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radiating electric dipole placed perpendicudarly to the
infinite plane at the slot centre as shown in fig.?7(b). For
anti—symmetric electric field excitation of the slot an elec-
tric wall (Etangential =0) exists at the z=0 plane; the
approximate form of the slot field is shown in fig.-8(a),

The fadiated fields behaves essentially like the field of a

e ——
S

———
-
——

Megnetic

¥=0 plane Xx=0 plané currents

(a) - : (b)

Fig.-8- Anti-symmetrically excited slot (E-plane);
(a) slot electric field,
(b) equivalent source.

magnetic dipele lying in the slot plane and directed perpen-
dicular to the electric field lines @& shown in fig.-S(b). The
électric and magnetic diﬁole mades are sufficient to represent
the far fields radiated by symmetrically and anti-symmetrically
excited small slot respectively,

Since the slot can be represented as a superposition of
symmetric and anti-symmetric field)excitations, Propagation
in the half-space region may be approximated in terms of two
propagating modes. To derive the parameters of the equivalent
for the slot, the electric and magnetic fields on each side
of the slot are represented ik terms of = complete set of
vector modes, whose amplitude co-efficients satisfy trans-—

mission line egquations, and can be interpreted as transmission
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line voltages and currents. The relationship between the
mode voltages and currents at the ' far' terminal planes

as shown in fig.-6 is expressed in tefms of an equivalent
network for the slot. Let V5’ I5 denote the spherical

E (vertical electric dipole) mode voltage and current at
the far tefminal plane T3’ and V,,I, the spherical

H (tangential magnetic dipole) mode voltage and current

at the far terminal plane T,; thén the equivalent circuit
for the slot structure in fig.-6 is that shown schematica-

lly in fig.=9. The network terminal paris Ty and T, in fig.9

IE'T 1
-— - . : io
Tj} v, I‘y}v‘!’ {:z\iglﬁgrlcal transmission
' po

Il i —_—

fv‘ | a

‘{ T,

Uniform transmission line

Fig.-9- Network equivalent of
slot structure.

have been-choosen to concide at the single hemispheric
terminal surface ( T5’T4 )} in fig.-6. The uniform transmi-
ssion lines are characterized by the dominant mede propaga=-
tion constant k and the characteristic admittance Y. Since
the spherical transmission lines are situated in a "far"
rég%?n, thelr characteristics become idéntitald’with those
of uniform transmission lines in free space, Thus their

propagation constants and characteristic admittances are
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equal to the free~space values k and }Lqugg s Tespectively,
In view of the symmetry of the configuration about z=0

plane, the far fields satisfy certain symmetry requirements,

Expressed in terms of voltage~current relations on the -

equivalent network the symmetry requirements are the follow=-

ing : (1) symmetric voltage (anti-symmetric current)

excitation at ports T, and T, exgites only T5 (fige=7);

(2) anti-symmetric voltage (symmetrie current) excitation

at ports T, and T, excits ohly port T, (£fig.8); (3) when

indetical terminations are placed at ports T1 and T,,

excitation at port T, does not couple to TB,and vicé-versa.

4
Thus the structure behaves like a hybrid junction. Thus the
overall appriximate equivalent circuit is shown in g£ig.-10.

[:KI—ww-I n?’
T Ty

- % -

'T‘ \} “”L ' ,L
T2

Fig.~10~ Approximate network representation.

[

(b) Relationship with the Ewo~-Terminal pair Equivalent
Gifcuit:-

When the slot radiates into an empty half-space region,
impedances equal to the characteristic impedance‘?(;j%z:é})
of free space are connected to terminal paris T3 and,T4 of
the equivalent circuit in fig.-10 to yield a bridged A
Tee-network, which may alternatively be expressed as'ﬁhe

admittance Pi-circuit in fig;q’f. A Pi-circuit rather than
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a Tee-circuit is choosen since a narrow slot behaves like
a series network so that the shunt admittances are very

small. The equivalent four terminal pair circuit for the

—LBel—
A
. Ge
(s Ba &[]']:} Ga
Tl — . : {'Ti

Fige=11- Two terminal-pair Fig.12- Physical structure
Pi-network. and choice of
co~ordinates
(H plane slot).

Infinite
baffle

slot is approximately lossless; i.e. the elements Z, and 24
are pure reactances, and R, and n, are real. Since both
circuits contain four independant elements it is possible
to express the pafameter values of one in termé of those of

the other, We obtain (letting Zy,2 = Xq,g)

2
R A § .
2 ¥ _2 __ g
SN T ! %)
- 11 — Bl+ 2 1 ’ g
Xé = }‘é (X' - XJ])’ Q
where 57& - %/%3‘ ’ 33 = guide wavelength g
p . Vs , Ba : “)
8 12 g2 ' Ta T T T5i2, 52 a
a a a “a

and the prime on the impedance (admittance) parameters

denote normalization with respect to the characteristic



impedance z(admittance Y). The algebric sign of B, and 7,
can be determined from=a field analysis.

Heplane slot

Derivation of the Goupling Equivalent Circuit Parameters:-

The physical eonfiguration for this case is shown in
fige=12, A reétangular slot of dimensioﬁs a'xb' is located
symmetrically in the narré%zgéce of a rectangular wave-
guide and radiates into a half-space region. The approxim-
ate consfituent slot fields induced by symmetric and anti-

symmetric electric field excitation of the slot at terminal

—_— -

- Ny
///}VM/
i !
'
j

1
1T

T
I
|
!
T f

Fig.~13- Location of terminal planes
(H plane slot).

planes T,1 and T2 in fig.=-13 are sg%wn in fig.=14 and fig.-15;
the dominant modes excited in the half-space by these
magnetic current distributions are H01 (magnetic dipole

mode) and Hop (axial magnetic quadruple mode), respectively,

T T * T
£ te =y b V) s
" o L Ly
> S o ot b
Fige=14~ Symmetrically Fig.-15- Anti-symmetrically
excited slot, excited slot.
( H-plane )

if the z-axls in fig.-12 is choosen as the polar axis of
the spherical co-ordinate system. The reference planes T3

and T4 in fig.-13 have been choosen so as to make the field



formulatién in this problem indentical with that for the
E-plane slot and permit directly the utilization of the
-equivalent circuit derived before. Moreover, the subscripts
% and 4 refer, as in the E~plane case, to the modem excited
by symmetric and anti-symmetric electric field excitation
of the slot, respectively. If the terminal plane T5 is
located at a radius,

r4 = mA, m=large integer, (5)
the theorftical analysis proceeds exactly as in the E-plane
case, and the approximate equivalent circuit is that shown
in fige~10., In relating the parameters of the lossless four
terminal-padr equivalent circuit to those of the two terminal-
pair nebwork, it is convenient to use not the Pi-network but

the Tee~network as shown in fig.-16, since the H-plane slot
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Fig.-16- Two terminal-pair Tee-network for
H-plane radiating slot.

is essentially shunt so that the series imﬁeﬁdances of the
Tee=circuit are small. The sign rnv serve to designate H-plane
slot quantities. The network parameters in fig.-10 and fig.-16

are related as follows:

4
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The primes.denote normaldézation with respect to the
charactrigtic impédanvec(4dmittance) of the reetangular

waveguide,

A Two-Dimensional Slotted Array ( (14), page 26)

From the knowledge acquired so far, if has been
realized that é slot in a cavity or wavegﬁide could be an
efficient radiator. A two-dimensional slotted array then
could be obtained by placing slotted waveguides parallel
to each other; and such a divice has been used in practical
antenna. & basic difficulty in an array of this kind is the
exterior coupling among the elements. The use of quarter-
wave decoWpling chokes has been considered.,

Here the two-dimentsional array of élots are fed not
from praallel gnides but from a single waveguide of width

sufficient to propagate a number of modes. Fig.-17 shows a
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broad waveguide excited in a higher mode, say Tqu' It will
be observed that the fields in each of the four regions,

ABy, BC, CD and DE, are the same as for a guide of one quarter
the width operating in its lowest mode. The only physical
difference is along the imaginary parktitions BB',CC',DD',

where the currents are zero for the higher mode device.,

Fig.-17=- Broad waveguide excited in a higher mode.

Rows of slots are disposed along the lines of maximum
field intensity as shown. Slots must be oppositely offset
in adjascent raws on account &f the phase reversal of the

field. Slot admittances may be adjusted. Now we are to

consider the questions of mode stability and slot interaction.

it is supposed that initkally only the desired mode
is excited. A mixture of propagating modes is obviously
undesirable. Their propagation constants are different
and the slot spacing can be related to only one of them.
Hence if more than one mode were present the radiation
from each would be directed toward différpent.ahsglesnin,space.

It is evident that in order to maintain only the desired
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mode along the course of the guide, energy must be abstr-
acted equally in magnitude and phase from all parts of the
regions AB,BC,etc.. In brief, the necessary and sufficient
condition for the maintainance of the desired mode is that
slot admittances be equalized laterally across the arraye.
In this regard, the factor of primary importance is that
of slot interactiom.

The eleéﬁric field in a slot is essentially perpendicu-
lar to the slot. As such it csn be conceivédn6f-asoobigi- |
nating from positive charges along one of its sides and
equal negative charges along the other side., If offsets
are equal and slot voltages equal laterally, it will be
observed that the slot charges are symmetrically disposed,
except for a sign reversal, about each of the modal planes
BB',CC', etc.. That is, each of these planes acts as a
virtual image plane. This arrangement is applicable both
internaliy and externally. Therefore, for an infinitely
long array, slot interaction is adequately accounted for
by virtual conducting planes erected internally and ex-
ternally along the lines BB',CC', etc. Thus the interior
mode is effectively that which would be obtained with
parallel guides, while each row of slots feeds into what
is effectively a parallel-plate region having a width

equal to the seperation of the slot rows.
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For the exterior region, the sides AA',EE' are
themselves the necessary image planes. In the exterior
region, flanges must be erected to effectﬂthe lateral
termination of the image plane system. Theoretically,
for an ideally imaged system the flanges should be
infinite height. It is found in practigve that the deter-
ioration in the performance of the array may not be serious
for flange heights as small as one-half wavelength.

The requirements so far imposed is that slot offsets
and admittances be equal laterally. In the longgtudinal
direction they can be given any desired distribution;
that is, the array amplitude will be uniform laterally.

It should be noted, however, that the finite length of the
flanges introduces errors in the admittances of slots
near the two ends of the arraye. Therefore, &t is to be
expected that array requiring the cirtical adjustment
of elemenfs near the ends will be difficult to attain

in practice.
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DISCUSSIONS

The slot type antennas aré particularly usdeful in
aircrafts and ships where flush mounting is required.
Slot aircrafts have been found considerabie application
on centimetric waves and may be used in very high-speed
aircraft as slots cut in the fﬁselage and filled with
sbhid dielectric.

The basic problem of communication to and from
high-speed aircraft has stimulated research work into
the theory and application of slotted-cylinder antennas.
Antennas having a single, smooth beam of mdderate
directivity are finding increasing use in aircraft and
.airport installations in connedtion with homing or
ground~directed apbroach systems. Flared-slot antenna is =su
suitable for this purposee The Yagi arrays and horns are
sometimes inapplicable to high-performance aircraft or to
airport installations where the ohly avoidable locations
often are flat surfaces, such as the underside of the
fuselage, wings, or horizontal stabilizers, or the ground

near or even the runways.
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