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FEASIBILITY OF DES1IGN OF OMEGA ANTENNAS
BY FERRITE-LOADING TECHNIQUES

1. INTRODUCTION

The following Technical Report represents & summary of a
theoretical and experimental investigation conducted under Contract
NOnr 3358, NR 373-804 during the perjod January 1964 to May 1965, in
order to verify and extend the calculations developed previously,
under the same contract, for the design of an Omega Transmitting sys-
tem, using ferrite-loading techniques. The data presented in the
following report include some results obtained in the investigation

of a ferrite-loaded Low Frequency transportable~-type antenna,

Ferrite-loading techniques for transmitting antennas have
been investigated extensively at ITT FEDERAL LABORATORIES under Con-
tract NOnr 3358 for application to the design of VLF, LF, and HF radia-
tors. In a previous Technical Report entitled "VLF Ferrite Antennas',
dated November 1963, the theoretical analysis of linear loading was
developed; in particular, the axial wavelength shortening ratio lh/lb R
the height-to-air~wavelength ratio H/lo , the relative tandwidth, the
radiation resistance and the radiation efficiency, the proximity inter-
action between unloaded and loaded conductors, etc,, were studied,
Experimental verifications conducted at H.F. ( 2 to 26 mc/s ) provided

excellent agreement with the theoretical calculatioms,

On tae basis of these results, a design of transmitting antenna
system for Omega application was deveioped, This consisted of a cage-type
structure built with 500' ferrite-loaded monopoles, supported by means
of 500' or 65%"' towers, The details of this design are summarized in
a following Section. Extrapolating results obtained at HF, the principal

characteristics of the antenna systenm such as resonance wavelength for

N ! ‘
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given ferritev loading, vadiation resistance, maximum radiated power,

P

etc,, were derived,

In order to provide a check of the validity of the extrapo-
lation, an experimental investigation of a low-frequency antenna repre~
senting approximately a 10-to-1 model of tte proposed Omega system was
undertaken., The Federal Communications Commission granted ITT FEDERAL
LABORATORIES an experimental Radio Station License for operation at 81,7 Ke/s
and 69 Kc/s , with a maximum radiated power of 5000 watts, After a thor-
ough study of ground-plane techniques and requirements, a site was selected
at Nutley, N.J.,, and a 100'~-high vertical monopole using ferrite~loading
techniques was built, Permission for the erection of the required 100'
towers was granted by the Federal Aviation Agency., Although, at the date
of the writing of the present report, the investigation of the properties
of this transmitting system has not yet been completed, a wealth of experi-
mental results of great technical significance has been already obtained.
These are presented in the following, along with conclusions and recommenda-

tions for application to the final Omega system design.

2. THEORY OF FERRITE-LOADED RADIATORS

The theory of limear ferrite-loaded antennas may be developed
from consideration of an infinite cylindrical wire of diameter 2a coated

with a uniform sheath of ferritc of diameter 2b (Fig. 1).

Consider an infinite straight conductor of infinite conductivity
and radius a , surrounded by an uniform ferrite cylinder of inner radius a ,
and outer radius b , having permeability 4 , and permittivity € - Using
a cylindrical coordinate system p, 86 , z , one finds that the electro-
magnetic field distribution may be expressed in terms of two Hertz vector
potentials T, and T, both parallel to the =z axis and such that their

1 2
magnitudes satisfy the scalar wave equation:

. 82 8
z

Vi - w e v O (1

B~
Assuming narmonic time and spdc: dependence, one may let, in
general:
v = £ {p, 9 ) exp (Juwt = 32) ()
-Dm

e D
‘“,\ . g} l"
i3 te 14
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waere £ ( ) is & solution of the equation

2
5 Bt 1 8% 2 _ 42 ..

S—— +-——-———-—+ - -» vy
o (Fop )t T2 2 62 (K" - 8%) £=0 \

In the above equation, the coefficient K is expressed in tcuis

¢l the characteristics of the medium; i,e.,
2 e ‘
K = = Juwuo {4,
oo the coefiicient B is the axial propagation constant; i.e.,
B = 2m/x, (v,

woere A, is the wavelength along the 2z axis . The general expressioa of

-

the cicctromapgnetic field is derived from the vector potentials LY ana T,

(g0

woing tue following relations:

~~
(@Y

3

!7 —_
+ Jou oA

ﬁ- (a+jw€)'7-r-1-+\/x\/x;"r-2'

fL

Ze <5 euen tuat the field derived from ™ has no axial magaetic £ficui
cunoonent, wnile the field derived from —— has no axial electiic Ilcid
[

- - 2 . .
cuioaoneat; for this reason, the two field configurations are cuilen

reuectavely "transverse magnetic” and "transverse electric',

Clcarly, the problewm of interest in the prescnt invesiigatioan
Jwiis into the class of cransverse magnetic modes. WE €an Procou wooolu-
lasy, negleeting Wé and solving Eq. 3 separately in region 1 , (i.c.,

&« p ’b), and in region 2 (i.e., b < p fw).
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Lo ocecton 1, we may let, in general,

oo
Elz - Z !.(Aln Jn (hln p)+ Bln Nn (hln p)] ej(na-i'wt"snz)

n=0Q (.l.
H, = 0
«nd in region 2, we may let
-
E,, = E (1) 3(n8 + ot - B %) ;s
2z Coy Hy (han p) € n S
n=0
In the above equations,
. 2 2 2
IR W .
\ /o
< 2 2
st ha a ‘(2 - *an

sleel We wre intervecsted in ficlds which are distributed uniformiy witla
Seosect o the anjae 6 , we shall linit our invest igation to the zero=ovicr

wful OulY; i.€e, o ° O . Hence, applying Equa.7, we find:

orion 1
RS,

™= P ’ j(u)t - BZ)
Elz LAlJo (hl p) + BlNo (hl Q)J €
b =l - " T S gy N
Elo A" [ Ay (byp) + BN (hy pyioi{we=ia]
™M -
-jKﬂ‘ r : ’ \
PR { . \q.;_“\\'i):"::—‘
<
&
_b-

it
} 3
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1 -
1;22 - CQHO (1) (h2°) € ot - B2)

’r xe~ion 2

E p-_.jg———
/x," - 8°
2

= °] 21
1; 2 2
wﬂa K2 -p

(2) (hap) 35(‘“"52) N

Gy

“n order to find the eigen values of the problem and the values of tae

cocificients , and C, , we make recourse to the following bound-

Al ) Bl
«y conditions:

e

i ’,.—\
. e

p = B Ep = By, Hg ® Hy
""" com the Jirst conditiom, we obtain
\ - ;.‘,'\
A d, (hla, + BN, (hla) 0 Vel
i.Uo)
J, (hla)
Bl - -Al ' ‘-
N, (hld)

Substictuting in Equa., 10, we obtain:

-5
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Lo

1 o, .
», - ‘ g - h . \ ¢ _;\(,;.. , -
By AL T, (hye) Mg (mga) = g (hye) Ny (B ).
'JBA ‘ :
Ep " n 3, (hp) N (bja) = 3, (hya) N, (hlm: x
eJ(wt - Bz) (.2,
jxle [ C ‘
Hg = AL (hlp) N (hla) -J, (hla; N (a
@ wyBy
J(wt - pz)

Turning now to the boundary condition at Y = b , we write:

Ay ( 3, (b,b) N_ (ha) - 3 (h&) N (hlb)j - caﬂo(l) (g

&
2 . K 2 C2 (’\
_(ab) N (na) - 3 (na) N, (b b)‘ 2 o

w p2h2 i ~ !

o order to solve the above system of equations, we introduce the followin,

suosticutions:

hlbmu, hgbnv L
e
h1a " us , hza & Vs
wicre s = afb . Hence, Equa.16» may be written as follows:
A 3- J (u) N (us) = J (us) N (u) ] = C.H (1) (v)
i %o 0 o ° A 20
2 o e
Al 300 N (us) - 3 (u) Ny (w) | = e o () )
—— A W) N (us) - J (us) Ny(u -—-~--—-—- v
w “l“l l !.‘ l Q o i ! 112 2 2 1

-
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oo the above system of equarions 1s homogeneous, necessary and sufficicac

condition for the existence of a non=-trivial solution is:

3,(u) N (us) = 3 (us) N (u) K% by
Jo(ﬁ) No(us) - Jb(us) No(67 Ka2 “1h1

An cquivalent expression of Equa. 22 {s written as follows:

3,(8) N (us) = J,(u8) N, (u) H (V)

Jo(u) No(us) - Jo(us) No(u)

€
€

<=

v

7. the quantities u and v are very small, as in the case of intexcst

Zor the present investigations, Equa, 20 can be simplified noting that;

SO

Hl(v) - - 2ifnv

I = 1, 3w ¥ oo o
N (u) = % a ?53

Nl(u) ~ 2fmu

waure JB 1.781.

Substituting into Equa., €0, one has finally:

(4]
-
-
L
(o]

1
uayn% vefn —_—

S

fee., letting ¢ /e, = ¢

COF. /Tl

~
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FEASIBILITY OF DESIGN OF OMEGA ANTENNAS
BY FERRITE-LOADING TECHNIQUES

1. INTRODUCTION

The following Technical Report represents a summary of a
theoretical and experimental investigation conducted under Contract
NOnr 3358, NR 373-804 during the period January 1964 to May 1965, in
order to verify and extend the calculations developed previously,
under the same contract, for the design of an Omega Transmitting sys-
tem, using ferrite-loading techniques. The data presented in the
followinyg report include some results obtained in the investigation

of a ferrite-loaded Low Frequency transportable-type antenna.

Ferrite-loading techniques for transmitting antennas have
been investigated extensively at ITT FEDERAL LABORATORIES under Cone
tract Nonr 3358 for application to the design of VLF, LF, and HF radia-
tors. In a previous Technical Report entitled "VLF-Ferrite Antennas"”,
dated November 1963, the theoretical analysis of linear loading was
developed; in paréicular, the axial wavelength shortening ratio ki/lb ,
the height-to-air-wavelength ratio H/lo , the relative btandwidth, the
radiation resistance and the radiation efficiency, the proximity inter-
action between unloaded and loaded conductors, etc,, were studied,
Experimental verifications conducted at H.F. ( 2 to 26 mc/s ) provided

excellent agreement with the theoretical calculations.,

On tae basis of these results, a design of transmitting antenna
system for Omega application was developed. This consisted of a cage-type
structure built with 500' ferrite-loaded monopoles, supported by means
of 500' or 65' towers, The details of this design are summarized in
a following Section, Extrapolating results obtained at HF, the principal

characteristics of the antenna system such as resomance wavelength for

N R
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given ferrite loading, radiation resistance, maximum radiated power,

etc,, were derived,

In order to provide a check of the validity of the extrapo-
lation, an experimental investigation of a low-frequency antenna repre-~
senting approximately a 10-to-1 model of tle proposed Omega system was
undertaken, The Federal Communications Commission granted ITT FEDERAL
LABORATORIES an experimental Radio Station License for operation at 81,7 Ke/s
and 69 Ke/s , with a maximum radiated power of 5000 watts., After a thor-
ough study of ground-plane techniques and requirements, a site was selected
at Nutley, N.J., and a 100'-high vertical monopole using ferrite-loading
techniques was built, Permission for the erection of the required 100!
towers was granted by the Federal Aviation Agency. Although, at the date
of the writing of the present report, the investigation of the properties
of this transmitting system has not yet been completed, a wealth of experi-
mental results of great technical significance has been already obtained.
These are presented in the following, along with conclusions and recommenda-

P tions for application to the final Omega system design.

2. THEORY OF FERRITE-LOADED RADIATORS

The theory of limear ferrite-loaded antennas may be developed
from consideration of an infinite cylindrical wire of diameter 2a coated

with a uniform sheath of ferrite of diameter 2b (Fig. 1).

Consider an infinite straight conductor of infinite conductivity
and radius & , surrounded by an uniform ferrite cylinder of inner radius a ,
and outer radius b , having permeability ., , and permittivity € - Using
a cylindrical coordinate system p, 8 , z , one finds that the electro-
magnetic field distribution may be expressed in terms of two Hertz vector

1 2
magnitudes satisfy the scalar wave equation:

potentials w7, and w, both parallel to the 2z axis and such that their

8° 8

Ve e=25 - 4 == =0 (1)
5t? bt
Assuming narmonic time and spacu dependence, one may let, in
" general:
¢ = £{p,8) exp (Jut - 3z) (2)
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waece £ ( p9) is a solution of the equation

2

1 ) 8f 1 8°f 2 2
S e— + m—— - - X
> 5p(p'-"5°) 5 aea+(x BS) £ =0 .

In the above equation, the coefficient K 18 expressed in tovus
ol the characteristics of the medium; i,e.,

~
’--

2
K2 s @ = jowuc

oo the coefiicient P is the axial propagation constant; 1i.e.,

B = 2w/n

~~
[

woere A, is the wavelength along the 2z axis . The general expressioa of

-
]

the clcctromagnetic flield is derived from the vector potentials T eRd T,

uwsiag the following relations:

- Vu Vs

21
~~
(.

— + JWV ——
m To

e |
2

(o4 Jue) — + Vx Vx —
1 2

I¢ 48 euen tuat the field derived from ™ has no axial magnetic ficid

cuwsonent, wnile the field derived from -— has no axial electric fieid
2

conponent; for this reason, the two fleld configurations are cailuu

reumectively "transverse wmagnetic” and "transverse electric”,

Clecarly, the problem of interest in the present investigatioa
Jwils into the class of transverse magnetic modes. We can procedd wooosu-
Al [

lagiy, neglecting "é and solving Eq. 3 separately in region 1, (i.c<,

« . p .b), and in region 2 (i.e., b < p fw).

-3_

i s B W ¢
AL
k;gw, oo L



Laocusion 1, we may let, in general,

X/
E, ® Z [(Am 3, (b, 0 )+ By N, (b °)J c'.‘l(ne-twt-snz)

n=0

{7
le = 0
«nd in region 2, we may let
[- =}
Ey, = E (1) j(ne'+at = B %) =
2z Cop Hy (he“p) ¢ o \
n=0
Ia the above equations,
2 2 2
hl no Kl - 5n ‘e
\ 7/
=4 2 2
Rt h2 a K? N Sn

Lawce We are interested in fieclds which are distributed uniformiy with
Jeozect to the angie © , we shall limit our inves igation toO the zZero=couur

wtul only; i.e., 2 =0 . Hence, applying Equa.T, we find:

naepion 1

[ i . J(wt - BZ)
E, LAlJo (h, p) + BN (h p)J €
o —-——-jﬁ-———- i — \q T il vt wa Y
Eip V~§Iz_:~52 A, (hl p) + BNy (h1 p?jed(wb £
d B
- 3K, 1.

Moo\ e -

Hl@ " ’"2':.""' 2 LAljl (hl p) + BlNl (‘nl pl‘\,
w }.Ll 1\1 -B

-



COXFIDENTIAL

Ey, = CoH, (1) (h2p) ¢ j(wt - pz)

',, Reavion 2

2z Q
— (2) 3t - pa) iy
Bpp = Gy (hpe) e eFs
/" -8
-jxaz
H * e, (1) (ny0) ¢ 0t - B2)

20 ]'-—'—-—‘ 2

i ovder to find the eigen values of the problem and the values of the
cocfficients Al ) Bl , and c2 , we make recourse to the following boundi-

«w<y conditions:

z,H = H

e 16 20

Teom the first condition, we obtain

Ad, (hla) + BN, (hla) = 0 iy
il"’.)
J5 (hla)
Bl - -Al \ -
N, (hla)

Substicuting in Equa. 10, we obtain:

-5e
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e oa | ) ek
3 By = AL T by ) N, (ya) = 3 (hya) N, (e

- iBA,
E - %

- \'!
= |y () ¥y () = 3y (ma) 3y (o)

€J(tnt - Bz) (.2,

2
1 - I R Y .

N Al [Jl (hlp) NO (hlﬂ) JO (hla) I\l \'\-‘_.« PR
© M )

e,1((.\)& - Bz)

3K

10

Turning now to the boundary condition at ( = b , we write:
A .'—J (b,b) N_(h.a) ~ J_ (h,a) N (hb)7 -cn(l) (h,s)
1 [ o ‘117! Fo V1 o \17/ To VMY | T MY 2%

O
3
' K. 2 2c

1 2 . (2)
- A, ‘ J. (h b) N (h a) - J, (h a) N, (n b)! 1LV
Qinlul @D the & .

o order to solve the above system of equations, we introduce the followiny

suosticutions:

hlbau, h2bnv

h.\anus,hza-vs

wacre s = afb . Hence, Equa, 16 may be written as follows:

A { Jo(u) No(us) - Jo(us) No(u) J - C2Ho(1) (v)

Is) \“‘
Kza A ( () N (us) -3, (us) N (u) - ——ng~*- C.K (1) (v)
x W "l:‘l i L l | ") 3.121'12 21 !

CONiiu s.i‘v'TIAl.
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: Linee the above system of equations is homogeneous, necessary and sufficicac

condition for the existence of a non~trivial solution is:

Jl(u) No(uS) - Jo(us) Nl(u) K12 “2h2 Hl(l) (v) .
3, (u) N (us) = J (us] N (u) Kaa ib - -;:ziyz;; -0 i

An cquivalent expéession of Equa, 22 {s written as follows;

€ JI(U) N,(us) = Jo(us) Nl(u) 1 Hl(v) o
ve, J(u) N (us)=-J(us) N (u) v ﬁ:(;f =0 GOy

I the quantities u and v are very small, as in the case of intercst

Zfor the present investigations, Equa, 20 can be simplified noting that;

x Ho(v) g %l jn .{.‘.’_

a3
HI(V) - - 23/7“’

A/
1, Jl(u) = 0 (oo

y
—
c
~
[ ]

] a 2
A%
1,

Z
o
L
c
-
]
Fivo

Nl(u)' & 2fmu

waere K =« 1,781,

Substituting into Equa., €0, one has finally:

-

i.u., letting cl/e2 -c :



e AL

v2 '7n —x:- - Uz.yn (1/s)

< 4 2 j

In order to remove the imaginary, it is convenient to define a new sct

oi variables; i.e.,
Uuspwm hlb

vVvejqe h2b

ia tetms of p and q , Equas, 9 and 23 are written as follows:

e 2
2,2
Kl «8 = p /b

2
Kaz,_az -2 2

¢ @ Na (i - p2fn (b/a)

v ©O tuis point, we have assumed that the conductivity of the ferritc is

ceuweer chan zero. In practice, hcowever, we may expect to use a low=.oss

t\(

o~ 2 2
K" o= @ uy ey = (am / )

[

> 2
K" o= @ e = (27,'/)\0)

waete wo= o fuy . € ® e /e, . Substituting in Equa. 25

oae lindds:

2y |2 2.2 2,2
(=505 we = (5) p/b
[+] <
AR 2T 2,2
(- - () q“/o
b '
2 ) J
eS8 /?n £ . p© Jn o
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crvite material and correspondingly may let ¢ = 0, There foliows:

and manipu.ating

,
T
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ll, Yinally, adding and subtracting the first two equations of 27, one

obtains

]

271b - ypa + qa
feu=1
ype + Q?

by -
/92 + euq®

2 1,12
p° An 2 €qfn q

The above system of equations provides the solution of thc Dprov-
s of the design of a resonant ferrite antenna, Given the values oi ¢
cad p  for cthe ferrite material and of the radii & and b, the ratio
x./A, 1is computed. Alternatively, given €, u, and A»z/l»o , omne ean

*}l Jind the rcquired values of a4 and b for which the desired wavelengta

Teduction is obtained,

The information contained in Equa. 28 may be preseated in
zeaphical form in a number of ways. From the first of Equa.28, it is seun

tout a family of circles for constant Ao/b is described with the equatiown:

2

Ca tac other hand, the equation
) o) .
92 /2n (b/a) = &q° )?n (1.12/q) N

deseribes a family of curves, each characterized by a given ratio b/a .
wow families covrcsponding to Eq. <0 and 30 are plotted in Fig. 2 Sov o
Jive.. type of ferrite having relative average permeability . = 100 aad
velutive averuge permittivity ¢ - 10 . Using the latter diagram, ic is
possible to find the values of tne guantities p and ¢ which corrcupoa.

"‘ o a given sct of values A /b and b/a . Substituting in the equatica:

\=vy

2 2 .
P+q = (eu=1) (2mb/A) 3

R
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Ao p°_4 g
A Q 2
[+) Yy p + ue€q

the desired ratio Ah/lb is computad, It is of interest to note thai,
in certain ranges of the variables lb/b and b/a , two solutions are
obtained; for instance, letting Ab/b = 100 and b/a = 5, one finds:

p=1.2, q®*0.7, ).z/ko = 0.0625

p =109, q=0.87, kz/ko - 0,0509

e

ae maximum permissible value of q is 1.12 ; this corresponds to
h/® = 177 and to p = O . In this case, one finds )‘z/)'o = 1/ [fuc
vegardless of the ratio bfa . Associated with the same ratio A /b,

there is found also another solution for each value of bfa .

[

In experimental verifications, the degeneracy above illustraced

~~
LS
'

B
TN
\ Sy

is not found, and only the solutions corresponding to the smaller of the g

vaiues is obtained. The result may be attrivuted to the occurremce of

auditional boundary conditions not included in the above analysis.,

A more compact representation of the design equations 20 is
outained climinatiang the quantity p ; in fact, solving the first equation
in teras of p , one has:

2

2
-9

. 2
P2 e (cu-1) (B

Subsiituting in the remaining equations, these acquire the following forw:

Ny 2
}‘z/}‘o -1/ M 1+ 5 q

[

(€ w = 1) (%%t) ‘- g% {1« (,Qn l.lE-_,?nq)//(;/n-E

RS

~
i
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From the latter expressions it is noted that, for a given value
ol the ratio ko/b , the ratio lz/ko becomes smaller, the larger is the
valuc of the parameter q ., The parameter ¢ is obtained as a solution
o the second cquation of 34 , Although the latter equation is of transcend=-
ental form (and for this reason cannot be analyzed directly), some considera-
tioas of a qualitative nature may be derived, Assume, for example, that q
is very small with respect to unity. In this case, the said equation rcduces

approximately to the following form;

(O3
Nt
~

(cu=-1) @12 = - Paarfal (

Tne function q%?nq is zero at q = 0 and increases monotonically with the
increasc of g ; hence, q increases with)‘n-:- » (€w=1) and dA_ .
Quantitative values are obtained plotting-the variable kz/ko as a function
of lo/b for given values of the ratio b/a and for a given type of ferrite
material, An example is shown in Fig. 3, computed for a ferrite material oi
characteristics € ¥ 10 , u = 100, and for b/a values of 1.5, 3, 3.9,
10, 25, and 100 . |

The above theoretical results provide information about the axial
wavclength shortening of the ferrite~loaded antenna. This property has also
been tested experimentally and found to be in excellent agreement with the
cheory. As an example, measurements of resonance, radiation efficiency, aad
bandwidth of vertical ferrite-loaded monopoles are summarized im Table I,
wiere ferrites A, B, and ¢ have the characteristics and dimensions showan
in Table II. It is noted that, in the case of Type A ferrite-loading, the
ratio Hﬂso is 0.05 at 25,9 mcfs , and 0.075 at 1.89 me/s ; the rcla-
tive bandwidth is of the order of 3% , the input impedance of the oxdur of
12 ohms , and the radiation resistance is of the order of 5 ohms , The
above experimental results are in agreement with the theoretical results od

Fig. 3, for the case bfa = 1,67 .

-11~
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TABLE 1

SUMMARY OF PROPERTIES OF FERRITE TOROIDS USED

TYPE A TYPE B TYPE g TYPE D
L 100 100 100 100
€ . 10 10 10 10
~055 Factor = }
1 |
HoQ
at 1 Mc .00002 . 00002 .00002 ; .0CCC2
at 10 Me .00016 .00016 .00016 | . 00018
)
Sat. Flux Density -
5. (gauss) 3300 3300 3300 ' 3300
nax i !
|
Curie Point °C 350 350 350 i 350
Inacr Radius "a" : ) : ‘ “n
(CG\) 00 9> l. 75 0. 218 : Oc _}10
Cute? Radiuu "b" ? o
(cw) | 1.59 ; 2.38 Ler | 1.
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TABLE 1II

° RESONANT FERRITE MONOPOLES

RESON.

KEIGKT  FERRITE  FREQ. H/A Zia  EFF. BW BY
(re.) TYPE (Mc) ° (ohms) (%) (ke) (B
2 A 25.9 0.05 50 10 . .
I A 14,1 0.06 12 2k 950  6.75
& A 7.3%  0.06 12 L7 20 3.3
16 A 3,72 0.06 12 37 100 2.7
40 A 1.8  0.075 - - - -
& c 8. 50 0.034 28 L6 - -
I A&B 11.L4 0.046 12 17 - -
-13=
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3.  INITIAL PROPOSAL OF FERKRITE=-LOADED OMEGA ANTENNA DESIGN

For purposes of reference, it is useful to sunmarize and review
the initial proposal of design of the Ferrite- loaded Omega Antenna System
developed at ITT FEDERAL LABORATORIES in November 1963,

The general layout of the antenna system is shown in Fig. 4 and
in Fig., 5 for two configurations, di ffering in the manner of support of
the ferrite radiators; in the case of Fig. 4, the radiators are supported
by means of longitudinal steel ropes which are spanned betwecn steel towers
650-ft high and 580~ft apart; and in the casc of Fig. 5, the radiators are
attached directly to steel towers each 500«ft high,

The ferrite material selected for this application has the

following characteristics:

Inner Radius
Outer Radius
Permeability
Permittivity
Curie Point

Loss Factor

Density

Saturation

Flux Density

= a=0.95 cm (0,375 in.)
= b= 38 cm (1.5 in.)
9 = 100, u = 40O

min max
¢ = 10
350°C 4

L - 2x107

4

L4e 5 g/cm3

350C gauss

Using the equations derived in the previous Section, and,in

particular, using the family of curves of Fig. 3, one may compute the

theoretical axial resonance wavelength of the antenna,

lo/b and b/a are respectively 7.9 X 1C

The parameters

5

and 3.8 ; there Jfollows that

the ratio of the axial wavelength lz to the free space wavelength is:

4

At { = 10,2 K¢, one has 10

M/ = 0.7 (36)

= le’ )4(‘,(-) m and ) = 7’ \)ho m, a quarter'

wavelength is therefore g /h ~ 1,980 m und, uaxng an actual radiator

: _~~~ﬁ g Eu



height of 500 ft = 152 m , the ratio H/A_ is 5.16 X 107, The
radiation resistance is & function of top loading; assuming a value

Rrad = 0,10 ohm (37}
and assuming a maximum base antenna current of 100 A (rms) , the maximum

radiated power per antenna is:
2
P, = R I = 1000 watt (38)

The maximum permissible antenna current depends upon the magnetic satura-
tion of the ferrite and upon its Curie tewperature. Since Bsat e 39500 pgauss
= 0,35 wh/m2 , there follows:

= = 9:'32. 5-
Hsat sat/““ Lar 10 2,760 Afm (39)
In the latter equation, an approximate value u = 100 has been used, The

corresponding value of maximum current is:

I = 2Taid, . = 166 A (%0)
The current limitation due to maximum operating temperature cannot
be computed theoretically since the value depends upon the loss resistance
of the ferrite and of other radiator element s and upon the effective values
of thermal coefficients of the system in air; however, since the frequcncy
of operation is low and the Curie temperature is high, it is reasonable to
conclude that the upper limit of antenna current corresponding to operation
at a temperature near the Cwie valuc is well above the limit represented

by Equation 40 .

The proposed antenna system cunsists of & cage structure with
nine radiator elements., Assuming that :(lte interaction between radiators is

negligible, the total maximuw radiated power is:

Prae = Ko (J1)" <« 81 ww (4}

~-18-
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In practice, the interaction may be expected to result in an increase of
the effective value of kz/lo ; on the basis of experimental studies at

HF, the latter increase is estimated to be of the order of 20%; i.e., the
effective value of lz/lé would increase from 0,27 to 0.32 . This
would result in a decrease of the radiation resistance from 0,10 to
0,085 and, therefore, in a decrease of the radiated power from 81 kw to
68.5 kw . However, the radiation resistance depends upon the top loading
of the system, so that a compensation of the decrease may be realized with
a suitable inc¢rease of the top loading. This matter is discussed in detail

in a following Section,

An important characteristic of the antenna system is its band-
width; this cannot be predicted accurately because ii depends upon the
variation of the input reactance for the cage structure, However, experi-
mental investigations conducted at HF have shown that bandwidth values well
in excess of 3% are realizable,

Another parameter of interest is the radiative efficiency; this
is expressed as the ratio:
Rr/ (R, +R

" rad loss) (42)

and, therefore, depends directly upon the loss resistance. An exact esti-
mate of the latter cannot be given at the present time; the loss contribu-
tion of the ground plare may be reduced well below 1 ohm and that of the
ferrite material is kﬁown to be very low at 10.2 k¢ , Losses are contri-
buted by the steel towers which are used to support the radiators and by

the insulators, guy wires, etc.

Wwith careful engineering design, the over=-all loss resistance
should be maintained of the order of 1 ohm ; this would result in a radia-
tion efficiency of the order of 10% .

As far as the mechanical design of the systems shown in Figs, &

and 5 is concerned, the toweir. may be of guyed type; the ferrite radiators
-19-
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use an axial conductor consisting of a steel rope of diameter 0.,5" with
copper bushings of diameter 0.75", on which the ferrite toroids (ID.= 0.75",
0.D. = 3") are mounted, Each 500-ft radiator weighs 7,285 lbs, calculated
as follows:

Ferrite material 6,640 1bs,
Steel rope (0.39 lb/ft) 196 "
Steel and Copper Sleeves kso "

' 7,285 1bs.

Selecting a 6 x 37 flexible hoisting-type steel rope having a breaking
strength of 20,400 1lbs., a safety factor of 20,400/7,285 = 2,8 is

obtained,

In the case of Fig. 4, the horizontal supporting ropes have
diameter 5/8" and a breaking strenmgth of 31,600 lbs., Suitable pulley

systems are considered for hoisting and supporting the rad ators,

In the case of Fig, 5, the design of the towers and that of the
supports of the racdiators are simplified; the radiators are mounted along
the axis of each tower with suitable insulated supports. The proximity
efiect of the steel towers is not expected to affect the radiation resistance,
but. may affect‘thc loss resistance; a thorough evaluation of the phenomena

involved has not bcen mad-~,

The tota! area covercd by the cage structures of Fig, 4 and of
Fig. 9 is approximately 140 acres , In the actual design, the area may
have to be increased to include suitable top loading; the area of the

ground plane is comparable with that of various other antenna installations,

e o tiranan il
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L, REVIEW OF EXISTING VLF ANTENNA SYSTEMS

For purposes of cowparative evaluation, it is useful to
summarize the principal cheracteristics of existing VLF antenna systems.
The following installations have been studied;: Cutler, Forestport,

Jim Creek, Annapolis, Lualualei, Rocky Point, Rugby, Raiku, New Brunswick,

Canal Zone, Marion, Tuckerton,

The Cutler Antenna, part of the Navy VLF transmitting station

located in Cutler, Maine, consists of two arrays whose centers are separated
by one mile and which may be operated independently or inm dual, Each array
has a mean height of 848 ft. and a radius of 3070 ft.; it consists of
one center tower of 980 ft., and 12 smaller towers ranging from 875 to

800 ft,, which support its star-shaped top hat,

The top hat of each array is made up of six independent diamond
sections which are insulated from the tcowers and can be controlled sepa-
rately; that is, they can be lowered or raised for repairs or for preven=-
tion of damage from heavy icing. A unique arrangement of the RF feed lines
makes it possible to pass 60-cycle deicing currents through either array
to remove ice under moderate icing conditions, Since the arrays may be
operated independently, this arrangement aliows one array to continue transe-
mitting while the other is being deiced; hence, the station may operate

continuously,

Power is fed from the transmitter to a helix house at the base of
each array through an underground coaxial transmission system, The helix
house contains a tuning unit for the array and provides six feed points on

"

its roof for feediny six vertical 'up-leads" which are the radiating cle-
ments of the array. The "up-leads' are equally spaced on a circle of

diameter 600 ft,, providing a large effective diameter for improved bandwidth,

A large buried radial-wire ground system helps to provide a low=
loss ground return for the antenna currents. The station is located on a
peninsula, and thc suround system 1s terrn inated in the ocean by means of sea

anchors which extend about 200 ft, into the ocean,

Dl
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The principal characteristics of the antenna are:

Operating Frequency
Relative Height H/A
Radiation Resistance
Input Resistance

Radiation Efficiency

14 Ke/s

0.0139

0,08 ohm

0.16 ohm (dual)
0.2k ohm (single)
0.5C (dual)

0.33 (single)
3500 A (dual)
2500 A (single)

0.37% (dual)

0.27% (single)

51 cps (dual)

39 cps (single)
2060 kw (dual)
1000 Kw (single)

Max. Antenna Current

Relative Bandwidth

Bandwidth

Max. Rated Power

The Forestport Antenna consists of one 1205-ft. base insulated

guyed tower, The six top guy wircs are utilized to provide top-loading
and to make the anteanna self-resonant at 100 K¢/s . The principal antenna

characteristics are:

Operating Frequency 10.8 Kefs
Relative heisht  1/\ 0.,0125
Radiation hesistance 0.071 ohm
Maxinum Antoenna Curreat o5 A
Maximum Raciated ower 50C watts

The Jim Creek Antenna {Arlington, Washington) utilizes a long,

tapered valley between two mountains (Blue Mt, and wheeler Mt.); twelve
towers, each 200-ft high, are arranged on the crests of the mountains, and
support ten spans, of lengths v.ryins between 8500 ft. and 5000 ft. (Fig.6).
The spans consist of L1.0l-in. cuavle made of 37 strands of No, 7 hard-drawn
copper wire; they can be scparated into two sections, The sags vary with
the length of edch span, and are 1000 feet for the longest span and 5H00 feet
for the shortest, Downleads from euach span, consisting of 0,92-in, hollow
copper tubing, are held in tension and connected at the base to horizontal
feeds which run alony the foot o! cach mountain and are supported by l27-tt,

towers, These feeds arc «onnected, each to half of the transmitter,
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\’ The total area covercd by the antenna is 435 acres , and the

area between the twelve support towers is 72% acres .

The principal chafacteristics of the Jim Creek Antenna are:

Operation Frequency 15.3 Kc/s
Relative Height H/)

Radiation Resistance 0.073 ohm
Input Resistance 0. 340 ohm
Radiation Efficiency 0.21

Max, Antenna Current 2100 A
Relative Bandwidth 0. 36%
Bandwidth 55 cps
Max. Rated Power 320 Kw

The Annapolis Antenna installation consists of nine 600=ft,

towers arranged over an extension of L300 feet , as shown in Fig, 7; the
separation between opposite towers is 850 ft, , and the separation between
ad jacent towers is 1000 ft. The towers are connected with transversal and
with longitudinal spans, with sags of the order of 130 ft . Downleads arec
\\31 connected to the mide-points of two spans and to tuning coils; one downlead
only is comnected to the transmitter, The groundsystem extends only to the
area under the antenna, and consists of wires buried 10-ft, deep and spaced

20-ft, apart,

The principal characteristics ol the Annapolis Antenna system are;

Operation Frequency 18 Ke/s
Relative Height HA 0.011
Radiation Resistance 0.04S ohms
Input Resistance "0.265 ohms
Radiation Efficiency 0.17

Max. Antenna Current 1378 A
Relative Bandwidth 0.1%
Bandwidth Ll cps

Max., Rated Power 322 Kw

The Lualualei Antcnna installation (Qahu, Hawaii) coasists of

seven 600-ft, towers arranged in a geometry sumnilar to that of the Arnapoliu
Antenna; the spacin, between opposite towers is 1000 ft, and that Letween

}i' adjacent towers is 1250 it . Transversdal and lougitudinal spans, with sa,s
N C
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of the order of 100 ft,, .are used. The conductors are hollow copper
cables 1" or 0,8" in diameter, Downleads are connected to two of the
spans, and include tuning coils; one downlcad goes to ground, and the

other one 1is connected to the transmitter,

The principal characteristics of the Lualualei Antenna are:

Operating Frequency 15 Ke/s
Relative Height W/ 0.012
Radiation Resistance 0.045 ohm
Input Resistance 0.200 ohm
Radiation Efficiency 0.22

Max, Antenna Current 988 A
Relative Bandwidth 0.08%
Bandwidth 12 cps
Max, Rated Power Ly Kw

The Rocky Point Antenna installation (L.I., N.Y,) consists of

two sections, each having six U4OO-ft, towers arranged as shown in Fig. 8,
with spacing between towcrs of the order of 1250 ft., and with transversal
dimension of the order of 15C ft, The inside four towers are connected

to downleads and to suitable tun:ing coils., The ground plane consists of
numerous wires (for a total lemgth of 200 mi. ), buried at a depth of

18" in the ground, The principal characteristics of the Rocky Point

Antenna are:

Operating Frequency 15.789 Ke/s
Relative Height H/A 0.0083
Radiation Resistance 0.03

Input Resistance 0. 4G
Radiation Efficiency 0.07

Max. Antenna Current 670 A
Reiative Bandwidth 0.2%

Max, Rated Pover 13,4 Kw

The Rugby Antenna installation (England) consists of two sections,
each built around one B820-ft. tower; these two towers are 1320-ft. apart,
and are fed from the same transmitter, which i{s located at the half-way point,
The top loads of the two sectiunc are supported respectively by eight and by

six towers arranged symmetrically around each center tower (Fig. 9). The

Dl
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total ares covered by tle antennas is one-and-a-half miles long by one mile

wide,
top load and are spaced UO-ft.

ground plane, and the smaller section has a counterpoise about

ground (Fig. 10).

The ground system consists of wires which follow the shape of the

to 80-ft,; the larger section has a buried
16=ft,

The principal characteristics of the antenna are:

Operating Frequency 16 Ke/s
Relative Height K/ A 0.,0134
Radiation Resistance 0.1 ohm
Input Resistance C. 47 ohm
Radiation Efficiency o.21
Max, Antenna Current T20 A
Relative Bandwidth 0.28%
Bandwidth LYy cps
Max, Rated Power 52 Kw

The Haiku Antenna (Hawaii) is similar to the Jim Creek ‘installa

tion, except that it is supported betwecen two mountain tops, without towers;

four spans, each 4500-ft. long and with downleads

1450-ft, high, are used.

The principal antenna characteristics are:

Operating Frequency
H/A

Relative Height

10.68 ke /s

Radiatioa Resistance 0,31 ohm
Input Resistance 0.86 ohm
Radiation Efficiency 0.36
Max., Antenna Currecnt 325 A
Relative Bandwidth 0.5%
Bandwidth 51.5 cps
Max. Rated Power 330 Rw

The New Brunswick Antenna (N.J.) is similar to the Rocky Point

instailation, and consists uf a number of

LOO-ft~high towers arranged in

pairs on opposite sides of a parallel 600-ft,-wide strip and on a length

of S000 feet,

The ground plane consists of a large number of wires buried at

Downleads are connected to the mid-point of each span (Fig.

4

18=1in, depth

and parallel to the overhead wires,
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The principal characteristics of the New Brunswick Antenna are:

Operating Frequency 22,14 Kc/s
Relative Height H/ A 0.0089
Radiation Resistance 0.039 ohm
Input Resistance 0.35 ohm
Radiation Efficiency 0.11

Max, Antenna Current 615 A
Relative Bandwidth 0.2%
Bandwidth L& cps
Max, Rated Power 14,8 Kw

The Canal Zone Antenna installation is similar to that of

Annapolis, except that it has a larger ground-plane area. The principal

characteristics are:

Operating Frequency 15.5 Ke/s
Relative Height H/ A 0.0095
Radiation Resistance 0.048 ohm
Input Resistance 0.48 ohm
Radiation Efficiency 0.10

Max, ‘ntenna Current 675 A
Relative Bandwidth 0. 14%
Bandwidth 23 cps
Max. Rated Power 18 Kw

The Marion Antenna installation (Massachusetts) is similar to that

of New Brunswick, N.,J. The principal characteristics are:

Operating Frequency 11,55 Ke/s
Relative Height H/ A 0. 0047
Radiation Resistance 0.051 ohm
Input Resistance 0. 40 ohm
Radiation Efficicncy C.1i4

Max, Antenna Current 600 A
Relative Bandwidth 0.39%
Bandwidth L5 cps
Max, Rated Power 18.3 Kkw

The Tuckerton Antenna installation (N.J.) uses a center tower
78C-ft, high, and a top load of umbrella type, of diameter 3200 ft.,
sustained by 300-ft, periphecral towers (Fig. 12), The principal character=

istics of the antenna are;

D=

R o
ruiv P . o §;i
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Operating Frequency
Relative Height H/A
Radiation Resistance
Input Resistance
Radiation Efficiency
Max. Antenna Current
Relative Bandwidth
Bandwidth

Max. Rated Power

18 Ke/s
0.0143
0.052 ohm
0.24 ohm
0.21

913 A
0.13%

24 cps

L3 Kw

In order to obtain a basis for the comparison of the character-

istics of various antennas, the values of radiation resistance, relative

bandwidth, product of efficiency times relative bandwidth, maximum power

radiated have been tabulated as functions of the relative height

H/ N ;

it should be noted that some of the data used may be approximate or

obsolete,

TABLE

I11

SUMMARY OF VLF ANTENNA CHARACTERISTICS

H/ A R rad BW/£% qﬂw/f% P max (k)
Cutler (dual) 0.0139 0,08 0.37 0.185 2000
Cutler (single) 0.0139 0.08 0.27 0.09 10C0
Forestport 0.012% 0.071 - - 0 5(rad. )
Jim Creek - 0.073 0.36 0.075 320
Annapolis 0,011 0.0L5 0.1 0.017 322
Lualualei 0.012 0,045 0.08  0.0175 L
Rocky Point 0.0063 0,03 0.2 0.021 13.4
Rugby 0.,0134 C.1 0.26 0.059 5e
Haiku - 0.31 0.3 0.093 330
New Brunswick 0. 00bY 0.039 0.2 0.022 .38
Canal Zone 0.0095 0.0L5 0. 14 0.C1lk4 18
Marion 0.0047  0.05% 0.39  0.055 8.3
Tuckerton 0.0143 0,052 0.13  0.0272 L3
-7
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The values of Table III have been computed on the basis of

data taken mainly from the following sources:

a) ITTFL Trip Report on visit to Cutler, Maine, on 8-20~53

b) California Institute Technical Report No. & = A New
Transmitting Antenna System for VLF - by W, VonTuyl Rusch -
June 1959

¢) 1Illinois Institute Technical Report = RFD Antenna Technique
Survey - Sept, 1961

d) Deco Electr. Report No, L2-F - Porestport Antenna Study =
January 1962

Of the various quantities listed in Table III, only the radia-
tion resistance may be related directly to the relative geometric height
H/A ; a detailed discussion of such relationship is given in the follow-
ing Section. The relative bandwidth is a function of the quality factor Q
characteristic of the antenna input impedance function; therefore, it depends
mainly upon the ratio of the input reactance to the input resistance--i,e,,
upon the antenna effective diameter and upon the loss resistance. The
product of the radiation efficiency times the relative bandwidth i3 approxi-
mately independent of the loss resistance and, therefore, represents a
quality factor of the antenna design; within certain limitatioms, it is
possible to trade efficiency for relative bandwidth,

S. RADIATION RESISTANCE OF VLF ANTENNAS

The radiation resistance of VLF antennas mey be computed approxi-
mately by means of the relationship:

—

2 r
Hyof b/ 1 -
Ry = 1600 () E’~1+'Zb'7H+K (1+b/H)2.} >

In this expression, b 1is the additional vertical length that is equiva-
lent to the top load--i,e,, that would provide the same current distribution
(Fig, 13); a plot of Equation 43 as a function of H/MA for various values
of the parameter b/H 1is given in Fig, 14, 1In this f{igure, there are also
shown data taken from Table III; most of these appear to cluster about the

curve corresponding to zero top-loading.
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In the case of ferrite-loaded antennas, an accurate expression

of the radiation resistance is not avallable, The experimental results

*. of HF antenna without top load which have been reported in Table II1 have

been used to compute Rr -“Rin ; these values have been plotted versus
H/lo in Fig, 15, along with the curve represeating Equa. 43 for b/H e O .
It is seen that the values of Rt are approximately 2 to 5 times larger
than those given by the latter curve. In the graphs of Fig. l4 and of

Fig., 15 is shown the value of radiation resistance measured with a LF
ferrite-loaded and top-loaded antenna (81.7Kc), which is described in a

following Section; this value is f = 81,7Kc , H/lb = 0,008 , R, = O.1 ohm,

6. DESIGN OF THE GROUND PLANE

The design of the ground plane is important in determining the
final radiation efficiency of the antenna. Analytical investigations of
this problem, leading to a study of the effect of radial-wire diameter and
length on the ante::a input impedance and on the field propagation, have

Abbott has computed the optimum number of radials, their optimum length, and

been made recently In particular, with reference to a radial ground,
the power dissipated in the ground as functions of the frequency of opera=-
tion £ , of the conductivity © , of the soil permeability u , of the
annual copper cost, and of the annual cost of the power dissipated in the

ground,

F. R. Abbott ~ Design of Optimum Buried-Conductor RF Ground = Proc,
TRE, July 1952, pp B46=E52,

J. R, West and W. A, Pope -~ The Characteristics of a Vertical Antenna_
with a Radial Conductor Ground System =« Appl, Science Res. B, (1954)
Vol. & = pp. 177-195.

J. R. West and W. A, Pope - TInput Resistance of L.F., Unipole Aerials -
Wwireless Eng., (May 1955) Vol, 32 - pp. 131-138&.

S, W, Maley and R, J. King - Impedance of a Monopole Antenna with a
Radial wire Ground System on an Imperfectly Conducting Hglf-SEace -
J. Res. Ngs 66 1, (1962) No, 2 = pp. 175-180; and J. Res. NBS £€8D , (196L)
pp. 157-163.
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Assuming a spacing between wires d and a power dissipated per

mew , the total annual cost is expressed as:
Ky = Kjgq+ Kv (bb)
where

K, = (C,+C) W (45)
and Ca « annual amortization cost of the station exclusive of the ground

system, C, = annual operating cost of the station, W = ‘average input power

to the antenna,

The loss per unit surface w 1is expressed as follows:

5y
w o= ]J2!d2 [ER"L logea—-é--‘!w;---clde/l(2 (46)

where

1 "k ‘ bar . %m (48)
There follows:

Kt = C1d2 + Kl/d dollars per year. This cost is minimum

when the following identity is satisfied:

(b

8
3 2 4 2,38 x 100 x XK =
d”log = > Fl
10 2pa K. 1 5 W ofS

The surface current density } JI is obtained from the equation:

AlJ! = L (e-jﬁp _e°jSp cosBh) (50)

Io 27'§ singh

where

p and r are respectively the distances from the top
and from the base of the antenna

I° is the antenna base current

L. oo i
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The quantity given by Equation 50 1is plotted in Fig., 16 as a function
of r/A , using as a parameter h/\ ,

For given values of J, ¢ , £, Kl/l(2 , one can compute
the quantity F1 of Equation 49 and can derive the optimum gacing d .

The number of radials is computed with the relation:

N = 2mr/d (51)

The optimum length of the radials may be computed on the basis
of the value for which the distance between wires makes the power dissipated
per unit surface practically independent of the presence of the wires. This
is obtained approximately when the following ideatity is satisfied:

d 6

2, ¢t 1,88 x 10 \
J = —— ql\
F, d,log,, (2"8) o (52)
where dt is the terminal distance, From the value dt , the radial
length T, follows:
r, = th/ev (537
Finally, the total power absorbed in the soil may be computcd
with the integral:
7D
? = / ““n"/rt 1N
// / w rdrd<; Loy
R4
0] T
The e¢ffective untenna base impedance depends upon the radiatioh
resistance, ground plane losses, the corona and insulator losses, etc, ¥

the latter can be neglected, the antenna impedance may be expressed as

follows:

Llf&../ T éa'i‘..r"t..;iﬂ u ;‘J EHL
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Zg, ® 204 =% ! ) c(r) f R¢(r,9) j  rdr o+
: o L J
%o
(55)
/ o<
r <o -2
o | i
5 'qg’ H¢ (r,0) rdr
Io v <
Te
where
Z‘x:> is the monopole base impedance obtained in the case
of a perfectly conducting ground
r and r_ are respectively the radii of the counter-
weighE and of the radial ground plane (Fig. 17)
H¢ (r,0) is the tangential component of the magnetic
field for the case of a perfectly conducting ground
Ne is the effective surface impedance of the ground plane
i.e,,
n = __Tl&__L (56)
c ) ’
g +h
where
joTn_ ¢
no. 2% N L
w l N Nd
(=7)
- 71/2
n = |\ uo/eo y o om — S
o 3 LU + Jwe J

The tangential component of the magnetic field may be computed appronimate.y

with the expression:

. L3 - e-jsp "jf‘l“
}{'“(r o) = 2 1 cos (Bh-q) = & cos &
Lf) ' 2T sin O - T r
P ! (58}

4 -8 ,
he sin (Bh-a)

re
. =30- N 1Y
Lk!i‘ ‘7‘ by SRR B
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a = B(h+h')
h 1is the actual monopole height °

h! is the additional height equivalent to the top-loading
- (r2+h2)1/2

where

P

The relation (Equation 58) represents a good approximation in the case of

symmetric top-loading.

The impedance contribution due to the ground plane losses may

be expressed with the relationship:
AL = Z-2 = AR+ AKX (59)

where the right-hand side is obtained from Equation 55.

It is of interest to show practical examples of design of ground

plane based on the above-discussed theories,

Assume that the buried wire has diameter 3 mm (Copper No. 8 AWG,
with a = 0,00325 m) , One can readily compute the quantities F, and F,
of Equations 49 and 52 respectively; i,e.,

d
- g3 4 - 2, _t
F d"logyy (zg) »  Fp delog)y” (3) (60)

as functions of d (or dt) ; such plots are shown in Fig, 18,

Assume operation at a frequency £ = 600 Kc/s, with a quarter-wave
monopole, having radiation resistance 4O ohm , antenna base current Si ,

radiated power 1 Kw , Let:
K, = 0.0l dollar , K2 = 1

where K1 is the cost of amortization of one meter of buried
No. 8 copper wire

is the cost per year of one watt of RF power

Assume that the ground conductivity is ¢ = 2 X 10.5 who/m, From Equation

52, one finds F2 = 1,56 X 105 and dt = 12,5 m ; entering the latter

|
1

=33-

1
A
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value into Equation 49 or Fig, 13, one f}nds the value of F1 = 1,86 x 10“
and computes that of [J ) = 2,48 X 10'5A/m. Finally, computing the quan-
tity 1J 21/10 = 0,248, and using the graph of Fig. 16, one finds the value
of rt/L = 0,64 (i.e., r, = 320 m). Finally, the number of radials is
obtained using Equation 53; i.e.,

N = ert/dt = 161 (61)

In order to compute now the actwml increment of input impedance
of the monopole antenna due to the ground plane, one makes use of Equations

58, and 59. For the present example, assuming that €. for the ground
is 10, one has:

a = gh sqf2, a/dA = 3X10.6,

=5 s x e % o, w/ 0,25, £ /A = 0.64,

(62)
N = 161

There follows:

-~/
=

&R L1, ax< o1
A graphical representation of the variation of AR and of AX as a funce

tion of r /l (assuming h/A = 0,25, afA = 10.6 ) -7/2, ng

Vr-57.7, and taking as a parameter the number N ) is shown in Fig. 19,

More generally, the results of the computations of AR and of
AX as a functi on of rc/X and with parameter N are shown in Fig. 20 )
and b) for the cases h/A = 0.1, h/A = 0,01, respectively, assumin; again
a/A = 107° , ¢ =1m7/2, and ng = V3~37.7.

It is of interest to note that the increase AR with diminishing
radial length rt/l occurs at a greater rate in the case of short dipoies

than in that of quarter-wave dipoles.

-34=
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The effect of the variation of the size of the buried wire is
generally small, 1In Fig., 2?1 is shown the result of the computation of AR
and A X versus rt/k for a quarter-wave dipole, assuming N = 100,

g = Vz-ll , and taking as a parameter a/\ ; in Pig., 22 is shown the
result of the computation of AR and AX versus a/MA for various values
of rt/l and for the case h/A = 0,05, N = 100, «a = q/2, ng = v 37.7.
It is seen that the input impedance of the antenna is a very slowly varying
function of afA for the cases studied.

The effect of the top-loading parameter O is shown in Fig, 23
for the case N ® 100, a/A = 10'6 y Mg = V3-37.7 , and h/A = 0,01,
0.05, ¢ 0.1 respectively, As the top-loading is increased, AR 1is also
increased because larger currents are passed through the ground; in addition,
the effect of the top-loading is greater the greater the relative height of

the antenna,

In comparing the effects of top-loading and of electrical length
on the value of AR , it is of interest to take into account simultaneously
also the value of the radiation resistance. For short monopoles with and
without top-loading, the latter may be computed approximately with the
relationship:

R, = 160 7° (8/A )% ohm for a = mf2
(63}

R Y uog° (/2 )2 ohm for Q= O

These relationships have been plotted in Fig. 24 a) and b), along with the
corresponding graphs showing AR versus (h/A ) for a = 7/2 or O,

and for various values of rt/k . It is of interest to consider the valuc
of rt/k for which R_ = &R (50% efficiency); from Fig, 24, it is scen
that, in the case of top-loaded monopoles, the latter value is smaller,
the smaller h/A . '

Finally, the effect of variations of the grounde-surface impedunce
is illustrated in Fig, 25 for the case N/= 100, a=7/2, a/\-= 107" ,
Ha
h/A=0.1, and B [n )/ = (“‘o) = 0,003 to 0.2 . It is seen chat
c
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the incremental resistance increases approximately in direct proportion to
V?7:;. These results illustrate the importance of building the antenna
on a ground having good conductivity ¢ ; the relationship between & and
0 is illustrated in Pig. 26 for various frequency values,

Recapitulating, the design of the ground plane may be conducted
with fair accuracy using the relationships and graphs given previously.
In particular, one can determine the optimum number N and the optimum
radial length for given values of h/A, a/MA , @ and 8 ; in most cases,
it is found that N % 250 and r. /A = 0.2 are convenient values.

7. DESIGN OF TOF LOAD

The effect of top-loading the antenna is beneficiai in general
since it reduces the size of the input inductor required to tune the base
input impedance and lowers the operating voltage of the radiator. This
results in a decrease of the losses due to the resistance of the input induc-
tor, to the corona effects, to the insulator's surface resistance, etc., It

is of interest to investigate the effect of the top-load on the ground losscs

Naitir has shown that the earth currents are not modified signifi-
cantly by the presence of a symmetrical top-loading. On the other hand,
Knudsen*r has shown that, when the top-loading is unsymetrical as in the
case of L- or T=- type structures, a circumferential component of the
ground current arises which may contribute considerably to the ground losscs

because it is perpendicular to the radial ground wires,

Assume that the antenna current distribution is linear (Fig. 27):

i.e.,

7 TN
lo oo TN
1(z) = 1, (1= &=5=) (¢
wWhere 10 is the base current; in first approximation, 1t is found th.t tus
normalized contribution to the carth current density distribution duc te the

vertical member of the antenna is radial and is expressed as follows:

B O o e s g me—— e e e e

+- J., R, wait - Earth Currents Near a Monopole Antenna with Symmetricai
Top-Loading = J. Res. NLSs, Vol, 62 (June 1959).

4 * 4, L. Knudsen - Earth Currents Near a Top-Loaded Monopole Antenua with
Special Regard to Electrically Small L- and T-Antennas = J, Res, NBY,
Vol. 62 (June 1959),
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J v = . ejkp 1 - jkh tan (%) -&—i—?-p-'-Lh——-
p e P s 2 (1+h/n')
£ 1+ | (65)

where h' is the additional height component equivalent to the top-loading.
Assuming that h/MA is very small (%_- 0 and %_- 0.06), the above quantity
varics with distance p/h as shown in Fig., 28, where parameter h'/h has

been used,

The contribution of the horizontal tope-load wires is found to be
parallel to the wires; considering a single wire at azimuth £ , and assuming
that h/A is negligible, the normalized surface current density Jsh at the
ground plane at azimuth ¢ =3 and @ = 8 + 7 varies as shown in Fig. 29
as a function of p/ h with parameter h'/h ; similarly, in Fig. 30, the
corresponding case for h/A = 0,06 is given. This result illustrates the
effect of an L-type top-loading (Fig. 31). The radial and azimuthal compo
nents of Jh are computed with the relations:

J b Jsh cos (g-B)
(66)
J¢ = Jsh sin (¢-2)

Considering the ratio jph/Jpv , it is seen that this is very
small; however, the presence of J indicates that losses occur in the
ground if the buried system of wires is radial, The ratio h/Jpv has
been plotted in Fig. 32 a) and b) for the cases h/A = 0; and a) ¢ - 5 = L5
b) §- 8 = 135° , The latter quotient is zero in correspondence of @ = S =
and ¢ - 8 = 180° .

Consider now the case of a T-type antenna (Fig. 31 b) ), ror which
the horizontal top-loading is symmetrical, using the results for the L-typc¢
antenna., The contribution to the radial component of the surface cuwrreat
density is still small and of the same order of magnitude of that of the L

antenna; on the other hand, the circumferential component of the surface
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current density is very 4 1 {s-seett ¥¥o ph of Fig. 33, which

gives the ratio j\;‘/J‘_’V for the case h/MA = O and &- B o= L5*

In conclusion, it appears that the losses in a radial-type ground
plane are increased when the top=loading is not symmetrical. These losses
could be reduced by the addition of circumferential buried wires; however,
if closed loops are formed in the ground, these could give risg to circu-
lating currents and produce additional losses,

8.  EXPERIMENTAL VERIFICATION OF LOW-FREQUENCY FERRITE ANTENNA DESIGN

Various experimental verifications of the operation of ferrite-
loaded radiators at low frequencies have been conducted in connection with
the present investigation; these were aimed at determining the actual wave-
length reduction provided by means of ferrite loading, the effect of various
types of top-loading, and the effect of various folding techniques.

In addition, under the same contract NOnr 3358, a design of ferrite-
loaded transportable-type radiator has been conducted, the results of which
provide invaluable data on the properties of practical ferrite-loaded antennas.
The latter work (which,at the time of this writing was still under develop
ment) is discussed in a separate Report entitled: "Feasibility of Design
of a Transportable L.F. High-Power Ferrite-Loaded Radiator". 1In the follow~
ing, a number of basic results are presented together with a discussion of
their significance in connection with the proposed design of an Omega ferrite-

loaded antenna,

The dimensions of the ferrite radiator used in the preliminary
design of the Omega antenna were 1I.D, = 0,75", 0.D. = 3" ; using the
theoretical analysis of Section 2 and the gtaphicél solution of Fig., 4, one
finds that, at 10.2 Ke/s , the wavelength shortening ratio is kz/)b = 0,27 .
A practical verification of the properties of such type -of loading has been
made constructing radiator elements of length 10, 20, and 10C feet, and study-
ing their resonant properties. The wavelength shortening ratio has been
found to vary with the length of the radiator in the manner shown in Fig. 34;

in particular, the ratio is in fact less than the theoretical value of 0,27

«38=
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and approaches it asymptotically for very large length. It is of interest
to note that, for a 500-ft radiator, the ratio would be 0,175, and the self-
resonance frequency would be 86 ke .

Knowing the electrical height of the vertical radiator, one can

compute the top-load capacitance required for tuning at 10.2 Kc (lo = 20400 W),

for example, a 500-ft (152 m) radiator has equivalent height 870 m , and
requires a capacitor load having equivalent height 6480 m or electrical
height H/l° = 0,22 . The actual value of the capacitance depends on the
reactive properties of the antenna, on its diameter, type of loading, etc,

The construction of a 100-ft ferrite radiator has provided soume
information in this connection. Without top-load, the radiator resonates at
400 Ke/s and presents a wavelength shortening ratio of 0,165 ; when top-
loaded with an umbrella-type wiring having static capacitance C = 0.0045,F,
the self-resonance of the radiator occurs at f = 79 Kc/8 . A plot of the
input resistance and input reactance of the antenna as function of frequency
is given in Pig. 3%; in the same graph, the corresponding values of H/lz
and of H/).o are shown, Since the actual height of the ferrite radiator
is 30.5 m , its equivalent height is 30.5/0.165 = 185 m , and its electricul
height is 185/3800 = 0.0487 . The equivalent height of the tope=loading is
0.25 -~ 0,0487 = 0.2013 ; using transmission line equations, it is seen that
the short antenna behaves approximately‘like a transmission line with char-

acteristic impedence R° - 10h ohm,

we can also derive by extrapolation the data pertimnt to the
operation of the same radiator at 10.2 Ke . e shall assume that the ferrivu
radi ator has a height of 500 feet , for which the waveleagth shortening rat:ic
is 0.175,and that the input impedance presents the same general behavior us
that of Fig., 35. At 10.2 Kc , the wavelength lo 18 29,400 5. ,and the
equivalent height and the electrical height of the radiator are respectively
870 m and 0,0295 ; there follows that the equivalent electrical heicht of
the top load 1s (C.2305 , and its capacitive reactance at 10,2 K¢ ana its

capacitance arc respectively =-295 ohm and 0.052uF .

The vaciation resistance of the 100-ft antenna has been computed

from field intensity measurements taken at 2 miles ; the radiation pattern
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is shown in Fig. 36 and indicates that the radiation resistance is approxi-
mately Rr = 0,10 ohm ., Using the relationship:

H,2 .
Br = K (i) (6m
and substituting the value H/lo = 0,00805 , one finds K ® 1560 , which
corresponds well with the well-known value K ® 1600 applicable in the

case of fully top-loaded monopole radiators, Extrapolation of this relation-
ship to the case of the Omega antenna provides the following result:

R, = 1600 (522)° = 0.043 ohm (68)

It should be noted that the input impedance measured. in the case
of the 100-ft radiator and shown in the graph of Fig. 35 is about 6 ohm;
this large value is due to losses, the source of which has not yet been
determined, but could be due to the ground plane, to some lossy antenna
component, or to the ferrite, A thorough study of the possible cause of
the losses is being made at the present time; no basic reason for the exist-
ence of such losses, and no obstacle for its removal, is seen, Finally,
other important characteristics of the design are the maximum power radiated
and the bandwidth; measurements of the maximum radiated power are expected
to be performed in the near future, Such power will depend upon the maximum
permissible antenna current, Assuming that a base antenna current of 100 A
is permissible,as discussed in Section 3 of this Report, a maximum radiated

power per monopole of U430 watts 1is obtained,

The bandwidth of the ferrite radiator depends upon the character-
istics of the input impedance and, therefore, its value must be measured
after the loss resistance has been reduced to its minimum value, From the
graph of Fig. 35, one notes that, with the high loss resistance of 6.4 ohm ,
the antenna bandwidth is 1100 ¢/s , which corresponds to a relative band-

width value of 1,4% ; if it is assumed that the loss resistance is reduced
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to a value of 1 ohmm , the expected values of bandwidth and relative
bandwidth become 180 ¢/s and 0.23% respectively.

9.  CONCLUSIVE REMARKS

Although the investigation of the design of LF ferrite-loaded
antennas has not been completed at the time of the writing of this report,
a sufficient amount of data has been obtained to provide a great increase
of understanding of the behavior of ferrite-loaded radiators and of the
feasibility of design of VLF antennas using such type of loading, The
characteristics which await further experimental verification are the
loss resistance and the maximum power radiated per monopole,

The following conclusions have been gained from the present
investigation:

a) A ferrite radiator of height 500 feet, with full capacitive top-
loading for operation at 10,2 Kc , is expected to have a radia-
tion resistance of the order of 0.043 ohm.

b) The radiator may be supported directly with a steel tower without
recourse to steel ropes, provided suitable insulators (ex. of
Teflon) are used, The radiator may be built in sections of LO-ft
length, weighing about 160 lbs, each. The weight of the entire
500-ft radiator is 8000 lbs, The elements may be enclosed within
suitable fiberglass cylinders, made hermetic to humidity

c) The antenna installation may be made using multiple radiators
arranged as a cage-type structure, The distance between radiators
depends upon the allowable reactive interaction betwecen eleuwents,
The total area of the 1ﬂstallation depends upon the desiyn of the
top load, A capacitive load of 0,02uF per monopole has becu

estimated, Using the equation:
€. L
~r.e

i Bnbny/d

for the capacitance of an horizontal wire of length L , diameter u

and height h above the ground, one finds the total length

required of a wire,
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d) A comparisbn of characteristics of the Omega ferrite antenna
with those of the VLF antennas listed in Table III (p. 27) is
instructive. The expected value of H/}.° is 5.17 X 1073 ’
and the expected radiation resistance is 0,043 ohm. If it is
assumed that the input resistance may be reduced to 1 ohm and
the maximum current per monopole may be made 100 amperes; and
if it is assumed that a cage structure of nine monopoles is used,

one finds:

s/es B/ Pogy (Radiated)

H/A R 1

rad

Omega Ferrite Antenna

(Single Radiator)  0+005 0.043 0.23(?) 0.009(?) 430 w(2)

Nine-Radiator Cage 0.005 0.043 0.5 (2) 0.02 (7) 34.7 xw(?)

These values compare very favorably with those of Table I1II;
wher account is taken of the construction costs (which are
roughly proportional to the third power of the ratio H/A), the
advantages presented by the ferrite antenna design are evident,
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