





UHF PROPAGATION FROM BURIED ANTENNAS
George A, Hufford

This paper poses, and attempts to answer, some of
the questions involved when a UHF antenna is buried in the
ground. A description of the basic theory is given, together
with illustrative calculations for many situations of interest.
Graphs are presented for the patterns and related param-
eters of a variety of buried antennas, including electric
and magnetic doublets, half-wave dipoles, and the annular
slot antenna, It is hoped that these graphs may be of
direct help in designing systems which must use such buried
antennas. Of all the antennas investigated, for example, it
is the annular slot which seems to be the most efficient
radiator,

Key Words: Antenna theory, buried antennas, radio propagation,
radiation gain, UHF antennas.

1. INTRODUCTION

An antenna buried in the ground has a somewhat different
environment from the free space normally assumed in theoretical
analyses of antennas. Many of the consequences of this different
environment have been discussed by Bahos (1966), deBettencourt
(1966), King and Iizuka (1963), Wait (1961), Williams (1963), and
others, These discussions, however, have been concerned largely
with low frequencies. At higher frequencies, in particular at UHF,
there are other considerations. Basic theory, it is true, remains the
same, but the emphasis is changed., Skin depths are smaller, and so
there is a tendency to use what is normally called a '"poor' ground,
such as impervious granite or basalt or even especially poured, low-
loss concrete. This, coupled with the natural effects of the higher
frequency, means that,while at low frequencies the loss tangent of the

ground is normally very large, at high frequencies it is very small,



Numerical results are therefore somewhat different, and when approx-
imations are desired, an entirely new set must be used.

At high frequencies, too, a wider variety of antenna is available.
Consequently, emphasis is often shifted to a discussion of antenna
details that are otherwise unimportant, One result is that a slightly
more refined theory is needed,

It is the purpose of this paper to pose, and to attempt to answer,
some of the questions involved, We begin with a development of the
basic theory that we believe to be a bit more general than has been
given heretofore, We are thus able to treat arbitrary distributions of
both electric and magnetic currents, In further sections we give brief
discussions of the current distribution along a linear antenna and of
the power budget for arbitrary antennas. Finally, we give illustrative
calculations for several situations of interest. It is hoped that these
calculations can be directly used in the design of systems with buried
antennas.

The basic problem concerns a homogeneous ground with (com-
plex) propagation constant kl =w "/qu—l and intrinsic impedance
Zl = ./pl/el. . Above it, and separated from it by a plane interface, is
the air with (real) propagation constant k_ = wﬁE and intrinsic
impedance Zo = A/po/eo . An antenna, of arbitrary configuration, is
entirely underground. We suppose that it can be represented as a
distribution of electric current J and magnetic current M.

As in figure 1, we set up a coordinate system whose z - axis is
vertical and whose origin is at the ""center" of the antenna. The air-
ground interface is defined by z = h, so that h is the nominal depth
of the antenna below ground. We freely use, whenever convenient,
either rectangular (x, y, z), cylindrical (p» ¢» 2}, or spherical (r, 0, ¢)

coordinates, together with the corresponding unit vectors



ix, iy, iz, ip, i¢, i, ie. The radial vector, in particular, may be
expressed as

v z=01+zi—=r-i—. (1.1)
5 z r

SI (MKSA) units are used throughout, and fields and currents are ex-

TexLtyLtzl=ol
r=xi y

pressed as complex phasors with the factor \[Z—e-mt supressed. Most of

the notation and much of the basic theory are taken from Stratton (1941)
and Harrington (1961).
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Figure 1.

Path geometry.



2. ELEMENTARY DOUBLETS - THE SPACE WAVE

Let an elementary electric doublet with polarization vector ; be
located at the origin. If ground filled all of space, then the fields

would be given by

iz
E =ik Z pyt+ (p - 9) vy, (2.1)
1
ii:"; X vy,
where
Jkpr kg am X oA T T
= = ! 1 ! ! 1°rl
¥ - > d¢1 sin 61 de1 e » (2.2)
8m
o o
and
T - s P ' T
P4 sin 611 pl+cos ellz, (2.3)
A ' T +sinag’ i
lpl cos¢11x sm¢11y.

Ify =1/2 - arg kl’ then the integral in (2.2) converges for all values

of r satisfying z =2 0 or, what is the same thing, < /2. This integral

expresses | (and hence E, H) as a superposition of (inhomogeneous)

plane waves, each of which has the direction vector 1 '1.
r
{ is not, strictly

Note that

. I '
1rl rl

speaking, a unit vector.

i ! = 1, although, since 6'1 can be complex, 1
To solve our problem, we may use this integral together with the
theory of the reflection and refraction of plane waves by a plane inter-
face. The field given by (2.1) and (2.2) is the incident field. It will
give rise to a reflected field, which is a superposition of reflected
plane waves, and to a transmitted field, which is a superposition of
transmitted plane waves.,
If a plane wave, incident from below the interface, has the direc-

tion vector i 1’ then the transmitted plane wave will have the direction
r

4



vector_ir given by Snell's law,

i =sinB I + cosBH1, (2.4)
T 0 z

i=1.,

ppl

kosme = k1 sin 91.

Since we are interested only in the transmitted wave, it will
serve us best to change the variables of integration in (2,2) to those

corresponding to the transmitted direction vector. We find

21 D
7 : 7 7 '
klf d¢1]dei sin 8 F (67 ¢1) (2.5)

[e) (o]
2m g—iw k_cos 6

- 7l : 4 7 — e / 1

= ko[ do [ sinf’ df klcos 6{ Fo/l, ¢,
o o

where F is any integrable function and 9'1 may be determined in terms

of 8/ by means of (2.4).

Setting
_ -kl‘zz1 2m y - kT LT
- 7 : I; [y =
Ee —STTZ j d(blf sin eldel p.1¢1 1¢le , (2.6)
o o
_ -klz 2m X -ie ik T -7
H = ’ . q r 5. 7! T T
m _—gﬂz i d¢1 . sin el 91 P 1¢1 Xlrl 1¢1 e ,
and
Femigz, T Fe B TG Ty (247
171 1
it may be seen that (2.1) and (2.2) give
E=E +E, H=H + H . (2.8)
e m e m



This decomposition of the incident field is a convenient one,
since the field Ee’ Ee is a superposition of transverse electric plane
waves, whilc Em, -I-_Im is a superposition of transverse magnetic plane
waves. We might call Eo' ﬁe the TE (or horizontally polarized) com-
ponent and Em' -I—:I-m the TM (or vertically polarized) component.

It follows that the transmitted field is given by (2.8), wherein the
integrals (2.6) are changed by introducing the Fresnel coefficients and
by suitably changing the phase factor.

To compute the transmitted phase factor, it is most convenient

to require the position vector to be measured from a point on the

interface. If we set r = r + hi » then .;o would be such a position
V4

vector, The phase kll-zl-l e T = k11rl . I:o + kl h cos 8{ of an incident

wave would become, in the transmitted wave,

s . + I= k T S ’ ]
kolr ro klh cos 91 olr r + h(klcos 91 kocos 8').(2.9)

Assembling all of these results, we find that the field in air is

given by (2.8), where now
2Z cos 9’

-kZz_com T -jo ) -
B =2 0o A, : Y YL
Ee 2 d¢ sin © 0 Zcose’+Zcose’p o)
8t o 1 1

ih(k.cos 8. - k cos §') ik i’. ¢
1 1 o or

. e e , (2.10)
2 .
_ -k AL P 2Z _ cos B’
_ o 2 . 7 7 1 - - - -
H = 2 Slne de 7 P 1')(1 ’ 1’
Z cos B./+Z cose’ ® rl g
o 1 1 o
ib(k. cos 8/ - k cos §’) iki’ .1,
1 1 o} or
. e e
and
. iZ
H = — vx E E = = vx H (2.11)
e k Z e’ m k m’ °
o o o



These equations give a full-wave theoretic solution to our
problem. From them we can pick out quantities of more immediate

interest. The radiation field, for example, is the first term of the

asymptotic expression as r - «, Since the phase k ri’ . 1 is
o r

r
stationary when_il’_ = Tr’ we quickly see that
_ Zzlcos 0 o
Ee - 1kozo Z cos 6. * Z cosp P 1¢ 1¢>
o 1 1
. ik r
ih(k,cos 6, - k cos 8) o
1 1 o (2.12)
e yreal .
_ ZZl cos 8 _ o
Ho ~ ik Z cos 0. * Z cosg Pl X 1rllqg
1 1 o]
ihik c _ ik r
ih( 1c*os 61 kocos 8) e ©
© 4nmr °
and
ﬁ~—l——_1 xE, E ~ -Zi x H . (2.13)
e Zo r e m or m

This is the complete space wave excited by an electric doublet.
The solution for a magnetic doublet can be found in exactly the same
way. A simpler approach, however, is to use the solutions we al-
ready have together with the principle of duality. Thus, if g repre-
sents a magnetic doublet located at the origin, then the radiation field

in air is given immediately by (2.8) and (2. 13), where now

_ ZZOcos 6 o L
E ~ _'k . . - -
e o Z cose, + zZ cosp 9 l¢ X l¢
o 1 1
ih(klcos 61 - kocos 8) ik r
e
e ’ (2.14)
. 4m
. ik 2Z cos B d
- = q.171
m Zo Zlcos 91 + Zocos B ¢ @
eih(klcos 6, - k_cos 9) ik r
4t r )



3. ELEMENTARY DOUBLETS — THE GROUND WAVE

In discussions of the ground wave, two parameters continually

appear, The firstis the critical angle 8 . This is the value 6 ] attains
c

when 8 = m/2. It is given by

. 2 2
= k £} = - . .
sin GC ko/ 1 cos ec kl ko /k1 (3.1)

The second parameter might be called the surface transfer impedance

6. It is given by

Z
6 = 5§ = — cos B for TE waves (3.2)
e Z1 c
Z1
6 = cos B for TM waves,
m Zo C

We meet these parameters first in the classical problem of an
isotropic radiator. For definiteness, suppose that the radiator is
located on the z-axis at a height 2, (either positive or negative) above
the interface, and consider the field distant p at a height z, above the
interface. According to the Sommerfeld theory of propagation over a

plane, if z . and z, are not too large, then the gain relative to free

1
space is given quite accurately by
ik p
y = F[—— s2)u(z.) U(z.) (3. 3)
2 1 2
2i
~ —— Ul(z.,) U(z)),
Kk p62 1 2
o)
where
F(p = 2+2i/rnp werf /P ~ -1/p, (3.4)
U(z) = l—ikoéz z =2 0
- 1k.cos 0 z z < 0.
1 c
e



The function werf z is the '"complex error function' (see Abramowitz

and Stegun, 1964) defined by
2

i [T et
werf z = —f = dt, (3.5)
z -t

™

-

the contour of integration passing below the pole at t =z, At UHF the
"numerical distance" ikopéz/z is normally so large that the asymptotic
results quoted above are entirely adequate.

Let us, however, return to the vector wave problem in which we
arc interested. Although we could probably use the scalar results
quoted above, it is more certain and more instructive to make our
derivations directly from (2.10). For this purpose, we set

r = pi + (h + z)—iz and ask for asymptotic results as p - o The
P

quantity z = 0 is not the coordinate value here; it is the height of the
observation point above the interface.

Since
i’ r = psin@8’cos(¢p’ - ¢) + (h+ z) cos 8/, (3.6)

we find, for example,
. _kzz 21 _;_r -io . i(klhcos ei + kozcos 8%)
Ee:—o'z_g do’ sin 8'de’ Fcos 8’ e
8
o o

ikopsin B’ cos(p’ - @)
e £ ) (3' 7)

where

. ZZl
F o= / 7 B'—iITI-
.l.
Zocos 91 Zlcose o o

(3.8)

The phase kop sin B’ cos(p’ - @) is stationary wheng¢’ = ¢, 6’ =1/2.
At this point, however, the integrand vanishes because of the factor

cos @', and it is therefore necessary to treat higher order terms.

Sctting a = p’r- m/2, $= ¢ - ¢, we first note that

A A
kops'm B'cos(p’ - @) = kop(l - (82 + 8 2)/2 + O((62+ ¢2)2)>. (3.9)



With this in mind, we see that if F is any smooth function, we may

write down the general asymptotic result

ik_p sin 8’ cos(¢p’ - ¢)
fdgb’fde’cos 8’ F(B', ¢') e (3.10)
ik o A Ao AA A A A2
= e d¢'fde'0ae + b8%+ cbg + O((0 + 9) 8°))

-ik p(fa‘2 + 82)/2 ik p
o} 2Th o}

« € ~ -5 e

] 2
(1ko p)

As for the number b, we have

2 ik _p(sin6’coss-1+(82+8%)/2)
b= i cos8' F(g's¢') e °
2 3972 &) e 6'= u/2
o= ¢
oF 1T
- E fm 11
ae' ( 2 ? ¢) . (3 )

Before applying these results to (2.10), we first note the be-
havior of ei near the stationary point. From (2.4) it follows, indeed,
that 91' is also stationary. Its rate of change therefore plays no role
in the derivative (3.11), and we may replace it throughout by the

constant GC. In particular, the vector_{; may be replaced by

1
i = sin® i + cos @O 1. (3.12)
rc cp c z

Assembling these results together, we find that the field in the

air but near the ground is given by (2.8), where now
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_ ZZ1 Zl iklhcos 90 o o
E ~ - - ik z\ e pei, 1 (3.13)
e cos ec Zocos GC o o @ 4t p
25 ik _hcos BC eikop
i - - =
= ik Z ——— 1 - ik o | ,
ik Z - p62 ( i oéez e p 1¢ 1¢ e
O e
_ 5 Z iklhcos e _ _  _ _ eikop
B B(Zcoc;e -ikoz)e Cp.i Xici T2
m cos b 1 c o) rc ¢ 4m p
A 23 ikjhcos & _ _  _ _ ik p
= - ]. _ -k | . . N €
1ko ZO k o6 2( ' oémz) N P 1¢X lrclgzs 41p
0" m

One may note the similarity between these results and (3.3). The
other components of the field are given by (Z11), which may be written
(to the same degree of approximation) in the form

EN-Z(Ixﬁ -6 'i'xﬁ|
m ol p z z

n

0), (3. 14)

— 1 [— — — —
~ - 1 E - 1 E .
He Z (lp X Ze 6e 2 % e | z O)

The last terms in these expressions are the terms which provide the

familiar wave tilt.
Finally, we note that if the field is excited by the magnetic doublet

g, then the principle of duality would say that the field satisfies (2. 8)
and (3. 14), where

z 2i ik hcos 8 He 0
= . o . c— — — = e
EeN-lko Z 2(1-1k6z e q-°ixi i T
1 kopée o e o rco TP
ik _ . ik hcos 9 elkop
- c - — =
H ~ (l-ikéz)e q-ii . (3.15)
m Zo k pb 2 om o ¢ 4mp
o m
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4. REAL ANTENNAS

Suppose an antenna can be represented by the electric current
density J (;). (We assume that J vanishes everywhere except inside
a small volume completely under ground and centered around our
origin.) Then the fields in air are given by a superposition of the
fields of (2.10). We merely replace ; by J and integrate over the
volume of the antenna.

But we may take advantage of the fact that both expressions (2.10)
are linear in -1;, and we may carry out this proposed integration first.
Remembering that the radial vector r and the depth h must be altered
so as to correspond to each element of current, we see that the field
excited by this antenna will still be given by (2.10), provided only that

we replace P by P(0’ ¢’), where
N o —iz'(klcos 91 - kocos ) -ik i « r’ _
P(g ¢)=JJI(r) e e dv(r’) (4.1)

=jT(r') e

Repeating our arguments concerning asymptotic expansions, we see

-ikop’sinecos (¢’ - ¢ ) - ik z’cos B

1 1 -
dv(r’).

that the radiation field and the ground wave are given precisely by
(2.12) and (3.13) with this same replacement of P for ;. (In the case
of the ground wave one should, in accordance with (3.11), include also
a term 613(11 /2, ¢)/38. But it follows immediately from (4. 1) that
this derivative will always vanish,)
We might note that, since kosin B = k1 sin 91, the phase of (4.1)

can be written in the simpler form

k1 (p’sin 91 cos (¢p’'- ¢) tz’ cos el) = kl_i-rl
Note also that if the antenna is located all at one depth (so that

. ' (4.2)

we may set z/= 0 in (4.1)), then P is the same as though the antenna
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were in air. This remark assumes, of course, that the current distri-
bution remains fixed in the two environments.

If, furthermore, the antenna is represented by the magnetic
current density ﬁ(;), then the same arguments will be valid, Conse-
quently, to determine the resulting fields we need merely to replace E

in (2. 14) by the vector _ _
-ik i - ¢’
- =, 1'°rl .
Q (e, ¢) —fM(r ) e dv(r ‘). (4. 3)
To complete this section, we give two simple examples.

4.1 The Thin Dipole
We may assume, to a good degree of approximation, that the
current on a thin linear antenna is sinusoidal with some calculable

propagation constant ka. (If the antenna is bare, then ka = k We

1.
treat sheathed antennas in sec. 5.)
Consider, then, a center fed dipole of length 24, oriented along

an arbitrary unit vector _ia. The current is given by
T=1Isink(2-|s|)i atr = si, (4.4)
o a a a

and, substituting this into (4, 1), we find

— _ ) -ikl si 1" i
P=1ifsink(z-|sl)e Th? g (4.5)
o a a
-4
cos(kﬂ,-i_ -_1-) - cos k g
_ 1" rl a a :
21 k 1 °
o a 2 2/— - 2 a
k - k i e 1
a 1 ( rl a)
This formula should be used with some caution since kl and k are
a

probably complex, The number Io is, of course, the '"anti-node"
current.

Note the particular case of a vertical dipole when ka = kl'
Then i , * i = cos 0, and
rl a 1
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cos (klz cos 91) - cos kl,e

'l
L
&
o
-

2 i 2 (4.6)
kl sin 91

~ 21 Lsink £ i .

- (o] 1 Z
The latter approximation assumes that 91 ~ 0, as itis in most
applications., We therefore conclude that no matter what its length,
a bare vertical dipole or monopole will behave very much as though

it were a simple doublet.

4,2 An Annular Slot

A thin slot antenna may be represented (see Booker, 1946)
by a magnetic current v flowing along the slot. Suppose, then, that
we have a horizontal annular slot of radius a, uniforrnly illuminated.
We may set

vV = Vi at r = a i, (4.7)
and

(4.8)

0]
I
<
o

o] )
-
e\
o

H

o)
o
S

-2mi VaJ (k asing i .
)
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5. SHEATHED ANTENNAS

The current on a linear antenna acts, to a first order approxi-
mation, as though the antenna were a transmission line propagating in
its principal, or TM, mode. If the antenna is perfectly conducting
and bare, then this principal mode has the propagation constant of the
surrounding medium. But if the antenna is buried, then it is often
desirable, for either mechanical or electrical reasons, to sheath it
with a dielectric coating, One must then ask how much such a sheath
will affect the propagation constant,

At low frequencies the ground acts like a fairly good conductor,
and it is common to think of a sheathed antenna as behaving like a
coaxial line. At higher frequencies, however, it is probably more
reasonable to think of it as a surface wave- or G-line such as was
first described by Gobau (1950). Actually, the analysis is identical
for the two situations,

Let us suppose, then, that our antenna consists of a perfect
conductor, circular in cross section, and of radius a. Surrounding
it is the sheath of radius b, propagation constant kZ’ and intrinsic

impedance Z This structure is then imbedded in the ground with

2.
constants kl, Zl. Following Gobau we find that the propagation

constant ka must satisfy (approximately) the characteristic equation

2

‘1 lo Cbnl = lo b (5.1)
2 °8 21 niee 3o .
“2
2 2 2 2 2
= - = - = Z ,
where Kl kl ka ;R kz ka y M kl Z/kZZl and

C = el = 1.78107, Y being Euler's constant. If we set
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(5.2)

-
LN
T
=
)
+
P S
2]
c_,N
V[\,
P S
oo
)
3
)

then (5. 1) may be rewritten in the form

2n n
Clog L = b’ (a k2 - k%) 10g [P (5. 3)
> S8 ¢ 2 \'b 2 5 E\a) - .

This equation is easily solved by recursion. Examples are given

later in figure 25. Note, however, that { will be complex, and that
this means we must carefully choose the proper branch for log (1/().
The approximations involved in deriving (5. 1) require ( to be small,

and it will follow that therefore the argument of { must be approxi-

mately equal to that of the difference k22 - klz. In the case of

1 and kZ are nearly real and kl > kz. This means

that the difference k2 - klz is near the negative real axis, and we

must choose arg ( near +T or near -T. As it turns out, neither

interest to us, k

choice is very plausible. They are both associated with leaky, back-
fire modes.

In the case of the G-line (where k, < kZ) or the leaky coaxial

1
2

line (where kl is large and nearly pure imaginary), the choice of

arg ( is fairly obvious. In the present case, however, the situation

is not at all clear. It deserves more study than we are able to give

here,
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6. POWER CONSIDERATIONS

An investigation of the power budget of a buried antenna presents
several difficulties. Let us begin with an illustration.
Consider an electrical doublet p in a situation where the ground

occupies all of space. The radial component of the Poynting vector is

given by
i+S =37 xE-H* (6. 1)
r r
1P x|
) r Z |k |z(1 1 1 )
- T ik - 2 2
161'r2r2 ! 1 * kl r
1 —ZImklr
{1 +——*—— e s
ikl r

where we have used the notation H :/- HZ = ; . ; * to denote the

Hermitian norm of a (possibly complex) vector. Integrating this
expression over a sphere of radius r, we find that the power trans-

ported across that sphere can be expressed in the form

«2Imk

Wir) = W e S T W, (6.2)
where
-2
_ el 2
L S |k, " Re Z, (6.3)
15 ||2 2Imk 2ilm k| , - 2Imk x
W(r) = —E—— Rez —~ 4 + 1 o
i 61 1 r 2 3 °
klr klr

The first term, Wr exp (-2Im kl r), we recognize immediately

as the power lost to the radiated field, The exponential factor is
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readily understandable as the absorption of the field by the medium,.

We may term Wr the total radiated power.

If kl’ Z _ are real, then the second term Wi vanishes. Otherwise,

1
however, it is positive, and may be attributed to heat losses in the

induction field. As r -0, Wi becomes infinitely large. This is not
unreasonable, since the antenna, being infinitesimal, requires infinite -
ly large fields in its immediate vicinity. But any real antenna must
occupy some finite space, and then these losses will be finite. An
illustration of their magnitude is given later in figure 11.

When the situation involves an arbitrary antenna, we may expect
somewhat the same phenomena to appear. The power budget might
take the form

W, =W_+ W + W, (6. 4)
im a 1 Ir

where Win is the antenna input power, Wa the heat losses in the
antenna itself, Wi the heat losses in the induction field, and Wr the
radiated power.

In a theoretical analysis, the field of an antenna will usually be de-
rived on the assumption of some representative current present
somewhere on the antenna. If the ground occupies all of space, then
the resulting Wr can be computed from the radiation field (in ground)
by integrating the Poynting vector over a large sphere and dropping
the factor exp(-2Im k1 r).

On the other hand, Wa and Wi depend so much on the details of
the antenna structure that only gross estimates are possible. Even
their definition will often be a matter of subjective choice, since in
many situations the antenna will be inseparable from the medium. In-
deed, one might lump together Wa and Wi’ attributing both to "antenna
losses, " and thus taking the stand that the immediate vicinity is an

integral part of the antenna.
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With these observations in mind, it seems entircly reasonable to

define a radiation gain relative to free space as the field excited by an -

antenna relative to that excited by an iso{:ropic radiator (in free space)
whose radiated power is also Wr'

In the case of a buried antenna there is one further consideration.
The field will be reflected at the interface and return to the antenna,
producing an induced emf. This reaction upsets the voltage-current
relationship so that the radiated power is not the quantity found so
simply above. Another way to say this is to note that if one integrates
the Poynting vector of the direct, reflected, and transmitted waves
(taking due account of the absorption factor), then one will not obtain
the same number as if there were only the direct wave.

In one description of this problem, one writes

’ (6. 5)

where Wr is the true radiated power, and Wro is the radiated power in
the absence of the interface. Since the radiated powers are propor-
tional to the radiation resistances (relative to the reference current)

we can rewrite this in the form

(6. 6)

where R _, R are the corresponding resistance. The ratio R /R
r ro r' " ro

may be included in the power budget as yet another gain. Studies of
this ratio have been made (in other situations) by King (1956), Vogler
and Noble (1964), Sinha and Bhattacharyya (1966), and others. Omne
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concludes that if the antenna is more than a few wavelengths, or more

than a few skin depths, from the interface, then the resultant gain is

negligible.
For purposes of this paper, we shall ignore the effects of such

a gain and assume that Wr and Wr0 are identical,
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7. CALCULATIONS

It is convenient to introduce the complex refractive index n of

the ground, setting
n’ = e./e = e + io/e w, (7. 1)
1’ "o r o
where €. is the dielectric constant of the ground relative to air, and o
is the conductivity. Assuming, as is usually the case, that My = B

we have

k, = nk, z, = Zo/n, (7.2)

2
sin 61 = sin 0/n, cos 8, = n? - sin 8/n,
. / 2 '
sin ec = l/n, cos GC = n - l/n.

Turning now to the representation of the field components, if an
isotropic radiator in free space radiates the power Wr’ then the fields

are given by

w .
"efo jikor - Gt (7.3)
f 41 ’ f 4TrZ° ’ ’

r

We may then normalize the fields from a real antenna by setting
E = Eo Ef, H = Ho Hf. (7. 4)
The factors Eo' ﬁo might be called the vector gain relative to free

sgace.

Using this notation, we may write (2. 12) in the form

E,,~ L(n) C_ () D(b) A_ (8, ¢ T

s’ (7.5)

H o~ LmC_(8) D) A_(8, ¢ i¢ )
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where

= 2 (7.6)

~J/Re n (n+ 1)’

C (n+ 1) cos 6 C _ (n+ 1) cos 6
e ncosel-i-cose m cosel+ncos9’
ikoh(n cos 61 - cos 0)
D(h) =-e s
Z Ren 1/2 _ _
A =ik [ —2>—o0 P.i,
e o anw )
T
ZORe n 1/2 _ _ _
A =ik —_— P-i x i ..
m ° 4TTW ¢ rl
r

In these expressions we have separated the fields into factors that
seem useful to us. These factors depend principally on the indicated
parameters, although the other parameters may also play a role. We

shall call L the interface loss, Ce, Cm the electric and magnetic

cutback factors, D the depth attenuation, and Ae, Am the antenna

patteruns.
Note that E = i X H , and, since iox1i,= 4 , 1t will
_ mo r © "mo r ¢ 0

follow that E is precisely H with the unit vector 1 , replaced by
_ mo mo _ 0}

i . Itfollows that E is the ¢- component of E and H the 0- cor~-

0 eo mo

ponent. The situation in the case of the ground wave is, however, more

complicated, and we prefer to retain the present E - H notation.

For the ground wave we may rewrite (3.13) in the form
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g m e
Eeo ~ kop Se(n) Ue(Z) D (h) Ae (5 ®) by (7.7)
H I 5 mU (z)DM)A (I, 9T
mo ~ kop m n) m z) m' 2’ ¢ ¢’
where
2 2
s - - = — L,  (7.8)

Zn3 2 n
m 2 2 n- 1
JReua(n -1) n.,/Re ném

The functiouns Ue’ Um are both equal to the function U defined in

(3. 4) with 8 replaced by ée, ém: respectively. Furthermore, the
function D(h) is, in this situation, equal to U (-h). The functions Se’
Sm are the only new factors (other than the important i/kop) introduced
here. We shall call them the electric and magnetic surface wave

coupling factors.

If the antenna is represented by magnetic currents, then we

obtain very similar results, From (2. 14) and (3. 15) we find that the
space wave is given by (7.5), and that the ground wave is given by

(7. 7), except that the antenna patteruns Ae’ Am must be replaced by

1/2

Ren = - -
! = -1 —_— . 3 ;
Ae = 1k0 i ZOWr nQ 1¢ X 11_1, (7.9)
1/2
Ren e
’ _ . .
Am - 1ko 41 ZoWr nQ 1¢
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All of the above factors, except for the antenna patterns them-
selves, are independent of the antenna, and therefore they have a uni-
versal applicability. In figures 2 - 10 we have constructed several
graphs of them.

Figure 2 is a plot of |L| vs. €.+ So long as the loss tangent of
the ground is small we have n = €. to a first order approximation.
It follows that n, and consequently such functions as L, Se’ Sm, are
insensitive to the conductivity o and the frequency f. We may, for

example, use without much harm the approximation

2 ~ 2 € -3/4.

L =
. 1/4(1+ . 1/2) r
r r

(7. 10)

The second approximation is valid when €. >> 1.

Figures 3 and 4 show ICe | |Cm| plotted vs. elevation angle,

90O - 0. If, again, |n| >>1, then cos 91 ~ 1, and

(n+ 1) cos 6
e n + cos 6

~cos 0, (7.11)

(n+ 1) cos 0
m 1l+ncos®9

These approximations show what is probably the greatest difference
between the TE and TM components of the field. For at small eleva-
tion angles cos 8 ~ 0, and Cm is nearly (n + 1) times as large as Ce.
This fact is clearly brought out in figure 4,
Setting
A = Im kon cos 91, (7.12)

we find

ID()]| = e " AP (7.13)

so that there is an attenuation with depth of A nepers/m. Graphs
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of A are plotted in figures 5, 6, and 7. For small loss tangents,

. o
n=,e + i ———— 7.14
r 2./e e w ( )
r o
so that
Oko o
A = = Z . (7.15)

2 (e}
o er e:o w 2./ B

It follows that A is insensitive to changes in @ or in frequency. This
fact is demonunstrated again in figures 6 and 7.

Turning to the ground wave, |Se| and |Sm| are plotted vs. €.

in figure 8, and IUe I, IUml vs. height in figure 9. Here again is
demonstrated the fact that the TM (or vertically polarized) component
is much easier to excite than the TE component. Note also that, if

n =~ 1, then the asymptotic expansions we have used require much
larger p. If desired, the function F of (3.4) may be introduced
instead.

The term''antenna pattern'' is justified here only by the expres-
sions we shall soon obtain for particular antennas. But in any case, the
remaining factors (D(h) and Ae or Am) in (7.5) and (7. 7) make up a kind
of ""basic attenuation' which is independent of the antenna, To show
the transition between the ground wave and the space wave, we have
plotted, in figure 10, the height-gain curves of |LCm| and |smUm/kop|
that would be found at varying distances., Labeling these two expres-
sions as waves is, of course, somewhat anomalous. They are really
two different approximations of (2. 10) which should be accurate in
two different, overlapping regions. As figure 10 suggests, the com-
mon region where both are accurate is quite extensive. Incidentally,

it would be entirely possible to develop a uniform approximation which

would encompass both ground wave and space wave in one expression,
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One might also note that the curves of figure 10 are of even
greater universality than we have indicated. This is because the anten-
na pattern is almost constant near the horizon. As we saw in section 4,
the derivative of P with respect to 8 vanishes on the horizon. Conse-
quently, the derivatives of Ae and Am also vanish on the horizon. In
short, if we are interested only in low angles of elevation, it is a good
approximation to say that the antenna patterns are counstant with re -
spect to elevation, and to set them equal to the values they have along

the horizon.

26



INTERFACE LOSS, dB

12

15

10

| | |

o = 0 mmho/m

e

4 6

DIELECTRIC CONSTANT

Figure 2, Interface loss.
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Figure 5, Depth attenuation.
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Figure 7. Depth attenuation, variation with frequency .,

1000



GAIN, dB

- 16

-18

¢ = 3 mmho/m

e f = 400 MHz

-20

N N I N I A
5

DIELECTRIC CONSTANT, €.

Figure 8. Surface wave-coupling factors.,
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7.1 The Vertical Electric Doublet (VED)

Let 5 represent any electric doublet. In the notation of section 6

we have
2 — 2
k "z ||l
Wr = o Re n, (7.16)
2 — 2
koZoIIPII 1 2Imn 2i Imn i
Wi = 6T Re ol %= 22 T T 33
o nko T nk0 r

- Zkor Imn

As suggested in section 6, it is of some interest to consider the case
of a lossless antenna whose pattern is that of a doublet, but which
occupies a sphere of radius r. Despite the fact that the antenna is
lossless, it still is not a perfect radiator, since the induction field has
heat losses equal to Wi(r). It is reasonable, then, to compute an
efficiency

w

r

W _ + W/(r) '’ (7.17)
T i

and this we have done in figure 11. As one can see, the problem,

while not negligible, is not severe.

—-—

In the case of a VED, we have 13- = pi.z and

A

e = 0 (7. 18)

-i/3/2 sin 8, = -i J/3/2 sin 8/n.

A
m

1

In figures 12 and 13 we have plotted the resulting E_ field. Figure

0
12 is a polar plot of the {normalized) space wave pattern defined by
(7.5), while figure 13 is a rectangular plot from which may be read

the product of all terms entering into (7. 5). As mentioned before,
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this product comprises the radiation gain of the buried antenna (relative

to an isotropic radiator in free space).

Since |Am(rr/2)| = ,/3/2 /n, the low elevation gain is rather
small., As we shall see, a VED is a relatively inefficient device with

which to couple energy into the field in air.
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Figure 12, Vertical pattern of a buried VED; €. = 6,

0 = 3 mmho/m, f = 400 MHz, h =1 m.
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7.2 The Horizontal Electric Doublet (HED)

We set 5 = PTy so that the x-axis is broadside to the doublet,

Then
Ae = i./3/2 cos ¢, (7.19)
A= i./3/2 cos 8, sin ¢.

Thus both the TE (E ¢) and the TM (Ee) components are excited. If we
may assume CcOS 91 ~ 1 then the excitation of both fields is about the
same, and the fact that the cutback factors emphasize the TM com-
ponent at low angles means that in reality this component is likely to
be the stronger. Note that the "wrong' (TM) component is actually
better excited by such an HED than it is by the more natural VED.

Vertical patterns of the E¢ (broadside) field and the Ee (endfire)
field are shown in figure 14, Azimuthal patterns of both, together with
the total flux, are shown in figurel5. Figure 16 is a rectangular plot of
the two vertical patterns, while figure 17 is a rectangular plot of the
azimuthal ground wave patterns at zero height.

Because there are two components of the field, both of which have
small imaginary parts, the resultant field will have a polarization which
is slightly elliptical., How slight this ellipticity is, is shown in figure

18, where the axial ratio is plotted.
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Figure 14, Vertical patterns of a buried HED; e. = 6,
o=3 mmho/m, f =400 MHz, h =1 m,
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Figure 15, Azimuthal patterns of a buried HED; €¢_ = 6,
0 = 3 mmho/m, f = 400 MHz, h = 1 m.”
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7.3 Tipped Doublets

Setting 5 = p (cos a?y - sin a?z), we find
A --i,,/i 0S Q. CcOoS (7. 20)
e 2 ¢ ¢ ¢ )
Am= i/ % (sin o sin 61+ cos @, cos 61 sin ¢).

This corresponds to an electric doublet lying in the yz - plane and
making a (real) angle o with the y - axis., It is tipped away from the
horizontal.

An interesting problem is how to tip the doublet so as to maxi-
mize the field at zero elevation in, say, the y - direction. If we set
6 = n/2, ¢ =m/2, (7.20) becomes

A = 0, (7.21)

e
i/3/2 cos (Sc - a).

A plot of this value of |Am| versus o is given in figure 19. The

A
m

maximum value of ,/3/2 cosh Im 6_ is attained when a= Re 6 _. If

the conductivity is high, this might be an important consideration, but

otherwise, as one can see, there is little advantage to be gained,
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7.4 Magnetic Doublets

For a magnetic doublet a, we find

2 — 1,2
CUTNE
Wr = —?ﬁT Iml Re n. (7.22)

Inserting this into (7. 9) we find iramediately that in the case of a VMD

@ = aqi,, (7.23)

A= i J3/2 sin 8, = i/3/2 sin 0/|n],

o
B

and in the case of an HMD

(7. 24)

1
0
-

q

-1 l%l- A/3/2 cos 61 sin ¢,
A’ i — N3/2 cos ¢.

m |2

A /
e

These results are slightly different from those for the corre-
sponding electric doublets. The radiation gains have been plotted in
figures 20 and 21. Onmne notes that the VMD is very inefficient, but
that the HMD is slightly more efficient than the HED.
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7.5 The Horizontal Bare Dipole

Let an arbitrary antenna be represented by the current density

F. If we set

/

_ . -LkIT . T _
(6, ¢ =f;r (r /) e . av(r "), (7. 25)

then we quickly find

2T
k°Z Ren m -
w2 d¢ | sinede ||P, x i_|]|". (7.26)
r 16’72 1 r
' 0 0
If the dipole of section 4.1 is bare (so that ka = k1 = kon),
then
21 cos (k fni - i) =- cos (k fn)
= o o a rl o] -
P = i (7.27)
kn 1 - '(: 5 )2 a
© a rl
and

_ _ 2 21 2 _|cos (k 4n cos 0) - cos (k fn)lz
Py x 1™ ={gay) ~ — — .
o ‘ ‘ sin © (7.28)

Clearly, the fields excited by such a dipole will be the same as

those excited by a similarly oriented doublet, except that there will be
an additional scalar factor (essentially the same scalar factor which
appears in (7.27)), which must be taken into account.

As suggested in section 4.1, if the dipole is vertically oriented,
the vector P is almost a constant, and the corresponding pattern of
radiation will therefore be very nearly that of the VED, Ouly the
efficiencies can differ.

As a matter of fact, the vector P will be nearly constant in al-

most any case, This is because the vector Trl’ itself, does not
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change very radically, even though the point of observation varies over
the entire upper hemisphere.
As an illustration, let the dipole be horizontal with Ta =i,

Yy
Then we find

i-i, = sin 91 sin ¢ = sin @ sin ¢/n. (7.29)

Inserting this into (7. 27) and thence into (7. 6) we may compute the re-
sulting patterns and gains., Such computations are presented in
figures 22, 23, and 24. For the length of the dipole, we elected to
set 24 = 7\1/2, where 7\1 = ?\O/ Re n is the wave length in ground.
Note that the fields of such a dipole are almost indistinguishable from
those of a simple HED.

The integral (7. 26) is necessary only in the computations for the

radiation gain in figure 24, It was computed by numerical quadratures.
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Figure 22,
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7.6 The Horizontal Sheathed Dipole

As suggested in section 5, putting a sheath around the antenna
may considerably alter its properties. If we suppose that the sheath

has permeability u and (complex) permittivity €_, then the 1 of
(o]

2’
section 5 is equal to el/ez. Dividing (5. 2) by kz, we may define an
o

effective refractive index n for the anteuna,

2 2¢ /e
2 _ 2 2 b\ 1'%
n =n + (Ckob) (a) ¢, (7.30)

where ( is the solution to (5.3). A graph of n: vs. b/a is given in
figure 25. For this illustration, we have supposed that the sheath is
composed of lucite, and that the dipole is a rather fat one with

a = 16 mm,

The values in figure 25 seem implausible, The imaginary part,
in particular, is so large that the resulting current will be excessively
attenuated. Nevertheless, these values are associated with modes
that seem to us to be the least implausible of all those arising from
solutions to (5.3). Still, we have no guarantee that this mode is really
the one excited by the feed.

Under the assumption that our procedure has provided the proper
antenna mode, we have plotted the radiation gain of a horizontal
sheathed dipole for one of the more extreme cases in figure 26. Note
that the antenna pattern is still almost indistinguishable from that of
an HED, This is because, as in the case of the bare dipole, the vector

i.rl remains relatively constant.
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7.7 The Annular Slot

When the antenna is represented by a magnetic current density

_I\/—I, we set

_ o -ikIT cr’
Q, =[M (r‘)e * dv (r ), (7. 31)

whence

T

kZ 5 21 s _ - 2
W =-—‘;-— InIRenf d¢f sin 846 ||Q1><ir||. (7.32)
16T Z
(o] 0 0

For the annular slot of section 4.2 we find

—~ - 12 2 . 2
HQ1 X 1r]| = (2mVa) IJl(koan sin 0)|”, (7.33)
and

/ -
Al =0 (7.34)
A’ =k __Ren l/znvaaJ (k a sin 6)

m o 4MZ Wr 1% !

o]

where Wr can be found from (7. 32) and (7. 33) by numerical quadratures.

The fields, of course, vary with the radius a. This variation,
however, is not immediately obvious, since Wr is also a function of a.
In figure 27 we have plotted the horizontal gain A ;n (T/2) as a function
of the radius. The maximum of this function corresponds to an optimal
value of the radius when one is interested ounly in low angle fields. In
figure 28 we have plotted the first maximum as a function of €.

Finally, figures 29 and 30 give vertical patterns of annular slots
of selected radii, Two of these radii correspond to maxima of the

graph in figure 27.
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Figure 28, Optimal radius of a buried annular slot,
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8. CONCLUSIONS

Although burying an antenna will reduce considerably its radiated
field, the numbers cited in this paper show that it will not render com-
munication impossible. The many graphs presented here may be of
some use in the design of UHF radio systems which must include such
buried antennas,

In using these graphs, however, caution should be exercised.

On the theoretical side, for example, the curves of radiation gain have
made no allowance for induction field heat losses, nor have they in-~
cluded a possible interaction between the interface and the radiation
resistance. On the practical side, it should be pointed out that our
theory has assumed a homogeneous ground and a plane interface. If

the ground is alluvium containing an occasional large boulder, or if it
has been made deliberately nonhomogeneous by encasing the antenna in
a special material, then the radiation patterns may be altered consider-
ably. And if there exist above ground objects which can effectively
scatter the field, then one can expect a marked interference pattern,

As for the actual design of the antenna, we have, for example,
reconfirmed the fact that it is the TM (or vertically polarized) com-
ponent of the field that should, for best efficiency, be excited. Some -
what surprisingly, the vertical doublet is not an effective radiator for
this purpose. For comparison, we have plotted in figure 31 the hori-
zontal gain of various antennas vs. the dielectric constant of the ground.
(In the case of those antennas with a directivity in the azimuth, it is the
maximum horizontal gain that is shown,) One sees immediately that
the annular slot is by far the best of these antennas. If a simpler
structure is desired, one might choose the horizontal dipole, or per-

haps a vertically oriented loop antenna. Onu the other hand, more
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complicated antennas which produce higher horizontal gains, are, of
course, possible. Arrays of slots or stacked arrays of dipoles come
to mind first.

We have also suggested that the reduction of induction field heat
losses may be an important consideration. To accomplish this,
current densities should be kept small and sharp corners should be
avoided. In this regard, dielectric sheathing seems desirable, Un-
fortunately, what effect such a sheathing will have on the current

distribution of the antenna, is not entirely resolved.
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