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SOMINT : AN IMPROVED MODEL FOR
STUDYING CONDUCTING OBJ ECTS NEAR

LOSSY HALF-SPACES

ABSTRACT

This report summarizes the development of a moment-method numerical code to study
wire antennas near lossy earth. The computation time of this code is greatl y reduced by two
new methods for evaluating the Sommerfeld integrals. In the evaluation of the integrals off
the earth , a bivariate interpolation scheme on a prestored grid is shown to give very quick
and accurate results. A new series solution is presented to evaluate the integral for values
near the interface. Test results of this program are given , along with extensive numerical
data on vertical half-rhombic and sloping V antennas.

INTRODUCTION
A problem that has traditionally resisted a genuinel y practical solution despite considerable study is that

of modeling conducting structures (antennas or scatterers ) located near a planar interface such as the earth’s
su rface. Nearl y 70 years ago Sommerfeld (1909) worked out the basis for its rigorous solution in terms of
Fourier integrals of cylindrical wave expansions. The Sommerfeld integrals have been extensively studied , and
nu merous approx imations have been developed for them for various combin at ions of the problem’s
parameters. However , evaluation of the Sommerfeld integrals for the ranges of source and observation
points that typicall y must be covered for any self-consistent description of the structure ’s current—an integral
equation for example—almost inevitably involves some parameter combinations to which such approxima-
tio ns do not appl y. Consequentl y, the only feasible approach for obtaining a reliable solution in such cases has
been to numerically integrate the Sommerfeld integrals , a computationally inefficient process.

This situation has, until now , kept moment-method models of wire antennas based on internal-equation
formulations too expensive for routine use in treating the half-space problem. In this report we present a new
approach to the interface problem that is based on an old (interpolation) numerical procedure. Our interpola-
ti on approach , which we refer to as SOMINT for convenience, is shown below to make computer modeling of
antennas nea r an interface now affordable. For example , relative to the free-space computation , the ti me
penalty for rigorous treatment of the interface-reflected fields will be ultimately a factor of onl y 5 to 10 vs the
former value of 100 to 1000. Consequently, a whole new range of problems becomes practicable , including, as
il lustrated here, radiation-pattern control through ground-screen design.

The second section of this report provides analytical background for the interface problems and formula-
tion of the integral equations upon which our approach is based . The third section discusses the numerical
procedures employed , including the interpolation treatment that is the key contribution of this work.
Numerical results are given in the fourth section: first a series of test cases and preliminary calculation and
then the results of some parametric calculations performed for two Army antennas , the vertical half-rhombic
and sloping V. The final section presents our conclusions and recommendations for future work. Two appen-
dices contain representative plots of radiation patterns and current magnitude values for vertical half-rhombic
and sloping V antennas.

METHODS FOR STUDYING WIRE ANTENNAS

Preliminary Considerations

An integral equation for a wire structure can be derived in many ways. The basic procedure involves
writing Maxwell’s equations in integral form to express the scattered or secondary fields in terms of integrals



over induced-source distributions. Expressing the secondary field over loci of points where the behavior of the
total field (incident or primary plus secondary) is known via boundary or continuity conditions yields an in-
tegral equation for the induced source in terms of the primary field. Two broad general classes of integral
equations result, depending on whether the forcing function (primary field) is electric or magnetic. An electric
forci ng functio n g ives rise to a Fredhoim i ntegral equation of the first kind (so called because the unknown ap-
pears on ly under the integral). A magnetic forcing field gives rise to a Fredho lm integral equation of the
second kind (in which the unknown also appears outside the integral). While derivatives of the unknown may
occur as well , t hese equations are commonl y termed integral equations , rat her than integro-differential equa-
tions, as would be strictly correct.

Generally speaking, the magnetic-field type of integral equation has been found better suited for smooth.
closed surfaces than for thin-plate or shell geometries and wires. 2 The converse is generally true for the
electric-field type of integral equation, which , accordingly, is most commonly employed for treating wire
structures. Also involved in developing wire integral equations are three approximations:
• The circumferential current is negligible,
• The circumferential variation of the longitudinal current can be ignored: and
• The thin-wire or reduced kernel can be used in place of the actual surface integration.
Many analytically equivalent integral equations for wires based upon the electric field can be derived.

Three of the most commonly employed are the Hallen or vector potential type, ~ the scalar-vector (mixed)
potential version, ~ and the Pocklington integral equation. ~ All are solved wi th i n  the framework of the mo-
ment (or matrix) method , but each exhibits distinctive characteristics that must be taken into account in its
numerical treatment. The Hallen equation , for example, can produce results using a pulse-current basis of ac-
curacy comparable to those obtained from the Pocklington equation solved with a three-term (constant, sine,
a nd cosine) basis for simple structures. 6 The Hallen equation is not , however , readil y exte ndable to the com-
plex geometries that the Pocklington equation can handle. ~

A lthoug h pulse-current 8.9 and linear-current 10 bases have been quite widel y u sed , and can, under
suitable ci rcumstances , be essen t ially equivalent , they are not as efficient for modeling traveling wave equa-
tion . as are sin usoidal bases that possess nonconstant derivatives and can closel y resemble the actual current
sol ution. Sinusoidal bases have appeared in subsectional or subdomain form in both the three-term expansion
mentioned above and in the piecewise sinu soidal ~ or two-term form. Fourier series have also been studied as
complete-domain sinusoidal bases, but have not been widely adopted because they require more integration
effort than subsectional bases and can lead to ill-conditioned matrices. 8

The weight or test functions most often used have been delta functions , altho ugh Galerkin ’s method with
both linear (two-term) 10 and sinusoidal (two-term) ~ fun ctions h as also been quite widely applied. The term
“point matching ” refers to the use of delta-function weights. A comparison of numerical convergence rates for
several common methods applied to a straight -wire scatterer is shown in Fig. I .

I n addition to the problem of choosing basis and weight functions , other special aspects of the numerical
dev elopment must be considered when selecting a code for computer modeling. Three of these aspects are dis-
cussed below.

Jun ction Treatmen t

Any subsectional approach that employ s either finite-difference operators in the integral equation or any
other basis than pulse-current requires special consideration of both simple (two wires) and multi ple (t h ree or
more wires) junctions. The problem essentially is to relate, in some physically and mathematicall y reasonable
way, the current basis of each subsection (segment) to those of its neighbors. When pulse bases are used in the
scala r-vector potential integral equation , the finite-difference operator spans two segments and thus leads to a
charge involving the two corresponding pulse-current samples. ~ For two- or three-term bases , t he con ditio n
of current amplitude and slope continuity at each simple juction leads to equations that permit all the con-
stants in the current expansion to be given in terms of current samples at the segment junctions or centers. 6

Yeh and Mci 12 developed a slightly different handling of the three-term basis in which the current is ex-
trapolated from a given segment to the adjacent segment centers , but which is otherwise basically the same.

For a multiple junction , the treatment can become considerably more involved. The pulse-basis approach
mentioned above has been extended to the multiple junction 9 by dividing the total junction charge between
the junction segments according to the ratio of their individual areas to the total area on a logarithmic basis in
radius and linear in segment length. This approach has been found usefu l for the three-term expansion as
well. 6 The two-term expansions have been applied to multi ple junctions by overlapp ing M — I of the bases a
pair at a time at an M-segment junction. 10 Applications of the three-term expansion to the multiple junction

2
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Fig. 1. Coosergence rate for severa l solution methods (Ref. II).

has been accomplished by MB Associates using the Yeh and M ci simple-junction procedure by incorporating a
composite segment having the averaged length and total current of the M — 1 connected segments. 13 A more
elabo rate m u ltip le-junction approach has been developed for the three-term expansion by A ndreasen and
H arr is. 14 Their procedure apparentl y is t h e on ly one in which the junction geometry plays an explicit role in
establis hing the current relationships at the jun ction. Although all of these approaches evidently can produce
satisfactory results , there is little or no direct evidence of their validity in terms of the junction current and
charge distributions. It should be noted that the numerical results have been found in some cases to be quite
sensitive to the junction treatment. 6 Fu rther , the above list by no means exhausts all possible alternatives for
the j unction treatment.

Source Models

Determination of quantities such as absolute gain , efficiency, radiated power , input power , etc., requires
not onl y t he antenna current distribution but also the input characteristics , particularl y the feedpoint im-
pedance (or admittance). The feedpoint admittance can be found in various ways, but using the integral-
equation approach ordinarily also involves defining it in terms of source-region current per unit of terminal
voltage. Calculation of this quantity requires a realistic source model that not only provides an appropriate
means for numerically exciting the antenna , but also permits ready evaluation or specification of the effective
term inal voltage. Thus if , as in a point-matching procedure , the excitation arises as a tangential field on the
source segment of length .~~~, the driving voltage might be assumed to be —E ~~~ i f E is constant on the source
segment and zero elsewhere . This assumption may be invalid , however , with the result that the actual voltage
can be obtained only by integrating the tangential field in the vicinity of the source segment. 6 less
ambiguity should arise from Galerkin-type approaches where the boundary conditions are integrated , so that
the classical delta-function source might be numericall y approximated . An alternative source model for point-
matching is provided as a current-slope discontinuity, which also approximates a delta-function source field.
The cur ren t bases, j unction treatment , and weight functions can all influence the usefulness of these alter-
native source models. In case of uncertainty, once the current distribution has been found , the im peda nce can
be computed from the classical emf method , alt hough at the expense of the additional integration this entails.

3



Integration

Integration is understandabl y an essen t•a I part of the mo ment method: it is involved in appl y ing the i n-
tegral operator to the cu rrent bases and , i n a Galerkin method , evaluating the inner product of these results
with the weight fu nctions. For most wire programs , these operations , which lead to the generalized impedance
matrix , dominate the total solution time for numbers of unknowns less than —. 200. It is thus important that
the integration time be minimized consistent with the overall accuracy requirements.

One way to approach this goal is to choose appropriate bases and weight functions. The two-term
si nusoidal current basis , for examp le, req uires no numerical integration when the Pock lington integra l equa-
tio n is used together with point matching. This particular combination is not very accurate , however.
Addi ng the constant term leads to much better results , wit h the sli ght additional expense of the numerical in-
teg ration required to find the longitudinal field of this curren t term : the radial component can be anal yticall y
expressed. Alternativel y, use of a sinusoidal weight function ~ also gives much improved results and sur-
prising ly requires numerical integration , at most , of si ne and cosine integrals. The p iecewise lin ear basis used
with t he scalar-vector potential equation cannot be anal yticall y integrated , but good results are obtained with
four-point rectangular integration of both the operator and inner-product integrals . In addition , instead of ap-
plying a numerical integration of the self-term , a series expansion that gives a closed-form expression is
used. IS When numerical integration is used , va rious adaptive routines and special techni ques are available to
improve efficiency. 16

W ire Antenna An a ly sis
Examin ing the many options available to the anal yst concerning the integral equatiorj to be selected and

its numerical treatment in developing a computer model for application to wire antennas would take this dis-
cussion beyond reasonable lengths. Accordingl y our atte ntion is primarily directed to an approach based on
the Pocklington integral equation solved using a three-term subsectional basis (constant , sine , a nd cosine) and
poi nt-matching. Unless otherwise indicated , antenna sources are i ntroduced as tangential electric fields , with
the Yeh and M ei 12 form of current extrapolation used for simple junctions and the Curtis method for multiple
junctions. Both the source model and junction (simple and multi ple) treatment used i n this code may exhibit
defi ciencies , but when app lied with care (e.g., equa l segment lengths near sources and at multiple junctions)
the code has proven valid and reliable. A brief overview of the relevant equations and numerical treatment
used for free space and various interface theories and some special topics is g iven in t his section. Numerical
results appear in a later section.

Infinite , Homogeneous, Isotropic Media
The Pockl ington-type integral equation for a wire structure of contour C~r) can be expressed in the form

~~ (s) = 

~~~ f l(s ’)G 0 (s ,s’) ds’; s e C(T) , (1)
C(T)

where

G0 (s,s’) = . + _L. 
~~~~ 

V) a . V)] X

-ikR
g0(r ,r’) = 

e 
R

R = IT — T’ i ~ a(F)

A = 
yC(i)
IVC(i)l
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and

A 
= 

VC(!)~S IVC(r’)I

whe re, as usual , k is the inifinite-medium wave member , the permeab ility and permittivity are denoted by ~
and . a(i’) is the wire radius at~ . and E 1 is the incident electric field.

Reductipn of this equation to matrix form involves these seven steps:
( 1) Approximatin g C(r) as a p iecewise linear sequence of N segments of length 

~ 
(i I ,..., N). so that

C(i’) 

~~l

with ~ 
the unit tangent vector to C(f) at? = ?~ (use of straight segments is not mandatory, 

but it is very con-

venient in simplifying the current integration);
(2) Introducing the subsectional bases

11(s’) = A 1 + B1 sin[k(s’ — s1)] + C1 cos[k(s’ — sj ) J

to represent the unknown current (the final unknowns will be the N sampled current values I~ 
= A1 + C1 (i

N ] at the center of each of the N segments):
(3) A current interpolation procedure whereby the individual A1, B1, and C1 con stants are expressed in

ter ms of the sampled current values; -

(4) Use of the N delta-f unction weights b(s — s~) (j = I , ..., N) to obtain an N th order impedance matrix

of N independent field equations (note that the weig ht functions sample the field at the segment centers , and

are th us “coilocated” with the current sample locations);
( 5)  Specification of the N incident or primary field vector components E1 E ’(sj ) ~j Ii = I N).

whic h are the tangential fields at the N segment centers;
(6) Matrix mani pulation to obtain an admittance equivalent of the impendance matrix: and
(7) Computation of the current distribution and whatever field components , if any , are desired.
The total computer solution time is well approximated by AN 2 + BN ~~, where A corresponds to step (4)

and B to step (6). For the code under considerat ion here and for a CDC 7600 computer , A 4 X 10 ~ s and B

2 X l0~~ s.

Perfectly Conducting Half-Space
As written. Eq. ( I )  applies to wire structures excited as antennas or scatterers and located in infinite ,

isotropic , homogeneous media of arbitrary (possibly lossy) permittivity and permeability . It can easi ly be ex-

tended to permit the modeling of magnetic or electric image planes . For examp le, the perfect ly conducting

ground analog of Eq. ( I )  is , for an antenna elevated above a ground plane at z 0,

• t’(s) = 

~~~ f I(s’) [G0(s,s’) + G1(s.s~ )] ds’ , 
(2)

C(i)

where

~~~~ 
*

g1

R = —
5



i~*(x ,y .z) = 1”(x ,y ,— z)

= _______

IVC(?~*)I

Si milar forms can be written for a magnetic interface and for an interior right -ang le corner. I f the corner
ang le is othe rwise arbitrary but related to ~r as an intege r multiple , a disc rete spectrum of angular images is ob-
tained , but the essence of t he integral equation form is preserved. Precisel y t he same li ne of app roach can a lso
be used for interior problems where the wire structure is located between two parallel magnetic or electric
pla nes. 17

Imperfectl y Conducting Half-Space
A prob ’cm that is not so computationally simple , but that is of perhaps greater practical interest , is that

of an antenna located (buried or elevated) near the ground-air interface. This is a top ic of con siderable
longevity in electromag netics : a formal solution to the problem was given in 1909 by Sommerfeld. 18 The
numerical complexity of evaluating the Sommerfeld integrals (which appear in the integral equation kernel)
for arbitrary source and observation-point locations and ground paramete rs, however , has prevented t he
Sommerfeld theory from being routinel y used fo r such problems. Consequentl y, while some progress has been
made in app ly ing t he Sommerfeld theory, alternative approaches to the antenna-ground problem have also
been pursued. These various methods are briefl y discussed below .

The Sommerfeld Theory 
-

Details of the steps i n deriving the Sommerfeld integrals may be found elsewhere. 19 Here we simply write
one version of Eq. ( 1) that accounts for the inter face reflected field via the Sommerfeld theory; alternative
for ms are also available , differing essentially in how the perfert-ground image terms are handled. It  is

= 

~~~ 
f’ l(s ’)d s’ X 

{G0 (s,s’) + G1
C(?)

+ ~cosa + _~~- 
a 2 )  sin~Y g~~ — co~Y

+ sinj~’ [sing cos(a - a’) + -
~

- 

~ ~N t
}

~ 
(3)

where a = a(i~) and ~ = fi(i ) are the direction angles of the wire at i, t ’ is the horizontal projection of ~~
‘, i~ isthe Bessel function of order n , and

00

I .y (,+z ’)
= 2 j 

~~ 
+ 

~~ 
J0 (Xp )e 0 dA ,

= —cos(Ø - a’) f
00 

k 2 
— 

x (~~) e~~ ° ”
~ X

2dX] ,
0 O~~I I ’

~0
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j.00

1 1 —y (z+z ) 
~ 

1
= 2 I , , X~~J 0 (ls.p)e ~ — dX

j
0 

k07~ + k 170 L

p S~
l ( x _ x ) 2 + ( y _ y ~) 2 + a 2 ,

= tan ’ [(y - y’)/(x - x ’)]

= .
~~ A 2 

—

= 

~/ x 2 — k~
where k0 and k 1 are the propagation constant above and below the interface, respectively.

The presence of the double integral in Eq. (3), particularly the Sommerfeld portion , makes it quite time-
consuming and sensitive to evaluate. In spite of t h at , the basic moment method can be used to solve it , but, in
addition to the usual constraints imposed on current sampling, it is necessary to take into account the source
distan ce from the interface.

Series Solution to Sommerfeld Integrals
In the study of antennas over lossy interfaces , the Sommerfeld integrals need a complex integral that has

an i nfinite path of integration. There are three methods to evaluate these integrals. The firs t procedure is the
asymptotic expansion of the integral developed by No rton. 20 I n this expansion the fields are written in terms
of the inverse powers of the field-point-source-po int distance. The asymptotic expansions are accurate onl y
for large field-point-source-point distances. The quasistatic method presented by Ba Ii’os is an approximation
that sets k 1 = 0 in the integrand; the modification integrals are then evaluated in closed form. This procedure
is supposed to work when the field points and source points are very close, but the accuracy of this method has
never been established. The last method is the numerical integration of the Sommerfeld integrals. A numerical
code usi ng this procedure has been developed by Lyt le and Lager. 21 This procedure gives accu rate results for
most values of field-point-source-point distance , but is is a ve ry slow numerical p rocedure.

A general n um er ical procedure to evaluate the Sommerfeld integral for all values of field-point-source-
poi nt distance is discussed in a later section of this report. In this section we present a new series solution that
is later used to evaluate the Sommerfeld integral when the source point and field point are near the interface .
The fields from a source point and field point on the free-space side of the interface can be written in terms of
two integ rals:

e 0 7 
J0(pX) XdX , (4a)

and

4~ 00

1 1J k2 + k2 
e 0 J0(pX) XdX -

0 I~~O 0~
’ i
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An out 1~ne of the procedure to find the series expansion for the former integral is presented below.
Th~ development ofa  new series representation begins by w r it i ng y~ (A 2 _ k~ + 4’) 1/2 in

+

and

e~~~0

where ‘I’ = k~ — k~. Then these new terms are expanded by Tay lor series in 4’. The first Taylor series gives

00

~~~ ~~ I 

= 
~~~~ G1~ [k~ — k~

]m . ( 5 )

when the first coefficient G0 = 1/2. The remaining G’s can be found by a recursion procedure. Let the fl th
term be expressible as

= (—l ) ~ 
r~~ l 

~~ (6)

the n the n + l  th term is

n+ I
= (— l )~~’ 

m l  
‘

where

g
~
” = 

4( 
‘

~~ 1) g~ (8a)

n+j n + ( m 2) 
~ + n— (m — 2) 

~2(n + 1) ~~~~_ 1 4(n + I) ~~

f o r m 2 , 3 n (8b)

fl+~ 2n — I 
~8n + I  = 

2(n ~~~ 
g~ (8c)
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The first term in the above recursion is

~ I
g1 = 

~~
‘ -

The Tay lor series for the exponential term gi ves

e~~ 0’ = ~~~~~ G~ (k~ — k~)rn

whe re€0 = 1. The remai n ing Li’s can be found by a recursion procedure. Let the n th ter m be expressed as

n

= gP , (10)

then the n+ th term is

n+ I

= gfl~~ 
Z ( I I )

where

n+ I — 2 n — l  n— — 2(n + 1) (l a)

n~-~ 1 
~ 2n— p ~2(n ’~i~ ~P I  — 

2(n + I) 

n
for (12b)

n 2 3 ,.. . n

n + l  — 1
~n+l 

— — 2(n + I) g~ ( 12c)

The first ter m in the recursion is

= — ~~-

The Taylor series represented in Eqs. (5) and (9) are then multi plied together to find a sing le expansion for the
term e ~0 1/ 70 + ~o in the in tegrand of Eq. (4a). This new representation of the integrand is an infinite series.
When the series and integration are inte rchanged , the integ ra l in Eq. (4a) can be expressed as

9



0D,~ (k~ - k~ )T1
~ . ( 13)

where

m+ I

= >‘ D~’ Z~ 12 t n + 2 ~ p ( m 0 , l , . . . )  - ( 14)

The term Lm in Eq. ( 1 4) is the integral

00

~ 
j  e~~ J0 (Xp) XdX . (15)

To evaluate the series in Eq. ( 1 4), we must first find a method to evaluate the above integrals. To accomplish
this we now introdu ce an operator

, l a

When t his operator is used on L 1 and 12 it ca n be shown that

L = H rn~~
2 ( p _

~~) [12~ L2] - 
~~~~~ 

K~’z 2
~~ - L

i] 
, (l6a)

I!!

L ~~~~ 
= — 

~~~ 

~~~~~~~~~ [f
2 12] + 

~~ 

~~~~~~~~~~ [f
2~~~~ — L 1] .

where m is an even integer. In the above expression , m means that the operator I’ is app lied m times to L2 or
L~.
The integral L 1 is

= 
~~~

2 +~
2
~I : 2 

(17)
(p + 1

2
)

1 / . .

By applying the ~F m operator to 1~. we can show that
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= 2(-l)~~ ’ 
e 

{l .3 ‘ 5  • ‘•  [2(n + I) - 3~~ ~~~~~ I~~~ . (18)

The l’s i n the above equation can be generated fro m a recursion relationshi p.
The first two l’s are

= (—i)

and 
-

I~ = (~)2 [(k1 p)2 + (k 1 z)2]i /2

The remaining term can be generated for

n+i — n
‘1 — ‘1 (19a)

~~~ = I~ , (19b)

~~~~ 
~~~,[( k 1 P) 2 + (k1z)~]u

/2 
111 + 

[2(n + 1) — (2 + ~~~ I~P [2(n + 1) — 3] P 1  [2(n + 1) — 3] P

for n~~~3 and p 3, 4 n , (19c)

~~~ = 
~ ,~ J(k 1 P) 2 + (k1z)2]

1/2 

l~L2(n + 1) — 31 - (I d)

Now that we have a method to evaluate the 1’ ~L 1, we can turn our attention to the other terms that still need
eva luation.

- - - 
The integral 

~2 ca n be show n to be

—2 f~ e~~ ~~2 + z’2 )U2 
dz ’ + ~~~~~~ (k 1 p) . (20)

j  ~~2 + z.2 ) h12

When the F operator is applied to the above expression one finds

_____-— 

I I  

--  

_ _ _ _ _ _ _ _ _ _ _



j—! t k
1 ~ ,

f11~ L , = —2F91 e ~~ + z ’ )  - 
dz’ + i(—l )~ ~~~

— H~~
1 (k 1 p) . (21)

- 

0 ~~2 + z ’2 ) 112

The term ~~~ is the Hankel function of first kind in the order. To find the integer in Eq. ( 2 1) we expand the
integrand in terms of z ’ and then perform the integrand analytic. Then .

~ 
m operates on the new series

representatio n for the integral.

NUMERICAL METHODS

In this section we discuss the numerical method used to evaluate Sommerfeld integrals in this stud y. This
approach is unique in that, when the field point and source point are above an interface , all of the electrical
field fro m the Sommerfeld integrals can be written in terms of two-dimensional space. To prove this, we need
onl y look at the Sommerfeld integral

I I — y

J0 ~~ 
+ 

e J~(XP)XdX . (22)

where p = ‘V~x — x ’) 2 + (y — y ’) 2 The points (x ,y, z) an d (x ’, y ’. z ’) are t he field point and source points ,
respect ivel y. All values of the above integral can be described in terms of two variables p and z + z ’ . We now
introduce a new two-dimensional space in p and z + z ’: it is the solution space for Sommerfeld integrals. The
sol ution space is shown in Fig. 2.

I n the framework of the solution space we must now evaluate the Sommerfeld integrals. Whe n the point
in the solution space is described by 1.0 ~ p / A0 or 1.0 ~ z + z ’/A 0 the asymptotic series developed by
Norton 20 is used to eval uate the fields. The asymptotic series is an expansion in inverse powers of the field-
point-so urce-point distance: therefore , it provides a good method to evaluate the integrals when the distances
are large . The asymptotic methods do not work well when the field point and source point are less than one
wave length. Figure 2 depicts the region in the solution space where the asymptotic method is used to evaluate
the Som merfeld integrals.

To gain some insight into the method used for evaluating the Sommerfeld integrals in other reg ions of the
solution space , we eva luated the various components of the electric field for the horizontal and vertical dipoles
in the solution space. The evaluation of the Sommerfeld integrals was obtained by usi ng a code developed by
Lytl e and Lager 21 that performs the int egration numerica liy. A three-dimensional plot in the solution space of
the real.pa rt of the electrical field prod uced by a vertical dipole is shown in Fig. 3, w hich plots the value of the
function in terms of p, z + z’. The observat ion that the electric field value plotted in Fi g. 3 is rather well-
behaved , except near the origin , led us to a procedure known as the “bivariate i nterpolation of the electrical
fie lds. ” This proced ure begins with division of the solution space into a set of rectangular grids. The electrical
field for a g iven f, 

~r’ and a is found at each grid point in the solution space prior to evaluating a given antenna.
W hen the moment -method code needs a field value not on the grid , a four-point bivariate interpolation is used
to evaluate the field from the four known field values at the corners of the grid. This procedure is outlined in
Fig. 4. To demonstrate the accuracy of this approach , we show in Fig. 5 a three-dimensional plot of the error
funct ion when the bivariate interpolation is used to find the electrical field plotted in Fig. 3. In this test , a grid.
spacing of 0.SX produced a 10% agreement. In general , smaller grid spacing produces better agreement.

The biva riate interpolation of the electrical fields provides good answers in the solution space for values
ofp and z + z ’in  the two regions where [0.l ~~p / A0~~ l . O an d0  ~ z +  z ’/A 0~~ l ] and [0~~ p/A 0~~ 0. l an d0. l
~ z + z ’/A~ ~ 1.01. The size of the grids used in this calculation is shown in Fig. 6. Bivariate interpolation re-
quires a computation time of about 100 ~s on a CDC 7600 for a single set of field values , w hile the code that
numericall y integrates the Sommerfeld integrals correspondingly requires 0.1 s. (Note that after the solution-
space gr id h as been evaluated for gi ven f , 

~r’ and a , these values can be saved for future use: they are indepen-
dent of the type of antenna studied.) The electric field determined from the Sommerfeld integrals has
singularities when both p = 0 and z + z’ = 0. The series representation of the Sommerfeld integrals discussed
earlier isolates these singularities. Therefore , the series representation is used to evaluate the field near the
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x
Fig. 2. Two-dimensional solution space used to evaluate the Som- Fig. 3. Three-dimensional aspect plot of Sommerfeld-integral
merleld integrals. The various methods of evaluating the integrals portion of radial electric field for vertical dipole. The real part of
and their usable regions are also shown, the electric field is plotted on the vertical axis as a functio e of z +

z ’ and p. The electric parameters are 1 10 MHz , , = 90 , ~ =
10 ~ mho/m , 0.i A 

~ p ~ 2.0 A , and 0.l A ~~(z + z ’ ) ~~2.0 A. The
max imum and minimum field values are also shown.
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X
Fig. 5. A spect plot of difference between the Sommerfeld.lntegral
field values and Interpolated valu es for real part of radial electric
field of vertical electric dipole. The electric parameteis are the

FIg, 4. The four-point, bivarlate interpolation procedure. The same na those I. FIg. 3. The sspor.tloa between Interpolation grid
function Iii found In terms of Its four known end-point values f1,1, poInts 1, 0.5 A. The Interpolation was perfor.ed foe the region
f 1•. f 11, and f 11 . f (I — p)( I — q~f ,, + p( I — q)f 11 + q( I — defined by 0.1 A ~~(z + a’ ) ~ 2.0 A , excluding the small region 0.1

+ pqf 1 1 . A 
~ p ~~03 A and 0.1 A ~ (a + a ’) ~ 0.5 A.
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Table I .  Comparison of the magnitude of electric
1.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

fields evaluated by the series solution with those
evaluated by numerical integration of the integral ;
f = MHz , 

~r = 9, and a = l0~~ mho/m. The two
= ~ z = 0.05 fields shown are the radial and z-components from

a 

in ERV I E~~or in

N,-L~R=~ z=0.015 A0.3 
~/Z N ~~~NN~ NN~N 

0 0.0099 0.0455

A A
0 1 N 

N 
j~~ j~~ 

0 0944 0 0043

0.01 N _ _ _

0.01 0.1 0.3 1.0 A A
4.16 2.05p 30 30

X A ?~ 0 162 660
Fig. 6. The grid sizes used in the solution space . The appropriate 15 0
gr id sizes are shown in their usable reg ions as indicated. _____________________________________________________________

origi n in the solution space. In the numerical code used to evaluate this field , the first ten series terms are used.
Table I shows a comparison of electrical field magnitudes evaluated by the series method with those generated
by numerical integration. From Table I , it is obvious that the series solution works only when 0 ~~ p/A 0 ~ 0.0 1
and 0 ~ z + z’/X 0 ~ 0.01. The CDC 7600 compute r time required to evaluate the series is about 0.01 s while
the numerical integration requires 0.1 s. The region in the solution space occupied by the series solution is
show n in Fig. 2 .

As Fig. 2 shows , a region exists where no reliable method is available to evaluate the Sommerfeld integral.
It lies between the reg ions where the bivariate interpolation on the electrical field works and where the series
sol ution works. In this region , some of the electric field may vary by two orders of magnitude. Therefore , a
strai ght bivaria te interpolation on the electrical field is inappropriate. To overcome this difficulty we in-
trcduce the quantity

(23)

where the Eex and Eec are the electrical fields from the numerical integration and series , respectively. The new
parameter R~ is a slowly vary ing function in the region under consideration. Since the quantity ~ is a wel l-
behaved function , we can use the four-point bivariate interpolation on ~~~. This procedure consists of storing
the function R o n  a grid of points in the solution space . This grid of points is filled before any moment-method
code is used to study the antenna. W hen the moment-method code needs values of the electric field at a point
not on the grid points , a four-point bivariate interpolation is used to find the function R at this point. Then the
series representation of E~ , calculated at the point off the grid , is multiplied by the interpolated value of R to
obta in an interpolated value for Ecs. We call the procedure “biva riate interpolation on the parameter R .” The
CDC 7600 computer time required to evaluate method is about 0.0 1 s. The grid size used in this calculation is
shown in Fig. 6. (Note that, for a fixed f, e~, and a , the value of 1~ is independent of the antenna ’s geometry.
Once the values of R on the grid point for a fixed f, 5 r’ and a have been evaluated , they can be stored on
magnetic tape for future use. This saves the grid fill time in the study of other antennas.)

TEST CASES AND RESULTS

Three types of calculations are summarized in this section. The first type involves test cases to a~sess
operation of the overall program: it is intended to provide a check on numerical accuracy . The second , by con-
trast , is intended to obtain some preliminary results prior to performing parametric calculations on the an-
tennas of interest , which are covered in the third section.
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Test Cases

One of the greatest uncertaint i es associated with using a new computer model is val idat ing its results.
Thus , much of our attention during the earl y stages of this work was focused on test calculations to check the
Sommerfeld-integral routine, the interpolation procedure, and the overall computation itself. Calculations
pertaining to the first two cases are reported in the previous section. Here we discuss results obtained in con-
nection with the overall computational accuracy.

Idea ll y ,  experimental results provide probabl y the best and most convinci ng data for use in validating a
computer model. Rea list ical l y - however , such data are neither extensive nor readil y available: those that are
obtainable are of l imited scope and uncertain app licabi l i ty .  Therefore, while our ul t i mate  goal remains that  of
val idat in g the computer model using experimental data , the test cases presented here are , instead, of a
numerical  nature .

Several k inds  of numerical  tests mi ght be performed to check the computer model ’s accuracy. One of the
more obvious is simp ly to examine the trend of the numerical  results for obviousl y incorrect behavior as a
function of the various parameters. An example of this is shown in the preceding section . where tl~e inter-
polated fields are found to exhibit anomalous behavior along the z + z ’ = 0 and p = 0 lines. This kind of test
may be regarded generall y as a necessary, but not suff icient , condition to be met b~ a valid calculation. It can
be especially useful in the preliminary stages of code development or as a diagnostic when judgmenta i l y in-
valid results are obtain ed as the overall computational output .

Another usefu l numerical test is to compare results from the new code with those obtained from the
earlier Lawrence Livermore Laboratory (LLL )  Sommerfeld code , which did not use interpolation. This was
done for several cases , for examp le , horizontal di pole and Beverage antennas . SOMINT produced results that
generall y are numericall y indistinguishable from these alternate calculations at L L L. 2 as shown in Figs . 7-10.

Numerical  tests can also be based on limiting cases of the associated parameters where the answers are
known anal yticall y. For examp le , when the relative permittivity and conductivit y of the ground approach
their free-space values , the antenna current should be independent of height above the interface. The
Sommerfeld-integral fields must then also exactl y cancel the perfect-ground image fields , so that onl y the free-
space contributions remain . It is convenient to check this by examining  the input impedance of an antenna as
it is lowered towards the now fictitious interface. Results obtained from this  kind of calculation are shown in
Fig. I I .  Such tests proved very usefu l in correcting numerical  inconsistencies ori g inally present in the
program , especially those that were important only where z + z’ -. 0.

Pre liminary R esu lts
Antennas operated in the HF range and located near the earth’s su r face generall y are excited and/or ter-

minated with respect to ground potential. This may be accomp lished in several ways: for example , a gro un d
stake , counterpoise , ground screen , or ground-return wire may be used. The first two methods involve wires
that penetrate the interface , the treatment of which is somewhat uncertain.  In addition , modeling them re-
quires computing the fields transmitted across the interface , to which the interpolation procedure developed
here does not directl y appl y.

Our approach has thus been to concentrate performing computations for antenna models whose wires lie
entirely on the free-space side of the interface. Given this constraint , we can model configurations which in-
corporate ground-return wires or ground screens so long as their height h above the ground equals or exceeds
that previously shown to be necessary (Fig. I I ) .  As observed in connection with Fig. I I , the min imum heig ht
for valid results (~ ,3 X 10 ~ A0) is small enoug h that , for practical purposes . the wires are at the interface .5

One other situation can also be modeled (albeit only approximatel y): the ground stake excitation/ter-
mination mode. In this case, the antenna wire is terminated at the interface and the effect of the ground stake
is approximated in two ways. First , the current at the end of the wire is constrained to have zero slope, a con-
dition rigorously correct only for a perfect ground. but a behavior approximatel y simulated by an actual
ground stake. Second , the fields due to the ground-stake current are ignored.

IlesIdes the limit imposed by Sommerfeld-f ield accuracy , there is also a minimum-height limit due to the thin-wire approximation . This
ImplIes tha i for h ~,l0a . the problem must be re formu lated if questionable results are to be avoided . Of course. if a hare wire Is lowered to
h = a and thus comes into contact with a possibly lossy ground , st ill further reformulat ion is required to account for their ohmic contact.
T hese aspect s of the probl an are beyond the sco pe of the present work.
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Fig. 7. Three anten nas used to compare the numerical performance of the interpolation approach with the org inia l Sommerfeld mode: (a)
slanted dipole above interface; (b) horizontal wire 0.01 A above interface loaded near the end; (c) horizontal wire 0.05 A above interface loaded
near the end . The current distributions are presented in the following figures. Small differences are observable between results obtained from
the two approaches, but the basic behavior is the same.

We performed calculations pertaining to these issues for monopole and vertical half-rhombic antennas.
Some of the results are presented in Figs. 12-22. Based on the outcome of these preliminary calculations , we
chose the ground-stake approximation to model the grounded ends of the antennas selected for parametric
study. At this point of development in the program , it represents the least certain element in the calculations.

Parametric Results
We performed parametric calculations to evaluate ground-screen effects and to characterize two antenna

types, the slanted V and vertical half-rhombic. The results obtained are summarized below.

Ground-Screen Effects
Ground screens can provide a terminal against which to drive or terminate an antenna. More impor-

tantl y, they can provide impedance and pattern control. Impedance is controlled ‘ hen variations due to
changes in local ground conditions can be reduced or eliminated , permitting the feedpoint curren t to become a
function of the screen parameters. Pattern control is possible because the ground-screen currents add their
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the numerical results. Results are presented here for the case where

FIg. 10. Magnitude of the current on the antenna shown in Fig. a half-wave horizontal dipole at a frequency of 13 MHz I. lowered
7c. The interpo lation solution to the problem Is compared with t he toward i.d a pseudo-half-space to check the Sommerfeld integral
exact solution. The electrical parameters are f 10 MHz , e = and InterpolatIo n portions of the program. The Input Impedance Is
10 2 mho/m , and i 9. Nuts that the two solutions are in- seen to be effect ively independent of height to w ithin 0.003
distingu ishable. In order to denson strate the effect of the ground the waveleagt lia, demonstrating the consistency of the over all
results from the sa me antenna in free apace are also presented. numerical t reatment.
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Fig. 12. Vertical half-rhombic used to study the effect of ground returns. ( The input impedance behavior over a perfect ground with and
w ithout a ground return are shown in the following fi gures , ground return wire on interface .) The impedance variations are much greater for
the antenna having the ground-return wire. This is evidently due to return w ire and its image acting as a transmission line to transform the open
circuit (with respect to ground at the termination end to a frequency-dependent load at the input . It might be expected that over a lossy
ground, this effect would be much reduced. We have not been able to examine that possib ility in this study, but it is a topic that should he pur-
sued further, because of the practical implications and to establish more definitively the limitations of the numerical model.
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Fig. 14. Input impedance for the antenna shown In FIg. 12. on an
FIg. 13. Input resistance for antenna shown in Fig. 12. One set of expanded frequency scale. One set of data (a)has a ground-return
data (a)  has a ground-return w ire and the ot her set ( b) does not . wire and the other set (b) does not .
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Fig. 16. Input resistance of the antenna shown in Fig. 15 in free
space .
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0)Fig. IS. Severa l sets of calculations were performed at 13 MHz
Cfor a monopole antenna having various ground arrangements. The

antenna and four wire grounds are shown above. The input im-
-pedance of the antenna was studied as a function of frequency in

free space and as a function of height over a perfect ground . These I I I I
results are shown in the following figures . Its resistance is seen to 0 0.1 1 .0 10 ioovary smoothly with heig ht between a free-space value of about 1.55
U and asymptotic value near ground of 3.20 U. For comparison , the Height above interface — ft
resistance of the sa me monopo le without counterp oise wires and
driven against ground is 3.14 U. HA = 1

Fig. IS. Input resistance of the antenna shown in Fig. IS as a
function of the height above a perfect ground.

0

( T I  

—600

—1000 - -
-

0)
U a)C

N —3000 -

Um —4000 - - c -700 -
UCo U0) —5000 - - 

~~—800 -
-6000 ____________

0 8 16 24 32 
I I

0 ~~~~~ 1.0 10 f 100
Frequency — MHz HA = 1

Fig. 17. Input reactance of the antenna shown in Fig. IS In free FIg. 19. Input reactance of the antenna shown in Fig. 15 as a func-
apace. rio. of the height above a perfect ground.
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120°

20°
(a)

(b)

Fig. 20. Monopole antenna with (a) three-wire and (b) two-wire
counterpoise . The inputs for the four- , three- , and two-wire coun-
terp oise are p lotted as a fun ction of height above the perfect ground
in the following figures. The increase in resistance with decreasing
height relative to the perfect ground case with a four -wire system is
indicati ve of increasing loss as the ground is approached . No ex-
planation for the bump at —‘2 ft in the resi stance curve hss been
found. The resistance decrease below —0.3 ft is apparently due to
numerical limitations .

own radiation to that from the antenna itself , and can be especially important in influencing low-elevation-
angle coverage .

Some results pertaining to the impedance effects of a radial ground screen and a vertical monopole are in-
cluded in the previous section. Here we present some examples of pattern-control calculations. The antenna is
again a vertical monopole , wit h t u e  ground-screen wires . The system was driven at the points betwee n the an-
tenna and screen. Calculations were performed with two-wire ground systems as a function of ground-wire
length and angles betwee n the ground wires . Note that the presence of the ground wires greatly enhances the
radiation in a direction away from the ground wire (see Figs. 23-25).

This problem in particular was explored to demonstrate the feasibility of using our approach to evaluate
ground screen influence on pattern behavior, and not as an extensive parametric excerise per Se. (It  should be
noted that a computational capability to do this has not heretofor e existed. ) While recognizing that more
aspects of pattern behavior deserve attention (e.g., although we present here only azimuthal pattern results ,
the elevation behavior is at least of equal importance), we believe those results are indica tive both that the
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Fig. 21. Input reistance as a function of height above a conducting ground for the antennas in Figs. IS and 20. The electrical parameters arc f
= 13 MHz, o = 10 ’ mho/m , and ,= 9.0. The data for a monopo le on a perfectly conducting ground are also shown.
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dect lng ground for die antennas given hi Fig. 21. in the dIrection opposite to the ground wires.
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x
Fig. 24. Azimuthal radiation patterns at 450 elevation angle for t he antenna shown in Fig. 23, when the screen-wire length is 3 m. These data
are the theta component of the electric field and the angle o is a parameter as sho wn.

computat ’on can indeed be performed and that it provides invaluable guidance for antenna design. For exam-
ple. given a tactical communications requirement , an approach like this could optimize performance subject
to constraints on the numbers , layout and total ground-wire length , antenna height and geometry, etc.

Vertical Hall-Rhombic Parametric Results
The vertical half-rhombic (also known as the lambda antenna) includes as a special case (when it is of

constant height) the Beverage antenna. It is essentially a broadband , traveling-wave structure , of relatively low
efficiency (~AO%). Together with the Beverage , i t exh ibits reasonabl y good forward directivity and , with ap-
propriate design pa rameters, can provide a low take-off angle.

Calculation parameters and representative results are summarized in Figs. 26-28. (See also Table 2.)
More complete results are given in Appendix A.

Sloping V Parametric Results
The slop ing V antenna may actually be viewed as a modification of the vertical half-rhombic. It is

derivable from the latter by rotating one arm of the antenna towards the other and feeding the resultant con-
fi guration at its apex rather than at one ground connection.

Calculation parameters and representative results for the sloping V are summarized in Figs. 29-35, with
more complete data presented in Appendix B. (See also Table 3.)

A thorough comparison of the sloping V and vertical half-rhombic antennas is impractical with the
limited amount of data available from these calculations. We can observe, however , that for equal wire lengths
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Fig. 25. Azimuthal radiation patterns at 45° elevation ang le for antennas in Fig. 23, when the angle be ween the two ground wires is 60°.
These data are the theta component of the electric field with the length of the ground wires a parameter.

and frequencies the vertical half-rhombic produces a maximum field strength roughly twice that of the slop ing
V . The location of their elevation pattern maxima are relativel y sim ila r . Fur ther more , the vertical hal f-
rhombic typically has a lower input resistance.
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Fig. 26. Vertical half-rho mbic antenna above a lousy interface represented by the x-y plane. The antenna is excited at a height H and
loaded at height I-I above the interface. The total length of the wire in the antenna is 1. A total of 33 cases run this antenna are sum-
marized in Table 2. Representative results are shown on the following figures, while the complete data are given in A ppendix A. The
tabulated results lead to three observations:

• Increasing the length or height of the antenna generaily increases the maximum field strength.
• The maximu m of the elevat ion pattern lowers in angle as frequency and antenna length increase.
• The input impedances are generally insensitive to height and decreasing reactance with increasing frequency.

0.003 I I I I I

< 0.002 - -

‘ o.oo~
:

I I I I I

0 10 20 30 40 50 60

Segment number

FIg. 27. (‘omparlsen of current magnitude on the vertical half-
rfiomblc ante.nashownhiHg~26,whesu FI5 - 2.O m - H1, R 1 =
300 t1,L I00 m,f =  i OM H z . a I0 ’mho/m,and~, — 4.Ofor
l-W Input. The heIght H ,, Is marked by each curve.
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FIg. 28. Plot of the radiation pattern in the plane containing the antenna for t he same antenna and electrical parameters used in Fig. 27. The
height H is marked by each curve.

25



Table 2. Results for vertical half-rhombic shown in Figure 26; €
~ 

= 4, o = i0~~ mho/m , R L = 300 ~l,
Hs = = 2.0 m.

Fos I W input

p ~ levadon
Z. v~~~ 

Power in space wave Max field angle
Frequency. L, H~ ~~ 

R , I. at I W , 0, 0. Total , (RIEI), of max.
MHz m m ci ci ci v W W W V deg

10 100 2 300 386 — 121 29.1 1.4 x I0 ’
~ 33

10 100 5 300 389 —1 25 29.3 1.64 x 10 36
10 100 10 300 384 —1 29 29.2 1.88 x io~ 37
10 100 IS 300 374 — 126 28.9 1 .90 x l0~~ 37

6 100 2 300 317 —24 0 31.6 1.04 x 10 57
6 100 S 300 315 —24 2 31.7 1.2 1 x ~~ 57
6 100 10 300 316 —244 31.8 1.40 X ~~~~~ 59

6 t OO IS 300 313 —24 7 31.9 1.45 x ~o ’~ 60
2 100 5 300 277 — 1320 115 9.85 x ~~ 5.46 x l0~~ 1.53 x I0 ’

~ 6.6 x io .6 
~~

2 100 10 300 276 —134 0 116 1.34 x 6.26 x 10 1.97 x ~o’~ 7.39 x 10 49
4 100 5 300 194 —566 60.7 1.03 x 10~~ 1.27 x I0~~ 2.31 x io 2 3 x I0 ’

~ 82
4 100 10 300 195 —5 7 1 61.0 1.33 x i0~

2 1.67 x io
_2 

3 x i0’
~ 3.42 x 10 83

8 100 5 300 361 — 167 29.6 1.4 2 x 10_ I 0.055 0.t97 1.46 X I0~~ 44
8 100 10 300 360 —165 29.5 0.196 0.101 0.297 1.69 x l0’

~ 45
10 50 2 300 336 —93 26.9 1.08 x ~o”~ 50
10 50 5 300 337 —96 27.0 1.31 x l0~~ 53

10 50 10 300 424 —83 29.7 1.24 x 42
10 50 IS 300 466 —15 6 32.2 1.21 x ~o ’~ 37
6 50 2 300 ISO —359 45 4.81 x I0~~ 79
6 50 5 300 152 —359 44.7 ~~ x 10_S 

81
6 50 10 300 526 —29 1 37.1 8.9 1 X I0~

’
~ 56

6 50 IS 300 4 18 —334 37.0 9.14 X 10
_S 

52
10 200 2 300 384 — 11 3 28.9 1.83 x 10 30
10 200 5 300 387 — 11 3 29.0 2.23 x ~~~~~ 31
10 200 10 300 390 —11 6 29.1 2.55 X 10-8 31

10 200 IS 300 389 — 11 9 29.2 2.6 1 x l0’
~ 31

6 200 2 300 326 —238 31.6 1.29 x l0’
~ ~~

6 200 5 300 325 —239 31.6 1.52 X l0~ 55
6 200 10 300 328 —244 31.9 1.76 x l0~~ 55
6 200 IS 300 329 —246 32.0 1.84 x I0’

~ ~~
10 50 5 100 390 —14 5 29.8 0.153 0.087 0.24 1.31 x I0’

~ 52
10 50 5 200 358 —11 5 28.1 0.145 0.082 0.227 1.3 1 x IO”

~ 52
10 50 5 300 337 —96.2 27.0 — — — 1.31 x 10 53
10 50 5 400 323 —83.0 26.2 0.142 0.081 0.223 1.3 1 x I0~~ 52
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Fig. 29. Sloping V antenna over a lousy interface represented by the x -y p lane. The antenna is excited and terminated at a height I-l i and
H above the interface , respectively. The elements of the antenna are separ ated by an angle a. The total length of the antenna is I. A total
of 22 cases were run for the sloping V antenna, as summarized in Table 3. RepresentatIve resu!ts are shown on the fol lowing figures, with

more complete data given in Appendix B. The tabulated data prompt three observations:
o Increasing the wire length, the frequency , and the included angle (up to ~70° increases the maximum fie ld stren gth.
o The maxImum In the elevation pattern lowers with increas ing frequency , included angle and height.
o Input impedance tends to be primarily resistIve , except at the lower frequencies.
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Fig. 30. Comparison of current magnitude on the sloping V an- Fig. 31. Comparison of current magnitude on the slop ing V an-
tenna shown in Fig. 29, when I 10MHz , a = l0~ mho/m, r , = tenna shown in Fig. 29, when f = 10 MHz, a !0~ mho/m , c =
4.0. 1. = lO0.t) m. lJ~ = 2.O m.a = 60° and R 1 300.O SZ for I- 4.0, L=  200 m, H~ = l O m , HT 2m , and R 1 30001or I-W
W input. The H of each antenna is shown by the curves . input. ~rhe angle a of each antenna is shown by each curve.
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FIg. 32. RadIation pattern for the antenna shown In FIg. 29, when f — 10 MHz , a — ~~~ nuho/m, t~ — 4, 1. — 100 m, H1 — 2 m, a = 60°,
and R — 300 (1 for l-W Input . The heIght H ~. of each antenna Is shown by each curve.
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Fig. 33. Radiation pattern for thesntenna shown in Fig. 29, when I = 10MHz , a = I0~ mho/m , p~ = 4.0, H1 = 10 m, H1 = 2 m. = 60°
and R = 300 ~ for I-W input. The length L is shown by each curve.
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Fig. 34. Plot of the total power In the far field as a function of Fig. 3~. Plot of total power In the far field as a fh.ctmen of fre-
angle a for the antenna shown In FIg. 29, when a — l0~ mho/m, , quency for the antenna shown In FIg. 29, when a = ~~~ .ho/m, 5 r
=4,l. 200m,H 1 — 2 n , H 1 —IO n i , nnd R 1 300 (l fos’ I-W — 4 , 1. — lOO m, H 1 — 2 m , H 1 — l Om , R 1 300, aud a 6O°
input . The frequencies are shown by each curve, for l-W input.
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Table 3. Results for slop ing V antenna , shown in Fig. 29; €
~ 

= 4.0, o = 10~~ mho/m , R1 = 300.0 12,
and HT = 2 m.

Power in space wave for I-W inpu t
Elevati on

Voltage, Max field , angle
Ang le. Frequency, L . ‘1F’ R Ifi I, at I W , 0, 0, Total . (RIEI) of max .
deg MHz m m ci ci V W W W V deg

60 2 100 10 5.83 — 2 11 0 1236 6.07 ~ 10—2 8.44 x I0~
2 1.4 5 x io~ 7.06 x I0~~ 90

60 4 tOO 10 39.6 —69 1 156 0.089 0.229 0.318 1.05 X I0”
~ 80

60 6 100 10 4 14 —247 333 0.04 2 0.139 0.182 9.43 x I0~~ SO
60 8 100 10 569 —1 78 35.3 0.048 0.093 0.14 1 1.07 x 10 37
60 10 100 10 659 —1 63 37.4 0.044 0.090 0.135 1.24 x IO~~ 30
60 10 100 2 686 —11 0 37.5 0.050 0.023 0.073 6.36 x lO~~ 33
60 10 100 5 671 —129 37.3 0.04 7 0.038 0.08S 8.32 x I0’~ 31
60 10 100 IS 645 —1 44 36.8 0.033 0.116 0.149 1.45 x I0 27
10 10 200 10 692 —11 7  37.7 6.24 X I0~~ 0.015 0.021 2.98 x I0’~ 31
30 10 200 10 723 —1 28 38.6 0.023 0.049 0.072 7.3 x I0~

’
~ 31

50 10 200 10 737 —1 66 39.4 0.034 0.068 0.102 1.05 x IO~~ 30
70 10 200 t O 750 —186 39.9 0.04 1 0.082 0.123 1.2 x I0”~ 28
90 10 200 10 786 —1 1 8 40.! 0.037 0.068 0.105 9.58 x I0~~ 25
10 6 200 10 408 —296 35.3 4.4 x I0 ’ 2.17 x io 2 2.6 1 x 10 2 2.26 x 10 53
30 6 200 tO 4 19 —249 33.7 0.017 0.069 0.0858 5.28 x 10 50
50 6 200 tO 466 —282 35.7 0.03 1 0.104 0.135 7.71 x I0~~ 50
70 6 200 tO S00 —296 36.8 0.043 0. 118 0.161 9.65 X I0~~ 47
90 6 200 10 907 —97.1 42.8 0.047 0.654 0.113 8.61 x I0 39
60 6 50 10 781 —468 46.1 7.92 X I0~~ 3.68 x io 2 4.49 x 10 —2 433  x I0 ”

~ S2
60 10 50 10 795 —246 4 1.7 0.022 0.0478 0.0694 6.88 x l0 ’

~ 3S
60 6 200 10 455 —1 61 32.0 0.119 0.206 0.325 1.51 x 10-4 46
60 10 200 10 690 —IS !  38.0 0.095 0.128 0.223 1.88 x l0~

’
~ 24

CONCLUSIONS AND RECOMMENDAT IONS

The work described in this report has led to develop men t of a simple , but highl y effective numerical
method for modeling conducting objects located near an interface . The procedure is based on interpolating a
“solut ion space ” (z + z’, p space) between Sommerfeld-integral values calculated from strai ghtforward
numeric al quadra ture or a series sol u t ion , to obtain the field values required in an integral-equation formula-
tion. Because interpolatio n is a simp le nu merical operation relative to direct evaluation of the Sommerfeld in-
tegrals , a significant computer-time savings can result , the amount depending on the problem. For example,
using this approach for modeling various types of antennas , we have found a decrease in computer time of up
to a factor of 60 compared with our former method. The interpolation grid of course must itself be set up prior
to the i ntegral -equation solution , and this involves an additional computer-time investment , but once ob-
tained , it can be used for any antenna configuration that fits within its boundaries. Thus, it represents a fixed
expense whose relative cost per antenna calculation decreases in proportion to the number of times it is used.

A n additional advantage of the interpolation procedure is the reduced probabilit y that unnoticed
numerica l errors will invalidate a calculation: this is because the number of calls to the Sommerfeld-integral
subroutines is greatly decreased. Furthermore , after the interpolated field is plotted as a surface in a three-
di mensional space , remai n ing er rors ca n be easi ly seen , as demonstrated above. We emphasize that , while no
known errors remain in the Sommerfeld-integral portion of this program (at least for z + z’ ~ 10 A), t hese
computations are too complex to guarantee that uniformly good accuracy can always be achieved.

Another significant development in this work has been extending and improving our numerical
procedures to permit locating objects within 10 ~ A (or even less) of the interface. This feature allows us to
model such closely coupled conductors as the wires in a ground screen , without resorting to the approxima-
tions usually employed.
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We have demonstrated the capabilities of the new program . SOM INT . by perfor ming some limited
parametric calculations for several antenn as . These ini t ia l  app lications are by no means intended to be con-
clusive or complete, but rather to il lustrate the kinds of informat ion that are derivable and the kinds of
problems that  can be handled with the programs. It should be recognized that antennas located near the earth
may experience perturbations due to a laterall y and vertically inhomogeneous and u n d u l a t i n g  ground that the
idealized model employed here (a flat , uniform half-space) does not include. Whether such features can ever
be . or even should be , modeled is not obvious. In any case , the curren t capability should allow antenna
designers to optimize antenna performance while including the dominant  ground effect (i .e., direct re flection
from t he interface ) in a way hereto fore neither anal yticall y nor experi mentall y possible.

Most of the effort in this program has been directed towards imp lemen ting the basic numeric al
procedure s. M uch remains to be done to improve the program and expand its applicabili ty. Sonic possibilities
for improvemen t and various app lications are discussed below.

Ground-Screen Models

Ground screens (or counterpoises) are used either to control antenna impedance or pattern. Of necessity.
their analysis has been app roximate and based pri m ar il y upon u si n g an effective surface impedance. The most
obvio us limitations of this approach are its failure to handle screens containing few or widely spaced wires, its
inapp licability to predict low-ang le radiation , and its inability to account for the finite extent of the screen on
the an tenna ’s curren t distribution. The surface-impedance approximation . furthermore , does not lend itsel f to
incl usion in an otherwise ri gorous Sommerfeld-based approach.

A reall y useful and realistic anal ysis of grou nd screen s an d counterpoises requires , i nstead , that the
currents in the ground-screen wires be found in a self-consistent fashion. This approach could not have been
seriously considered without  the means to evaluate Sommerfeld integrals efficientl y and accurately. But the
techni ques developed in the current work make this not only feasible , but practicable. We therefore recom-
mend that SOMINT be extended specificall y to ha ndle problems involving antennas that interact with sparse
systems of wires near (0.00 1 A) the interface , and to whic h they may be attached. The use of grou nd screens
below tactical antennas could provide a significa nt improvement in their performance. With the new method
described above, it is now feasible to stud y ante nnas currentl y in use to see how ground screens mi ght best be
used or whether present desi gns ca n be rep laced by newer antennas wit h ground screens.

Dielectric Sheaths

A recur rin g problem , especiall y with respect to buried conductors, is how a dielectric or insulating sheath
changes the behavior of a metallic object. This is especially important in conducting media where a sheath pre-
vents the direct flow of conduction current between the object and the medium. It is thus necessary to include
the dielectric coating in the model if realistic results are to be obtained . Particular attention should also be
paid to the end conditions where the conduction current on the wire may not vanish as it does in free space.
Severa l approaches are worth considering here , with perhaps the most promising one based on a displacement
current model for the sheath.

Two-Half-Space Problem

The current work deals with wire objects located wholly on one side or the other of the interface, so that
the Somm erfeld integ rals are fun ct ion s onl y of z ’ (source height ) + z (observation hei ght), and p (radial
separation). Many applications occur where two objects are on opposite sides of the interface. The self-fields
of these objects can be handled efficiently with the present code. However , interact ion of these objects across
the inte rface involves Sommerfeld integrals of the three space variables , z ’, z and p. Using an interpolation
scheme for this problem may not be practicable because it would then involve three dimensions . Thus,
schemes other than interpolation should be considered , including the transmission-coe fficient approximation
and various asymptotic expansions. These and the interpolation techni que could then be compared to find the
approach best suited to this problem in terms of efficiency and accuracy.
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E ff ect of ~ ouuniform Currents

Associated with the development of ground-screen models above is the validity of the thin-wire approx-
imation as the wire approaches the interface. Speci fically, we must assess the degree of validity of the assump-
tion that the current is uniforml y distributed around the wire ’s circumference as the wire approaches the inter-
face. Within  a few wire radii of the ground , this assumption appears questionable , and its effect on the ac-
curacy of the grou nd-screen model is uncertain. We m ight expect that whether a thin wire is lying on the
ground or a few radii above , the dif ference would be small in any case. That however , shou ld be st udied to
validate the model.

Penetrating Wires

A lbg ical extension to the two-half-space problem above is the case where the object(s) is cut by the inter-
face. This occurs , for examp le. when an antenna is drive n against a ground rod that serves as a counterpoise.

M any small mobile ante nn as used by the Ar my currentl y employ ground stakes for connecting the
t ransmitter to one end of the antenna and sometimes for termination as well. Althoug h ground stakes must
obviousl y affect the input impedance and radiation patterns of the antenna , their p lacement and design have
never been studied rigo rously. Computer modeling of this problem would permit study ing the effects of
grou nd-staked antennas with the goals of improving the present performance achievable with mobile
ante nnas.

In this case, we must be concerned not only with the field evaluation but also with determining what
special current conditions , if any, are needed at the interface. For example , the reflection ofa plane wave from
a hal f-space requires continuity of tangential fields that can result in discontinuities in their derivatives. On a
penetrating conductor , continuous tangential fields (tangential H and normal E to the wire) at the interface
could result onl y i f the charge density is discontinuous. This suggests the need for deriving a current-slope con-
dition di fferent from that used at junctions in free sp ace.

Antenna Efficiency

Previous work done at LLL has demonstrated that the efficiency of antennas like the Beverage and
horizontal di pole can be significantly improved by arraying them. Efficiency increases of 300% and more ap-
pear readil y achievable , without the use of ground screens. This increased efficiency has been studied corn-
putationa ll y and fou nd to occur because the multi p le eleme nts in an array increase the rate at which the an-
tenna current radiates , thus reducing the power loss into the ground. Increasing the size of the antenna wires
has a similar ef fect. Thus , antennas like the Beverage , heretofore considered too inefficient for tactical corn-
municat ions , mi ght be made competitive in this respect with the vertical half-rhombic and slanted V, for ex-
ample. This may mean that ease of deployment and efficiency are not necessaril y incompatible. In this ap-
plication of the SOMINT code , existing antennas as well as alternate designs could be evaluated to determine
the exte nt to which multi-element array s would be effective in increasing efficiency, and thus reducing power
requirements of portable communications systems.

Frequency Doma in Interpolatio n

Although the SOMINT code operates nearly as fast as Antenna Modeling Program (AMP), w h ich uses
the reflection-coefficient approximation , the cost of filling the solution-space interpolation matrix is not small.
The refore , in evaluating the frequency depen~fence of an antenna , it is desirable to minimize the number of fre-
que ncies at which the matrix is needed. One method is to interpolate between the frequencies at which the
matrix is calculated. This leads , in essence , to a three-dimensional interpolation scheme whose storage require-
ments could be prohibitive. However , if a linea r interpolation in frequency is used, only the two solution-space
inte rpolation matrices that lie on either side of the desired frequency need be used. A solution-space matrix at
the intermediate frequency can then be obtained from them; following that , the procedure is identical to that
now used, This new matrix could , of course , be saved for subsequent reuse , further reducing the required corn-
puter time. It is worth noting that a similar approac h could be used for varying the permittivity and conduc-
tivit y.
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Nonwire Integral Equations

The SOMINT code is currentl y imple mented in an electric-field , thin-wide , integral-equation code. But
many objects of interest are surfaces rather than wires. While they may be modeled with a measure of success
using wire grids , they can be more efficientl y and accuratel y ha ndled with an integral equation app licable to
surfaces. The same interpolation proced ure for obtaining the Sommerfeld integrals app lies irrespective of the
form of the integral equation , so that the improvements now available in SOMINT could also be realized for
surfaces.

User-Or iented Impro vements

The Numerical Electromagnetics Code (NEC) is probabl y the most user-orie nted and thoroug hl y
documented code available for modeling wire , surface , and hy brid objects. It would thus be very desirable to
add to it the newly developed Som merfeld-integral capability now included onl y i n SOMIN T, a n d to provide
the necessary documentation. At the same time , it would be worthwh ile to incorporate further needed im-
provements into NEC that have been identified as a result of our ongoing interaction with the AMP-NEC user
communit y . These should include , but not be limited to , improvement of the input data generation routine to
minimize user errors: modification of the appropriate routines to eliminate the small-argument errors that oc-
cur when segment sizes less than 0.00 1 A are used; and development of a routine to more accuratel y assess
i mpedance-loss effects by integrating the loss term . Actuall y, this should be a modest continuing effort to re-
spond to problems as they arise and to provide the information to the user community.

User-Exper ience Data Base

One problem that often occurs , especially when either new users first attempt to emp loy a code such as
NEC , or even when experienced NEC users apply it to a significantly different problem , is t hat several itera-
tions are required before physicall y rea listic results are obtained. It would be extremel y ben efi cial , by reducing
wasted effort and providing more timely results , to concisely document these learn ing experiences. If a
descri ptio n: a given antenna type; the approach taken; results obtained: problems encountered: etc. , were writ-
ten in a common format and made available to those involved in antenna modeling, greater efficiency would
surel y follow . As it evolves , this user-experience data base would provide guidance for modeling a growing
variety of app lications and thus reduce the difficulties mentioned above. It would also provide guidance con-
cerning problem areas needing attention concerning computer code improvements.
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APPENDIX A. RESULTS FOR A VERTICAL
HALF-RHOMBIC ANTENNA

The vertical half-rhombic antenna is shown in Fig. Al. All data shown in this appendix are for = l0~~
mho/m , 

~r = 4, RL = 300 ~ l-i~- = 2 m. Figures A2-A35 contain plots of the radiation pattern (at a distance of
l0 5 meters) in a vertical plane that contains the antenna and the magnitude of the current on the antenna.

- Hv

Fig. Al. Vertical haif -rhonibic antenna abose a losss interface represented by the x- , plane. The antenna is excited b~ a I-%A source at
height H ,, loeded at height H . both above the interface . The total length of wire in the antenna is I..

35



(a)

0 0.04 0.08 0.12 0. 16
Field strength — mV/rn

0.07 - 
‘ \\:\.\\S~SS:\.N.~._i\\

’ (b )

1
1
1
0 

I

Segment No.

Hg. A2. Reaulta from a ver t ical half-rhombic antenna : (.1 radIation pattern . (b) magnItude of the current on the antenna. I. = lOt) m;
H, 2 m; freq 10 MIle; RIOA,) 300(1.
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Fig. A3. Reenlta from a vertical half-rhombic antenna: (a) radiatio n pattern ; (b ) magnitud , of the current a. the antenna. 1. - 101.;
H, = 5m ;fr eq 10 MHz; R1~~ 1) 300 (1.
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Fig. A4. Renults front a vertical half-rhombic antenna : (a) radiation pattern; (b) magnitude of the current on the antenna. L = IOU.;
H, ~ 10 m; freq = 10MHz; RI(MI) 300 Il.
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Fig. A5. Rendta from a vertical half-rhombic antenna: (a) radiation patter .; (b) magnitude of the current on the antenna. I = 100,;
H, = 15 m; freq — 10MHz ; R~0511 = 300 (1.
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Fig. A6. Re,ult, from a vertical half-rhombic antenna : (a) radIation pattern; (b) .agnlt.de of the current on the antenna. I — 100.;
H, = 2 m; freq 6MHz; R IQAD — 300 1).
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Fig. A7. Rent its from a vert ical half- rhombic antenna : (a) radiation pattern; (b) magnitude of the current on the antenna. L = lOOm;
- H, — 5 m; freq = 6 MHz; R1040 = ~:: U.
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Fig. AS. Resu lts from a vertical half-rhombic antenna: (a)  radiation pattern ; (b) magnitude of the current on the antenna. L = 100 m:
Hv = i0m;freq=6MHz;R ,0~,,~ ’ 3O0 U.
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Fig. A9. Resulta from the vertical half-rhombic antenna : (a) radiation pattern; (b) magnitude of the current OR the antenna. I. — lOt) m~H, = IS m; freq = 6MHz ; R ,J ,Afl = 300(2.
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Fig. A 10. Results from a vertical half-rhombic antenna: (a) radiation pattern ; (b) magnitude of the current on the antenna. 1. 100 m;
H, 5m;freq lMHz; RI(,Afl .300 U.
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Hg. All. Resu lts from a vertical half-rhombic antenna: (a) radiati on pattern ; (b) magnitude of the current on the antenna. L = 100 m;
I-I, lOm ; freq = 2MHz;  R,OAI) = 300 (1.
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Fig. A 12. Results from a vertical half -rhombic Sntenna: (a) radiation pattern; (b) maguitude of the current on the antenna. I — 100 a;
H, = Sm; freq = 4 M H z;  R IOAI )
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Fig. A I3. Results from a vertical half -rhombic antenna : (a) radiation pattern ; (b) magnitude of the current on the antenna. I 100 a;
H, = 10 m; freq 4MHz; RIo5 ,) 300 (2 .
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Fig. A 14. Resulta from a vertical half-rhombic antenna : (a) radiation pattern; (b) magnitude of the Current on the antenna. I. 100 m;
H, — Sm; freq S MHz; R,(,A fl — 300 (2.
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Fig. A IS. Resu lts from a vertical half-rhombic antenna: (a) radiation pattern ; (b) m agnItude of the current on the antenna . L 100 m;
H, = 10 m; freq S MHz; R,0~0 — 300(2.

49



(a)

_ _  I
0 0.04 0.08 0. 2

Field strength — rnV/rn

0.08 I I I I I I 
(b)

0.07 - -

~, 0.06 - -

I 

~~~~~~~~~~~~~~~
u u

1~~~~~
1

2
b
0

1
2~~~~~

1 
28

Segment No.
Fig. A 16. Results from a vertical half-rhombic antenna: (a) radiation pattern; (b) magnitude of the current on the antenna. I — 50 m;
H, — 2 m; freq — 10 MHz; RI nA,) = 300 1).
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Fig. A 17. Renulta from a vertical half-rhombic antenna : (a) radiation pattern ; (b) magnitude of the current on the antenna. I = 50 m;
H, — Sm; freq — 10 MHz; R t~ Ap — 300 (2.
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Fig. A IS. Results frwo a vertical half-rhombic anten na: (a ) radiation pattern ; (b) magnitude of the current a. the antenna. 1. 50 m;
H , — 10 a; freq — 10 MHz; ~~~~ = 300 U.
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Fig. A 19. Results from a vertical half-rhombic antenna: (n) radiation pattern; (b) magnitud, of the current a. the antenna. I. SUm;
H, — IS a; freq — 10 MHz; R IOAI) — 300 U.
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Fig. A20. Resu lts from a vertical half-rhombic antenna : (a) radiation pattern; (b) magnItude of the current on the antenn a. I. = SO a:
H, — 2 m; freq — 6  MHz; R 1~~~ = 300 12.
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Fig. A21. Results from a vertica l half-rhombic antenna : (a) radiation pattern; (b) magnitude of the Current on the antenna. I = 50 m;
H,=Sm;f req~~6MHz;R,~~ ,, 3O0t2.
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Fig. AU. Results from a vertical half-rhombic antenna : (a) radiation pattern; (b) magnitude of the current on the antenna. L — 50.;
H, — tOrn; fr.q = 6 MHz; RI~~Af l  30011.
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Fig. A23. Results from a vertical half.rhombic antenna: (a )  radiation pattern; (b) ma~altud e of the current on the antenna. L = 50.;
H, — IS rn; freq 6 MHz; R11,~0 — 300 11.
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Fig. A24 . Results from a vertical hair-rhombic antenna: (a) radiat ion pattern ; (b) magnitude of the current on the antenna. I — 200 m;
H, — 2 a; (req — 10MHz; R1040 = 300 U.
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Fig. A 25. Resu lts from a vertical half-rhombic antenna: (a) radiation pattern; (b) magnitude of the current on the antenna. 1. = 200 m;
H , — Sm; freq — 10MHz; R 1~~~ — 300(2.
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Fig. A26. Results from a vertIcal half-rhombic antenna: (a) radiation pattern ; (b) magnitude of the current on the antenna. I. 200 a:
H , = lOm; freq — tO MHz; RIOAD 300 (2.
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Fig. A27. Results from a vertical half-rhombic antenna: (a) radiation pattern; (b) magnitude of the current on the antenna. I. = 200 m;
H , — 15m ; freq — 10 MHz; R 111~n — 300 12.
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Fig. 425. Results (i.. a vertical half-rhombic Wean.: (a) radiation pattern ; (b) magnitude of the current on the antenna. I - = 200 m;
H, — 2rn ; fr.q — 6MHz; R 1~~40 — 300(2.
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Fig. A 29. Results from a vertical half-rhombic antenna : (a) rsdl.tloa pattern; (b) magnitude of the currvnt on the antenna. I — 200 m;
H, = Sm; freq = 6 MHz; R105~ — 300 12.
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Fig. 430. Results fro m a vertical hall-rhombic antenna: (a) radiation pattern ; ( b) magnitude of the current on the antenna. I - = 200 m;
H, = 10 m; (req = 6MHz; R JOAI ) = 300 12.
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Fig. A3l . Results from a vertical half-rhombic antenna : (a) radIation pattern; (b) magnitude of the current on the antenna. I. 200 m;
H, = lSm;freq =6MHz : RIOAD = 300(1.
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Fig. A32. Results (roan vertical half-rhombic antenna: (a) radiation pattern; (b) magnitude of the current on the antenna. L = SO m;
H, — Sm; (req 10 MHz; RIJ)Afl = 100(2.
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Fig. A33. Results from a vertical half-rhombic antenna: (a) radiation pattern; (b) magnitude of the current an the antenna. L 50 a;
II, — S.n:freq — 10 MHz; RLOAD — 20012.
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Fig. A34. Results from a vertical hslf-rhombic antenna: (s ) radiation pattern; (b) magnitude of the current on the antenna. I. = 50 m;
H , Sm; freq — 10 MHz; R ,OAI , — 300 (2.
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Fig. A3S. Results from a vertical half-rhombic antenna: (a) radIatIon pattern; (b) magnitude of the current on the antenna. I - = SO m ;
H, = S m; freq 10 MHz; RI~~Af l  400 12.
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APPENDIX B. RESULTS FOR A SLOPING V ANTENNA

The slop ing V antenna is shown in Fig. Bi .  All data shown in this appendix are for ~ = lO ~ mho/ m , e
~ 

=

4. R1 = 300 ~i, and U L = Hs = 2 m. Figures B2-B23 contain plots of radiation patterns (at a distance of l0 5
meters) in a vertical plane that bisects the two halves of the antenna and the magnitude of the current on the
antenna.

+
- l v,.

~ r’~.iN
HF

A L IHT

X RL

Fig . BI. Sloping V antenna over a loony Interface. The interface Is represented by the x-y plane. The antenna in excited by a l-W source
at height I-I ~. and terminate d at height H T above the interface. The elements of the antenna are separated by an angie a. The total length of
the antenna is I.
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Fig. 133. Results from a sloping V antenna : (a) radiation pattern; (b) magnitude of the current on the antenna. I = 100 m; H1 = bOrn;
(req = 4MHz; — ~~~ O.  R 1~~ 11 = 300(2.
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Fig. 134. Results from ~ doping V antenna : (a ) radiation pattern; (b) magnitude of the current on the antenna. I. — bOOm ; H1 10 m:
(req — 6’.III,: a — 641°; RIOAD = 300(2.
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Fig. 135. Results from a sloping V antenna: (a) radiation patt ern; (b) magnitude of the current on the antenna. L = 100 m; H1 = bOm;
(req = S MHz; a = 600 ; R,()4fl — 300 (2.
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Fig. 136. Results from a sloping V antenna: (a) radiation pattern: (b) magnitude of the current on the antenna . L = 100 m; l-I~ = 10 a;
(req 10 MI-li; = 60°; R10~~ 300 12.
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Fig. Wi Results from a slop ing V antenna : (a) radiat ion pattern; (b) magnitude of the current on the antenna. 1. = bOO m; H 1 = 2 m;
freq — 1O \1il ,;~, = OO° ;R IOAD 300 (!.
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