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The impedance of .n ve r t ical. m onopole p laced over the surface of an imprrfcct ly COl1-
rl uct ll1g earth and hav Ing a rad l al-wlre g round system has bee ll studied t heoretically by 
J. n. ·Wait. An experim ental investigation discussed in part I of th is paper gave resul ts i n 
good agreement w ith W ait 's theo ry. P ar t II presented calcu lations ba~ed on W ai t 's t heory 
~howing the brhav ior of antenna, im pedance as a fun ct ion of antenna hrig ht, top load ing, 
and num ber, sIze and length of rad ia l wi res. Part In co ncl udes t hi s study with a presenta
t ion of calculat ion s showing t he efl'rct of t hr rar th cond uctivity and perm itt ivity on th e 
antenna im pedance. ' 

1. Introduction 

A vertinll Jll o llopole Il nL e nn11 ove r 111l illlper(ecLly 
conducting ground e.\cites curren ls ill t he ground 
ncar t he base o f lhe a ntenn n,. The co nseque tlces of 
these currents 1t l"e a s ubs t111ll ia l loss of power ilnd 11 

low a,nte lllla sysLe m effi. cie tln' . Th ese und esirable 
effects can be 'di lllinished by ' lo\\'e ring lhe crl"ecLive 
s urface impedance of lh e g round in l he v icini L.\· o[ t he 
a nten na. This in Lurn , ('1111 be llc,co mplished by ph-w
ing a metallic disk 11L lh e s urf1lce (or slig htl.\' below 
l.he s urface) of Lhe gro un d aL l he base o f t he 111ltenna 
o r b." t he similar bu t more pra,cl iC'ltlll1cl hod in which 
lhe d isk is replaced b)T It syste lll of r 1td inl wires . The 
e fl"ccL of a rad ial-wire grou nd 8\'s te lll on t he a nten na 
base impedance hilS been a nalyzed LheoreLically by 
WmL and Pope [1 !)54, 1955], and e.\perimen taUy by 
lh e 1wtilors. T he e'(perilll ental investigtl tiolls p ro
d uced r es ults in reaso nably good ilgreemen t wi t h 
t he t heo l'et ical work of Wai t. This was reported in 
par t I of this paper [Male.'T and King, 1962]. Al
though t he experimental inves tigation was for a 
limi ted range of values of n,n tenna system param 
clers, . the s uccess of IVait's formulas in predicting 
t he effect of the radial-wire ground system upon the 
monopole base impedan ce (0[" t hese special cases was 
considered adequ ate proof of the validity of the 
for lllulas .2 It was then decided to m ake an extensive 
set of calculations frol11 IVait's formulas for the r ange 
of v,llues of the parametcrs which would most com
monly occur in actual antenna systems. 3 T y pical 
results of the first phllse of these citlculations wer e 
presented in t he form of graphs in pt1,rt II of t his 

I Part I appeared ill J . Res . . Il S GGD (Radio Prop.) • 0.2, l i 5-1S0 (M ar.
A pl'. 19521; part II appeared in Radio Sci. J. Res. )fBS/USNC- UnSI 68D, 
~o. 2, 159-165 ( Feb. 1964) . 

2 For the configurat ion considered, the ground losses woro primarily IT-fi oJd 
losses [Wait, 1958]. The calculations in th is paper consider on ly these losses . 

3 A moro complete set of cur ves as well as a iabulHtion of data will appear in n 
scie n tific report to be published . 

pll pcr [:'hley a nd King, 1964] . T his was a n anrdysis 
of th c e n'ccts o( monopole heig hl , top loading, a nd 
llllillber , leng t h, and size of t he radi ,tl wires on the 
Iwte lln 11, illl ped lLtl t'e. It was s hown lha l , ill ge neml , 
there is li t tlc Lo bc ~'ained by using a number of 
radials, N, in excess of a pproxim aLely 250 and lImL 
Lhe nOl'1ll 11,li zed sys Lem md ius, bfA, rarely needs lo be 
g reaLer lImll 0.2 wavelengt h . The impedance. 
Z, is a mpidly varyi ng (unction of blA for s ma]l 
values of bfA. The real part of t he a nLe nna im
pedlwC'e is a Illono to nic increasing fU ll ct ion of bot h 
lh e Iwlenl Ht heighl , hfA, 1wd lhe top -loading para nl 
eter , 0'; t his is due to t he increase of radialed 
power. 

1 n this co nclud ing pnrL of t1lC paper, a n a nalysis 
is m ade of the effects or earth par nm.eters . Calcu
lated valu es of impedance nrc ploUed as a fun cLion 
of' the va rio us gr ound sys tem 11,nd antenn a param 
etm·s. T11 ese ca lculations co nsidembly extend Lll ose 
given b y liVait a nd Pope [1955], who employed a 
combination of a nalytical a nd gr aphical procedure 
to evaluate the integrals. 

2. Theory 

The monopole base impedance, Z, as formulated 
by Wait and P ope [1954], and used throughou t LIti s 
paper, is given by 4 the approxim 11,te relation 

(1) 

It should be s tressed that this fon n ula is only valid 
if b is som ewhat greater tha n a "skin depth " in the 
ground. 

4 ' r1he rationalized ~[KS System of units is used throughout, and the ti me de~ 
pcndcncc is eiw 1• 
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FIG lJRE 1. Ske!r'h oj antenna system geoll/etl'll . 

The geom etry of the system is shown in figure 1, 
Z oo is th e monopole b ase impedan ce which would 
exist if t h e ground were perfectly conducting. 
He; (r, 0) is t he tan gen t ial m agnetic field for t he same 
eondit ion il ssumin g a n a n tenn a base eurrent of f o; it. 
is given by 

H ; (r, O) :;:-----",--0 _ _' ~ cos ({3h - a) -~- eos a i f [e- i {3p e-i {3T 

271" sm a r r 

?'he- i {3p ] -1- -' -- sin ({3h - a ) , 
pr 

(2) 

h is th e ac tual an tenn a height ; {3 = 271"/ A; A is t he free 
sp a re wavelength and p = (r2+ h2) 1/2. a is t he top
loading parameter for the ass um ed s in usoidal a n ten n a 
curren t dis tribu tion , 

f ( z)= f o sin \a-{3 z) , 
H n a 

(3) 

wbieh is valid for this a n te nn a. The virtual antenn a 
h eigh t is h -l- h'; so a = {3 (h + h' ) and lies in the ra nge 
271"h/ A:::; a:::; 71"/2, the lower and upper limits cor
responding to h' = O and full top-loadin g respeetively. 
Y/ e(r) is the assum ed effective s urfaee impedan ce in 
t he r egion a< r< b; i t is given by [W ait , 1954] 

where 

and 

i271"'Y/ 01' [r ] 
Y/ w= AN In Nc 

[ i p.w JY2 Y/ g= --.- , 
0' -I- ~W E2 

(4) 

(5) 

(6) 

Y/o is the in t l'ins ie impedan ee of free space and c is th e 
radius of the wire . 

.10 

GROUND CONDUCTIVITY CT(mhos/ml 

FIG URE 2. Ii' versus (J' for various fre quencies. 
(U so (9) to get 0. ) 

3. Calculations 

Caleulations were m ade from (1 ) for .1Z, which 
is defined as .1Z= Z - Z "' . Thus, it is the amount 
by which the ac tual impedance differs from th a t 
for the ideal case of a perfectly conductin g groun d 
plan e. The r eal and im agin ar y parts or flZ are 
.1R and .1X r espectively. 

The p ermi ttivity E2 and conductiv ity (J of the 
imperfec tly conductin g earth are accoun ted for in 
th e p ar a meter 0 which can be defined in terms of 'Y/ y; 

(7) 

wher e E= E2/ EO is t he dielectric constan t and 

, [ WEoJ Y2 0 = ~ . 
(J 

(8) 

Also 

(9) 

wher e 

(10) 

II' WrE< < 1, t hen 1/;~ 0 which corresponds to a 
highly conductin g eart h a nd n egligible d isplacemen t 
currents, and if (cJ')2E > > 1, 1/;~71"/4 which corresponds 
t o large displacem en t cunen ts an d n egligible con
duction currents . Figure 2 [W ait, 1954 a nd 1955] 
m ay be used to determ ine 0' in (8) for kno wn 
frequen cies and conductiv it ies. Equations (9) Hn d 
(10) m ay t hen be used to calculate o. 

The ran ges of 0 and1/; were chosen to be 0.0 1 :::; 101 :::; 
0.3 and 0 :::; 1/; :::; 71" /4. Figures 3 through 7 show t be 
e ffect o( vary in g either 101 or 1/; for commonly used 
values of Nand C= C/ A of 100 and 10- 6 r espectively. 
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4. Conclusions 

Figure 3 sbow~ how the real and imagin ary pari s 
or ~Z= ~R+i~X vary with ground sys tem radius 
brA. using 0 ftS a parameter with 1/; = 0. Note that 
ror certain values of bit-. , 101 has very little effect 
on ~R, and for other values it has little effect on 
~X. A somewhat more meaningful presentation 
or t he data is given in figmes 4a, b, and c. These 
show that the variation of ~R with 0 is much more 
rapid for small bl A an d is proportional to ..jflIT 
except for very small values of o. Again, one of the 
conclusions of part II is reached, namely that ~Z 
is nearly independent of the earth parameters for 
bi t-. greater than about 0.20. 

A comparison of the two parts of figw'es 4a and b 
shows that if the top-loading is increased ~R increases 
resulting in a greater power radiated by the antenna. 
Similarly, comparing figm es 4a, b, and c for a = n"j2 
shows that ~R varies over an increasin gly larger 
range as a fun ction of 0 with increasing antenn a 
height. Part II shows that the variation of ~R 
with hit-. is nearly proportional to K (hjt-. )", wh ere K 
and Ie are constan t, especially for hi t-. less than 0.10 
and no top loadin g. 

Figure 4c shows ~R for N = lOO and N = CD and 
the indicated system and ground parftm eters. 
Typically, the r esul ts arc seen to be nearly the sftme 
for the two values or N if bit-. is less than 0.10, t he 
difference bein g greatest for large IT (small 0). The 
reason for this is t hat Lh e distance between adj acent". 
r adials at l'/ t-. > O.lO becomes so large that the 
radials are nearly in efl'ective. To make the radials 
effective at rjt-. > 0.10 requires an in creased number 
or radials . 

Some of t he data for ~R in figures 4a, b, and c 
was plotted on figm e 5. This shows that for a 

specified ~R, bi t-. is nearly proportional to \0\. It is 
evident that for sm all 0 (large IT ) a further inc r 'ase 
of IT can have a considerable effect upon the value 
of bit-. necessary for a given ~R, especially wh ell ~R 
itself is small. Thus, i t is distinctly advantageous 
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FIGURE 3. L'.R and L'.X versus length OJ' radial wires fo r selected 
values of 0 and >/;= 0 . 
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FIGURE 5. b / A versus 0 for selected values of t.R and three values 

of h /A. 
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FIGURE 6. t.R and t.X versu s b / A for selected values oj if;. 
>/; = 0 corresponds to a highly conducting earth, and >/; = ,,/4 corresponds to a 

arge proportion of ground displacement currents to conduction currents. 

to locate the antenna over a highly conducting 
ground because the length of the radials can then be 
made smaller. For example, for h/A= O.lO and ~R 
= 2.0 and the parameters specified for figure 5, b/A 
can be decreased by a factor of 10 when (J" is increased 
by a factor of approximately 13. 

Figures 6 and 7 show the effect of if; on the antenna 
impedance. The former shows that ~x is generally 
affected much more than ~R as if; increases especially 
for small b/A. Increasing if; corresponds to decreasing 
conduction currents as compared to displacemen t 
currents. Note that t::.R is hardly affected by changes 
in if; at certain values of b/A and ~X is hardly affected 
at other values of b/A. The fact that ~R is a slowly 
varying function of if; is more clearly seen in figures 
7a and b. Again, it is evident that ~R is affected 
very little for large b/A. Comparison of the two 
parts of figures 7a and b show that the antenna 
height has considerably more influence on t::.R than 
if; does. 

Although figures 6 and 7 may be useful for design 
purposes, they must be interpreted with caution since 
"" cannot be varied without simultaneously varying 
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FIGURE 7. t.R verst,s if; for selected values of b /).. and h/ ).. 

Ca) 101 = 0.10, (b) 101 = 0.20. 

lor due to the nature of (9). Cases where if; is large 
are genemlly only of academic interest. 

In summary, the following general conclusions can 
be made concern ing antenna systems in which the 
ground power losses are predominately H-field 
losses: 

1. It is usually not necessary to have a number of 
radials, N, in excess of approximately 250 . However, 
when the length of the radials is large (which seldom 
happens) there is a definite advantage for using a 
large value of N . 

2. Antenna system efficiency is increased by in
creasing the length of the radial wires, but the effect 
is small for increases beyond a certain limit which 
depends upon N, h, IX and 101. It is rarely worthwhile 
to make b/A> 0.2. 

3. Changes in the size of the radial wires, within 
the range considered, have little effect on antenna 
impedance. 

4. Increasing the antenna height and/or top-load
ing results in increased antenn a resistance. 

5. The incremental antenna resistance, ~R, is ap-
proximately directly proportional to~. Location 
of the antenna over a highly conducting earth has a 
definite advantage over locating it over a poorly con
ducting earth. 

6. If lor is kept constant and the angle if; is allowed 
to change the antenna resistance is effected very little 
while its reactance may change considerably. In
creasing "" corresponds to increasing the proportion 
of displacement currents to conduction currents. 
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