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This Final Report under rontract Fl9628 -76—C —0086

summa rizes the result of a two-year analyt ica l study on the des i gn

of ground wire systems opt imized so that antenna performance is

enhanced by significantly reduc i ng power lost to the ground near

the antenna and by achieving higher f ie ld  intensities at ang les

near the horizon . Applica t ions are to long—range , 0TH conr~unica-

tions and surveillance radar antennas.

Emphasis has been placed on cost—effective des ign features

of ground systems , as well as backscreens for linear arrays of

vertica l monopoles. Parameters cons i dered in this study have

included frequency (in HF band), earth conductiv ity , ground screen

wire length and spacing, angle of slope of earth in foregrou~id of the

antenna , backscreen height and spacing f rom antenna elements .

Detailed results of the ana l ysis and computations conducted

in this effort are ful ly described in two Scient i f ic  Reports prepa red

under the cont ract. A comp l ementary effort directed toward the

experimenta l verif icat ion and corroboration of these analyt ica l

results Is presently being pursued by this contractor under Contract

F1 9628—77-C—0O57.

CHARLES ~~~~. DRANE
Contract Monitor 
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1. introduction

The performance of antennas that operate in the frequency bands below

about 50MHz suffers unless the typ ical low earth conductivity found at most

sites is enhanced by an arrangement of conducting wi res or screens near or

Just beneath the surface of the earth. The primary reason for the inclusion

of such ground wire systems is to reduce the power lost to the ground in the

vicinity of the antenna — that is , to make the input resistance more nearly

equa l to the i deal radiation resistance of the antenna. A secondary reason

for such ground screens is to alte r the radiation pattern in some desired

way.

For radio transmission paths that involve the ionosphere , l ong—range

commun i cations are enhanced by radiation patterns that have high intensities

at angles near the horizon . However, because actual earth has finite con-

ductivity , the field strength near the horizon is very low for both polar-

izations. This problem Is more serious for horizontal polarization , so the

app lic ation s primarily invo l ve vert i cal polarization , but there is essential-

ly no field strength at the horizon even with vert i cal polarization . Thus,

a desirable radiation pattern feature that a ground system mi ght bring about

Is an Increase of the field strength at angles near the horizon .

Since the cost of ground systems is a si gnificant fraction of the total

cost of the an tenna i ns ta l l a t ion , the benefits to be gained must be obtained

from a ground system of lowest possible cost , and this implies that it should

be as small as possible and shaped so that the g round wi res are placed in

positions whe re they are effect ive in accomplishing the desired purposes.
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Most of the work done under this contract was directed towa rd the ques-

tion of how a wire g round screen mi ght be desi gned in order to enhance the

field strength near the horizon for vert ical ly  polarized antennas. Al l  of

the results we re obtained from digital  computer studies , primarily from one

or the other of two programs special ly adapted for this work. One of these

programs is a very extensive one in wh ich the current distributions on all

wires are computed from the best available theory incorporated into a method

of moments type of computation . This prog ram g ives all pertinent information ,

including input impedance . The other prog ram is a simp ler , faster , approx imate

prog ram wh ich g ives only the f ield patterns and is based on an assumed current

distribution.

2. Developmen t of the Programs

The deve lopment of the simpler approximate program was a relatively

stra ightforward task. Th i s program , called ERAT P, is based on the reci-

proc i ty theorem and is described in some detail In report RADC-TR—77-i71

issued unde r this contract . The program cal culates the ratio of the field

of an antenna wi th a ground wire system to the same antenna with no ground

system at specified ang les . The current distribution on the wire is specified

in terms of traveling wave components. The variables are the length of the

ground wir es, the frequency , the electrica l parameters of the earth , and the

slope ang l e of the ground wir es. The program is set up for automatic plotting

of the field patterns as well as the field enhancemen t ratios if desired.

The more complicated program requ i red considerably more effort, for

although the basic formalism for the ca l culation was available In a prog ram

called WF-LLL2B developed at the Lawrence Live rmore Laboratories , the code

would not converge within the time limits available at the Purdue Dig ital
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Computing Center (and indications were that for certain types of ground wire

si tua t ion s, It would not converge at all). The system of cal culation was,

therefore , revised and rewritten , and the whole program adapted for more

convenient use on our CDC 6500 computer. Some of the details of the prob l ems

and their solution s were presented in the report (RADC—TR—77—17l) mentioned

above and more of the details are g i ven in (RADC—TR—78 65). The revised

program we will call WF—LLL2BP.

3. The Results of the Studies

A. Horizontal Ground Wires at the Earth Surface

The object of the work was to study specific wire ground systems in

specif ic earth condi t ions in order to general i ze , eventually, the resul ts

and incorporate them into rational eng ineering design procedures. Conse-

quently, we started with relatively simple antennas and ground wire systems

so that the effects brought about by varying certain parameters would be

apparent.

In the first studies (reported in detail in the report RADC—TR—77—l71)

the ground wire system consis ted of a sma ll number of paral l el w i res on the

surface of ground extend ing only in the “forward’t direction . The verti cally

polarized antennas were one or more vertical elements, at most equiva l ent

to a 4-element array. Both programs were utilized and from the more comp li-

cated one (WF—LLL2BP), it was determined that a reasonable assumpt i on is

that a current wave propagates on the horizontal ground wire system with a

propagation constant given by Coleman ’s formula

Ja IC,.
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The radiation patterns of the complete structures over g rounds having con—

ductivit les of 1O 3 , 5x10 2, and io 2 mhos per meter at frequencies of 3,

10 , and 30MHz were ca lculated , with particular attention to the enhancement

of the field at angles near the horizon brought about by the ground wire

systems. It was found that with a pure traveling wave along the ground

wires , the field enhancement was decided l y wire length , frequency and con-

ductivity sensitive , in genera l, the f ield enhanceme~it at the lower fre-

quency and higher conductivity was very small , just a few per cent at most,

i ncreasing very sl i ghtly with ground wiresof greater length . At 3MHz with the

lower conductivity (l0~~ mhos/meter), the field enhancement reached a b road

maximum of about 18% with ground wire lengths in the vicinity of 20 meters.

At 1 0MHz with the lower conductivity , there was a much more pronounced

maximum of the field enhancement wi th a length of about 5.5 meters , reaching

a value of about 22%. However, t was found that In this case , greater ground

wire length actua lly resulted in a decreased f ield at the horizon , with a

minimum of about .92 of the f ield wi th no ground screen at all , reached wi th

wires about 17 m; the effect seemed to be periodic wi th length although this

was not studied in detai l .  With the higher conductivity (l0 2 mhos/m) at

10MHZ , the enhancement was less (about 10% at most) and the enhancemen t

remained nea r ly constant with wire lengths about 4 meters or longer.

At a frequency of 30MHz , the effects suggested in the prev ious parag raphs

become more ev ident and pronounced. All  three conductivity va lues showed a

max imum In the field enhancement when the wire length was in the vicinity of

2 m , with enhancement in the vicini ty of 20%. All three show a minimu m with

lengths near 5.6 rn . And with the lower conductivity (io~ mhos/m) the ground

wires of that l ength actually reduce the field at low ang les to .82 of the

value w ith no ground wires at all.

______  ____________ a ~~~~~~~~~~~~ ~~~~~~~~~_ .,~~~~~~~~--— - -—-~~-—
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Further studies showed that the type of effect described in the foregoing

two paragraphs could nearly always be seen but the specific numbers were

influenced by the propagation constant of the current waves on the wires and

by the manner of termination of the wires . Some of the latter effects were

quite dramatic. The largest enhancements were observed for propagat ion con-

stants resulting in low attenuation together with phase velocities near those

of waves in free space, with wire lengths in the vincity of one wave l ength.

B. Sloping G roun d W i res

The enhancements found with ground wires in realistic cases were all

relatively small and since in no case was the “null—a t—the—horizon ” effect

e l i m i na ted , it was deemed worthwhile to study the effects of a ground wire

construct ion that slopes away from the base of the vertica l antenna elements.

A summa ry of the findings of this specific study is given in Figures 1 and 2.

Again , the results were found to be dependent on ground wire length and earth

conductivity. For those lengths and conductivity va l ues for wh ich there is

si gn i fican t fi eld enhancement at low angles , the slop ing ground wires g ive

further enhancement. Figures la and b , with conductivity values of lO~~ mhos/m ,

• ind i cate a field enhancement approximately linearly increasing with ang le at

the rate of about 1.2% per degree of slope ang le. However , these figures also

reveal some unanticipated results. Namely, for those l engths and conductivity

values wh ich gi ve essen ti ally no f ie ld enhancement, the step of sloping the

ground wires does not increase the field at low angles . And moreover, for
• those ground wire l engths and earth conductivity values for wh i ch the field

at low ang les is actually decreased from the cas e of no ground wi res , (en-

hancement less than I), the step of introducing a slope into the ground wires

actually decreases the field at low angles still further. This effect shows

______________________ • —. ~~~~~~~ • • . • . • - -  •- .. 4 ~~
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Fi gure 1. influence of introducing a Downward Slope into the (Horizontal)
G round Wires
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up (Figure la) at 30MHz when the length is 6M and the conductivity is

l0~~ mhos/m and at 10MHz (Figure Ib) when the length is 16M and the conduc—

t iv i t y  is ~~~ mhos/m. At the hi gher conductivity and at a frequency of

10MHz (FIgure Ic) this effect Is not evident but the enhancement with increas—

ing slope ang le is much less , namely, about a half of a per cent per degree

of slope , wi th  l i t t le  dependence on length for lengths greater tha n 10 m.

Another interesting effect is shown in Fi gure 2 , wh ich displays normalized

radiation patterns at a frequency of 10MHz in the range of angles between 50

and 89° measured from the zen ith and with a conductivity value of l0~~ mhos/m .

The solid line gives the pattern with no ground wire and the points p lotted

ar e for a 6M ground wire having differing slope ang les. Note that when the

patterns are normalized to their va l ue at the maximum , the patterns are all

• very similar , especially above 630. What difference there is in the normalized

patterns shows up at the hi gher elevations (smaller ang le e) . In view of

this , there is a strong possibility that with the same power input , a system

des i gn i ncorporating a slope in the ground wire mi ght not actually increase

the power toward angles near the horizon .

The observations in the preceding two paragraphs suggest that the added

expense of artifical ly introducing a slope into a ground wire system would

be difficult to Justify in general.

C. Buri ed Ground Wires

in pract i ce it may be necessary to bury the ground wires to protect them

from varlous activ ities at the surface . The burial of the ground wires has two

effects. One is to alter somewhat the propagation constant of the current

waves on the g round w ires ; this effec t is mos t p ronounced on w i res having no

insulation (or very thin insulation) . The second effect is the attenuation

_ _ _  ~~~~~~~~- • ~~
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of the signal that has to pass through the earth a distance equal to the

depth of burial. This latter effect Is universal but is most serious for the

higher va l ues of earth conductivity. Essentially, the field falls to 1/eth

of Its va lue i n a depth of one skin depth . The attenuation constant is essen-

tially that of plane waves of the specified frequency traveling in a med i um

hav i ng the conductivity and permittivity values of the earth In question . The

effect of burial on the propagation constant also tends to reduce the field

enhancements from those for wires at the surface since it was mentioned that

the field enhancements are greatest with small attenuation of the wave on

the ground wires and phase velocities nearly equal to free space phase

velocities. The act of burying wires increases attenuation and decreases

the phase veloc i ty unless the wire has a very thick , foam insulation .

Ii. Shape Effects in G round Wire Systems

The influence of ground screen shape was studied through the use of the

larger , more accurate computer program (WF—LLL2BP) . Because of the large

time involved in carry i ng out a calculation for a particular configuration

having many segments, we could study on l y relatively simple systems with limited

parameter studies . The model sel ected for detailed study consisted of a

short vert ica l monopole having up to four g round w i res arranged i nto a cross
• at the base of the antennas or into a fork arrangement extending into one

quad rant direct i on. The full details of this study are g i ven in report

RADC—TR—78—65. A brief summary of these results are g iven here.

A. A 5.62 m monopole was assumed to be base fed at 1 0MHz against a horizontal

ground system consisting of a 3—legged fork having up to five 1.86 m segments

In each leg . The vert i cal plane patterns and low ang le fi eld enhancement

were stud ied for vary i ng numbe rs of segments In *~e legs. The ground system

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~- 
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arrangement having two segments in the outer legs of the fork and five

• segments on the center leg gave the largest low angle enhancement , with earth

hav i ng conductivity of lO~~ mhos/m and dielectric constant of 9.

B. A 2.74 meter monopole was assumed to be base—fed at 2MHz against a

horizontal wire system consisting of four wires forming a ri ght ang le cross.

Each ground wir e m i ght have as many as 13 segments, 9 of wh i ch were 3.05 m

and the others having shorter lengths (nea r the feed point) to give a maximum

tota l length of 3l.9m. The number of segments (i.e., the length) of each

ground wire could be varied independently . These studies Ind i cate that only

the wires extending In the “forward” direction are effect i ve in producing

radiation enhancement In the forward direction . This observation was reinforced

by a variation in geometry in wh i ch the ang le between the wires was decreased

to 60° in the forward direction . It also showed that the l onger ground wires

do not necessarily give more radiation enhancement.

5. Effects of Varying the Hei ght of Reflecting
Screens for Broads ide Arrays

A related question written Into the contract was a study of the effect

of the hei ght of back reflecting screens that might be used with b roadside

arrays operating over lossy ground In the HF frequency range, with the hope

of m inimizing and optimizing reflecting screen sizes.

In order to study this question , we modeled the array by an operating

uni t cons i s ti ng of a driven ver t ical element w it h up to seven vert ica l masts

in a line spaced less than a quarter wavelength behind the driven element.

The details of this study are included in report RADC—TR-78—65. In brief ,

the findings were that greater field strengths are produced by reflecting

masts having a height of 3/4 wave length with a driven monopole about 1/4

__________________ — ~~~~~~~~~ ~~~~~~~~~~~~~~~ 
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wavelength . But if the reflector heights are g reater than about 1/4 wave—

length but less than 3/4 wave l ength , the gain is actually reduced by the

added reflector height. However, the field strength with reflectors 3/4

wave l ength In height is only about 5 percen t greater than the field with

reflectors that are 1/k wavelength in height. And with reflectors having

a hei ght of 1/2 wavel ength , the field Is reduced by about twenty percent

from the val ue produced by reflectors having a height of about 1/4 wave l ength .

6. Effect of Scanning

We considered the effect of azimuthal scanning on the low ang le field

enhancement function of ground wire systems. Althoug h clearly, for uni form

performance over the angle of scan the ground wire system should be radial

covering the scan ang le , in the main we considered only parallel ground wire

systems. We stud i ed the effect of waves coming in at angles with respect to

this parallel ground wire system. With radial wire systems, effects of the

type to be discussed would occur for all direct i ons of propagation within

the scan angle since the wires (except one) are not parallel to the direct ion

of propagation for any direction .

The genera l effect of propagation directions that are not parallel to

ground wires is shown by the field enhancement Integra l of the type that was

presented in RADC—TR—77—l71 , where the field enhancement comes from the term

i nvolving the integ ral , f E;~~ ‘ ~HGW dv , where E inc is the electric field

vector at the postlon of the ground wire and is the current density on

the ground wires. For angles of arriva l nea r the horizon , the only contribu-

tion to the integra l comes from the component of electric field along the

direct ion of p ropagati on and this i n turn means that the enhancement wi ll

vary approx imately as the cosine of the ang le between the propagation direct i on

Li .~~~~~~~ • • . • 
_ —  ~~~~
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and the direction of the. ground wires.  There Is , in addition , a phase effect.

When the ground wires and the wave propagation direct i on are both along the
j~0sinex

same direction , say x , there i s a factor In E inc varying as e and a
-yx

factor in ‘
~HGW 

varying as e 
W Thus , the net result of the integ ral depends

• (jB0sinO—Y~
)x

on how the factor e integrates over the length of the wire . And

It will be recalled that the effects were greater at low angles where was

near to JB in va l ue. But when the wave propagation direction is not along

the wire , the phase factor in the incident field has the form exp(jB0sinecos~)

where $ is the ang le that the propagation direct ion makes with the direction

of the ground wires. In this case, the maximum effect will occur when is

near j8 cos$ in  va l ue , rather than near J80, and the lengths for maximum (and

minimum) enhancemen t will be different.

7. Plans for Experimental Work

Wi th the aid of the computer prog rams ERATP and WF—LLL2BP , many interesting

resul ts concer n i n g HF antenna ground systems have been generated . Most si gnifi-

cant are those results wh i ch indicate that larger ground systems may not always

be better in the task of producing long range si gnals (at low ang les). And

while the longer program (WF—LLL2BP) utilizes the best available theory, there

are enough pitfalls In the execution of the theory on a dig ital computer that

the results should be verified by experiment. We have, therefore, developed a

plan for checking the results experimentally.

The most crucial part of the cal culation is the determination of the

• current distributions on the horizontal ground wires. If the current distri-

bution on these wires is known accurately, both in amp litude and in phase, it

• is relatively an easy matter to compute the radiation pattern , even in

the presence of a lossy earth. Consequently, much of the experimental work



should be in the careful measurement of the current distributions on ground

wir es. In view of the expense and inconvenience of working at full sca le over

actua l earth , many of these measurements should be done at a higher frequency

in a model faci l i ty; on the other hand , because of the difficulty of modeling

the actua l earth environmen t, som e of the measurements should be done at full

s ca Ic.

A. Choice of Frequency

in the full scale experiments , a relatively high and relatively low

frequency should be used . To avoid interference with other radio services ,

we suggest the use of the ISM bands at 13.56MHz and at 27.12MHz. It is

believed that these frequencies are close enough to the 1 0MHz and 30MHz

employed in the computer studies to exhibit the same effects .

For the model experimen ts , a much h i gher frequency is convenient in

order to reduce the size of the structure to one that is easier to work with .

A scale factor of 30 to 100 seems reasonable since the earth conductivity must

be modeled by the same scale factor. Again , we suggest the use of an ISM

band to avoid interference and the frequency that suggests itself is , therefore ,

915MHz.

B. Full Sca l e Models

We suggest that the full scale models be constructed over earth with low

to moderate conductivity such as is common in the midwest. For the vert ica l

primary radiator It does not seem necessary , at least initially, to have any-

thing more complica ted than a quarter wave monopole. As a start , this monopole

shoul d be fed against a ground stake system , with no appreciable hor i zonta l

g round sys tem, with careful measurement of input impedance and base current.

If possi b le, a ver ti cal p lane radi at ion pattern should also be measured for 

.
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reference (it is realized , however , that a measurement of the true distant

f ie ld pattern may not be possible at reasonable cost). Next a single g round

wire should be studied , with attachment , in two t r ia ls , a ) direct ly to the

ground side of the generator wi th no connection to the ground stake system ,

and, b) then fed in parallel wi th  the ground stake system . The currents in

the two cases should be carefully measured . The ground wi re  system should

be sectioned , with easy snap on, small diameter connectors, into lengths of

1/2 , 1, 2, 4, 8, 12, and 16 meters , for f lexibi l i ty in studying the effect

of length . A set of insulated stake s should be driven to hold the wires in

a position just above the surface of the ground with enough clearance to allow

a current probe to be moved along the wire without interference . The far end

of the wires should be insulated (open) except for special tests. Next, two

more ground wires should be added , pa rallel to the first one and the tests

repeated at both suggested frequencies. Then more ground wires should be

added two at a time In the same way, un til up to 15 parallel ground wires

extend in one direction from the vert i cal masts. Input impedance and current

distribution measurements should be made on each set. Radiation patterns

should be measured , If feasible.

C. Reduced Scale Model Experiments

In order to scale and simulate earth conductivities with reasonable

conven ience , a tank containing salt water with controlled amount of salt is

suggested . Probably the most conven ience tank for the work would be a p last ic ,

above ground swimming pool having minimum metal supports. A poo1 diameter of

10-12 feet should be adequate for the studies . For conven i ence and protection

of the equipmen t and operatIons from weather, the swimming pool should be

enclosed In an air supported shelter of the type now available commercially.
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Experiments of the same type as those described In the outline for full

scale experiments (paragraph B above) should be carried out , except that a

system should be devised for allowing continuously adjustable l ength of the

g round wires (probably a form of spring—loaded reel at the base with a nylon

cord connected to the remote end to draw out the wires to the des i red lengths).

Further tests should a lso be made in the tank faci l ity . Any dependence

of the propagation constant as the density of wi res is Increased should be

documented, with a check to see if the tendency to resonate at certain l engths

is diminished . Also , the dependence of the wire propagation constants upon

Insulation thickness should be studied , since the computer studies ind i cate

that wires having current propagation constants near free space va l ues are

capable of greater field enhancement.

8. Suninary

H With the results obtained to date plus those that w I ll be obtained in

a proposed fo llow—on study, data w I l l  be avallaule that w i l l  aid the Ai r

• Force and other interested p rties in the economical des i gn of ground systems

for HF antennas.
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