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ABSTRACT

This report explains the fundamental theory and equations

used in writing a set of software applications which predict

antenna radiation parameters. Each application predicts the

radiation characteristics of a particular type of antenna over

a planar surface which serves as a model of either earth or

K)seawater. The radiation parameter predictions are based

colely '-n an antenna's physical dimensions, the properties of

the ur erlying surface, and electromagnetic theory. Existing

electric field equations provide the basis for radiation

parameter predictions, ard the accuracy of the predicted

radiation parameters is totally dependent upon the extent to

which the electric field equations used realistically model

the actual radiated electromagnetic fields of the antennas.

In addition to a review of applicable electromagnetic

field theory, this report is also intended to be a user's

guide for the corresponding computer applications. The

appendices contain computer hardcopies of sample calculations

for several antenna types and remarks regarding the conformity

of predicted radiation parameters to expectations. Radiation

parameters computed thus far are consistent with expectations

based on other computational programs and empirical

measurements.
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I. BACKGROUND AND PURPOSE

This report and associated computer software applications

are submitted in fulfillment of the thesis requirements for

the degree of Master of Science, Aeronautical Engineering from

the Naval Postgraduate School in Monterey, CA. The thesis

text explains the fundamental theory and equations used in

writing a set of software applications which predict an

antenna's radiation parameters. Each application predicts the

radiation characteristics of a given type of antenna over a

planar surface which serves as a model of either earth or

seawater. The thesis requirement was generated by a request

from the Naval Maritime Intelligence Center (NAVMARINTCEN).

At the request of NAVMARINTCEN, Mathcad mathematical software,

DOS version 3.1, was used to write the applications. The

NAVMARINTCEN request was extensive enough to be tasked as two

separate thesis topics. This thesis fulfills the first half

"of the NAVMARINTCEN requirements. Mathcad applications are

complete for the following types of antennas:

1. Vertical Monopole Antenna
2. Elevated Vertical Dipole Antenna
3. Elevated Horizontal Dipole Antenna
4. Arbitrarily Oriented Dipole Antenna
5. Inverted L Antenna
6. Long-Wire Antenna
7. Terminated Sloping V Antenna
8. Side-Loaded Vertical Half Rhombic Antenna
9. Terminated Sloping or Horizontal Rhombic Antenna

10. Sloping Double Rhomboid Antenna
11. Vertically Polarized Log-Periodic Dipole Array
12. Horizontally Polarized Log-Periodic Dipole Array
13. Horizontal Yagi-Uda Array

//
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II. INTRODUCTION

New American Heritage Dictionary defines antenna as 'an

apparatus for sending and receiving electromagnetic wavec'.

An electromagnetic wave is a time-varying, self-propagating,

interrelated combination of electric and magnetic fields.

Antennas radiate electromagnetic fields as a function of their

time-varying surface charge density and surface current

density distributions. There are many different types of

antennas, each with its own set of radiation characteristics

or radiation parameters. These radiation characteristics are

related to an antenna's radiated electromagnetic field

distribution, and they deterr.4ne the useful applications for

a particular antenna design.

Current personal computers with high-speed processors can

quickly and accurately predict antenna radiation parameters

from electromagnetic theory. The Mathcad routines-described

in this report predict an antenna's radiation parameters based

solely on its physical dimensions and electromagnetic theory.

Accurately predicted radiation characteristics provide

intelligence analysts with a reliable estimate of an antenna's

capabilities, limitations, and vulnerabilities. Chapters III

and IV are a review of applicable electromagnetic theory, and

the remaining chapters describe the calculations of the

associated Mathcad computer code, and are intended to be a

user's guide for the associated Mathcad applications.

2
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III. FUNDAMENTAL ELECT" MAGNETIC THEORY

A. MAXWELL'S EQUATIONS AND HELMHOLTZ'S EQUATIONS

Maxwell's equations are the basis for electromagnetic

field calculations. Their differential form is given by [Ref

1: pp. 321-325]

aHVXE -p7 (3 1a) -Z • P = (3. 1c)

VXHR J+e-M (3.1b) VH =0 (3.!d)

Equation 3.1a is Faraday's Law, 3.1b is Ampere's Circuital

Law, 3.lc is Gauss's Law, and 3.1d postulates the inexistence

of magnetic charge.

Maxwell's equations dictate the relationship between the

electric and magnetic field intensities (E and H) and the

charge/current density source distributions (p and J) (i.e.,

the antenna). Maxwell's equations are often applied in a

source-free, current-flr.e region, and an -j'•' time dependence

is assumed. The time-harmonic, free space Maxwell's equations

are [Ref 1: p. 340]

V X E = -jwpoH (3.2a) V = 0 (3.2c)

VXH = je 0 Z (3.2b) V • H = 0 (3.2d)

where

e0=free space permitti vity=1 109 Faadseter
36n meter

P,=free space permeability= 4n 10-7 Henry

3



Rather than solve Maxwell's equations directly, the

method of vector potentials is often used where the scalar

potential (V) and magnetic vector potential (A) can be

obtained from the nonhomogeneous Helmboltz equations

V2V + P2V =__ (3.3) VIA + P 2A - -pJ (3.4)

where H=(1!# 0 )(V X A) [Ref 1: pp. 338-3401.

The solutions to Helmholtz's equations are the retarded

scalar potential and the retarded vector potential. The value

of V and A at some distance (R) from the source depends on the

source's charge/current density at an earlier time (t-R/c),

where c=i1/VA0O0 is equal to the speed of light in free space.

The delay (R/c) is the time required for electromagnetic waves

to propagate through a distance, R, in free space from source

to observation point. The solutions to the nozhomogeneous

Helmholtz equations are (Ref 1: pp.338-340]

V(R) =1 Pe dv/ (3.5)

A(R = o 11 e-JPff-jF'I dvI (3.6)
A(R) - v, I

where the wavenumber (fl) is &7o-in free space, R is th

observation vector, and R' is the source vector. The wave-

number is most often expressed as w/c = 2w/X, where X is the

wavelength. The Mathcad applications use the expression 2/f/X

to calculate 8.

4



The Mathcad applications described herein assume that the

antenna under analysis is radiating in free space above a

defined ground plane. The free space Maxwell's equations and

nonhomogeneous Helmholtz equations (using the free space

wavenumiber) provide the theoretical basis for deriving the

equations for an antenna's radiated electromagnetic fields.

The radiated E and H fields can be calculated directly from

their source's charge and current densities using Maxwell's

equations. However, as previously mentioned, it is often

simpl~r to find the magnetic vector potential using

Helmholtz's equations. Once the vector potential is

determined, the electric and magnetic fields are calculated

from ý=(i/,k) (V X A) and E=(I/joE0 ) (V X 7) [Ref 1: pp. 338-

341].1 Existing theoretical equations for the radiated

electric fields of many antenna types have been derived in

this manner. These equations are used in the Mathcad

appli ations to predict an antenna's radiated electric field

distribution. Other radiation par meters are then calculated

on the basis of the predicted electric field distribution.

B. ELECTROMAGINETIC FIELD REGIONS

The space surrounding an antenna is divided into three

regions: the reactive near-field, radiating near-field, and

far-field [Ref 2: pp. 22-24] . The reactive near-field

occupies the space immediately surrounding the antenna out to

a radius of about 0.62.(D3/X)'1, where X is the wavelength and

D is the maximum dimension of the antenna. Reactive

5



electromaan-tic fields dominate in this region. The radiating

near-fiel -cupies the space from the boundary of the

reactive field out to a radius of about 2-(D 2/X). Radiation

fields dominate in this region, and radiation patterns are

often a function of both radial and angular coordinates. The

far-field region occupies all space outside the radiating

near-fiold which meets two additional far-field requirements:

21rR/\ >> 1 and R > 5D. Radiation fields also dominate in the

far-field, but field components are primarily transverse, and

radiation patterns are normally a function of directional

variables only. The Mathcad antenna applications are valid

only in the far-field region of a given antenna.

C. RADIATION PATTERNS

A radiation pattern is a three-dimensional representation

of an antenna's radiated electromagnetic field distribution or

power distribution at a fixed distance from the antenna.

Because it is difficult to depict three-dimensional images,

the patterns are most often plotted in a defined vertical or

horizontal plane. The Mathcad antenna applications plot two-

dimensional radiation patterns in polar coordinates depicting

the far-field electric field distribution. Patterns are

plotted in the 0=0 and O=v/2 vertical planes, and also in a

horizontal plane at an elevation angle set by an index from

the applicable 'Elevation Angle Index Table' (Table 3-1 or

3.2). Field magnitudes are normalized with respect to the

maximum radiated electric field intensity. The magnitude to

which each pattern is normalized is displayed below its plot.

6



EV__ATION ANGLE INDEX TABLE FOR NON-ARRAY ANTENNAS

ELEVATION INDEX ELEVATION INDEX

0.2850 630 469 470

20 624 480 463

40. 617 500 456

60 610 520 449

80 603 540 442

100 596 560 435

120 589 580 428

140 582 600 421

160 575 620 414

180 568 640 407

200 561 66 400

220 554 680 393

240 547 700 386

260 540 72° 379

28° 533 740 372

300 526 760 365

320 519 780 358

340 512 80 351

360 505 820 344

380 498 840 337

400 491 860 330

420 484 880 323

440 477 88.8570 316

7



TABLE -3. 2
ELEVATION ANGLE INDEX TABLE

FOR LOG-PERIODIC AND YAGI-UDA ARRAYS

ELEVATION INDEX ELEVATION INDEX

0.570 314 45.710 235

2.280 311 48.000 231

4.570 307 50.280 227

6.860 303 52.570 223

9.140 299 54.860 219

11.430 295 57.140 215

13.710 291 59.430 211

16.000 287 61.710 207

18.280 283 64.000 203

20.570 279 66.290 199

22.860 275 68.570 195

25.140 271 70.860 191

27.430 267 73.140 187

29."10 263 75.430 183

32.000 259 77.710 179

34.290 255 80.000 175 .

36.570 251 82.290 171

38.860 247 84.570 167

41.140 243 86.860 163

43.430 239 89.140 159

8



The Mathcad applications plot the far-field radiation

patterns for an antenna's space wave, surface wave, and total

radiated electric field. The space wave is comprised of the

electromagnetic waves which propagate directly from antenna to

the field point and electromagnetic waves reflected from the

surface below the antenna. The surface wave is composed of

electromagnetic waves ducted along the surface, much like

waveguide propagation. The total field is composed of the

space wave and surface wave combined.

Space wave patterns typically vary with directional

spherical coordinates, 0 and 0, but they are predominately

invariant with distance from the antenna. The surface wave

attenuates exponentially with distance, and far-field surface

wave patterns are a function of distance from the antenna.

Total field patterns are still predominately invariant with

distance, because the maximum surface wave intensity is

usually many orders of magnitude less than the maximum space

wave intensity. Even at distances which just meet far-field

requirements, the surface wave contribution to the total field

is barely significant for parameter values of interest.

D. POWER DENSITY, POYNTING CTOR AND RADIATION RESISTANCE

The instantaneous real ppdwer flux density of an electro-

magnetic wave is called the P ting vector (61),

P(x.y.z) = EXH= 8te{(x,y,z) ,J•O} XOe(H(x,y,z) eJ) (3.7)

=.x8te{X J') + xMe{ZXHe2j')t
2 2

9



The time invariant tezm on the right hand side of equation 3.7

is the time average power flux density or average Poynting

vector. Far-field E and H fields are related by the simple

expression IEI=(I/i 0)-IHI, where 10=" I/70/e 0 =120ir is the

intrinsic impedance of free space. The average Poynting

vector solely in terms of the radiated electric field

intensity is given by (Ref 1: pp. 382-385].

' 8(x. y, z) R-e{E XV)1t H}-E 1I I Ell2 (3.8)
2 2 1101=2 110

The total power flax density is composed of both the

Poynting vector and the imaginary part of 34.(E X H') which

represents the reactive power of the radiated electromagnetic

fields. Far-field power flux density is predominately real

and is approximately equal to the average Poynting vector. An

antenna's total average radiated power is calculated by

integrating the poynting vector over a Gaussian surface which

surrounds the antenna in the far-field [Ref 1: pp. 382-386].

zad = avq 7 .av do = l_,&E X H'}" do (3.9)

The Mathcad applications use equations 3.8 and 3.9 for power

calculations by integrating over the hemisphere which encloses

the antenna with the ground plane as the lower Loundary.

Radiation resistance relates an antenna's total average

radiated power to its peak input current. If a DC current

equal to the rms input current were applied to a resistance

equal to the radiation resistance, the dissipated power would

10
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equal the antenna's total average radiated power [Ref 3: pp.

47-481. For the Mathcad antenna applications, the radiation

resistance is defined in terms of the total average radiated

power and input current by

2Pdad 2=

Raa or Pza- Rrad (3.-,0)
Za=Iji,2 2 (.0

A sinusoidal input current (or voltage response across the

input terminals for Yagi-Uda Arrays, with a maximum of unity

is assumed in the Mathcad applications.

E. DIRECTIONAL GAIN, DIRECTIVITY AND POWER GAIN

An isotropic radiator is a hypothetical antenna which

radiates electromagnetic energy equally in all directions.

Its radiation pattern in any plane passing through the source

is a circle. All real antennas are directional radiators

which radiate or receive electromagnetic energy more

effectively in some directions compared to others. Some

antennas radiate an omnidirectional pattern which is

directional in elevation, but non-directional in azimuth.

Directive gain (D.) -is the ratio of an antenna's Poynting

vector in a given direction,' divided by the power flux density

of an isotropic source with equal total average radiated

power. Directivity (D.) is the maximum value of the directive

gain, and it is the primary measure of an antenna's

directional properties. The power flux density of an

isotropic radiator is equal to the total average radiated

power divided by the surface area of a sphere at a given

• ii



distance from the antenna (41R 2)R The expression for

directive gain is [Ref 2: pp. 29-31]

Dg(6, )-) P(0,4) 4 iR 2 )(O,ý) (3.11)P)iso Prad

The Mathcad applications calculate only directivity using

Do (0 ax, O ,ax) 4 4itR 2 ) (emax, d a- (3.12)
Diso Prad

Power gain accounts for an antenna's radiation efficiency

in addition to its directional properties. Power gain (G,) is

defined as 41rR 2 times the ratio of the Poynting vector

magnitude in a given direction to the total input power to the

antenna. Total input power includes losses due to ohmic power

dissipation and impedance mismatches between transmission line

and antenna. The ratio of total average radiated power to the

total input power is the radiation efficiency, p~ff. The

relationship between power gain, directive gain, and radiation

efficiency is given by [Ref 2: pp. 42-45]

Prad (3.13)Pcf in

Gd (,C) =peffD (Q, ) (3.14)

Go =Gd(,) =p.ftDg,. (e, 4) =pefD 0  (3.15)

Since radiation efficiency and power gain account for

ohmic losses and impedance mismatches, these parameters are

difficult to predict based on antenna dimensions alone. For

these reasons, the Mathcad applications do not predict power

12



gain and radiation efficiency. Gain calculations are limited

*• to directivity since it depends only on total average radiated

power and the radiated electromagnetic field distribution.

The maximum Effective Isotropic Radiated Power (EIRP) is also

calculated from EIRP=Prd.D0 [Ref 3: p. 62).

"F. HALF- POWER BEAMWIDTH

Radiation lobes are portions of the radiation pattern

where a local maximum field intensity is bounded on either

side by relative minimum intensities. The major lobe, or

main beam, is the lobe in the direction of maximum radiated

power flux density. Split beam antennas have more than one

main beam. A minor lobe is any lobe except the main beam.

* Beamwidth refers to the half-power beamwidth of an antenna's

main beam (or beams), and it can be measured in the vertical

/ - or horizontal. For antennas with a defined beamwidth, the

power intensity drops off on either side of the point of

maximum radiated average power density until it is one half of

the maximum value. The angle between the radials which

intersect the half power points is defined as the half-power

. •beamwidth. Main beams are not necessarily symmetrical since

the radial which intersects the point of maximum power density

does not necessarily bisect the half-power radials.

"The Mathcad applications do not calculate half-power

beamwidth directly, but radiation patterns provide a good

estimate. Since the radiation patterns depict the electric

field distribution normalized to unity, a magnitude of

13

-.. .. ... ... .- , . . . . f •



approximately 0.7 represents the half power-points of the

pattern. If two radials are drawn from the 'origin through the

half-power points, the angle subtended by the two radials is

the antenna's half-power beamwidth.

G. POLARIZATION AND BANDWIDTH

Polarization describes the time varying properties of an

antenna's radiated electric field at a set 'spatial coordinate

as electromagnetic waves propagate outward from the antenna.

Signals are usually transmitted with linear,. elliptical, or

circular polarization. Linear polarization is where the field

vector at the spatial coordinate is directed along a fixed

linear path. An elliptically polarized signal is one in which

the tip of the electric field vector traces an ellipse around

the fixed coordinate as the wave propagates outward. Circular

polarization is a special case of elliptical polarization

where the magnitude of the electric field remains constant as

it rotates about the spatial coordinate. Clockwise rotation

of the electric field vector is rigqht-hand polarization, and

counter- clockwise rotation is left-hand polarization. The

Mathcad applications do not quantitatively predict the

polarization at a selected spatial coordinate because of the

computational intensity of such a calculation. Only the

predominant type of polarization expected is addressed briefly

in the introductory remarks of each application.

The bandwidth of an antenna is the range of frequencies

over which its radiation characteristics meet or exceed a

14
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specified acceptable performance standard. Because radiation

characteristics of dissimilar antennas vary differently with

frequency, there are no set rules or guidelines which define

bandwidth for all antennas in general. Bandwidth standards

vary depending on antenna design and intended application.

Therefore, the Mathcad applications do not predict operational

bandwidth. Instead, multiole frequencies can be input for a

given configuration to determine the bandwidth for whatever

- <standards are used to define acceptable performance.

H. EFFECTIVE LENGTH AND EFFECTIVE AREA

The effective area, or effective aperture, gives the

power delivered to the antenna load when multiplied by the

incident average power flux density. It is defined by (Ref 2:

pp 59-63]

Pzec=Ae, 9inc (3.16)

The maximum effective area is related to directivity for all

antennas by [Ref 4: pp. 46-47]

-Am = 4-n. (3.-17)

This is a theoretical maximum effective area since directivity

does not account for radiation efficiency. Like directive

gain and power 9ain, actual effective area and theoretical

effective area are related by radiation efficiency

Aeff= p =PeAmx (3.18)
4 *n

S~15
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The maximum theoretical effective area is a good approximation

of actual effective area for frequencies within the bandwidth

of a well designed antenna with a high radiation efficiency.

Effective length is defined as the ratio of the voltage

induced across the antenna terminals by the incident electric

field and is given by [Ref 4: pp. 40-42]

1 off •=Vin (3.19)

Effective length is related to effective area by

i1a=2 RradAax (3.20)

Substituting equation 3.17 into equation 3.20, we get the

maximum theoretical effective length in terms of wavelength,

directivity, radiation resistance and intrinsic impedance of

free space as

ima=2 RradX2 Do (3.21)
,R111

Finally, the actual effective length is related to the

theoretical effective length by

' \ leff`ýPefflmax (3 .22 )

Effective area and effective length are actually a

unction of directional coordinates with respect to the

ource. The equations given here are for maximum values of

effective area and effective length along the radial of

16
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maximum directive gain (directivity). While effective area is

a paramneter more generally applied to all antennas, the

Mathcad applications use equations 3.17 and 3.21 to calculate

both a theoretical maximum effective area and effective

* .length. If an antenna's radiation efficiency for, a given

frequency is known, the actual effective area and length can

be calculated by multiplying the theoretical values by the

radiation efficiency.

* The next chapter on the dipole antenna explains in detail

the derivation of the radiated electric field equations for a

vertical dipole antenna. The elevated vertical dipole Mathcad

application uses this equation to obtain the electric field

distribution and total average radiated power (Ptd) based on

an assumed sinusoidal current distribution on the antenna with

a maximum of unity. Total average radiated power is then used

to predict the radiation parameters discussed in the preceding

paragraphs. In follow-on chapters, only the final electric

field equations are presented because the derivation is

similar for all types of antennas. They are primarily summary

chapters which describe the calculations of each individual

application, but any new or important concepts not presented

in previous chapters will be discussed as required.
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IV. THE VERTICAL DIPOLE ANTENNA

A. THE ELEMENTAL DIPOLE

The current element, or elemental dipole, is the

building block for calculating antenna radiation parameters.

The elemental dipole is a hypothetical differential length

thin-wire antenna with a sinusoidally oscillating surface

current. The antenna length (1) is many orders of magnitude

smaller than the wavelength (X), so the instantaneous current

is considered uniform over the length of the dipole. Figure

.4.1 depicts the elemental dipole oriented along the z axis in

a rectangular coordinate system with its center at the origin.

xz
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The surface current is given by

i (C) =I cos (wt) =AejIeý4'C (4.!I)

and the magnetic vector potential, A, is found from equation

3.6 to be

A=- f Je, R -d--=a -o-dl ) (4.2)

Primed coordinates refer to source points, R is the distance

from the origin to the field point, O&WI/•0T is the free space

wavenumber, and the magnitude of the current density (J) is

given by I (Ref 2: pp. 100-102]. The magnetic vector

potential in spherical coordinates is

AR=AZ cos (e)11R)cos (4.3a)

A4 -As in (0)=Iad ( in(O) (4.3b)
4x R

A,=0 (4.3c)

The magnetic field intensity, H, is found from

/A

Hr- 1 VXA-~a _ ?(4.4)
go l#R ORR I

He= Id1 sin(0) ( ]+21 e (4.5)
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and the electric field intensity, E, is found from Ampere's

Law by

E= x H=H,, sin()1 1 (RHi ) (4.6)E= C .- 4---- V = a Rsin(O) dIO R -R

E _-fIdln o2cos (e) [ 1 + I (4.7a)
2- - (jPR) 2 *(jPR) 3]

Id1 1 1 ! .- REe: +j P ý' n 6 e _ R(4. .7b)
E8 = °-- 2sin (0) (JPR) (jpR) (J+PR)J

HR=HS=ES=0 (4.7 c)

At far-field distances, the only significant components are

,the first terms inside the parenthesis on the right hand side

of equations 4.5 and 4.7b. The far-field E and H fields are

functions of a single angular coordinate (0) for a vertically

orientated element [Ref 1: pp. 602-607].

Retaining only those terms that vary as I/R, we get the

far-field electric and magnetic field intensities for the

current element as

•Idil e')•
H*=-d----e- O)lsin(O) (4.8) -

E= --Idl, R • •sin(e) (4.9)

Note that the far-field relationship IHI=n0IEI holds true fov

the elemental dipole's radiated fields in the far-field

region.

The elemental dipole's radiated average Poynting vector

(power density) is [Ref 1: 607-612]

20



4 .EfEXH -E - 2si-(e) (4.104

The P.oyntin.g vector integrated over a Gaussian surface in the

far-fiei yields the total average radiated power

32•~,),~jd = 71.[3 ' (s-[s ,,(e) s I'n (0) dOdo (4.11)[- L
(Idl) cos 2 (0) (Idl)2  4P n: 0 2 3 -cos(e) =2 n '1S32x" 3 0 327t ' :•

• pad n8 (Idl)2npz (Idl)'T_ ,,3 3 2 7t2

The directive gain and directivity are found from the

power density and total radiated power as

4•R 2 0 4nsin2 (0) 3 2
D9 Pad482 8R 2sir (4.

3

D:=•D_(o.,)=Dj.,)::.0 or 1o log, 3 1.5=1.76 dB (4.'3)

Radiation resistance is found directly from P,, and equation

* 2.10 as [Ref 1: pp. 607-612].

adý 12R (Idl) 2
2 l2i ° (4.14)

p ___[ - I (20 (2')21 I'[80R2(dl

Rradm8070 (4.15)
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B. THE ELECTRICALLY SHORT DIPOLE

The derivation of the electric field for an electrically

short dipole is the next step in deriving the field equations

for a practical finite length dipole. The electrically short

dipole is a center fed thin-wire antenna oriented as in Figure

4.1 with length greater than 0.02X, but less than 0.10X. The

current distribution is estimated as triangular where

i(x',y,,zl)) = r(zl) = 1+1Z -1 (4.16)

I J 1 1) 2

where IM is the current maximum at the center feed.

The dotted line in Figure

4.2 is a more exact

representation of the

Is _ __ actual current distri-

WIi bution, but the triangular

estimate is a reasonable

approximation for short

FIGURE 4.2t Current distribution dipoles.
for an electrically short dipole. The electrically

short dipole has a magnetic vector potential given by

ILO~m~fOe -O2 2,eiR (.7A(xiYiz)=a, 1 +-az7/ dz'+J 11Z ±)R 4.7

A=a, o 2 a e
4irR 8inR
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Because dipole length is small in comparison to the far-field

distance, R is considered constant throughout the integration

over the length of the dipole. Note that the magnitude of the

magnetic vector potential for the electrically short dipole is

half that of the elemental dipole for the same current input.

The equations for the radiated electromagnetic fields are

derived in the same way as for the elemental dipole, and the

final expressions for the electric and magnetic field

distributions of the electrically short dipole are given by

Ee =Jt0  8eR sin(O) (4,18)

HO=J 8R sin() (4.19)

Eý=E#=H1 =HS=0

Directive gain and directivity for the electrically short

dipole are the same as those of the elemental. dipole.The

magnitudes of the radiated power density, total radiated

power, and radiation resistance for the short dipole are given

by [Ref 2: pp. 109-112]

S(Idl)82 R2
l281=_- z2R2oP sn1)(4.20)

prad= (d) 2 , 2  (4. 2 1)'
487c

Rzad=207C (1)2 (4.22)
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C.. THE FINITE LENGTH DIPOLE

Finite length dipoles are center fed thin-wire antennas

with negligible diameter (diameter << X and radius << length)

Dipoles with a length greater than 0.10X can no longer use the

assumption of triangular current distribution with acceptable

accuracy. The finite length dipole must account for the

sinusoidal current variation along the length of the antenna.

The sinusoidal surface current distribution for a finite

length dipole oriented as depicted in Figure 4.1 is

I(x',y',z') =(z') = (4.23)

2 2

where Io is the peak current input and h=
2

Considering the finite length dipole as an aggregate of

elemental dipoles, we get the expression for the electric far-

field from equation 4.7b as [Ref 2: pp. 118-120]

E.=f dE 8=j -' sin(e)[I (xl, y', z ) e-Jl'dz] (4.24)
2 4iR h
2

For purposes of the radiated electric field's phase

angle, the radial field distance (R) cannot be considered

constant while integrating over the length of the dipole. The

variable r (which stands for IR-R'I) in the exponential

(phase) term is approximated as [R-z'cos(O)], where R is the

distance from the origin to the field point, and z' is the

source coordinate of the vertical dipole along the z axis

24
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(Ref 2: pp. 112-114]. The

rapproximation is depicted

h in Figure 4.3, and is
accurate in the far-field

"1z'co COs (e) for r > 21,/X. For

Far Field Approximation purposes of calculating
--=R-z'cos(8) electric field magnitude,

FIGURE 4.3: Phase approximation the variation of r over
for distance variable, r.

the length of the dipole

is negligible, and the distance from the origin to the field

point (spherical coordinate R) is used in the denominator of

equation 4.24. Substituting equation 4.23 for I(x',y',z')

into equation 4.24 and (R-z'cos(O)] for r in the exponential

term of equation 4.24 and integrating, we get

E 4=j Rsin(e) [f sir4r (h+z1)]eJPz'COs(e)dzl (4.25)

"0hr+ 1sin•p (h-zl)] e *Jpz'¢ (0) dz 1

',• i =j • •e:J•sin 8) '

41tR

[folxsinrs (h+zI) ](cos [Pz'cos (0) 1 +jsin [3z'cos (0) 1 ]dz'

+fh.sir'p(h-z')][cos tzcos (e) ]+jsin [z'cos (0) 1]dz'

Since the current distribution is an even function, the

odd term of j'sin(a'z''cos(0)) integrates to zero over the

interval from -h to h. Since the cos(0-z'-cos(9)) term is

even, the integral can be written as

25
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Eo=j TIo0P°•-2 R-JR sin (0) f sin[ (h-z') ]cos [3z'cos (6) 1 dz' (4.26)

After integrating, the final expressions for radiated electric

and magnetic field distributions of a finite vertical dipole

are given by (Ref 2: pp. 118-1201

E 0/?~e-jPRrcos[Phcos (6)j - cos(Ph) 1
E 2=R2 _ sin() J6(4.27)

cos[phcos(B)I-cosh] (4.28)
T0 21aR sin(6)

The coefficient outside t e brackets is called the element

factor, and the expression! inside the brackets is the space

factor.

The electric field radiation pattern is a function of

elevation (0) and wavelength (X). For a fixed wavelength, the

radiation pattern for any vertical plane through the antenna

axis is obtained by plottin the magnitude of equation 4.27 in

polar coordinates as 6 varies frun zero to 27r. The pattern is

normalized by multiplying .he electric field magnitude by a

factor such that the maximum result is one. Since electric

field distribution is independent of 0, the pattern for -irss0O

is symmetrical with that for Os~sr. Figure 4.4 depicts the

normalized radiation patterns of four finite dipoles with

successive lengths of X/4, X/2, 3X/4, and X. These lengths

simplify calculation of the electric field patterns since gh

is w/4, 7r/2, 37r/4, and r for each successive dipole. If

dipole length is greater than one wave-length, the patterns
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become more complex and the

1number of lobes increases.

SThe radiated power

-","'..... .. " "' density and total radiated

S..power are found just as

they were for the elemental
.. ~ ~~~~~~ 7........................................ % ...

"--- -------- dipole and the electrically
............... J hort dipole. The final

expressions for radiated

powt r density and total
FIGURE 4.4: Vertical plane
patterns for dipoles of length radiated power are (Ref 2:
l.X/4 ....... , 1-X/2
l-3/. ...... , and lX -- ---- pp. 120-1241

2__cos(Iphcos(O)-cos (3h) 2
- avg4{2 XH}8rj I sin(O) j (4.29)

Padff00 9jo R 2•-Sinf(o) dd48 (4.30)

-11o [ fcosfPhcos (8) 1-cos (Ph) J2,,
- "i"t fo sin (0)

The Mathcad applications evaluate equation 4.30 to obtain

total radiated power for a sinusoidal input current with a

maximum of unity. An expression for radiation resistance is

also derived by Balanis [Ref 2: p. 124]. However, the Mathcad

applications calculate radiation resistance from total average

radiated power and equation 2.10.

When the dipole is elevated above the origin along the z

axis, an additional phase shift term of exp[-jOH0cos(0)] must

27
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be included in equations 4.27 and 4.28, where H0 is the

elevation of the feed at the center of the dipole; hence,

E8...j 1r0X 0 e [j RHco 0 cosflphcos (0)1 - cos( I h) (4.31)
27tR sin(e)

Ee . 10 e-jA [R-Hocos (e) (I -os1hE. =j e R [cosFPhcos (()3-cosph 2)S•10 2TcR sin(e) j ( .2

D. GROUND PLANE EFFECTS ON THE RADIATED SPACE WAVE

The electric field equations derived in Chapters 3A-3C

are free space equations which do not consider the presence of

a ground plane. Since antenna orientation is described with

respect to the ground plane, orientation descriptions are not

really valid until a ground plane is introduced. The free

space electric field distribution for a dipole oriented along

the x axis or y axis is identical to the distribution for the

same dipole along the z axis. The radiation pattern is

displaced to correspond to the new position of the dipole, but

the radiated electric field distribution relative to the

antenna is unaffected.

The free space electric field equations no longer provide

an accurate description of an antenna's radiated electric

field distribution above a ground plane. The free space

equations only provide the direct wave component of the space

wave which propagates directly from the antenna to the field

points above ground (-r/2 < 0 < r/2). They are not valid for

iI ~> 7r/2 (points below the ground plane).
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A complete description of the space wave above a ground

plane must include the reflected wave component. The

reflected component consists of electromagnetic waves radiated

at elevation angles corresponding to 101 > 7r/2 in the free

space equations. These waves strike the ground plane and are

absorbed, partially reflected, or completely reflected before

reaching a field point above the ground plane. The total

space wave is obtained by adding the direct wave and reflected

wave components for field points defined by -7r/2 < 0 < r/2.

The distribution of the reflected waves vary relative tO the

antenna as its spatial orientation changes, so the electric

field distribution (radiation pattern) is also affected when

the antenna is repositioned with respect to the ground.

The reflected wave component is determined using

reflection coefficients and image theory. Reflection

coefficients determine how much of an incident electric field

is reflected by a given ground plane, and they are a function

of 0 and the complex index of refraction. The complex index

of refraction (n) in terms of frequency, conductivity (a), and

relative dielectric constant (E,) of the ground plane is

n= c= 'oa ceo =•¢+ , e-j 1 8 0 0 0 0 (4.33)

The vertical reflection coefficient (rF)

r = n 2cos (r) -Fn 2 -sin2 (er) (434)

Sn2 cos (e,) +Vn2-sin2 (6r)

29
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is used to find the reflected wave contribution to the 0

component of the space wave. The horizontal reflection

coefficient (rh)

cos (Or) -n2-sin,' (r) (4.35)
cos (e.) + n2-sin 2 (01)

is used to find the reflected wave contribution to the

component of the space wave [Ref 5: pp. 629-633].

Antenna image theory accounts for phase differences

between the direct and reflected wave components. Phase

differences are caused by the different distances travelled by

the two components to a given field point. The image is a

'mirror image' located below the ground plane at a distance

equal to the antenna height above ground. The distance from

the imaqe to a given field point is the distance travelled by

the reflected wave to that field point. This distance is

approximated by R+H0cos (0) , similar in derivation to the

approximation illustrated in Figure 4.4 for the direct wave

distance of R-H~cos(0). The distances travelled by the two

components differ by 2H0cos (0), but the direct wave expression

already includes the term exp[+jfH0 cos(O)], so the reflected

wave expression includes the term exp[-jflH0cos(O)] 'to account

for any resulting phase differences.

In equations 4.34 and 4.35, the variable 0, is he angle

between the z axis and the radial from antenna image to field

point. If the height of the antenna is small in comparison to

the far-field distance, Or is approximated as 0 (the angle
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between the z axis and the radial from origin _o field point).

The Mathcad applications use this approxima' -on to find the

reflection coefficients for 632 discrete values of B (316 for

the array applications) in the interval -r/2 < 0 < r/2 at a

specified distance (R) from the antenna.

The direct wave component of the space wave is calculated

for discrete values of B with the free 'space electric field

equation and the phase terms derived from the antenna height.

The reflected wave compcnents are then calculated for each 0

1by multiplying the direct wave components by their

!corresponding reflection coefficients and applicable phase

!terms. The reflected wave components are then added to the

Idirect wave components to obtain the total radiated space wave

at each 6. The discrete results for the space wave are

!normalized with respect to the value with maximum magnitude,

and the space wave radiation pattern is depicted by plotting

Ithe normalized field magnitudes for -ir/2 < 0 < ir/2.

The Mathcad applications plot radiation patterns assuming

a planar surface below the antenna. The planar earth model

provides accurate results for (1) antenna heights within

several wavelengths of the surface and (2) wavelengths much

smaller than the radius of the earth. The antennas addressed

in this report are usually mounted well within several

wavelengths of the ground, so the planar assumption in not a

problem for the majority of calculations. If a configuration

is encountered where the antenna is more than four or five
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wavelengths above the ground, the Mathcad applications still

provide a fair estimate of the radiation parameters. However,

if highly accurate resu zs are required, a computer program

which accounts for the curvature of the earth should be used.

The final expression for the radiated space wave of a

vertical dipole antenna is (Ref 6: p. 166]

Ee =j 111 j o[ho 0 cos(_Ph)] (4.36)

[e 3pgocos (e) +r~e _OHoCOS (e)]

= /e600 Rr cos [thcos (0)1 -cos (1h)E~j6 •R [ sin(8) ( "(.6

[eIHoco (e) PHe -H CoO (0)]

This is the equation used in the Elevated Vertical• Dipole

application to calculate the space wave radiation pattern and

radiated electric field distribution.

E. TEE SURFACE WAVE

The radiated electric field of an antenna above a ground

plane includes a surface wave component in addition to the

space wave. The surface wave radiation pattern is a function

of the distancc from the antenna and the relative dielectric

-constant and conductivity of the ground plane. Since the

surf ac• wave atztenuates exponentially with increasing range,

the surface wave radiation pattern varies with distance from

the antenna. While the space wave can be calculated at

different distances from the antenna, its radiation pattern is

predominately invariant with distance from the antenna.
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Equations for the radiated electric fields of a vertical

antenna above planar earth were derived by Sommerfeld in 1909

(Ref 7], but the final form of these equations is complicated

and difficult to evaluate. Norton simplified these equations

to a form suitable for engineering applications [Ref 81.

Norton's expression for the surface wave of an elemental

vertical dipole above a ground plane is (Ref 5: p. 644]

j30PIdl (lrV) F (.R3)

[(l-u2)+2sin(O)(l+ sin2 ()) u Vuul2sin2 (0)]

Its derivation is not explained here, but references 6 and 7

give a detailed derivation. In equation 4.37, R is distance

to the field point, k and k are unit vectors perpendicular and

parallel to the antenna axis respectively, u is the inverse of

the complex index of refraction (n), and F is the surface wave

attenuation factor. The function F introduces a surface wave

attenuation dependent upon distance, frequency, and the

properties of the earth over which the wave is travelling.

The attenuation factor is given by [Ref 5: pp. 644-651]

F, [ef C(i p.) (4.38)
P -jPRu2[l-u 2 sin r(e)] + cos(0) 2 (4.39)

n (1-u 2 sin2 (80)

or Pe -j[ [R+Hcos (0) ] cos + lr22sin2( (4.40)2sin2 (e.) n2
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where P, is the complex numerical distance for vertical

polarization and the erfc term is the complementary error

function defined by

erfc(j/p•) 2 f. e-x2cdx (4.41)

Mathcad is incapable of evaluating the complementary error

function for complex numbers, so an asymptotic expansion and

infinite series approximation (Ref 9] was written into the

Mathcad code to evaluate the erfc terms.

When the magnitude of j-v5, is less than 2.18, the

Mathcad applications use

erf (x+jy) =eýrf (x) + e" [ 2

21rx r(1-cos(2xy)) + j sin(2xy) (4.42)

Sn---+4-e fn (x,y) + j gn(xY) +e(x,y) where
n- n 2+4x 2

fn (x, y) =2x-2x cosh (ny) cos (2xy) +n sinh (ny) sin (2xy)

g, (x, y) =2x cosh (ny) sin (2xy) +n sinh (ny) cos (2xy)

le(x,y) = 1016 I erf(x~jy) I

an infinite series approximation which evaluates erf(jV/T),

where 'erf' is the standard error function. (Ref 9 p. 2991.

The solution to erfc(jv.) is then found by

erfc(x+jy) =1-erfN'x+jy) (4.43)
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When the magnitude of j.V7 is greater than 2.18, the

Mathcad code uses

-1-z5:rfJlz) ...... (2n-l) (4.44)
,r,*.1 ( 2 zý)m

cr jV---i e "'erfc(jV ) z1+E 1)m .3.5 ...... (2m-l)
=.x~( -2P,) "

fz--",ja rgzJ <3n)

an asymptotic expansion which solves for j. v'7.erfc(jV/)

[Ref 9 p. 298]. Either of these solutions can be substituted

directly into equation 4.38 to find the surface wave

attenuation factor.

A magnitude of 2.18 is used as the transition point in the

Mathcad applications because it provides the smoothest

transition in both magnitude and phase between the series

approximation and asymptotic expansion results.

For antennas which radiate an electric field with a 6

* component, the surface wave attenuation factor for horizontal

polarization (F,) must be found using

S-j F.1 \Rn e ()) rf.c(j..,) (4.45)

and P s (RHc s(e.) [cos(Os) n 2 +-sin (2) 2  (4.46)

where P. is the compl x numerical distance for horizontal

polarization. The vari ble 0, in equations 4.40 and 4.46 for

P, and P,, respectively is approximated as 0 (just as it was

7. for the reflection coefficients in equations 4.34 and 4.35).
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The numerical distances (P, and P,) and the surface wave

attenuation factors (F, and F,) are evaluated for 00s~s900 to

determine surface wave radiation patterns. Their value is of

most interest, however, directly at the surface (0=906) where

the magnitude of F is called the ground wave attenuation

factor. Numerical distance is proportional to distance from

the antenna and the square of the frequency, while it is

approximately inversely proportional to ground conductivity.

When the magnitude of the numerical distance is less than

about 4.5, empirical formulas show that the ground wave

attenuation factor varies exponentially with numerical

distance. For numerical distance magnitudes greater than 4.5,

empirical formulas show that the ground wave attenuation

'factor is inversely proportional to the numerical distance.

Numerical distance magnitudes are typically much greater than

4.5 in the far-field. This implies that the ground wave

(0=900) field strength varies inversely with the square of the

distance from the antenna since numerical distance is directly

proportional to distance. from the antenna and equation 4.37

shows an explicit 1/R dependence in addition to the

attenuation factor.

The Mathcad applications determine the complex numerical

distances for the same. discrete values of 0 described in

Chapter 4.D. After determining the complementary error

function for each numerical distance result, the surface wave

attenuation factor is calculated for each discrete 0. The
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surface wave is evaluated for each 0 using the equations for

the electric field distribution, and the discrete results of

the surface wave are normalized with respect to the value with

maximum magnitude. The surface wave pattern is depicted by

plotting the normalized magnitudes for -r/2 < 8 < r/2. The

numerical distances (P, and Pm) at the surface (0=900) are also

listed with the predicted radiation parameters.

With all of the terms defined, equation 4.37 is

integrated over the length of a generic finite length vertical

dipole to obtain the radiated surface wave distribution of an

elevated vertical dipole (Ref 6 p.166]

E.=6OI, oo -HCS 0 ~6 1 cos(pco(e -cos (ph) (). (4.47).R sin

(i r,) . sin () n2 -sin2 (0) 1o~e
/ (1-r~)F*[sin2(0) n2 co()

The total radiated far-field electric field distribution

of an elevated vertical dipole above a planar earth can now be

expressed by combining equations 4.36 and 4.37 to write

E,=j60I, e'Jp[R'ocose[)i[ cos[Ph cos (e) I -cos (ph) ])(4.48)

Rsin(O) 1

[l+rve=J2POcos° (8i+-r,) F.eiJ2ocos(0)[sin2 (e)- yn -sin()cos (0)]

The first two terms inside the brackets represent the space

wave and the third term represents the surface wave.

Chapter IV has defined the necessary terms and provided

a detailed derivation of the total electric field distribution
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for an elevated vertical dipole antenna. The result is a

radiated electric field distribution with a 0 component only.

Most antenna types radiate an electric field with both 0 and

Scomponents. While a detailed derivation of an electric

field 0 component -was not presented here, the necessary

horizontal polarization tarms associated with deriving

components were discussed. When these horizontal terms are

substituted for their vertical counterparts, the method used

to derive the electric field equation for the 0 component of

a radiated space wave or surface wave is identical to that

used in deriving the 0 component for the elevated vertical

dipole.

The remaining chapters of this thesis explain the antenna

configuration and the calculations of each individual Mathcad

application. Only the final expressions for the radiated far-

field electric field distributions are provided since the

derivation of each follows the same procedure as explained in

this chapter. There is a lot of text repetition among the

remaining chapters because each is written as a stand alone

users guide for its associated Mathcad application. Any

important concepts not presented in previous chapters are

discussed as required.
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V. THE ELEVATED VERTICAL DIPOLE

The orientation of the elevated vertical dipole is

depicted in Figure 5.1, where 1 is the length of the dipole,

Ho is the height of the feed above ground, R is the radial

"coordinate, 0 is the elevation coordinate, and • is the

azimuth coordinate.

z axis

-- FIELD POINT
(R, 0, 4)

• Z R

V _

,7/ . y axis
iax s

x--x axis

Vertical Lipole Orientation

FIGURE 5.1: Spatial orientation of the elevated vertical
dipole antenna for its corresponding Mathcad application.
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The Mathcad application for the elevated vertical dipole

requires the following inputs:

1 ........ length of the dipole (meters)
f5 ....... operational frequency (Hertz)
H0 . . . . . . . antenna feed height above ground plane (meters)
R ........ distance from antenna (meters)
e, ....... relative dielectric constant of ground plane
a ........ conductivity of ground plane

The length of the dipole is used to determine the frequencies

which correspond to a X/4, X/2, 3A/4, or X length dipole. The

user inputs the frequency and the radiation parameters

discussed in Chapter 3 are calculated. Feed height (H0 ) must

be at least equal to the half-length of the dipole (h=1/2),

and the distance from the antenna (R) must meet the far-field

requirements of Chapter 3.C.

The equation for the radiated electric field distribution

of the elevated vertical dipole was derived in Chapter 4 as

___________ co (P cos (0) 1-cos (Ph)Ee=j601,, e•e•-RHcOS8 (costlh sin(e-o ) (5.1)

{ 2HocosM j 2 pHoco (sinO() 2)-n 2-sin2 (W) cos @ '
11 +rye -• co +e (1i -rv) Fee (Sinco (e)n

The first two terms inside the brackets represent the space

wave and the third term represents the surface wave. 10 is

one since a sinusoidal current input with a maximum of unity

is assumed.

The requested inputs are used to calculate variables at

the top of page 41 for 632 discrete values of 0 which are

equally incremented from -r/2 to r/2.
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h ........half-length of the dipole (meters)
................. wavelength of the operational frequency (meters)
................. free space wavenumber for operational frequency

Rd......... distance from antenna to field point (meters)
R ........distance from antenna image to field point (meters)
n ........ index of refraction
PC................ complex numerical distance (vertical polarization)
r................. vertical reflection coefficient

F ........vertical surface wave attenuation factor

The' calculated variables are used to evaluate the

radiated far-field space wave and surface wave for each

discrete 9. The space wave and surface wave results are

* combined for corresponding values of 9 to obtain the total

radiated electric field distribution. The space wave, surface

wave, and total electric field results are then normalized

* -- with respect to the maximum field intensity of each, and the

normalized magnitudes are plotted for each value of 9 to

depict the radiation patterns. The patterns are valid for any

vertical plane containing the antenna axis, because the

radiated electric field does not vary with changes in .

* Equations 3.8 and 3.9 are used to integrate equation 5.1

over the hemispherical Gaussian surface above the ground plane

at a fixed radius (R from the antenna to find total average

radiated power (P,d). With. the discrete values of the electric

field and total average radiated power determined, the Mathcad

appl.ication predicts the following radiation characteristics

from the equations in Chapter 3:

R.d........radiation resistance (Ohms)
Do............... directivity

EIRP....effective radiated isotropic power (Watts)
................. maximum theoretical effective area (square meters)

l' l...... maximum theoretical effective length (meters)
PC............... numerical distance (vertical polarization, 0=900)

Angle,. elevation angle of maximum directive gain (degrees)

41



As an example, the Mathcad vertical dipole application

was executed with the following inputs:

dipole length 3 meters
frequency 100.106 Hertz
height of antenna feed 1.5 meters
distance from the antenna 3000 meters
relative dielectric constant 15
ground conductivity

Figures 5.2 and 5.3 depict the radiation patterns for the

space wave and surface wave for this example.

: , I ,~ ' - ,,.-. -7...

I- "I" .. .I

t. .'I"- """

'____ _....___._ I L .-.-... .. . 9 . . -..

FIGURE 5 "2 Vertical dipole FIGURE . 3 Vertical dipole
space wave radiation pattern. surface wave pattern.

The following ra~diation parameters were predicted by the

Mathcad application for a sinusoidal current input of one Amp.

Total power radiated 31.233 Watts
Radiation resistance 62.467 Ohms
Directivity 6.034
Effective isotropic radiated power 188.470 Watts
Maximum theoretical effective area 4.322 sq meters
Maximum theoretical effective length 1.692 meters
Numerical distance (vertical) 195.178
Elevation of directivity 12.266 degrees

42

.•. •, , . . .. • _+.+ . . . . . .. .. . . . , .. . . .. , ¼.- : . .



These results are consistent with expectations for this

particular configuration. Appendix A contains computer

hardcopies of additional example calculations for the vertical

dipole and compares predicted radiation parameters to those

expected based on previous calculations.
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VI. THE VERTICAL MONOPOLE

The orientation of the vertical monopole is depicted in

Figure 6.1, where h is the length of the monopole, t'ie antenna

feed is at ground level, R is the radial coordinate, 0 is the

elevation coordinate, and 0 is the azimuth coordinate.

z axis

eFIELD POINT

(R, 0, 40)

ih R

y axis

x axis

Vertical Monopole Orientation

FIGURE 6.1: Spatial orientation of the vertical monopole
antenna for its corresponding Mathcad application.

44

N,/



I ,

The Mathcad application for the vertical monopole

requires the following inputs:

h ........ length of the monopole (meters)
..f5 ...... operational frequency (Hertz)
R ........ distance from antenna (meters)
e ........ relative dielectric constant of ground plane
a ......... conductivity of ground plane

The length of the monopole is used to determine frequencies

which correspond to a X/8, X/4, 3X/8, or X/2 long monopole.

The user inputs the frequency for which the radiation

parameters discussed in Chapter 3 are calculated. Distance

from the antenna (R) must meet the far-field requirements of

Chapter 3.C.

The monopole's electric field distribution is derived in

the same way as the vertical dipole equation was derived in

Chapter 4 and is given by [Ref 6: p.152]

eP- A+jB + A-jBSE*=j30I R [sin(6) Vsin(O) (6.1)

A-jB (s )_ n 2-sin2 (6)cos(O)
sin(e) n2

-j2F, sin(oh) sin2(0) ~n2-sin() Cos() n2 -sinA (m)
n n 2  n 2sin(O)

A:cos (Ph cos (0)] -cos (Ph)

B=sinl[:h cos (0)] -cos (0) sin(Ph)

The first two terms inside the brackets represent the space

wave and the second two terms represent the surface wave. The

vertical monopole's far-field electric field has a 0 component

only , just as the vertical dipole. I0 is one since a

sinusoidal current input with a maximum of unity is assumed.
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The requested inputs are used to calculate the follow ing

variables for 632 discrete values of 0 which are equally

incremented from -r/2 to ir/2:

X5............... wavelength of the operational frequency (meters)
................ free space wavenumber for operational frequency

n..*...... index of refraction
P ........ complex numerical distance (vertical polarization)
r ........vertical reflection coefficient
F ........ vertical surface wave atten~uation factor

The calculated variables are used to evaluate the

radiated far-field space wave and surface wave for each

discrete 0. The space wave and surface wave results are

combined for corresponding values of 0 to obtain the total

radiated electric field distribution. The space wave, surface

wave, and total electric field results are then normalized

with respect to the maximum field intensity of each, and the

normalized magnitudes are plotted for each value of 0 to

depict the radiation patterns. The patterns are valid for any

vertical plane containing the antenna axis, because the

radiated electric field does not vary with changes in ~

Equations 3.8 and 3.9 are used to integrate equation 6.1

over the hemispherical Gaussian surface above the ground plane

at a f ixed radius (R) f rom the antenna to f ind the total

average radiated power (Prad) - With the discrete values of the

electric field and total average radiated power determined,

the Mathcad application predicts the radiation characteristics

listed at the top of the next page from the equations in

Chapter 3.
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Radiation characteristics determined by the vertical

monopole application are:

R.d ..... radiation resistance (Ohms)
.Do ...... directivity
EIRP ..... effective radiated isotropic power (Watts)
. .A=. ..... maximum theoretical effective area (square meters)
..... ... ..... maximum theoretical effective length (meters)
P . ..... numerical distance (vertical polarization, 0=900)
Angle,. -levation angle of maximum directive gain (degrees)

As an example, the Mathcad monopole application was
executed with the following inputs:

monopole length 0.5 meters
S, frequency 150. 106 Hertz

distance from the antenna 3000 meters
relative dielectric constant 15
ground conductivity 5" 10.

Figures 6.2 and 6.3 depict the radiation patterns for the
space wave and surface wave for this example.

/. I

FIGUR.E 6.2: Monopole space FIGM0 6.3: Monopole surface
wave radiation pattern wave radiation pattern.

The following radiation parameters were predicted by the

Mathcad application for a sinusoidal current input of one AMp:
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Total power radiated 5.607 Watts
Radiation resistance 11.215 Ohms
Directivity 3.246
Effective isotropic radiated power 18.203 Watts
Maximum theoretical effective area 1.033 sq meters
Maximum theoretical effective length 0.351 meters
Numerical distance (vertical) 293.016
Elevation of directivity 26.815 degrees

These results are consistent with expectations for this

particular configuration. Appendix B contains computer

hardcopies o~f additional example calculations for the vertical

monopole and compares predicted radiation parameters to those

expected based on previous calculations.
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VII, THE HORIZONTAL DIPOLE

The orientation of the horizontal dipole is depicted in

-Frure 7.:, where 1 is length of the dipole, H0 is the height

"of the feed above ground, R is the radial coordinate, 0 is the

elevation coordinate, and 0 is the azimuth coordinate.

z axis

1 * FIELD POINT

(R, 0, ()

H0 0

y axis

x axis

Horizontal Dipole Orientation

FIGURE 7.1: Spatial orientation of the horizontal dipole
antenna for its corresponding Mathcad application.
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The Mathcad application for the horizontal dipole requires

the following inputs:

1........ length of the dipole (meters)
H)... .antenna feed height above ground plane (meters)
f5... .operational frequency (Hertz)

R ........distance from antenna (meters)
E ....... relative dielectric constant of ground plane
a ........ conductivity of ground plane
d ........ elevation angle index (from Table 3.1)

The length of t he dipole is used to determine frequencies

which correspond to a X/4, X/2., 3X/4, or X length dipole. The

user inputs the frequency for which the radiation parameters

discussed in Chapter 3 are computed. Feed height, H0, must be

greater than or equal to zero, and distance from the antenna

(R) must meet the far-field requirements of Chapter 3.C. The

elevation angle index (d) sets the elevation coordinate, 0,

for which a horizontal radiation pattern is determined. Table

3.1 lists possible indices and their corresponding elevation

angles from .2850 to .88.8570 in increments of about 20.

Indices between those listed can be used to interpolate a

better approximation of a desired elevation.

The horizo ntal dipole's radiated electric field is a

combination of ; and $ components. In addition, unlike the

vertical dipole, its radiation pattern varies with changes in

~.The total radiated electric field is the vector sum of the

Sand $ components. The electric field for the horizontal

dipole is obtained in a manner analogous to that used for the

vertical dipole discussed in Chapter 4. The horizontal

dipole's and f field components are given by (Ref 6: p. 144]

so



Ea=-j60O0cos() cos [Ph sin( ) cos () I -cos (Ph) (7.1)
1-sin2 (6) cos 2 (0)

e "jO [R-HoOS (0) 1 [ j2PHOO (e)

R - )cos (8)(i -rye )

+ (.l-Fr) Foey2Pcos(e) n-i(-si 2  n2-sin2 (0)cos()

E _=j6OIsin_ ( c) hlsin(8)2()COS()- (Ph))s(7.2)

Rl +rhei2 0u~ c °5(e) + (1-rh) F me -2P •oco '(O]

The first two terms inside the brackets of each equation are

the space wave components and the third terms are-the surface

wave components. 10 is taken to be one, since a sinusoidal

current input with a maximum of unity is assumed.

The requested inputs are used to calculate the following

variables using a constant 0 of 0=0 and O=r/2 for 632 discrete

values of 0 which are equally incremented from -r/2 to n/2:

h ...... half-length of the dipole (meters)
X5 ...... wavelength of the operational frequency (meters)
S....... free space wavenumber for operational frequency
Rd ...... distance from antenna to field point (meters)
R ...... distance from antenna image to field point (meters)
n ....... index of refraction

..... P ...... complex numerical distance (vertical polarization)
.. ..... complex numerical distance (horizontal polarization)

r ..... vertical reflection coefficient
r ...... horizontal reflection coefficient
F ....... vertical surface wave attenuation factor
F ....... horizontal surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 for 0=0 and =7r/2. The total space wave and surface wave

distributions are determined from vector addition of
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corresponding • and $ components. The space wave and surface

wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the q=0 and O=r/2 vertical planes. The space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The Mathcad

horizontal dipole application computes the space wave, surface

wave, and total ý electric field radiation patterns and

radiation parameters in the 4=0 and O=r/2 vertical planes.

The variables, corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle ( 0 d) as 0 varies from 0 to 27r in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field jusI as those for the vertical planes.

To find the contributions of the ý and ý electric field

components to the total average radiated power (P,,d), equations

3.8 and 3.9 are used to integrate equations 7.1 and 7.2 over

the hemispherical Gaussian surface above the ground plane at

a fixed radius (R) from the antenna With the discrete values

of the electric field and total average radiated power, the

Mathcad application predicts the following radiation

characteristics from the equations in Chapter 3:
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R,•d ..... radiation resistance (Ohms)
Do ...... .directivity
EIRP ..... effective radiated isotropic power (Watts)
A,, ..... maximum theoretical effective area (square meters).
1m.. ..... maximum theoretical effective length (meters)
-P ....... numerical distance (vertical polarization, 0=900)
P. ...... numerical distance (horizontal polarization, 0=900)
Angle,,,, .elevation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A,,), maximum

theoretical effective length (1I.), and the elevation angle of

maximum directive gain (Angle..) are all determined for both

the 0=0 and 0=7/2 vertical planes.

As an example, the Mathcad horizontal dipole application

was executed with the following inputs:

dipole length 1.0 meter
frequency 150.106 Hertz
height of antenna feed 1.0 meter
distance from the antenna 3000 meters
relative dielectric constant 15
ground conductivity 10.2
elevation angle index 535 (-270)

The following radiation parameters were predicted by the

Mathcad application for a sinusoidal current input of one Amp:

Total power radiated (Watts) 26.116
Radiation resistance (Ohms) 52.233
Numerical distance (vertical) 292.419
Numerical distance (horizontal) 66215.4

Directivity 1.310 7.215
EIRP (Watts) 34.221 188.435
Max eff area (sq meters) 0.417 2.297
Max eff length (meters) 0.481 1.128
Angle. (degrees) 45.071 28.241

Figures 7.2 through 7.7 are the space wave and surface

wave radiation patterns in the 0=0 and O=r/2 vertical planes

and the designated horizontal plane for this example.
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VIII. THE ARBITRARILY ORIENTED DIPOLE

The orientation of the arbitrarily oriented dipole is

depicted in Figure 8. 1, where 1 is length of the dipole, H0) is

the feed height above ground, a is the angle of the dipole

axis with the horizontal, R is the radial coordinate, 0 is the

elevation coordinate, and 0 is the azimuth coordinate.

z axis

I FIELD POINT

1 . (R,e*~

y axis

xaxis

Arbitrarily oriented Dipole Orientation

FIGURE 8.1: Spatial orientation of the arbitrarily
oriented dipole antenna for its Mathcad application.
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The Mathcad application for the arbitrarily* oriented

dipole requires the following inputs:

1 ........ length of the dipole (meters)
HO ....... antenna feed height above ground plane (meters)
a ........angle of antenna axis with the horizontal (degrees)
f5.............. operational frequency (Hertz)

R ........distance from antenna (meters)
er......... relative dielectric constant of ground plane
a .........conductivity of ground plane ,
d ........elevation angle index (from Table 3.1)

* The length of the dipole is used to determine frequencies

which correspond to a X/4, X/2, 3X/4, or X length dipole. The

user inputs the frequency for which-the radiation parameters

discussed in Chapter 3 are computed. Feed height, H0, must be

greater than or equal to (1/2) sin(a), and the distance from

the antenna (R) must meet the far-field requirements of

Chapter 3.C. The elevation angle index (d) sets the elevation

coordinate, 0, for which a 'horizontal radiation pattern is

determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

increments of about 20. Indices between those listed can be

used to interpolate a better approximation of a desired

elevation.

The radiated electric field for the arbitrarily oriented

dipole is a combination of a and $ components, and its

radiation pattern varies with changes in ~.The total

electric field is the vector sum of the ; and $ components.
The arbitrarily oriented dipole's radiated electric field is

obtained in a manner analogous to that used for the vertical

dipole discussed in Chapter 4, and is given by
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R

AI ~~Al (cos(a)sin(O)cos(6)-sin(a)sin(8))
1-cos, W•

-rlv A2 (cos (a) sin (0) cos (0) -sin(c) sin(O) ) e-jZHOCOS(e)

1 -Cosn( (

+ (1 r)Fee-J20HoCOS(e) A2  (sin2 (8) - _ sin_ 2 () COS (6))1-sin2 (W') n2

1cos (a) sin( ) Vn2-sin2 (0) -sin(a)sin (0)

Ee-'Re JOHO cos (0 ) CcosO() (8.2)

l -cos 2 () l-cos 2 () J2PO()rh+ (1-rh) F)

where A1 =cos [ph cos (*) ] -cos (Ph)

cos (4) -cos (e) sin(a) +sin (e) cos (a) sin(o)

A2=cos [(h cos (4')] -cos (ph)

cos (W) =sin (e) cos (a) sin (4) -cos (0) sin(a)

Equation 8.1 is the • component (vertically polarized), and

equation 8.2 is the $ (horizontally polarized) component [Ref

6: p. 174-175]. The first two terms inside the brackets of

each equation represent the space wave components and the

third terms represent the surface wave components. 10 is

taken to be one, since a sinusoidal current input with a

maximum of unity is assumed.
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The requested inputs are used to calculate the following

variables using a constant 0 of 0=0 and O=r/2 for 632 discrete

values of 0 which are equally incremented from -r/2 to r/2:

h ....... half-length of the dipole (meters)
.5 ...... wavelength of the operational frequency (meters)

....... free space wavenumber for operational frequency
Rd ...... distance from antenna to field point (meters)
R, .... distance from antenna image to field point (meters)
n ....... index of refraction
P ...... complex numerical distance (vertical polarization)
P. ..... complexnumerical distance (horizontal polarization)
r ...... hvertical reflection coefficient
rh ..... horizontal reflection coefficient
F ....... vertical surface wave attenuation factor
Fm ...... horizontal surface wave attenuation factor

The calculated var .. s are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 for 0=0 and O=w/2. The total space wave and surface wave

distributions are determined from vector addition of

corresponding a and $ components. The space wave and surface

wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0=0 and 0=7/2 vertical planes. The space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The arbitrarily

oriented dipole Mathcad application computes the space wave,

surface wave, and total electric field radiation patterns and

radiation parameters in the 0=0 and O=r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric
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field components for the space wave and surface wave at the

fixed elevation angle ( 0
d) as • varies from 0 to 2w in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those in the vertical planes.

To find the contributions of the ý and $ electric field

components to the total average radiated power, P,ad, equations

3.8 and 3.9 are used to integrate equations 8.1 and 8.2 over

the hemispherical Gaussian surface above the ground plane at

a fixed radius (R) from the antenna. The sum of the two

integrals is the antenna's Pr*. With the discrete values of

the electric field and total average radiated power

determined, the Mathcad application predicts the following

radiation characteristics from the equations in Chapter 3:

Rrad ..... radiation resistance (Ohms)
Do . . . . . . . directivity
EIRP ..... effective radiated isotropic power (Watts)
A . ..... maximum theoretical effective area (square meters)
i.. ..... maximum theoretical effective length (meters)
P ....... numerical distance (vertical polarization, 0=900)
P . ...... numerical distance (horizontal polarization, 0=900)
Angle, .elevation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (Am,), maximum

theoretical effective length (l,), and the elevation angle of

maximum directive gain (Angle.) are all determined for both

the 0=0 and 0=r/2 vertical planes.
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IX. THE INVERTED L ANTENNA

The orientation of the inverted L antenna is depicted in

Figure 9.1, where H is length of the vertical antenna segment,

1 is the length of the horizontal antenna segment, the feed is

at ground level, R is the radial coordinate, 0 is the

elevation coordinate, and • is the azimuth coordinate.

.z axis

* FIELD POINT
(R,Oe, 4)

'/ : R
• H

S/ y axis

'X ax s

Invert. d L Antenna Orientation

FIGURE 9.1: Spatial orientation of the inverted L antenna
for its corresponding Mathcad application.
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The Mathcad application for the inverted L antenna

requires the following inputs:

H ........ length of vertical antenna seament (meters)
1 ........ length of horizontal antenna segment (meters)
f5 ....... operational frequency (Hertz)
R ........ distance from antenna (meters)
e ........ relative dielectric constant of ground plane
a ........ conductivity of ground plane
d ....... elevation angle index (from Table 3.1)

The combined length of the vertical and horizontal antenna

segments (H+l) is used to determine frequencies which

correspond to a X/8, X/4, 3A/8, or X/2 long inverted L

antenna. The user inputs the frequency for which the

radiation paramecers discussed in Chapter 3 are computed.

Distance from the antenna (R) must meet the far-field

requirements of Chapter 3.C. The elevation angle index (d)

sets the elevation coordinate, 0, for which a horizontal

radiation pattern is determined. Table 3.1 lists possible

indices and their correspondi'2g elevation angles from .2850 to

88.8570 in increments of about 20. Indices becween those

listed can be used to interpolate a better approximation of a

desired elevation.

The inverted L's radiated electric field is a varying

combination of D and $ components, and its radiation pattern

varies with changes in q. The total radiated electric field

is the vector sum of the b and $ components. The radiated

electric field for the inverted L antenna is obtained in a

manner analogous to that used for the vertical dipole

discussed in Chapter 4. The radiated fields of eazh antenna
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segment are considered separately, and superposition is used

to deter7,ine the total radiated electric field. The vertical

seiment radiates only a A field component, but the horizontal

segr.ent radiates both ý and $ components. The electric field

equations for the inverted L are (Ref 6: p. 169-170]

°- P A .+ . A .,-j B .,

E, 301: e A..+jB.. _.7 30. (9.i)
R sin(O) sir.(O)

A, s-(s in-si (e)cos ()s÷( -. )E i~sin in'() n.

-(sin (P (H+1) I -sin (Pl) cos (PH cos (e)1

.jsin (PI) sin [PH cos (e):]
2F. sin( n)-sin ()se) n-sin.(

*j2F ~sn () - 2 no(0 nsin (0))

where Av=COs[pHcos(e)]cos(pl)-cos[f(H+1)]

-sin [PH cos (0)1 cos (0) sin (PI)

B,=sin (PH cos (0) 1 cos (PI) -cos (6) sin [P (H+1)]

.cos[1H cos (e) i cos (e) sin (Pi)

s sin(O) cos (e) e -PeR tan' a(

E-sin 2 (0) sin2 (,)R

-rye-J20HCO*(e)+ sin2 ()) - rn -sin' cos(e)n n2

(1 -rv) Fye -.J•0Hos V(nl 2 -sin (0)
n 2

cos(-joi ei~tanl-haT,I-in h~3r h
E,'h I-sin2 (e) sin2 (0) R

,l .re-j• '•o'co ÷ (1-r ) Fe-j2p°cose()]

where Ahucos [13 sin (0) sin($)] -cos (P31)

Bh.Sin.([l sin(0) sin(0) ]-sin(e) sin(0) sin( 3l)
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Equation 9.1 is the component for the vertical segment,

equation 9.2 is the ý (vertically p olarized) component for the

horizontal segment, and equation 9.3 is the ý (horizontally

polarized) component for the horizontal segment. The first

two terms inside the brackets of each equation are the space

wave components and any additional terms are the surface wave

components. 10 is taken to be one, since a sinusoidal current

input with maximum of unity is assumed.

The requested inputs are used to calculate the following

variables using a constant i0 of 0=0 and O=ir/2 for 632 discrete

values of 8 which are equally incremented from -7r/2 to 7r/2:

h .......half-length of the dipole (meters)
X.5......wavelength of the operational frequency (meters)

..... free space wavenumber for operational frequency
Rd ...... distance from antenna to field point (meters)
Rr ...... .distance from antenna image to field point (meters)
n ....... index of refraction
P ....... complex numerical distance (vertical polarization)

.... complex numerical distance (horizontal polarization)
r .......vertical reflection coefficient
r. ......horizontal reflection coefficient
F .......vertical surface wave attenuation factor

.,,...horizontal surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

9 for 0=0 and O-wI/2. The total space wave and surface wave

distributions are determined from vector addition of

corresponding ; and ý components. The space wave and surface

wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0-0 and 0-ir/2 vertical planes. The space

wave, surf ac? wave, and total electric field results are then

64



normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The inverted L

Mathcad application computes the space wave, surface wave, and

total electric field radiation patterns and radiation

parameters in the =0 and O=r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle 0@d) as 0 varies from 0 to 2r in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the ; and $ electric field

components to the total average radiated power, P,,d, equations

3.8 and 3.9 are used to integrate equations 9.1, 9.2, and 9.3

over the hemispherical Gaussian surface above the ground plane

at a fixed radius (R) from the antenna. The sum of the

integrals is the antenna's Pad- With the discrete values of

the electric field and total average radiated power

determined, the Mathcad application predicts the following

radiation parameters using the equations from Chapter 3:

R,. ..... radiation resistance (Ohms)
Do ....... directivity
EIRP ..... effective isotropic radiated power (Watts)
A., -maximum theoretical effective area (square meters)

.m maximum theoretical effective length (meters)
P ........ numerical distance (vertical polarization, 0=900)
P. ...... numerical distance (horizontal polarization, 0=900)
Angle. .elevation angle of maximum directive gain (degrees)
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The directivity (DO), effective isotropic, radiated power

(EIRP), maximum theoretical effective area A),maximum

theoretical effective length (1~x) and the elevation angle of

maximum directive gain (Angle,,,) are all determined for both

the 0=0 and 0=7r/2 vertical planes.
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X. THE SLOPING LONG-WIRE ANTENNA

The orientation of the sloping long-wire antenna is

depicted iL Figure 10.1, where 1 is length of the antenna, the

feed is at ground level, a is the angle of the antenna with

the horizontal, R is the radial coordinate, 0 is the elevation

coordinate, and • is the azimuth coordinate.

z axis
. FIELD POINT

(R,O,•)

R /L

y axis

x axis

Sloping Long-Wire-Orientation

FIGURE 10.1: Spatial orientation of the sloping long-wire
antenna for its corresponding Mathcad application.
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The Mathcad application for the sloping long-wire antenna

requires the following inputs:

1 ........ length of the antenna (meters)
.. angle of antenna with horizontal (degrees)

f5 ....... operational frequency (Hertz)
R ........ distance from antenna (meters)
E. ........ relative dielectric constant of ground plane

S........ conductivity of ground plane
d ........ elevation angle index (from Table 3.!)

The user inputs the frequency (f,) for which the radiation

parameters discussed in Chapter 3 are computed. The distance

from the antenna (R) must meet the far-field requirements of

Chapter 3.C. The elevation angle index (d) sets the elevation

coordinate, 0, for which a horizontal radiation pattern is

determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

increments of about 20. Indices between those listed can be

used to interpolate . better estimate of a desired elevation.

The electric f..eld equations for the sloping long-wire

are given by [Ref 6: p. 180-181]

Ee=-j301 o

{AI+jE- [cos (a) sin (4) cos (6) -sin(a) sin(g)I (10.)
1-cos 2 (*)

-rV A2+JB2 [cos (a) sin (4) cos (0) +sin (a) sin (0)]

+ (1-rs) F0  A 2 .jB2  sin2 ( n-sin (0)CO)
l-cos( n2

(cos(a)sin(i) Vn2 -sin2 (0)-sin(a)sin(e)]
n2
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e -•
E#=jo•--- R cos(OL)cos(O (10.2)

Aý AjB, ' A 2 jB 2  Al+jB2  1
I-Cos:(,) W hlcos 2 (p) (*-) Fl-cos 2 (4I)

where A1=cos [01 cos ()]-cos(1i)
B,=sin [P Icos(4r)]I-sin (.01)cos(

cos (*) =Cos (e) sin (a) +sin (e) cos (a) sin(4t)

A2=cos[ [1 cos( ')]-cos(Pl)

B2=sin[pl cos(*I')]-sin(P1)cos(4i)

cos (4) =sin(0) cos (a) sin(0) -cos (0) sin(a)

The radiated electric field for the sloping long-wire is 22

obtained in a manner analogous to the vertical dipole equation

discussed in Chapter 4. The long-wire's radiated electric

field is a varying combination of a and $ components, and its

radiation patterns vary with changes in 0- The total radiated

electric field is the vector sum of the ; and $ components.

The firsL two terms inside the brackets of each equation are

the space wave components and the additional terms are the

surface wave components. 10 is taken to be one since a

sinusoidal current input with a maximum of unity is assumed.

Requested inputs are used to compute the variables on the

next page using a constant 0 of 0=0 and O=r/2 for 632 discrete

values of 0 which are equally incremented from -7r/2 to 7r/2.

...... wavelength of the operational frequency (meters)
....... free space wavenumber for operational frequency

n ....... index of refraction
P, ...... complex numerical distance (vertical polarization)
P. ..... complex numerical distance (horizontal polarization)
r ...... vertical reflection coefficient

., ...... horizontal reflection coefficient
Fe ...... vertical surface wave attenuation factor
F. ..... horizontal surface wave attenuation factor
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The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 for 0=0 and O=ir/2. The total space wave and surface wave

distributions are determined from vector addition of

corresponding ý and ý components. The space wave and surface

wave resul ts are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0=0 and O=r/2 vertical planes. The space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The sloping

long-wire Mathcad application computes the space wave, surface

wave, and total electric field radiation patterns and

radiation parameters in the 4i=0 and 0=7r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (Od) as 0 varies from 0 to 27r in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the 6 and $ electric field

components to the total average radiated power, Pmd equations

3.8 and 3.9 are used to integrate equations 10.1 and 10.2 over

the hemispherical Gaussian surface above the ground plane at
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a fixed radius (R) from the antenna. The sum of the integrals

is the antenna's Prad- With the discrete values of the electric

field and total average radiated power determined, the Mathcad

application predicts the following radiation parameters using

the equations from Chapter 3:

Rr.d ..... radiation resistance (Ohms)
Do ....... directivity
EIRP.....effective isotropic radiated power (Watts)
A.X .. ,...maximum theoretical effective area (square meters)
il, ..... maximum theoretical effective length (meters)
P, ....... numerical distance (vertical polarization, 0=90")
P. ...... numerical distance (horizontal polarization, 0=900)
Angle• .elevation angle of maximum direcItive gain (degrees)

The directivity (D0), effective isotropic radiated power

(EIRP), maximum theoretical effective aIea (A.,), maximum

theoretical effective length (iw), and the elevation angle of

maximum directive gain (Angle,) are all ýetermined for both

the 0=0 and O=r/2 vertical planes.
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XI, TRh TERMINATED SLOPING V ANTENNA

The orientation of the terminated sloping V antenna is

depicted on the next page in Figure 11.1, where 1 is length of

the antenna wires (numbered 1 and 2), H0 is the feed height

above ground, H, is the height of the termination points above

ground, 7 is the angle subtended by the wires, n is the angle

between the x axis and the projection of the antenna legs in

the x-y plane, a is the angle between the plane which contains

the ancenna and the x-y plane, R is the radial coordinate, 0

is the elevation coordinate, and 0 is the azimuth coordinate.

The Mathcad application for the sloping V antenna requires

the following inputs:

1 ........ length of the antenna legs(meters)
Ho . . . . . . . feed height above ground (meters)
H, ....... height of termination points above ground (meters)
y ........ angle subtended by the antenna legs (degrees)
f5 ....... operational frequency (Hertz)
R ........ distance from antenna (meters)
e ....... relative diel'-:tric constant of ground plane
a ........ conductivity of ground plane
d ........ elevation angle index (from Table 3.1)

The user inputs the frequency (f 5 ) for which the radiation

parameters discussed in Chapter 3 are computed. The feed

height (H0 ) and termination height (H,) can be any value

greacer than zero. The angle a is found from H0, HI, wire

length (1), and the half-angle between the wires (7/2) by

"(=sin1'o.1)
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FIELD POINT

2~oR \ y axis

H1  H0  ya,

x axis

Terminated Sloping V Antenna Orientation
FIGURE 11.l Spatial orientation of the terminated
sloping V antenna for its corresponding Mathcad
application.

The angle n is then found from a and 7/2 by

1=tan- 2s (11.2)

Distance from the antenna (R) must meet the far-field

requirements of Chapter 3.C. The elevation angle index (d)

sets the 0 coordinate for which a horizontal radiation pattern

is determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

73



/

increments of about 20. Indices between those listed can be

used to interpolate a better estimate of a desired elevation.

The radiated electric field for the sloping V antenna is

obtained in a manner analogous to that used for the vertical

dipole discussed in Chapter 4. The sloping V electric field

equations are given by [Ref 6: p. 185-186]

_E -1=30-1LeR {cos(a)cos(e)cos•e[1ejPU (:2.3)

1- e -JI3 e -j2PHOCOS ( (1 -r,) F, 1-e e -j4e 0cos ce
U3 U3

(sin2 (e) - Vn 2- sin' (8 cos'(8)) 'n 2-sin2 (0)j

s i [ l)e-J•U1 le-JlU1 ei2PHocos (e)

-sin (a)sin (e) 1- -ou l +rv. [1-ej e jPCO(0

+ (ir,) .leiJPlUI e j2PHOCCS (0)sin 2 (8) _ Vn 2 -sin2 (8F cos (8e
U3  

n122
e •O 1 -e-jolul

E#, =30I1 -e'~cos(a)sin(io-ij)[ - U 11

+r, le-jPU3 e.- 2 pHoco(e) + (_-r,,) Fm"l-e•P1U3 -j2pH0cos(0)
U3 U3

where U1=l-cos (T,) U3 =l-cos (T 3 )

cos (T1) =cos (e) sin(a) +sin (8) cos (a) cos (O-Tr)

cos (T 3) =sin(8) cos (a) cos ((-i1) -cos (8) sin(a)
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",,=-- /.• . < 1

Eee2=301 jPR -cos(a)cos(e)cos(4o+,) 1-e (11.5)

1-e jpl _ -j2,PHcos (0) 1-e " e-j2PHocos(6)

sin 2 (0) - n2-sin (V) Cos ()) Vn 2-sin' (0)
n 2 nzcos (0)

+sin(a) sin (e) 1-e'JiU2 l-e'J~lU(. ~~~~U2 ÷ U4 e-jpoO e

+ (l-rF) F- l-ejPlU4 e- j2pHCOS(e)(sin2 (6) )- 2 )

_ __E#, _ _= _ _ -3 Oc o s ( a ) s i ne(i•P 1 U 2

+r, e-jPhU" e"•2PHCOS(8 + (1-Fh) Fm 1-e~ jPu4  e J2PHoCOS (8).

where U2=1-cos (T 2) U4=1-cos (7.

cos ( 2 ) =cos (0) sin (a) +sin(0) cos (a) cos (o-i)

cos(Y 4 )=sin(0)cos(a)cos(4+ti)-cos,'O)sirn)

The sloping V's radiated electric field is a varying

combination of • and • components, and its radiation pattern

varies with changes in •. The total radiated electric field

is the veitor sum of the • and $ components. The fields of

each antenna leg are considered separately, and superposition.

is used to determine the total electric field. Equations 11.3

and 11.4 are the radiated • and $ components, respectively for
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number one, and equations 11.5 and 11.6 are the Band

components, respectively for wire number two. The first two

terms inside each set of brackets represent the space wave

components and any additional terms represent the surface wave

components. 10 is taken to be one, since a sinusoidal current

input with a maximum of unity is assumed.

The requested inputs are used to calculate the following

variables using a constant 0 of 0=0 and 0=1r/2 for 632 discrete

values of 0 which are equally incremented from -lr/2 to ir/2:

.5....wavelength of the operational frequency (meaters)

.3....free space wavenumber for operational frequency
n ....... index of refraction
P ....... complex numerical distance (vertical polarization)

.m...complex numerical distance (horizontal polarization)
r .......veztical reflection coefficient
r. ......horizontal reflection coefficient
F ....... vertical surface wave attenuation factor

F...... horizontal surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 for 0=0 and Oir/2. The total space wave and surface wave

distributions are determined from vector addition of

corresponding ; and ý components. The sp,)ce wave and surface

wave results are then combined for co;,fesponding discrete

values of 9 to obtain the total radiated electric field

distribution for the 0=0 and O=r/2 vertical planes. The space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The sloping V

76



S/\

Mathcad application computes the space wave, surface wave, and

total electric field radiation patterns and radiation

parameters in the =-0 and O-•/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevition angle (0.) as t varies from 0 to 2n in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the and • electric field

components to the total average radiated power, P,,,, equations

3.8 and 3.9 are used to integrate equations 11.3, 11.4, 11.5,

and 11.6 over the hemispherical Gaussian surface above the

ground plane at a fixed radius (R) from the antenna. The sum

of the integrals is the antenna's P,.,. With the discrete

values of the electric field and total average radiated power

determined, the Mathcad application predicts the following

_-radiation parameters using the equations from Chapter 3:

SR,, ..... radiation resistance (Ohms)
Do . . . . . . . directivity
EIRP ..... effective isotropic radiated power (Watts)
Am. ..... maximum theoretical effective area (square meters)
1,u ..... maximum theoretical effective length (meters)
P ....... numerical distance (vertical polarization, 0.900)
Pe ...... numerical distance (horizontal polarization, 0-900)
kngle, 1 .elevation angle of maximum directive gain (degrees)

The directivity (D,), effective isottopic radiated power

(EIRP), maximum theoretical effective area (A,,,). maximum
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theoretical effective length (im~x), and the elevation angle of

maximum directive gain (Angle,,,) are all determined for both

the 4=O and O=1/2 vertical planes.
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XII. THE SIDE-LOADED VERTICAL HALF RHOMBIC ANTENNA

The orientation of the side-loaded vertical half rhombic

antenna is depicted in Figure 12.1, where 1 is length of the

antenna wires (numbered 1 and 2), the feed is at ground level,

a is the angle between the antenna wires and the horizontal

plane, R is the radial coordinate, 0 is the elevation

coordinate, and € is the azimuth coordinate.

FIELD POINT
• (R,,•) 'z axis

Sy axis

x axis

Side-Loaded Vertical Half-Rhombic Orientation

FIGURE 12.1: Spatial orientation of the side-loaded
vertical half rhombic antenna for its Mathcad application.
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The Mathcad application for the vertical half rhombic

antenna requires the following inputs:

1 ........ length of the antenna legs(meters)
.................. angle of antenna wires with horizontal (degrees)
.................. operational frequency (Hertz)

R ........distance from antenna (meters)
.................. relative dielectric constant of ground plane
a.i... conductivity of ground plane
d d........elevation angle index (from Table 3.1)

The user inputs the frequency (f5) for which the radiation

parameters discussed in Chapter 3 are computed. Distance f rom

the antenna (R) must meet the far-field requirements of

* Chapter 3.C. The elevation angle index (d) sets the 0

coordinate for which a horizontal radiation pattern is

determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

increments of about 20. Indices between those listed can be

used to interpolate a better approximation of a desired

elevation.

The vertical half rhombic's radiated electric field is a

combination of a and ý components, and its radiation pattern

varies with changes in ~.The total radiated electric field

is the vector sum of the a and $ components. The radiated

electric field f or the vertical half rhombic antenna is

obtained in a manner analogous to that used for the vertical

dipole discussed in Chapter 4. The radiated fields of each

antenna leg are considered separately, and superposition is

used to determine the total electric field. The electric

field equations for the half rhombic are (Ref 6: p. 198-2001
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i3 O.Ioe Cos (a) Cos oCos()U12)

-rv e-j Lu+ CT1-r, r. 1-e

si(2-re)F 1-e ( 2sin 2 (6O) cse Vn2 -sin 0)C2~~
n2U n2 %o (e)

1-6-e
LI 2  U2

+~ 1-e Pv Fei2P'i()c sin(e).(1 n 2- c se.21ic os

U2U

E#,2 =-3OI--O.-cos (a)s in(o)[ ~J~2~pr (12.4)

R1 U 2
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where U, and U2 are given by

U1=l-cos('F)) U2 = l-cos(T 2)

COS (V.) =cos (0) sin (a) +sin (0) cos (a) Cos (4)

cos(V 2 )=sinC()cos(a)cos((4)-cos(0) sin(a)

Equations 12.1 and 12.2 are the b (vertically polarized) and

S(horizontally polarized) components, respectively for leg

number one, and equations 12.3 and 12.4 are the R and

components, respectively for leg number two. The first two

terms inside each set of brackets are the space wave

components and any additional terms are the surface wave

components. I0 is taken to be one, since a sinusoidal current

input with a maximum of unity is assumed. The requested

inputs are used to calculate the following variables using a

constant 0 of 0=0 and O=w/2 for 632 discrete values of 0 which

are equally incremented from -r/2 to w/2:

.5 ...... wavelength of the operational frequency (meters)
S....... free space wavenumber for operational frequency

n ....... index of refraction
P ....... complex numerical distance (vertical polarization)
P. ..... complex numerical dista ce (horizontal polarization)
r ...... vertical reflection coefficient
r, ...... horizontal reflection -oefficient
F. ...... vertical surface wave attenuation factor
F . .horizontal surface wav4 attenuation factor

The calculated variables ar used to evaluate the far-

field space wave and surface wave for the discrete values of

0 for -0 and O-w/2. The total pace wave and surface wave

distributions are determined from vector addition of

corresponding • and $ components. The space wave and surface
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wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0=0 and 0=7r/2 vertical planes. Trhe space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The vertical

half rhombic Mathcad application computes the space wave,

surface wave, and total electric field radiation patterns and

radiation parameters in the 0=0 and O=7r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (0 d) as 0 varies from 0 to 2ir in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the aand ý electric field

components to the total average radiated power, Pad, equations

3.8 and 3.9 are used to integrate equations 12.1, 12.2, 12.3,

and 12.4 over the hemispherical Gaussian surface above the

ground plane at a fixed radius (R) from the antenna. The sum

of the integrals is the antenna's P,,,,. With the discrete

values of the electric field and total average radiated power

determined, the Mathcad application predicts the following

radiation parameters using the equations from Chapter 3:
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R. ..... radiation resistance (Ohms)
Do ....... directivity
EIRP ..... effective isotropic radiated power (Watts)
A.. ..... maximum theoretical effective area (square meters)
I• . ..... maximum theoretical effective length (meters)
P ........ numerical distance (vertical polarization, 0=900)
P. ...... numerical distance (horizontal polarization, 0=900)
Angle,,, .elevation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A.), maximum

theoretical effective length (1.), and the elevation angle of

maximum directive gain (Angle,,) are all determined for both

the 0=0 and 0=7/2 vertical planes.
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XIII. THE TERMINATED SLOPING OR HORIZONTAL REOMBIC ANTENNA

The orientation of the terminated sloping or horizontal

rhombic antenna is depicted on the next page in Figure 13.1,

where 1 ia the length of the antenna wires (numbered 1 to 4),

H0 is the feed height above ground, H2 is the height of thz

termination point above ground, 7 is the angle subtended by

the feed wires (1 and 2), n is the angle between the x axis

and the projection of the feed wires in the x-y plane, a is

the angle between the plane which contains the antenna and the

x-y plane, R is the radial coordinate, 0 is the elevation

coordinate, and 0 is the azimuth coordinate.

The Mathcad application for the rhombic antenna requires

the following inputs:

1 ........ length of the antenna legs(meters)
H. ....... feed height above ground (meters)
H2 . . . . . . . height of termination point above ground (meters)

.. angle subtended by the antenna legs (degrees)
f. ....... operational frequency (Hertz)
R ........ distance from antenna (meters)
E. ........ relative dielectric constant of ground plane
a ........ conductivity of ground plane
d ........ elevation angle index (from Table 3.1)

The feed he ouht (H0) and termination height (H2 ) can be any

value greater than zero. The angle a is found from H0, H2,

wire length (1), and the half-angle between the wires (7/2) by

a=sin'• ]3.1)
21"cosi X
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Terminated Rhombic Antenna Orientation
FIGURE 13.1: Spatial orientation of the terminated sloping
or horizontal rhombic antenna for its Mathcad application.

The angle n is then found from a and 7/2 by

Otan () (13.2)

The user inputs the frequency (fs) for which the radiation

parameters discussed in Chapter 3 are computed. Distance from

the antenna (R) must meet the far-field requirements of

Chapter 3.C. The elevation angle index (d) sets the 0
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coordinate for which a horizontal radiation pattern is

determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

increments of about 20. Indices between those listed can be

used to interpolate a better estimate of a desired elevation.

The radiated electric field for the rhombic antenna is

obtained in a manner analogous to that for the vertical dipole

discussed in Chapter 4. The radiated field of each wire is

considered separately, and superposition is used to determine

the total electric field. The rhombic's electric field

equations are [Ref 6: p. 183-191]

E* -1=3010  cos (a) cos (() cos 13-i) 1-ej ( 3)

-rV 1-eJA3 e -2pHfocos(0) + (1-rv) F.-I--PU -jP~o 0
U3  U3

sin ( - cos Vn 2-sin2 (0) cos((0) & 2- 8 )7 1
n2) n 2cos (O)

-sin(a) sin(0)[ 1-eJPlU1 +rv 1-e'P2UU e -J2 0HoCOS(0)

+11- vF, e J2Ho0so,() s 1- sn 2-sin2 (8) cos(8

1=3 0--R-cos(a)sin0(8-) (13.4)

1-e'JOlU3 e-i20HOcos () + (I-r.) F, I-e'JolU, e "j2AHOcO (0)I

U3
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sin (./.) - -r2SnT- o 0)Vn22-sn

Ee~~~a 3
2O) Ro (o0)scs~ t (135

-r nt~ ine 1-e - 1-2+, e -jolt" e i2PHOCOs (0)

F. 1_ epU t?-jpH~cos (e)~ sin- 2) F9  -sn2()CS

k*12=3I-~o a sn2 (ý,) n- 0 2 o (13.6)

R~() U2

1- eJPZU4 e j2pIIOCOS (e) n (0) _n-iflu (0)HCO (0) ]}
1+ei U4 e +200 0 6 (1-rh) Fm 1-e-~U4 e JPeO()

Eq.3=30I0 --pejlacos (a) cos (6) cos ot,)1ejll(13.7)
R U

I-e iplU3e J2pH crs (0) 1-e__________o (0-rv e+ (1-rv) F, e -23~a 8
U3 U3

sin 2 (0) - Vn2-slil W) Cos (6)) Vn 2 -sin'2 ()

+sin (a) sin (e) r 1 -e-jo1 u1 r 1-e-jou e -J2PHICOa (0)

U, U3

1- e-jolr e J2PHICOS f8)(s 2 (0) 2_ / sin 2 (6) cs6]

E#3-OoRe "o ()sn(Oi) U (13.8)

.rh ie ol e - 2HICOS()+ (1-Ph) Fm - io'1U e _~~O e
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I6
". / // , ,,,

ejPR e-~u{[ -e.jA1U2 ,

E8 4 =3010 { cos (a) cos (0)cos (0+ýl) [(3.9)

-rb. i.-e J~ e~J2PH:cos '8)+ (iI-.,,) F0 1-e''~%e'i4H•os e•
-j I4 e j 14 p]co 0

sir2 () nsin'-sin22 (()
(8) 111 (- 2 Cos (8) )lSf (8)

.r 1-e'JPU2 l~eJIU4 -
-sin (a) sin () MU2 +(0 e M

* 1eJ~U4 n V 2-sn 8(-)Fe' ' sin' (8) - , cos(1)Jf

E4=3010 e'J"•" [ e -.P1U ___ -,_

% Lle-jP'cos (a) sin (.+Tl)[1 (13.2.0)

l+ -e"-4iU; -j2PMcos (0) + (1-r) F 1-ej -j2PHCos (])
Su. e (1 h)f, , e - l. o(e

where U1, U2, U3, and U4 are given by

U1.=-cos (TY) U2=1-cos (T2 )

U3=l-cos (T3 ) U4=1-cos (T4 )

where

cos (Ti) =cos (0) sin (a) +sin (e) cos (a) cos (0-T)

cos(Y 2 ) =cos(e)sin(a)+sin(e)cos(a)cos(0-il)

COs (T 3 ) =sin (0) cos (a) cos (ý-r) -cos (8) sin(a)

coE. (Td) =sin (0) cos (a) cos (ý+-+) -cos (8) sin(a)

The rbombic's radiated electric field is a varying combination

of • and $ components, and its radiation pattern varies with

changes in •. The total radiated electric field is the vector

sum of the • and $ components. Equations 13.3 and 13.4 are

the • (vertically polarized) and $ (horizontally polarized)
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components, respectively for wire one, and equations 13.5 and

13.6 are the ý and ý components, respectively for wire number

two. Equations 13.7 and 13.8 are the analogous equations for

wire three, and 13.9 and 13.10 are those for wire four. The

first two terms inside each set of brackets represent are the

space wave components, and any additional terms represent the

surface wave components. 10 is taken to be one, since a

sinusoidal current input with a maximum of unity is assumed.

The requested inputs are used to calculate the following

variables using a constant 0 of '0=0 and O=ir/2 for 632 discrete

values of 0 which are equally incremented from -ir/2 to ir/2:

X5.......wavelength of the operational frequency (meters)
fl.........free space wavenuxnber for operational frequency
n ....... index of refraction
P....... complex numerical distance (vertical polarization)

P........ complex numerical distance (horizontal polarization)
r........ vertical reflection coefficient
r......... horizontal reflection coefficient

F ....... vertical surface wave attenuation factor
Fm ..... horizontal surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave ard surface wave for the discrete values of

0 for 0=0 and O=7r/2. The total space wave and surf ace wave

distributions are determined from vector addition of

corresponding and ý components. The space wave and surface

wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0=0 and O=ir/2 vertical planes. The space

wave, surface wave, and total electric field results are then
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normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation patterns. The rhombic

antenna Mathcad application computes the space wave, surface

wave, and total electric field radiation patterns and

radiation parameters in the 0=0 and 0=7/2 vertical planes.

The variables corresponding to the selected elevation

angle index (d) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

selected elevation angle ( 0 d) as ' varies from 0 to 2Tr in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the ; and $ electric field

components to the total average radiated power, P,,d, equations

3.8 and 3.9 are used to integrate equations 13.3 to 13.10 over

the hemispherical Gaussian surface above the ground plane at

a fixed radius (R) from the antenna. The sum of the integrals

is the antenna's Pd. With the discrete values of the electric

field and total average radiated power determined, the Mathcad

application predicts the following radiation parameters using

the equations from Chapter 3:

R,. ..... radiation' resistance (Ohms)
Do ....... directivity
EIRP ..... effective isotropic radiated power (Watts)
Am. ..... maximum theoretical effective area (square meters)
im ..... maximum theoretical effective length (mneters)
P ....... numerical distance (vertical polarization, 0=900)
P. ...... numerical distance (horizontal polarization, 0=900)
Anglea .elevation angle of maximum directive gain (degrees)
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The directivity (D0 ), effective isorropic radiated power

(EIRP) , maximum theoretical effective area (A,ai), maximum

theoretical effective length (imaA), and the elevation angle of

maximum directive gain (Angle,,,) are all determined for both

the 0=0 and O=r/2 vertical planes.

92



XIV. THE TERMINATED SLOPING DOUBLE RHOMBOID ANTENNA

The orientation of the terminated sloping double rhomboid

antenna is depicted on the next page in Figure 14.1, where 1,

is the length of the four short antenna wires (A, D, E, and

H), 1, is the length of the four long antenna wires (B, C, F,

and G), 13 is the length of the radials which connect the feed

to the two termination points, H0 is the feed height above

ground, H3 is the height of the termination points above

ground, 7 is the angle between by the radials which connect

the feed to the termination points, 6 is the angle between the

termination radials and the short feed wires, q is the angle

between the termination radials and the long feed wires, a is

the angle between the plane which contains the antenna and the

x-y plane, R is the radial coordinate, 0 is the elevation

coordinate, and 0 is the azimuth coordinate.

The Mathcad application for the double rhomboid antenna

requires the following inputs:

11 ....... length of the short antenna wires (meters)
12 ....... length of the long antenna wires (meterS)
13 .length of the termination radials (metegs)
H0 . . . . . . . feed height above ground (meters)
H3 ....... height of termination points above grouný (meters)
y ........ angle subtended by termination radials (degrees)
fs ....... operational frequency (Hertz)
R ....... distance from antenna (meters)
EC ........ relative dielectric constant of ground pl ne
a ........ conductivity of ground plane
d ........ elevation angle index (from Table 3.1)

The feed height (H0 ) and termination height (H3) can be any

value greater than zero. The length of the radials to the
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FIGURE 14.1: Spatial orientation of the terminated sloping
double rhomboid antenna for its Mathcad application.
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termination points must be less than the combined lengths of

a long and short antenna wire (13 < 11+12). The angle 17 is

found from the law of sines and cosines by

=sin-- si cos-4  (1) 2+ (12) 2 (14.1)
1 2i I21113

1he angle 6 is also found from the law of cosines by

(11) 2+(13 2( 2 -2 (14.2)

The angle a is then found from H0 , H3, 11, 12, and the half-

angle between the wires (y/ 2 ) by

a=si(1 H3-H° (14.3)11'cos( +8) +1 -cos(+

The user inputs the frequency (f,) for which the radiation

parameters discussed in Chapter 3 are computed. Distance from

the antenna (R) must meet the far-field requirements of

Chapter 3.C, and the elevation angle index (d) sets the 0

coordinate for which a horizontal radiation pattern is

determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .2850 to 88.8570 in

increments of about 20. Indices between Lhose listed can be

used to interpolate a better estimate of a desired elevation.

The radiated electric field for the double rhomboid is

obtained in a manner analogous to that used for the vertical

dipole discussed in Chapter 4. The electric field equations

for the double rhomboid are given by [Ref 6: p. 238-2441
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EO=O 0  cos (a) cos (0) sin( y (4.4
2 )fl-e (1R 24)

1 e - e -j2pH~cos e) + (1 -r,) F0  e e -32DH~cos(0
Us U5

fsin 2 (0 /n 2 -si2n,2 (0) cos Vn 2 -sin 2 (6)
n n2 Cos(O

_snasi()1e 1-ep 1'1S Ue -j2P0.4cos (e)

-sin ___ (a)in (i8)) v

+(-r)Fe 1-e jo11 us e- 2pHocos (0)(sn2 (0) Vn-si os( (0)o

E4,A=- 3 OIo- Cs()sn() 8 (14.5)

+r, h -o.U ejPoo~) (1-r.) F. 1-e-jlu e jpos(0
U5  U5 I

Ee, 8 =-30I co e {O(a) cos(0) slf(.O Y -7)[ 1-f (14.6)

-rv~~U eJ2HCO 6 + (i-r ) F. 1'-

U6 U6

si e 6 -j2ýnf -sin(0)sin (0) vIn -sini(

n 2 n2 CossJ

-sh1~inlU (a) sin (0) 1rh) F e ej 2pos 0

U2 U I

U6 96
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Ee C=3 0 10P {-Cos (a) Cos (0)sin(~~.¶[e (14.8)

1-ei~~t e jPHo(O)+1 - r,) Fe1 e j2o~ccos (8)
U, U7

~~n2 -sin2 lsin (W)______
(31fln 2 ~ nO (O)f 2 Cs~f 8

+sin (a) sin (0) 1-e jP1 l+v1 e-ole -j2pHocos (0)

U3  U?.

________ (0 n 2 -sin2 (0)Co+ (l rv) Fe.. e4 .2Pco 0(sin' (0- 2 cs()1

EO.=30 O '-ý ý Co (a Co ((O -l tl)2U3 (14.9)
R 2 U 3

rh1 -e IP'02c e -j2pH,,cos (0) +(1Tr) F, 1-eJ02U7 e -j2pH~cOS (e(

E6 0 = 3 01 0 eJR -cos(d)Cos(0)cos(ý+ 1X.8 -ejlU (14.10)
R ~2 U

r 1-e -oll e .i2pH~cos (6) *- (1-rv) F. * -p:q e -j2P3HOCOS (8)

U8 Us

(sif2 (0) %f -fl n2~ (F) cos(0)) Vn2- sin2 (6)]

si(0[ -jpi~u4  1-ep' ut
+sin (a) sin e (08r e- -jPHcos (0)-

+ (-r,)F.1-e iJPhlge j23H~COS (0)(sn (0) - f 2-sifl 2  Cos 01
Us1 n) . 2

E,,=30.ZT ePcos (a) Cos (14X+8 .11)plu
*,O R 2[ U4

+r 1eiol~ul e - 2 p~oco + (0) b)F l-eijpI1ue 1jpa 0
Us_____ 1o(0 -r,) , s
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e~PR fcos~acos(Osin(4+1+8) (14.12)EoE= 3O0Io R 2

__________ 14 -e-jol u' e -jpH~Cos (0) d+ -e ) Fe

.e 2HCoste) sin 2 (0) -n /-sin 2( Cos (0) Vn -sin2 ()
n 2  n 2 Cos(0

-sin (a) sin (0) 1-- rv"1-~ ei2HcsS
U4  U8

e 1r)F 1_e' -~ e.%2PMcos (e)(sin 2 ()- 1n 2 -sin2 (0 Co)

E#,,V=- 3OI eijOR e _jO'ZU2 Cos (a) Cos (ý+ 1+6)F 1-e-jlu (14.13)0R2 U4

+r, l ,J -u jpcos (e) +_(1 r.) _, ______lu e -j2PHcos(e)1

Ee F=31,eiPFRe-ip1..4 U Cos (a) Cos (0) Cos(4Y-TI) (14.14)
~er'-oR 2

1I 1e _1AlU2 -r le 3Pl2UE e- .20Hcos (0) + (i-r,) F. l-e j26

U2  U6 U6

.e J2HýOS e)si 2 )_ n 2 - sin2 (0) Co Vn2 -sin2 (0)1
n 2 n2 Cos(0

+sin (a) sin (O)41-e -p +rv 1-e ejol2V e -j2AH~COS(

U2 U6

1s e-Jat' J0cos(e) Vn-1i (1415
+E1-,,)= F. US e (sinco2 [e1- n2e "-o

+r, 1-eiJO2U4 e j2pH.CoS (e) + (1-r.) Fm le 2Pl2Uf e -j2pHlcos (e)1
U6  U6
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Ee,G;= 3O0Io ePP1U Cos(a) Cos(0) Cos(4- +11) (:-4. 6)
R 2

-r 1-e e -j2Hcs8 (1-r,) F,

.eico~(si2O Vn2-s~n2 ()Co's ))V'n2 -sin2(O

-sn a1sn -0 e + 1-e-jlu e-j2OH1 COS(8)

+(l-,) 1-e-~lU ej2PH1cos(8)(sin', (0 - n3-sin-' (0) Cos( ]

U7 n7 2

R 2 U32

+rh1- -jl~; 1-ejp cs(0 -j2hco()F F,-" 2U 1e -j2A o (0)

{ -e'~~ 1-e j j~H2oS e)1
U, r 5 e + (1-rd . U

.6 -2A~coS(0) sin n n 2 - sin2 (0) o)V2-sn
*eiP~co(S)n2(0 n -2in2 (0)

-jos1u ) 20cos (0)

+(1-F,,) F, 1-e e-PHc ()sin 2 ()-sin2 co's(01

R 2 2 U

+E,=O1 e jpR1.U ejl2Usccoso(8 ( 1-e-8 pIU )[1H.C (141)

1- e'~~~ ~ e +JP~O (1) (-rh) Fm u e2~cs()
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where U1, U2, U3, U4, U5, U6, U7, and Us are given by

Uj-1l-cos (T) U2=1-cos (T 2)

U3=--cos (T 3) U4=l-cos (T 4)

U5=1-cos (T5 ) U6 =1 -cos ( 6)

U7=1-COS (TO) Ur=1-cos (T2) where

cos(,) =cos(O)sin(a)+sin(e)cos(a)sin(ý-a-6)

cos (V,) =cos (0) sin(a) +sin(0) cos (a) sin(ý-• -ri)

cos (T 3 ) =cos (e) sin(a) +sin(6) cos (a) sin 0(+a+ I)

coc('P4 ) =cos (0) sin(a) +sin(0) cos (a) sin (4+a+8)

cos (T) = sin (6) cos (a) sin (ý-a-6) -cos (0) sin (a)

cos (T 6 ) =sin (0) cos (a) sin (ý-a-n) -cos (0) sin (a)

cos (TV) =sin (8) cos (a) sin(ý+a+n) -cos (0) sin (a)

cos (T.) =sin () cos (a) sin (0+a+6) -cos (0) sin(a)

The double rhomboid's radiated electric field is a combination

of a and ý components, and its radiation pattern varies with

changes in •. The total electric field is the vector sum of

the 9 and ý components. The radiated fields of each antenna

wire are considered separately, and superposition is used to

determine the total electric field. Equations 14.4 and 14.5

are the a (vertically polarized) and • (horizontally

polarized) components, respectively for wire A, and equations

14.6 and 14.7 are •he ý and ý components, respectively for

wire B. Equations )4.8 and 14.9 are the analogous equations

for wire C, 14.10 and 14.11 those for wire D, 14.12 and 14.13

those for wire E, 14.14 and 14.15 those for wire F, 14.16 and

14.17 those for wire G, and 14.18 and 14.19 those for wire H.
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The first two terms inside each set of brackets represent the

space wave components and any additional terms represent the

surface wave components. I0 is taken to be one since a

sinusoidal current input with a maximum of unity is assumed.

The requested inputs are used to calculate the following

variables using a constant 0 of 0=0 and O=w/2 for 632 discrete

values of 0 which are equally incremented from -r/2 to r/2:

.. 5 ...... wavelength of the operational frequency (meters)
........ frei space wavenumber for op'.rational frequency

n ....... inuex of refraction
P ...... complex numerical distance (vertical polarization)
P. ...... complex numerical distance (horizontal polarization)
r ..... vertical reflectio±. coefficient
r. ...... horizontal reflection coefficient
F ...... vertical surface wave attenuation factor
Fm ...... horizontal surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 with 0=0 and O=w/2. The total space wave and surface wave

distributions are determined from vector addition oZ

corresponding • and ý components. The space wave and surface

wave results are then combined for corresponding discrete

values of 0 to obtain the total radiated electric field

distribution for the 0=0 and O=r/2 vertical planes. The space

wave, surface wave, and total electric field results are then

normalized with respect to the maximum field intensity of

each, and the normalized magnitudes are plotted for each

discrete 0 to depict the radiation pattirns. The Mathcad

double rhomboid antenna application computes the space wave,

surface wave, and total eleztric field radiation patterns and

radiation parameters in the 0=0 and O=w/2 vertical planes.
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The variables corresponding to the selected elevation

anglea index (d) are -.sed to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (e.) as 0 varies from 0 to 21r in 632

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

To find the contributions of the ý and ý electric field

components to the total average radiated power, P,,d, equations

3.8 and 3.9 are used to integrate equations 14.4 to 14.19 over

the hemispherical Gaussian surface above the ground plane at

a fixed radius (R) from the antenna. The sum of the integri.-s

is t.,e antenna's Pr3d" With the discrete values of the electric

field and total average radiated power determined, the Mathcad

application predicts the following radiation parameters using

the equations from Chapter 3:

R,.,d ..... radiation resistance (Ohms)
DO ....... directivity
EIRP ..... effective isotropic radiated power (Watts)
A., ..... maximum theoretical effective area (square meters)
lm ..... maximum theoretical effective length (meters)
P ........ numerical distance (vertical polarization, 0=900)
Pm ....... numerical distance (horizontal polarization, 0=900)
Angle, .elevation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A,.), maximum

theoretical effective length (1.), and the elevation angle of

maximum directive gain (Angle,) are all determined for both

the 0=0 and O=r/2 vertical planes.
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XV. THE VERTICALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The orientation of the vertically polarized log-periodic

dipole array is depicted in Figure 15.1, where N is the number

of dipoles, n is an index equal to 0,1,2..N-1, i. is the

length of the nb+l dipole, d, is the distance between the n'+l

and nh+2 dipole elements, HO is the height of the antenna feed

above ground, Hn is the height of the n +l dipole center, , is

the angle between the vertical axis and the array's center

axis, a, is the angle between the center axis and the line

which connects the upper tips of the elements, o is the angle

between the center axis and the line which connects the lower

tips of the elements, 013 is the angle between the horizontal

and the line connecting the lower tips of the elements, R is

the radial coordinate, 0 is the elevation coordinate, and • is

the azimuth coordinate.

T1.e Mathcad application for the vertically polarized log-

periodic array requires the following inputs:

N ........ number of dipole elements
10 ....... length of the shortest dipole (meters)
11 ....... length of the second shortest dipole (meters)
do . distance between first two elements (meters)
rado ..... radius of the shortest dipole (meters)
H . . . . . . . feed height above ground plane (meters)
* ......... angle from vertical axis to array axis (degrees)
fs ....... operational frequency (Hertz)
R ........ distance from array (meters)
e ........ relative dielectric constant of ground plane

S........ conductivity of ground plane
w. elevation angle index (from Table 3.2)
ADM ...... transmission line characteristic admittance
TIMP ..... termination impedance connected to longest dipole
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FIUR 15.1: Spatial orientation of the vertically polarized
log-periodic dipole array for its corresponding Mathcad
application.
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The user inputs the frequency for which the radiation

parameters discussed in Chapter 3 are computed. The lengths

of the first two elements (10 and 1,) are used to calculate the

log-periodic relationship (T) given by [Ref 10: p. 317]

T= (n=0,1,2 .... N-2,N-1) (15.1)

The remaining element lengths (12 to IN.l) are then found from

in÷1=- (15.2)

As noted in equation 15.1, indices start at zero instead ot 1,

so an index simply refers to the index-plus-one position in

terms of successive values for a given parameter. This is to

maintain continuity with Mathcad which also indexes from zero.

The radius of the first element (rado) is used to find the

remaining radii by substituting rad, and rad,÷, for lI and 1,,,

in equation 15.2. The angle between the vertical axis and the

array axis (*) can be between 00 and 900. The angles a, and

%3 are found by substituting

4 2+a3= -y (15.3)

into
d. _ -T (15.4)

1,.I sin(a2 +a3) -tan (a3) COS(a2+C3)

which yields

a 3=tanI dosi j-¶)
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The angle a, is then found from [Ref 10: pp. 351-354]

sin(a ,) - sin(a.) (15.5)
cos(a 1+J 2+* 3) cos(a 3 )

or

a,=tanl[ sin (a2)COS (a 2+Cf3 )

Cos(3)+sin (a2)sin (a 2 +a3 )

The remaining separations (d, to dN.2 ) are then found from

rquation 15.4. The dipole half-lengths (h,) are found from

1,/2, the feed height (H0 ) must be at least equal to the half-

length of the longest dipole (hN..), and distance from the

array (R) must meet the far-field requirements of Chapter 3.C.

The elevation angle index (w) sets the 8 coordinate for which

a horizontal radiation pattern is determined. Table 3.2 lists

possible indices and their corresponding elevation angles from

.570 to 89.10 in increments of about 2.30. Indices between

those listed can be used to interpolate a better approximation

of a desired elevation. The termination impedance (TIMP) is

assumed to be connected to the array's center axis opposite

the feed at a distance of hN-1/2 from the longest element.

Typical termination impedances are the transmission line's

matched impedance (complex conjugate) or a short circuit

(zero). The characteristic admittance (ADM) is simply the

inverse of the transmission line's characteristic impedance.

If computed lengths, separations and radii are not

desired, they can be entered manually as described on the page

two of the application. Consult a Mathcad manual to be

certain the entries are made correctly.
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The open circuit impedance matrices must be calculated to

determine the current distribution among the dipole elements.

The matrix of open circuit mutual impedances between the

dipole elements is represented as

SZ0 , 0  Z0 , Z0, 2  . . . . N- 1)

Zi. 0  Z 1, 1 Z 1 , 2  . . . . Z IN-)

[Z] = .0 Z2,1 Z2,2 Z2, (N- (15.6)

z(N-),0 Z(N- ),. Z(N- 1 ),2 Z " (N- ). (N-i).

Each main diagonal term (Zi1 ) is the self-impedance of the ih+l

dipole. The off-diagonal terms (Zi~k) are the mutual impedances

between the ih+l and k1+1 elements. Subscripts i and k are

matrix indices from 0,1,2 .... N-1.

The matrix of open circuit mutual impedances between the

actual dipoles and their images is represented as

ZIO 0 ZIo. 1  ZIo. 2  . ... ZI1(- 1)

ZIl. 0 ZI1. I ZI1.,2 . . . . Z1, (N-1)

[ZI] = Z1 2 ,0  ZI2, 1 ) ' ZI2, 2  . . " (15.7) ....

ZI (N-1) 0 ZI (N-), 1  ZI(N-1 ),2 . . . I (N-1 ) ("-1

The main diagonal terms (ZIj~j) are the mutual impedances

between the i1+1 element and its image, and the off-diagonal

terms (ZI1 k) are the mutual impedances between the ij+l element

and the image of the k1+1 element.
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The main diagonal self -impedance terms of equation 15.6

(Z1~) Are found from [Ref 6: pp. 205-206]

-e j2phI Q(VO)-20(V, 1)i.2[Q(UIO) -owT) -Q(V, 1)+2Q(U',)[Z-+cos (2 ph:)

where Q(x)=Ci(x)-iSi(x)=fcos~y) dy-j-f smin(y) dy (15.9)

U0=f3 [V2radT>4hj2-2hj] Ul'0=,V2 Pr a d, VO=P [V2zad2+4hr+2h1]

U1=j3 [ 2ýrad?.thj-hj V,=IP [2radI+hý+h1 ]

For *,=900, the off-diagonal mutual impedance terms of

equation 15.6 (Zi,,) are given by (Ref i1]

Z~=Zj=60 (1.10)

cos(P (hi-hk)]I-cos (P (hI+hk)J

+e Ph~k[Q(Ulo-Q) -0(1  (U2) I.eiP([Q() VV -C) 0(Ud-V2)]

+20(f3Dik) (cos (P hi-hk) I+cos[(P %,2+hk)])

where Q(x) =C!z (x) -j-Si (x) =fcos~y) dy - j if y) dy
Y 0

U0=p [ Dj2,t+ (hI+hk) 2-(h,+hk)IV = P [FDj2,k+(hi + hk) 2 +(h j+ h,)]

U0=P [VD Jk+(hI-hk)2- (hi hk)] V1,,= P [jDj2,k+ hi -hk) 2+(hi hk)

U1 =3 D,k+hi?-h] V1=j3 [FDý2,k+h,+hI

U2=p [FDj2,7khk-hk] V.,=p [yDjz2.k+h2+hkj
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For I'less than 900, the dipoles are in echelon. The

expression for the m~utual impedance terms of equation 15.6

(Zk) for an echelon configuration is given by (Ref 12]

Zii=lS(eJ-hs~)QU).QU 1 ]e~!SIP[(~ -Q(V 1 ) ] (15. 11)

+eiPh kSik[Q(U 3 ) -Q(U 1 )]+eiP .~k-SDI~k) [Q (V 3 ) -Q( VI1)

+ei h42hJkSDi. k)[Q(Ud)_Q(U 2 ) ].9 ejP (hi- 2 hjkSfjk) [Q(V 4 ) -QV2)]

4.2cos (fPh,) e- SI~kQ (W2 -Q (W1 )]+2cos (Ph,) eOD IPSDjjQ(y 2 ) -QCyJ]

+2cos (P3h.) [ei (2hk+SDik)C)[Q(W') -Q (W') ]+ eit(2hk,+SD~k) [!L( Y2) .Q( 1')O]

where Q W)=C! W) (Si W)=f Cos Y) dY-jf s in(Y) dy

v [=fDi. I'+ (SDlk-hd)2 +(SDI,~i)

u1j [fD D, k+ (SDI,k-hih) 2- (SDj~k-hih)I

U/ =P[DIk(DkhIh)2 (SD1 k-h+hk)]

02j [ D i k+ (SDI, k+h.,h) 2 +(SDI,~Ih)

--U3 =P [ýDi k+ ( SD1 k-h +2 hk) 2 + (SD,'k-h +2hk)]j

V34 [VDi.k4 ( SD-- 'hi+2 hk) 2.. (SD1~ khI-t2hk)]

U4 = P D ~h~k (SDj k+hil2hk]
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V,=P [VDfk+sDi,+hi.2h I +hi+2h

W1 =3 [ DkSDIk - S~Lik]

yI=P [ D:,k+SD ,k+SDilk]

W2 = [ ~k + (SDI, k -hk) 2-. ( SDik+ hk]

Y2= P [VDý, k -(SDjk +hk )2+ (SDik+hk)]

D~,±(Sl +2 hk 2-SD + 2 h )I

Y3 =3 V (SD 1 ,+
2hk 2, (SDi~k+2hk)

The DiA terms in equations 15.10 and 15.11 are the perpen-

dicular distances between the i1+l and kh+l elements given by

k-1

Dik=Dk, j=E dn" sin(T) (15.12)

The SDik terms for equation 15.11 are the vertical distance

from the center of the i'+l dipole to the z coor'dinate of the

nearest end of the kh+l dipole and are given by

k-1
SDI,.=SDki=: d," cos (T) -hi (15 13)

For ground planes with high conductivities relative to

the operating frequency, it is necessary to compute equation

15.7, (ZI], for the mutual impedances between the elements and

their images. The main diagonal terms (ZI,) are the mutual

impedances between the i1+1 dipole and its own image. These

Zjj terms are calculated from the mutual impedance equation for

a collinear configuration given by [Ref 12]
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+ 1 =S eip (hhij) [Q(Uo.) -Q(U 1 ) ]+e-jP (hjhij~l) mlhi j~±-hj 1.4

/,i ) (i I ~- biP-h..i. d J h i .ihI
+eh~1~[Q( V)-Q )  ]-i" *hi 1 1+h1

ejo (hj-h.j i[(V,) -Q (U 1) ]+e -j3fh,*hi,) 1 i i{j+2h}

Fhi +h 1

+2cos (phi) e jphili [Q( y2) -Q( Y1) ]+2cos (ph,.) e3jol . i. {. ilh

whee Qx) Ci (ph) ejix =oY2) Y3

x 0

0 i~0

U'0 = P [ý J.t (hi jk-hi) 2 (hi i k-hi)]

U1 ~[ ,~+(ijk2 lk 2- (hij k-hih)]

V1 =p 2 [v~~i~~Ih2- (hilk..h+hk)I

vlo=Ip 1Dj.k ( hi k+hx +hk (hiilk+hIh)]

u3=j P ýik ( hi k-hj+2 hk ) 2+ (hiilk-h1 4.hk)]

U3=p [jVfl2,1+ (hi1 k-hI+2 hk) 2+. (hil~k-hI+2hk)]

V3P F~2,7(ij-h+hk2-(h111h+2k



.: \ : \

U4 = [FDi, (hiik-h,.2hk 2- hi 1,k+h: +2 hk)I

V = [ (h ,h 2 )2_ +h+2hk)

W1=r [VDj2,kýh ,hi ik 1 r [F D.,khi ~+h!ik
W=3{D,k+(hiik~hk)V kilkhk]

W2= [V Dj k+ (hi1 k+hk ) 2- (hijk+hk)

Y2p[D2,k+ (hij k+2hk ) 2+ (hi ilk+2hk)]

Y3=p 3[(Dk'(hi,,k+2hk ) (hi+2h)]

The symbol hii.j in equation 15.14 is the height of the i1+l

dipole above the nearest end of its own image, and with i=k is

obtained from

hi ik=Hi+Hk-hk (15.15)

The off-diagonal mutual impedances between the dipoles and the

images (ZI,,) are found using equation 15.13, except the Q(x)

arguments are those given for equation 15.14, but with SD,.k

replaced by hiik from equation 15.15.

The function Q(x) given by equation 15.9 is defined in

terms of sine [Si(x)] and cosine [Ci(x)] integrals. Mathcad

is incapable of evaluating Si(x) and Ci(x) directly, so a

series expansion and polynomial approximation are written into

the Mathcad code for both the sine and cosine integrals to

evaluate the functions Q(x). The arguments for Q(x) are

always real, so it is unnecessary to find Si(x) and Ci(x)

expressions valid for complex numbers. For arguments less

than one, Si(x) and Ci(x) are evaluated by series expansions

given by 'Ref 9: p. 232]
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4..

Si (X) = (ln x2n-l(5.6
n-0 (2n-1) (2n+1) (5.6

Ci(x)=¥÷in(x)+ E (-l)n. x~n(1.7
n-I (2n) (2n) (5.7

where y=0.5 7 7 2 1 5 6 6 4 9

For arguments greater than one, Si(x) and Ci(x) are

defined in terms of two auxiliary functions, t(x) and g(x)

given by [Ref 9: p. 233]

1 W X8+ajx 6+a2 4+a3x
2+a, C4  (15.18) SXe+bix6 +b2x 4+b2x 2 +b4  (15 18x)

where Ie(x)l < 5-10-7

a1=38. 027264 b1 =40. 021433

a 2=265.187033 b 2=322.624911

a 3=335. 677320 b 3=570. 236280

a4 =38. 102495 b 4=157 .105423

gx) xax+a~x+a~xa 4 +e(x) (15.19)

X (x +b1 x +b2x 4 +b3X2 +b 4 )

where Ie(x) I < 3.10-7

a1=42.242855 b 1 =48. 196927
a2 =302.757865 b 2=482.485984

3a3=352.018498 b 3=1114.978885

a4=21. 821899 b 4=449.690326

The sine and cosine integral functions are then defined in

terms of these auxiliary functions by [Ref 9: p. 232]

SiW= -f (X) Cos Wx -g(x) sin (X) (15.20)

2

Ci(x)=f(x)sin(x)-g(x)cos(x) (15.21)
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In addition to the mutual impedance matrices, it is

necessary to calculate the short circuit admittance matrix to

determine the elemental current distribution. The short

circuit admittance matrix is given by [Ref 10: p. 3211

YO.0  YO, 1  0 0 0 . 0
Y1.0  Y1 I Y1, 2  0 0 0

0 Y2, 1 Y , 2  Y2, 3  0

[Y]= 0 0 Y3 ,2  Y1,3  Y3, 4  (15.22)

0 0 0 Y(N-2), (N-3) Y(N- 2 ), (N-2) YfN-2), (N-1)

0 0 0 0 Y(N-i). (N-2) Y(N-i) (N-I)

where the diagonal terms are given by

Yo,o=-jYocot (Pdo) and Y(NNI,_-i) =Y'T-JYocot (JdN-1 )

and for 0 < n < N-1:

Y,.n .... Y(N- 2 ). (N-2) -J YO (Cot (P dn,-,) +cos (Pdn)

and the off diagonal terms are given by

Y(n-1)y,n=1, (n-1)=-JYocsc(Pdo-1)

The term Y0 is the characteristic admittance of the trans-

mission line given by the input (ADM), and Y'T is given by

osP hN• hN-1
y T'y coS 2 )+iYOZir{ . 2)(15.23)

YaZ7.os (P hN- +jsin(1 h- 1)

where ZT is the termination impedance input (TIMP).

The ground conductivity relative to the operating

frequency (a,,,) is then computed by (Ref 6: p. 640]

a 18000 a (15.24)
=ereo fmhz (.
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to determine which equation to use for the array's current

distribution. A surface with a relative conductivity greater

than 20 is considered to be highly conductive relative to the

transmitted frequen~cy and the current distribution is given by

(Ref 10: p. 342]

[IB] ={[U][Y] [Z] Y[1 (ZI]) [IREF] (15.25)

where [U] is the N X N identity matrix. The entries of the

[IB] matrix are the base currents of the dipole elements. The

matrix (IREF] represents the input current to which the [IB]

distribution is referenced. Since the current input is only

to the feed at the center of the first element, and since the

input current is sinusoidal with a maximum of unity, (IREF] is

a 1 X N matrix with a one as the first entry and N-1 zeroes in

the remaining positions.

For surfaces with a relative conductivity of less than

20, the mutual impeda ces due to the images are neglected and

the current distribution is given by

[IB] =([5D + [Y] ZI}-I [IREF] (15.26)

The electric field equations are referenced to the

current maxima values for the dipole elements, (I], which are

obtained from the [IB] matrix using [Ref 6: p. 209)

IBi (15.27)
Isin(ph,)
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The mutual impedance calculations are not valid w'hen any

element length is an exact integer multiple of the wavelength.

When this occurs, there is a singularity error in the mutual

impedance calculations, and it is necessary to vary the

frequency such that no element is an exact integer multiple of

the wavelength. The change required is only one or two

percent, and the predictecL radiation parameters are still a

good estimate of tnose for the original frequency.

The elect.ric field for the vertical log-periodic array is

obtained for each individual dipole in a manner analogous to

that used for the vertical dipole discussed in Chapter 4. The

equations for the individual elements are combined into a

single expression for the array's total electric field by the

array factor. The array factor for the vertical log-periodic

array is [Ref 6 p. 222]

Nr-1

A+jB=• IEeJPHIcos ()[cos [(hicos (e)I -cos (phi) ] (15.28)
i=0

[l+e'e 2cosCO)(rv+ (1-rn)Fe,(sin2 (0) - n 2-sin2 ()n cos (0)

eJiY sec(z2+a,) [cos(e)sin (a- )-sin(0)cos (a2a)sin 0)]

where Y, is the y coordinate of the i±+l dipole given by

,=ý dn)sin(T),n.1 (15.29)
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The first two terms inside the brackets of equation 15.28

represent the space wave, the third term represents the

surface wave, and I, is the current term for each element based

on a sinusoidal current input with a maximum of unity. The

array factor is corrbined with the element factor to find the

expression for the total radiated electric field given by

E_ ijfOe A+JB (15.30)

R sin.()

The requested inputs are used to calculate the following

variables using a constant 0 of 0=0 and O=ir/2 for 312 discrete

values of 0 which are equally incremented from -7/2 to r/2:

h ....... half-length of the i'h+l dipole (meters)
H ....... height of the i'h+l dipole (meters)
Y ....... y coordinate of the i•+l dipole
I...... current for the ih+l dipole

S........ wavelength of the operational frequency (meters)
. ........ free space wavenumber for operational frequency
n ....... index of refraction
P ....... complex numerical distance for vertical polarizaticn
r ...... vertical reflection coefficient
F ...... vertical surface wave attenuation factor

The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 with 0-0 and O-r/2. The space wave and surface wave results

are combined for corresponding values of 0 to obtain the total

radiated electric field distribution for the 0=0 and O=r/2

,rertical planes. The space wave, surface wave, and total

electric field results are then normalized with respect to the

maximum field intensity of each, and the normalized magnitudes

are plotted for each discrete 0 to depict the radiation

patterns. The Mathcad vertical log-periodic dipole array
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application computes the space wave, strface wave, and total

electric field radiation patterns and radiation parameters in

the 0=0 and O=r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (w) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (0w) as 0 varies from 0 to 2v in 312

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

Equations 3.8 and 3.9 are used to integrate equat-on

15.30 over the hemispherical Gaussian surface above the grcind

plane at a fixed radius (R) from the array to find trrtal

average radiated power (Pd). With the discrete values of the

electric field and total average radiated power determined,

the Mathcad application predicts the following radiation

characteristics from the equations in Chapter 3.

Rd ..... radiation resistance (Ohms)
Do ....... directivity
EIRP ..... effective radiated isotropic power (Watts)
A.. ..... maximum theoretical effective area (square meters)
i" ..... maximum theoretical effective length (meters)
P ....... numerical distance (vertical polarization, 0=900)
P. ...... numerical distance (horizontal polarization, 0=900)
Angle• .elevation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A.,), maximum

theoretical effective length (1.), and the elevation angle of

maximum directive gain (Angle,) are all determined for both

the 0=0 and 0=w/2 vertical planes.
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As an example, the Mathcad vertical log-periodic array

application was executed with the following inputs:

number of elements 12
length of first dipole 3.246 meters
length of second dipole 3.732 meters
first separation distance 1.096 meters
radius of first element 0.00325 meters
height of antenna feed 8.0 meters
frequency 10.106 Hertz
distance from the antenna 3000 meters
relative dielectric constant 4
ground conductivity !.10.1 i

characteristic admittance 1/450 Mhos
termination impedance 0 Ohms
angle from vertical to array axis 900
elevation angle index 285 (-170)

Figures 15.2 through 15.7 are the space wave and surface wave

radiation patterns in the 0=0 and =-r/2 vertical planes, and

the designated horizontal plane for this example.
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FIGURE 15. 4: vertical log- FIGURE 15.!!: Vertical log-
periodic space wave radiation periodic surface wave
pattern for O=ir/2 vertical radiation pattern for ,=~r/2
plane. vertical plane.
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FIGURE 15.6: Vertical log- FIGURE 15.7: Vertical log-
periodic space wave radiation periodic surface wave
pattern for horizontal plane. radiation pattern for

horizontal plane.
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The following radiation parameters were predicted by the

Mathcad application for a sinusoidal current input of one Amp.

Total power radiated (Watts) 37.967
Radiation resistance (Ohms) 75.934
Numerical distance (vertical) 57.126

&d&=ir/2

Directivity 3.415 12.176
EIRP (Watts) 129.656 462.272
Max eff area (sq meters) 244.578 872.012
Max eff length (meters) 14.038 26.506
Angle,, (degrees) 21.71 21.14

These results are consistent with expectations for this

particular configuration. Appendix D contains computer

hardcopies of additional example calculations for the vertical

log-periodic dipole array and compares predicted radiation

parameters to those expected based on previous calculations. 7
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XVI. THE HORIZONTALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The orientation of the horizontally polarized log-

periodic dipole array is depicted in Figure 16.1, where N is

the number of dipoles, n is an index equal to 0,1,2. .N-1, 1,

is the length of the nh+l dipole, d,, is the distance between

the nh-l and n'%2 dipole elements, H0 is the height of the

antenna feed above ground, H, is the height of the n'+1 dipole,

I'is the angle between the vertical axis and the array's

center axis, a is the angle between the array's center axis

and the lines which connect the tips of the elements, R is the

radial coordinate, 0 is the elevation coordinate, and is the

azimuth coordinate.

The Mathcad application for the horizontally polarized

log-periodic array requires the following inputs:

N ........ number of dipole elements
1.. ...length of the shortest dipole (meters)

11........ length of the second shortest dipole (meters)
do .. .. .. ..distance between first two elements (meters)
rado .. .. ..radius of the shortest dipole (meters)
HO . .. .. ... feed height above ground plane (meters)
+'........ angle from vertical axis to array axis (degrees)
f.. ...operational frequency (Hertz)

R ........ distance from array (meters)
e........... relative dielectric constant of ground plane
a.......... conductivity of ground plane
w ........ elevation angle index (from Table 3.2)
ADM ...... transmission line characteristic admittance
TIMP ..... termination impedance connected to longest dipole

The user inputs the frequency for which the radiation

parameters discussed in Chapter 3 are computed. The lengths
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Top View

d 3, . d ........ :----
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Side View

Z

Horizontal Log-Periodic Orientation

FIGURE 16.1: Spatial orientation of the horizontally
polarized log-periodic dipole array for its corresponding
Mathcad application.
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of the first two elements (10 and 1,) are used to calculate the

log-periodic relationship (T) given by [Ref 10: p. 317]

in
1n (n=0,1,2 .... N-2,N-1) (16.1)

The remaining element lengths (11 to 1 N.I) are then found from

-n+1= in (16.2)

As noted in equation 16.1, indices start at zero instead of 1,

so the index simply refers to the index-plus-one position in

terms of successive values for a given parameter. This is to

maintain continuity with Mathcad which also indexes from zero.

The dipole half-lengths (h,) are found from 1,/2. The radius

of the first element (ra4) is used to find remaining radii by

substituting rad. and rad,,+ for 1, and 1,,, into equation 16.2.

The angle between the vertical axis and array axis (41) can be

between 00 and 900, and o is found from (Ref 10: p. 3191

-(l-r)cot (a) (16.3)

which can be written as

a =tan-[ (-,r) hn+ 1] (64

The remaining separations (d, to dN. 2) are found from equation

16.3. Feed height (H.) can be greater than or equal to zero.

Distance from the array (R) must meet the far-field require-

ments of Chapter 3.C. The elevation angle index (w) sets the

o coordinate for which a horizontal radiation pattern is
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determined. Table 3.2 lists possible indices and their cor-

responding elevation angles from .570 to 89.10 in increments

of about 2.30. Indices between those listed can be used to

interpolate a better estimate of a desired elevation. The

termination impedance (TIMP) is assumed to be connected to the

array's center axis opposite the feed at a distance of hs.i/2

from the last element. Typical termination impedances are the

transmission line's matched impedance (complex conjugate) or

a short circuit (zero). The characteristic admittance (ADM)

is just the inverse of the transmission line's characteristic

impedance. If computed lengths, separations and radii are not

desired, they can be entered manually on page two of the

application. Consult a Mathcad manual to be certain the

entries are made correctly.

The open circuit impedance matrices are calculated to

determine the current distribution among the dipole elements.

The matrix of mutual impedances between dipole elements is

represented as

Z 0 , 0  Z 0 , 1  Z0,2 . Z0, (.- I)

Z 1, 0  Z 1 ,1  Z 1, 2 .2. ..

[Z] ... . (16.5)

.(N-I 0 Z(N-I),I Z(N-I),2 'Z(N-I), (N-i).

Each main diagonal term (Zi,) is the self- impedance of the

i'+l dipole. The off-diagonal terms (Zik) are the mutual

impedances between the ith+l and k0+1 elements. Subscripts i

and k are matrix indices (0,1,2 .... N-1).
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The matrix of open circuit mutual impedances between the

actual dipoles and their images is represented as

ZIo, 0 Z1o, 1 ZIo, 2 . . . ZIoo (N-1)
ZI 1o0  ZI 0I I ZIl, 2  . . . . ZI (N-1

[ZI] . . . (16.6)

ZI (N-1), 0 ZI (N- I)o ZI(N-1),2 . . . I(N_1), (N -1),

The main diagonal terms (ZL,,1 ) are the mutua± impedances

between the i'+l element and its image, and the off-diagonal

terms (ZIk) are the mutual impedances between the iI'+l element

and the •image of the kh+l element.

The main diagonal self-impedance terms of equation 16.5

are found from [Ref 6: pp. 205-206]

60 [e-J2PhI [Q(U0 )-2Q(U1 )] (16.7)Zi.• iý -COS (2 Phi)

+ej•ph [Q(Vo)-2Q v, ]+2[Q(U'o) -Q(l) -Q(v•>]+2Q(U'o)[l÷cos (2phi)I
X X

where Q(x)=Ci(x)-j'Si(x)=fcOs(y) dy-jfsin(y)dy (16.8)
• • 0

U0=P [ 2rad2+4h.2-2hi] U'0=J1j-radi V0 =f [ 2rad>4h•+2h ]

U1=Pj \[2radI2+hj-hI} v1-P [F2r-adfr4.hi+h1 ]

The of -diagonal mutual impedance terms of equation 16.5

are given by [Ref 1ll

Zi,k=Zk, = 60 (16.9)
cos [P (hi-hk) I -cos [P (hI+hk)(

[e -•P (h'*•h[Q _7 Q( UI) -Q( U2 ) ]+ e j (h,÷hj,) [Q( VO) _-Q (VI) _Q (V2 )]\.

+e-JP (h,-"k.[Q (U10o-Q (V1) -Q(U2) ]+ e JP (hl-hk)[Q ( V10) -0 (Ul) -Q V2)]

+20(PDi,k) (cos [P (hi-hk)] +cos [P (hj+hk)])]
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x X

where Q(x) =Ci (x) -j-Si (x =fCs ( dy - j.f sin'vy) dy
- Y 0 Y

UO=P [ Di2k+ (hi+h ) 2-(h,+hk)I V, [D, ýk(h j ýh)ý2 +(.sh+ hk
L ko- k

U/ 2 2/

u' 0=1 F ~(-)(h; h.-) V~~+(;h)2 h-k

Uý=P [FD2,-k+hj'-hiJ V1=J [ D72,k+h,2*h1 ]
u2=P [Vr. h-hk]' V=p [1D~jfk+hhk] -7

The D,,k terms are the distances between the io+l and k1+l

dipole elements and are given by

k-1

Di~k=Dk,!=Edl (16.10)
n-i

For ground planes with high conductivities relative to

,the operating frequency, it is necessary to compute equation

16.6, [ZI] , for the mutual impedances between the elements and

their images. The mutual impedance terms (ZIi.,) are given by

equation 16.9 with the Q(x) arguments

vU=g [0 i P+hihk(hjl-hk] V/,, = [ d+ i~+h~k (hI-hk)

U1.=p [Id.k+h2hh] V1=P [Idi, h,+hj

U2=p [VIzj2,k+hk2-h] V,=p [l di2,k++hk2h]

The dik entries are the distance from the i•+1 dipole to the

image of the kh+l dipole and are given by

dil,k_(HI+Hk) + (Di,ksin (T)) 2 (16.11)
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The function Q(x) given by equation 16.8 is defined in

terms of sine (Si(x)] and cosine [Ci(x)] integrals. Mathcad

is incapable of evaluating Si(x) and Ci(x) directly, so a

series expansion and polynomial approximation are written into

the Mathcad code for both the sine and cosine integrals to

evaluate the functions Q(x) . The arguments for Q(x) are

always. real, so it is unnecessary to find Si(x) and Ci(x)

expressions valid for complex numbers.

For arguments greater than one, two auxiliary functions,

f(x) and g(x) are determined by [Ref 9: p. 2331

.f(x) ~(xs+alx6+a 2X4+a 3x 2+a 4 ýe(x) (16.12)x Xe+b 1x6 +b2x4 +b 2x2 +b4

where Ce(x) I < 5.10-7

a 1=38. 027264 b 1=40. 021433

a2 =265. 187033 b2=322.624911

a 3=335.677320 b 3=570. 236280

a 4=38.102495 b4 =157.105423

9x=1 (xS+aj x6+a2 x4+ax 2•+a 4" •eX (1.3
(x) 2- x '÷blx, +b2x,+b3X2 +b4] .

where Ie(x) < 310-7

a1 =42.242855 b1 =48. 196927

a2=302.757865 b2=482.485984

a 3=352.018498 b3=1114.978885 I'

a 4=21.821899 b4=449.690326
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and Si(x) and Ci(x) are defined in terms of these auxiliary

functions by (Ref 9: p. 232]

Si (x)= -f(x) cos (x) -g(x) sin (x) (16.14)
2 A

Ci(x)=f(x)sin(x)-g(x)cos(x) (16.15)

For arguments less than one, Si(x) and Ci(x) are

evaluated by series expansions given by (Ref 9: p. 232]

""Si~x: W- n x2r,-l (1.6
(2n~l) (2n~l) (6.)

Ci Wx =y +inx) +Er - X1617

L.1 (2n) (2n) 1 (16.17)

where y=0.5772156649

It is also necessary to calculate the short circuit

admittance matrix to find the elemental current distribution.

The admittance matrix is given by [Ref 10: p. 3211

SO0o •.O . . . 0

0 -V Y2, 2 Y2:3 0

[Y] 0 0 Y3 ,2  Y3, 3  Y3,4 (16.18)

0 0 0 Y(N-2), (N-3) Y(N-2), (N-2) Y(N-2), (N-I)

0 0 0 . . 0 Y(N-1), (N-2) Y(N-i) (N-i)

where the diagonal terms are given by

YO, 0=-jYocot (Pdo) and Y(N-), (IN-1) =Y/T-jYocot (pdN-l)

and for 0 < n < N-i:

Y.... Y(N-2), QN-2) =-jYO (Cot (Pdn_1) +cos (Pd,,)

and the off diagonal terms are given by

V~n-1)n= Vn, (,-j) =-Jocsc(Pd,-j)
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The term Y0 is the transmission line's characteristic admit-

tance obtained from the input (ADM), and Y'T is given by

CosI 0 ý,~IjYOZ~sin(Y/= 2 0 - ( 16.19 )
YOZ7COS 0 hN- 1 •+j7sin( 0 N-

The ground conductivity relative to the operating

frequency (a,,i) is then computed by (Ref G: p. 640]

Orel a 18000 a (16.20)
ze G- •ereo f~h e(

A surface with a relative conductivity greater than 20 is

considered to be highly conductive relative to the freque:lcy

and the current distribution is given by [Ref 10: p. 342]

EIB].-{ U] + [Y] [Z] + (Y] (ZI]) " [IREP] (16.21)

where [U] is the N X N identity matrix. The entries of the

[IBI matrix are the base currents of the dipole elements. The

matrix [IREF] represents the input current to which the [IB]

distribution is refrenced. Since the current is input only

to the feed at the center of the first element, and since the

input current is sinusoidal with a maximum of unity, [IREF] is

a 1 X N matrix with a one as the first entry and N-i zeroes in

the remaining positions.

For surfaces with a relative conductivity of less than

20, the mutual impedances due to the image elements are

neglected and the current distribution is given by

IB]={ UI +YI [z] -' YIREP] (16.22)
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The electric field equations are referenced to the

current maxima values for the dipole elements, [I], which are

obtained from the [IB] matrix using [Ref 6 p.209]

IB.' . .I -" (16.23)
sin Ph•h)

The mutual impedance calculations are not valid when any

element length is an exact integer multiple of the wavelength.

When this occurs, there is a singularity error in the mutual

impedance calculations, and it is necessary to vary the

frequency such that no element is exactly an integer multiple

of the wavelength. The change required is only a percent or

two, and the predicted radiation parameters are still a good

estimate of those for the original frequency.

The electric field for the horizontal log-periodic array

is obtained for each individual dipole in a manner analogous

to that for the vertical dipole discussed in Chapter 4. The

ecuations for the individual elements are combined into a

single expression for the array's total electric field by the

array factors. The array factors for the horizontal log-

periodic array are [Ref 6: p. 214]

N-i

Se-• l.7cos[Ph,(cos (8) cos (T) +sin (8) sin (T) sin (ý))]-cos (phi)]

- er*e ' a (i-Iv) F, e 2- HJ°cos(O) fn2l2sin (8) (16.24)
n 2cos (6)

sin' (O) - Vr.-sinlW-O) P() eJPY,csc(.) icos,,)cosY),-sin(8) sin ()sini(4)I
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N-I

Sit Ij[cos[Ph1 (cos (0) cos (T) +sin (0) sin (T) sin (€))]-cos (ph,)]
i=0

[I+i e"j2PHjcos (e) + (1-rh) Fm e -j2PHjcos (o)]. (16.25)

ejAY'=CSC( ) (Cos (a) COS (T) -sin (0) sin (T) sin (40) ]1/

where Y, is the y coordinate of the i±+l dipole given by

Y=• dsin (T) (16.26)
- ]n-0'\

The first two terms inside the brackets of equations

16.24 and 16.25 represent the space wave, the third term

represents the surface wave, and Ii is the current term for

each element based on a sinusoidal current input with a

maximum of unity. The array factors are combined with the

element factors to find the total rarliated electric field

equation, and the expression for the radiated electric field

distribution of the horizontal log-periodic dipole array is

given by [Ref 6: p. 213]

E- -j6Oe-~JA cos(4)ccs(0) SO (16.27)
R 1-sin2 (e) cos 2 (4)

E-j60e-JOR sin(0)(6.8

R l-sin2 (0) cos2 (0) S (16.28)

The requested inputs are used to calculate the following

variables using a constant 0 of a=0 and O=w/2 for 312 discrete

values of 0 which are equally incremented from -7/2 to r/2:
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hi ..... half-length of the i'+1 dipole (meters)
Hi ...... height of the i'+l dipole (meters)
Yi ...... y coordinate of the i±"+l dipole
I ........current for the ih+l dipole
X5 ...... wavelength of the operational frequency (meters)

........ free space wavenumber for operational frequency
n ....... index of refraction

... complex numerical distance (vertical polarization)
P, ....... complex numerical distance (horizontal polarization)
r.. .. vertical reflection coefficient
.h ....... horizontal reflection coefficient
F. ....... vertical surface wave attenuation factor
Fm ...... horizontal surface wave attenuation factor

The calculated variables are used to evaluate the

radiated far-field space wave and surface wave for the

discrete values of 0 with 0=0 and O=r/2. The space wave and

surface wave results are combined for corresponding values of

0 to obtain the total radiated electric field distribution for

the 0=0 and O=w/2 vertical planes. The space wave, surface

wave, and total electric field results are then normalized

with respect to the maximum field intensity of each, and the

normalized magnitudes are plotted for each discrete 0 to

depict the radiation patterns. The Mathcad horizontal log-

periodic dipole array application computes the space wave,

surface wave, and total electric field radiation patterns and

radiation parameters in the 0=0 and *=w/2 vertical planes.

The variables corresponding to the selected elevation

angle index (w) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (0,) as ( varies from 0 to 21r in 312

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.
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Equations 3.8 and 3.9 are used to integrate equations

16.27 and 16.28 over the hemispherical Gaussian surface above

the ground plan--- at a fixed radius (R) from the array to find

total average radiated power (P,.,,) . With the discrete values

of rhe electric field and total average radiated power

determined, the Mathcad application predicts the following

radiation characteristics from the equations in Chapter 3:

R,,d.........radiation resistance (Ohms)
Do . . ..... directivity
EIRP ..... effective radiated isotropic power (Watts)
A,....maximum theoretical effective area (square meters)
1,. ... maximum theoretical effective "Length (meters)

P........numerical distance (vertical polarization, 0=900)
P . ...... numerical distance (horizontal polarization, 0=900)
Angle. .ele .'ation angle of maximum directive gain (degrees)

The directivity (DO), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A.~), maximum

theoretical effective length (1.) , and elevation angle of the

directivity (Angle.) are determined for both vertical planes.

As an example, the Mathcad horizontal log-periodic array

application was executed with the following inputs:

number of elements 12
length of first dipole 3.246 meters
length of second dipole 3.732 meters
first separation distance 1.096 meters
radius of first element 0.00325 meters
height of antenna feed 8.0 meters -

frequency 20 .106 Hertz
distance from the antenna 3000 meters
relative dielectric constant 4
ground conductivity 5-10-1
characteristic admittance 1/450
termination impedance 0 Ohms
angle from vertical to array axis 900
elevation angle index 285 (..170)
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Figures 16.2 through 16.7 are the space wave and surface wave

radiation patterns in the 0=0 and 0=7r/2 vertical planes, and

the designated horizontal plane for this example.

:X i

FIUR 162 Hoiona lo- FGR 63 oizotllg

~. .... . .........
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FIGURE 16.6: Horizontal log- FIGURE 16.7: Horizontal log-
periodic space wave radiation periodic surface wave
pattern for horizontal plane. radiati'on pattern for

horizontal plane.

The following radiation parameters were predicted by

the Mathcad application for a sinusoidaJi current input of one

Amp. The predicted radiation parameters are:

Total power radiated (Watts) [ 75.546
Radiation resistance (Ohms) 151.092
Numerical distance (vertical) i 93.742
Numerical distance (horizontal) 3398.15

Directivity ,0.838 18.384
EIRP (Watts) 63.301 1388.82
Max eff area (sq meters) 15.003 329.159
Max eff length (meters) 4.904 22.971
Angle,. (degrees) 89.7 24.0

These results are consistent with expectations for this

particular configuration. Appendix E contains computer

hardcopies of additional example calculations "or the

horizontal log-periodic dipole array and compares predicted

radiation parameters to those expected based on previous

calculations.
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XVII. THE HORIZONTAL YAGI-UDA ARRAY

The orientation of the horizontal Yagi-Uda array is

depicted in Figure 17.1, where i• is the length of the

current driven element, NR is the number of parasitic

reflector elements, ND is the number of parasitic director

elements, n is an index equal to 0,1,2. .NR+ND, and 1, is the

length of the n4+l element starting with the outermost

reflector and counting consecutively toward the opposite end.

The d, terms are the separation distances between the nth+l and

ntb+2 elements, HO is the height of all antenna elements above

ground, R is the radial coordinate, 0 is the elevation

coordinate, and 0 is the azimuth coordinate.

The Mathcad application for the horizontal Yagi-Uda array

requires the following inputs:

NR ....... number of reflector elements
ND ....... number of director elements
i0 1.1.... length of the ntb+1 element (meters)
S....... distance between ne+1 and ne+2 elements (meters)
rad ..... radius of the n1+1 element (meters)
S....... antenna height above ground plane (meters)
f5 . . . . . . . operational frequency (Hertz)
R ........ distance from array (meters)
e ....... relative dielectric constant of ground plane
S........ conductivity of ground plane
w ........ elevation angle index (from Table 3.2)

Unlike the log-periodic applications, all element

lengths, radii, and separation distances must be input

manually on page two of the application. Consult a Mathcad

manual to be certain the entries are made correctly. The user
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inputs the frequency for which the radiation parameters

discussed in Chapter 3 are calculated. As noted in the first

paragraph, indices start at zero instead of 1, so the index

simply refers to the index-plus-one position in terms of

successive values fur a given parameter. This is to maintain

continuity with Mathcad which also indexes from zero. The

dipole half-lengths (h,) are found from l/2. Antenna height

(H0 ) can be any value greater than or equal to zero, and the

distance from the array (R) must meet the far-field

requirements of Chapter 3.C. The elevation angle index (w)

sets the G coordinate for which a horizontal radiation pattern

is determined. Table 3.2 lists possible indices and their

corresponding elevaticn angles from .570 to 89.1 .

increments of about 2.30. Indices between those listed can be

used to interpolate a better approximation of a desired

elevation.

The open circuit impedance matrices are calculated to

determine the current distribution among the dipole elements.

The matrix of mutual impedances between the dipole elements is

represented as

Zo,0 Z 0, Z1, 2  . . . . , O-1

Z2, 0  Z 2 ,1 Z 2 , 2  . . . . Z2, N-1)

[Z] = . .. (17.1)

Z(N 1 ) -1)I Z(N-l),2 . Z(N-1). (N-I)
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Each main diagonal term (Z1,,) is the self impedance of the iP+1

element. The off-diagonal terms (Zik•) are the mutual

impedances between the i'+l and k'+l elements. Subscripts i

and k are matrix indices (0,1,2 .... NR+ND).

The matrix of open circuit mutual impedances between the

actual elements and their images is represented as

ZIo100  Z10 ,1  ZIo. 2  . . . . ZIo -1)

Z1 1,0  ZI1,1  ZIl, 2  . ... ZI

(ZI] = Z12, ZI2, 1  ZI2. 2  .... ZI 2 (M1I) (17.2)

Z/ (N- 1) 0 ZI (N-1),1 ZI (N-1),2 .ZI(N_1),(N.1).

The main diagonal terms (ZIj,,) are the mutual impedances

between the i1+1 element and its image, and the off-diagonal

terms (ZIl~k) are the mutual impedances between the i'+1 element

and the image of the klb+l element.

The main diagonal self-impedance terms of equation 17.1

are found from (Ref 6: pp. 205-206]

60 2 [eJ 2 phI [Q(UO) -2Q(U 1 )] (17.3)Zi'l= 1-cos (2ph, I

÷ej2 p hI [Q(Vo) -2Q(V ) ]+2[Q(U'o) -Q(U l ) -Q(V l ) ]+2Q(U' 0)[1+cos (2ph1 )]

X X

where Q(x) =Ci (x) -j'Si (x) = Cos (y) dy-Jf sin(y)dy (17.4)

0 y

Uo=P [ 2_radj+4h2-2hj] U'o=vf2_rad1  Vo=P [ 2rad±2+4h2+2h1 ]

U1 -=- [ 2rad2+hj-hj] V1-P [F2rad2+h•÷hi]
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The orf-diagonal mutual impedance terms of equation 17.1

are given by (Ref Il]

60
Zi.k=Zk,:- cos [ (hi-hk) ] -cos [9 (h1 +hk) j (17.5)

[e-jP h• h))[Q( UO) -Q(Ul) -Q(U 2 ) ]+ eiP'h hk)[Q( Vo) -Q (V) -Q(V 2 )]

+ e--•P "h-h, o(Uo (v ) • ]+ejp ,hi-h,,, [c (VIo) -Q(Ul) -Q( V), ] •
+eJ(~~hk[Q(U'O-Q(Vl) -Q(U 2 ) ]ePn'k(V')-( Q(v]

+2Q( PD,k) (cos [ (hI-hk) ] +cos [P (hI+hk) ]

SX X

where Q (x) =Ci (x) -jSi (x) =fcos(y) dy - jsin(y) dy
Y 0

U= [VDtj ./(hi+hk 2 hi+hk) V. + (hi+hk)]

U'0= [ YDI k+ (hi -hk) 2 (hl -hk)] v'a=p [V Dik+ (hi-hk) 2+(hj-hk)]

U2=0p [FDj2.ýk2h-hkI v= P [VDj2,7k2+ ~hkI

The Di., terms are the distances between the ih+l and kh+l

dipole elements and are given by

k-1
Dik=Dki=E d, (17.6)

fl-i

The mutual impedances between the actual elements and

their images must also be computed to determine the elemental

current distribution. The mutual impedance terms of equation - 7
17.2 (ZIjk) are given by equation 17.5, except the Dk terms in i
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the Q(x) arguments are replaced by dii.k terms which represent

the distance from the it+l element to the image of the k+l1

element and are given by (Ref 6: pp. 205-2081

di i k=, HO 'DI. k (17.7)

The function Q(x) given by equations 17.4 is defined in

terms of sine [Si(x)] and cosine [Ci(x)] integrals. Mathcad

is incapable of evaluating Si(x) and Ci(x) directly, so a

series expansion and polynomial approximation are written into "\ /
the Mathcad code for both the sine and cosine integrals to

evaluate the functions Q(x). The arguments for Q(x) are

always real, so it is unnecessary to find Si(x) and Ci(x)

expressions valid for complex numbers.

For arguments less than one, Si(x) and Ci(x) are

evaluated by series expansions given by [Ref 9: p. 232]

Si(x)= (-1)n x

n=o (2n+1) (2n+1) (17.8)

Ci W)=Y +ln~x+ W-) xFn

n-1 (2n) (2n) ! (17.9)

where y=0.5 7 72156649

For arguments greater than one, Si(x) and Ci(x) are

expressed in terms of auxiliary functions, f(x) and g(x), j,

given by Ref 9: p.232]

Si Wx =2c- f Wx cos Wx -g(x) sin (x) (17.10)
2

Ci(x)=f(x)sin(x)-g(x)cos(x) (17.11)
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The auxiliary functions f(x) and g(x) are evaluated by the

polynomial approximations [Ref 9: p. 233]

lxs+a~x 6+a2x4+a x 2+a4)"

f(x) 6_4_3___ __+__ _X) (17.12)f x) = x8+bix +b 2x +b~x +b 4".

'where Ie(x) I < 5"I0"7

a1=38. 027264 b 1=40.021433

a 2=265.187033 b2 =322.624911

a 3 =335. 677320 b3=570.236280

a4=38. 102495 b4=157. 105423

l x8÷a1x 6+a2x'+ax 2 +a4÷
g(x)= = ( X BS 1X6 b 2 x4 jX 2 b ')+e(x) (17.13)

whez e le(x) W < 3"10-7

a1=42.242855 b1 =48. 196927

a 2 =302.757865 b2=482.485984

a3=352. 018498 b3=1114.978885

a 4=21.821899 b 4=449.690326

When the mutual impedances are found, the array's base

current distribution is computed from [Ref 10 p. 258-2591

C[IB] C[z] +h[ZIZ] }-[VREFI (17.14)

where
r,o=rh I oo ~

and n is the complex index of refraction. The entries of the

[IB] matrix are the base currents of the dipole elements, and

[VREF] is the voltage matrix to which the [IB] distribution is

referenced. Since the Yagi-Uda has only one driven element

(corresponding to the NRPh index), and since a sinusoidal

voltage response with a maximum of unity is assumed across the
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input terminals, [VREF] is a 1 X NR+ND matrix with a 1 as the

NR• entry and NR+ND-I zeroes in the remaining positions. The

electric field equations are referenced to the current maxima

values for the dipole elements, [I], which are determined frcm

the [IB] matrix using (Ref 6 p. 209]

jI= IBj 1.5
sin(ph,)(7.5

The mutual impedance calculations are not valid when any

element length 4S an exact integer multiple of the wavelength.

When this occurs, there is a singularity error in the mutual

impedance calculations, and it is necessary to vary the

frequency such that no element is exactly an integer multiple

of the wavelength. The change required is only a percent or

two, and the predicted radiation parameters are still a good

estimate of those for the original frequency.

The electric field for the horizontal Yagi-Uda array is

obtained for each element in a manner analogous to that used

for the vertical dipole in Chapter 4. The equations for the

individual elements are simplified into two expressions for

the array's electric field components by the array factor.

The Yagi-Uda's array factor is given by [Ref 6: p. 204]

NR-ND-1

S = E I.[cos[Ph 1(sin (8) sin (4) )]-cos (ph.)) ej sin (e)sin(#) (17.16ý
i-0

where Y. is the y coordinate for the i •h+i element given by

I-1
Sd(17 .17)

n-o
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The array factor is multiplied by the element factors to

find the equations for the total radiated electric field

d:s'r-.buticn of the horizontal Yagi-Uda array,

Co - rs ,,__,_:se__=____........ "(17 .18)

*• .-si : (a) cos: 4)

c- s (e) -r&. p.f(os ) (i -r.) Fee-,pH0cCos (e).

sin :()-'Hn,-sin n (cosf)/

2 3 n 6 "( e:P 'C(s(e) (S) (17.19)

- 1-h)' F-e22pHocos, ( o

The first two terms inside the brackets of each equation are

the space wave, the third terms are the surface wave, and I,

is the current term for each element based on a sinusoidal

voltage across the input terminals with a maximum of unity.

The requested inputs are used to calculate the following

variables using a constant 0 of 0-0 and 0-r/2 for 312 discrete

values of 0 which are equally incremented from -w/2 to w/2:

h ....... half-length of the ih+l element (meters)
Y. ....... y coordinate of the i'+l el ment
I . ..... current for the i1+l element
X5 ...... wavelength of the operation1l frequency (meters)
.. ....... free space wavenumber for operational frequency
n ....... index of refraction
P ....... complex numerical distance ( ertical polarization)
P. ...... complex numerical distance (ho izontal polarization)
r ...... vertical reflection coeffici nt
r, ...... horizontal reflection coefficientF...... vertical surface wave attenuation factor
F. ..... horizontal surface wave attenuation factor
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The calculated variables are used to evaluate the far-

field space wave and surface wave for the discrete values of

0 with 0=0 and 0=7r/2. The space wave and surface wave results

are combined f or corresponding values of 0 to obtain the total

radiated electric field distribution for the ck=0 and O=ir/2

vertical planes. The space wave, surface wave, and total

electric field results are then normalized with respect to the

maximum field intensity of each, and the normalized magnitudes

are plotted for each discrete 8 to depict the radiation

patterns. The Mathcad horizontal Yagi-Uda array application

computes the space wave, surface wave, and total electric

field radiation patterns and radiation parameters in the 0=0

and 0=7r/2 vertical planes.

The variables corresponding to the selected elevation

angle index (w) are used to evaluate the radiated electric

field components for the space wave and surface wave at the

fixed elevation angle (0.) as 0 varies from 0 to 2ir in 312k

equal increments. The horizontal radiation patterns are then

plotted for the space wave, surface wave, and total radiated

electric field just as those for the vertical planes.

Equations 3.8 and 3.9 are used to integrate equations

17.18 and 17.19 over the hemispherical Gaussian surface above

the ground plane at a fixed radius (R) from the array to find

total average radiated power (Pd) . Since the Yagi-Uda current

distribution is referenced to a sinusoidal voltage input with

a maximum of unIty, the radiation resistance can not be
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calculated from equation 3.10 as in previous applications.

Instead, radiation resistance must be found with respect to

the unity voltage input usingIVI2  
__

2RP or R -LV. (17.20)

2Rrad 2Prad

With the discrete values of the electric field and total

average radiated power, the Mathcad application predicts the

following radiation characteristics from Chapter 3:

Rrad ..... radiation resistance (Ohms)
Do ....... directivity
EIRP ..... effective radiated isotropic power (Watts) 4
A . ...... maximum theoretical effective area (square meters)
i. ....... maximum theoretical effective length (meters)
P ....... numerical distance (vertical polarization, 0=900)
P.. ...... numerical distance (horizontal polarization, 0=900)
Angle, .elevation angle of maximum directive gain (degrees)

The directivity (Do), effective isotropic radiated power

(EIRP), maximum theoretical effective area (A.), maximum

theoretical effective length (l.) , and elevation angle of the

directivity (Angle.) are determined for both vertical planes.

As an example, the Mathcad horizontal Yagi-Uda array

application was executed with the following inputs:

number of reflectors 1
number of directors 1
element lengths 15.6, 15, and 14 meters
element separations 7.5 and 6.5 meters
element radii 0.001, 0.001, and 0.001 meters
height of antenna 8.0 meters
frequency 10.106 Hertz
distance from the antenna 3000 meters
relative dielectric constant 72
.ground conductivity 4
elevation angle index 285 (-170)
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Figures 17.2 through 17.7 are the space wave and surface wave

radiation patterns in the ý=O and 0=7r/2 vertical planes, and

the designated horizontal plane for this example. -1

ir

FIGUR.E 17.2: Horizontal FIGURE 17.3: Horizontal
Yagi-Uda space wave radiation Yagi-Uda surface wave
pattern for 0=0 vert-Lcal radiation pattern for 0=
plane. vertical plane.

plane. vetca7lae
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The predicted radiation param eters based on a one volt

response across the input terminals are:

Total power radiated (Watts) 0.00482
Radiation resistance (Ohms) 103.760
Numerical distance (vertical) 0.04363
Numerical distance (horizontal) 2.26 .106

Directivity 1.679 14.631
EIRP (Watts) 0.0081 0.0705
Max eff area (sq meters.) 120.26 1047.9
Max eff length (meters) 11.506 ---33.966 - _

*Angle., (degrees) 89.7 41.714

These results are consistent with expectations for this

particular configuration. Appendix F contains computer

hardcopies of additional example calculations for the

horizontal Yagi-Uda array and compares predicted radiation

parameters to those expected based on previous calculati-ons.
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XVIII. REMARKS AND CONCLUSION

This thesis is the culmination of nine months of research

and computer programming. No new electric field equations

were derived exclusively for this project. It was directed by

NAVMARINTCEN prior to commencing that existing electric field

equations would provide the basis for the radiation parameter

predictions. The expressions used in this thesis are all

previously derived by pioneers in antenna radiation theory

such as Sommerfeld, Norton, Cox, King, Ma, and Walters. The

equations are compiled here solely for the purpose of

crediting the source references and to describe how the

Mathcad code was assembled.

The accuracy of the predicted radiation characteristics

is totally dependent upon the extent to which the equations

used realistically model the actual radiated electric fields

of the antennas. It is near impossible to obtain analytic

results which accurately model an antenna's radiation

characteristics in all cases. There are too many operational

and environmental variables to obtain one general, all-purpose

expression. Even if all possible variables could be accounted
7

for in a single expression, computer processing times would be

unacceptably long. The equations used herein are simple

enough to be evaluated by Mathcad in a reasonable length of

time, but the radiation parameter predictions are accurate

enough to be useful for antenna analysis.
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As addressed in appendices A-F, the equations presented

in previous chapters and evaluated by the Mathcad applications
.7

provide radiation parameters consistent with expectations for

the inputs which have been executed to date. All antenna

configurations which have been computed exhibit radiation

characteristics ccnsistent with other computational programs

and empirically obtained patterns and parameters. There is no

way to test the accuracy of the Mathcad predictions other than

empirical measurements for each antenna configuration, clearly

a task beyond the scope and purpose of this report. However,

adequate analysis of the Mathcad results has been provided to

demonstrate that the applications provide very good estimates

of antenna radiation parameters as a base level analysis tool.

Most of the applications have computations times under

ten minutes. However, even with the simplified equations used

by Mathcad, some of the applications can take upwards of two

hours to compute on a 33 MHz 80386 PC. The applications for

the rhombic, double rhomboid, and array (with more than four

to five elements) antennas can take an exorbitantly long time

for power calculations. For this reason, the applications

should be run on the fastest PC available; a 50 MHz 80486 is

preferable. Computation times can also be reduced by

computing only the radiation patterns until it is determined

which frequencies are of greatest interest. Then the average

power calculations for those frequencies can be executed.
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The Mathcad applications were written for NAVMARINTCEN to

provide antenna analysts with the capability to predict

radiation parameters based solely on antenna physical

dimensions and ground properties. The Mathcad results

computed thus far are consistent with expectations and are

most likely providing accurate predictions of actual antenna

radiation characteristics. Only extended use of the

applications and empirical confirmation of results will prove

out the accuracy of the Mathcad code. Results obtained thus

far certainly justify continued use of the Mathcad code as an

antenna analysis tool.

/
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APPENDIX A:

VERTICAL DIPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the Mathcad

vertical dipole application which show the input values and

predicted radiation characteristics for two sample calculations.

The configuration is a half-wave dipole at one quarter wavelength

above soil (E,=10 and a=10 2 ) for the first example and the same

configuration above seawater (E,=7 2 and a=4) for the second.

Reference 6 [p. 91] provides the radiation patterns and gain

predictions from several sources for the configuration in the

first example.

The elevation of maximum directive gain is slightly higher

for the Mathcad output than for those given in reference 6, but

the overall radiation patterns are very similar. The 4.17 (6.2

dB) value of directivity for Mathcad is quite a bit higher than

the maximum gain values of about zero dB in reference 6.

However, since a half -wa%%. dipole has a free-space directivity of

1.64 (2.1 dB), one would expect the actual directivity to be

closer to the Mathcad prediction because of the effect of the

reflected wave (constructive and destructive interference) on the

space wave, and the lower total average radiated power resulting

from ground plane losses. The seawater example yields results

consistent with expectations. With respect to the soil example,

the seawater example's directivity is slightly higher due to a

stronger reflected wave, and the surface wave is stronger at

grazing angles (0-900) due to higher conductivity.
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VERTICAL DIPOLE

This application calculates far field radiation patterns and parameters associated
with vertical thin-wire dipole antennas (diameter << wavelength). The antennu is
mounted vertically along the z-axis in a rectangular coordinate system with the feed
at the ante. na's center at a set height above the surface. Required inputs are the
antenna length, feed height above the surface, transmitted frequency, distance from
the antenna, the conductivity and dielectric constant of the surface below the
antenna. The planar earth model is assumed in predicting radiation patterns.
Predicted operating frequencies assume that the antenna is a quarter- wavelength.
half-wavelength, three-quarter-wavelength, or full-wavelength dipole. A sinusoidal
current input with a maximum of unity is assumed. All radiation patterns are
normalized with respect to the maximum electric field intensity transmitted by the
antenna. Plotted radiation patterns are valid for any vertical plane passing through
the antenna axis. The electric field magnitudes to which the Radiation Patterns are
normalized are displayed below their respective plots. Polarization is vertical for all
vertical dipoles.

Inputthe Dipole 1 5 h *-

length in meters

Wavelengths and Frequencies

4*l 2*l4.1Al := 4"1 X2 :-- 2"1 X'3 4-1 IN =' - I
~3~

c C C C

f, X2 =X3X

Possible Operating Frequencies (Hertz)

- Dipole: fl = 1.5. 107 Dipole: r2 = 3.107

4• 2ioe 451• f= 3.1l0

Dipole: f3  4.5 1 X Dipole: f4 = 60

Input the operating 30. 106 Input the Distance

Frequency (Hertz) I' from the Antenna R 3000
(meters)

Input the ground . :- Input the ground 10-2
Dielectric Constant Conductivity

Input the Height of Ho 2.5
the Antenna Feed
(meters) 154
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

Space Wave Radiation Pattern

.......... I.

-0.5/
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Su-face Wave Radiation Pattern

..........

y2 0-- ----/

., .. .- . .....

.ek \ 2 I
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Combined Space and Surface Wave Radiation Pattern

0 . ..... . .. ... .. ......- , . . .................

0-.5

,' -. wet . '31

Maximum Radiated Electric Field
Intensity (Volts per meter) max( MagE3) =0.01732
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2f- -0.- of.')

p o w e r 3 0 . c o s ( f , h .c o s ( ý ) ) - c o s ( t . h ) . • -' '-* ee

sin(•) R - H0 .Cos(•) R , H0 .

J0

(I E311)2 4.2-R2.max(sqE3)
sqE31  - Directivity 4R mower

2.( 120.7r) power

Radres = 2 power

Total Power Radiated (Watts) power = 10.79029

Radiation Resistance (Ohms) Radres = 21.58059

Directivity (maximum Power Gain
assuming 100% Antenna efficiency) Directivity = 4.16784

Effective Isotropic Radiated
Power (EIRP) (Wafts) Directivity. power = 44.97225

Maximum Effective Area
(Along Radial of Directivity) () 2 Dctivi 33.16664

(square meters) 4.x

Maximum Effective Length IRdres. (X5) 2. Directivity
(Along Radial of Directivity) 2" 2.75579

(meters) 480.- 2
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Numerical Distance for 7.9
Vertical Polarization ' 0eI /

Elevation Angle of Maximum 19gl39778)Power Gain (Degrees) 19.39778/
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VERTICAL DIPOLE

This application calculates far field radiation patterns and parameters associated
with vertical thin-wire dipole antennas (diameter << wavelength). The antenna is
mounted vertically along the z-axis in a rectangular coordinate system with the feed
at the antenna's center at a set height above the surface. Required inputs are the
antenna length, feed height above the surface, transmitted frequency, distance from
the antenna, the conductivity and dielectric constant of the surface below the
antenna. The planar earth model is assumed in predicting radiation patterns.
Predicted operating frequencies assume that the antenna is a quarter- wavelength,
half-wavelength, three-quarter-wavelength, or full-wavelength dipole. A sinusoidal
current input with a maximum of unity is assumed. All radiation patterns are
aormalized with respect to the maximum electric field intensity transmitted by the
antenna. Plotted radiation patterns are valid for any vertical plane passing through
the antenna axis. The electric field magnitudes to which the Radiation Patterns are
normalized are displayed below (heir respective plots. Polarization is vertical for all
vertical dipoles.

Input (he Dipole I•- 5 h
length in meters 2

Wavelengths and Frequencies

Al - 41 2 -2l A2 := 2 A3 4.1 I

c c c c

Possible Operating Frequencies (Hertz)

A Dipole: ft = 1.5.107 A Dipole: f2 = 3. 107

-4 Dipole: f3 = 4.5. 10 X Dipole: f4 = 6. 10

Input the operating r 30.n106 nput the Distance

Frequency (Hertz) 5  from (he Antenna R 3000
(meters)

Input the ground 72 Input the ground = 4 -'
Dielectric Constant Conductivity 4

Input the Height of
the Antenna Feed H0  2.5

(meters)
160
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Radiation Patterns vel~d for eny Vertical Plane passing through the Antenna

Space Wave Radiation Pattern

% 
5.

0 S . . . ....

.4..5

/ f. "/ ' I

Maximum / SpaeWv l.ti il
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Surface Wave Radiation Pattern

.. ......

..... ......... ...

Y ~ek .....*.....

05

....... .1

1 -.. 00.
wok, M2

-05mu Srac WaeElcrc il

Intensity~~~~ (Vh e- etr a(ag .33
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Combined Space and Sur face Wave Radiation Pattern

. .............

0 ----~~.. -- ; -----
. V I"

I -A

w'*. 43

MaximumRadiated Electric Field
Inesy(Volts per meter) max (MagE3) =0.03398
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power 30. cos(fl*.hcos( )) cos(-.h) e-- e-

sin() R - H0"cos(•) R H0

.0

(I E3,2)2

sqE3 1  32.(120.2) Directivity 4o wxeR2"max(sqE3)
2.' 10.x)power

Radres 2 power

Total Power Radiated (Watts) power = 37.64371

Radiation Resistance (Ohms) Radres = 75.28741

Directivity (maximum Power Gain
assuming 100% Antenna efficiency) Directivity = 4.59967

Effective Isotropic Radiated
Power (EIRP) (Watts) Directivity power = 173.14876

Maximum Effective Area 0) 2- Directivity
(Along Redial of Directivity) 5) 4. D 36.60304

(square meters) 
4. 3

Maximum Effective Length IRadres. (X5) 2. Directivity
(Along Radial of Directivity) 2. = 5.40735

(meters) . 22
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Numerical Distance for Pe0Vl = 0.39252
Vertical Polarization e

Elevation Angle of Maximum Angle3 = (8.557841
Power Gain (Degrees) (8.55784/
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APPENDIX B:

VERTICAL MONOPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the Mathcad

vertical monopole application which- show the input values and

predicted radiation characteristics for two sample calculations.

The configuration is a quarter-wave monopole above soil (E,=l0 and

a=10-2) for the first example and the same configuration above

seawater (e,=72 and a=4) for the second. Reference 6 (p. 89]

provides the radiation patterns and gain predictions from several

sources for the configuration in the first example.

The elevation of maximum directive gain is slightly higher

for the Mathcad output than for those given in reference 6, but

the overall radiation patterns are very similar. The 3.24 (5.1

dB) value of directivity for Mathcad is quite a bit higher than

the maximum gain values of about zero dB in reference 6.

However, since a half-wave dipole has a free-space directivity of

1.64 (2.1 dB), the actual directivity of a quarter-wave monopole

above a ground plane should be closer to the Mathcad prediction

because of the effect of the reflected wave (constructive and

destructive interference) on the space wave and the low~r total

average radiated power resulting from ground plane losses. The

seawater example yields results consistent with expect tions.

With ietpect Lu Lhe soil example, the seawater example's

directivity is slightly higher due to a stronger reflected wave,

and the surface wave is stronger at grazing angles (8-900) due to

higher conductivity.
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VERTICAL MONOPOLE

This application calculates far field radiation patterns and parameters associated
with vertical thin-wire monopole antennas (diameter << wavelength). The antenna
is mounted vertically along the z-axis in a rectangular coordinate system with the
feed at the origin. Required inputs are the antenna length, transmitted frequency,
distance from the antenna, the conductivity and dielectric constant of the surface
below the antenna. The planar earth model is assumed in predicting radiation
patterns. Predicted operating frequencies assume that the antenna is an eighth-
wavelength, quarter-wavelength, three-eighths-wavelength, or half-wavelength
monopole. A s'nusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maximum electic field intensity
transmitted by the antenna. The electric field magnitudes to which the patterns are
normalized are displayed below their respective plots. Radiation patterns are valid
fo any vertical plane passing through the z-axis, because the radiation pattern is
symmetrical with respect to phi. Polarization is vertical for all vertical monopoles.

Input the Monopole h *- 7.5 1 :- 2h
length in meters

Wavelengths and Frequencies
4.1

X 4 41 42"1 • 41 X

f c cfl 12: f3 : ft
X2 X3

Possible Operating Frequencies (Hertz)

X Monopole: f!= 5. t106 XMonopole: f2 = I. 10

3.X Monopole: f3 =.S. O Monopole: f4 = 2"107

Input the operating fI :- 10. O1 Input the Distance from R :z 3000
Frequency (Hertz) the Antenna (meters)

Input the ground -r 10 Input the ground 10- 2
Dielectric Constant Conductivity:
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

Space Wave Radiation Pattern

1-.. ... ......

... ... .. ... ......

0.5

Y1*

1 -0. 0 .
- I I HI

Maxium Sace aveElecric iel
Intesity(Vols pr meer) ax(ag~l 0.01J 1
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Surface Wave Pattern

INC*
/ ,N,

9 e

0 ..

y2
1  - -~. ''' . .. .

V.5 - '~. .I %

-1 A r

-1 -0.5 0 0.5x 1

It .- 
.2

Maximum Surface Wave Field Intensity ma(Mg-4 8267 0
(Volts per meter) mxMg2 .37-1
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Combined Space and Sw-face Wave Pattern

.1 . .. I- .......

0.5

-0.4.
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SI n(hcos()) .
fcos.......osofl) .- cos(# . "..

2. F~sn(22J [[-si~l)-o(

a nCos(~, -2 sin( )[[ + (-(cos(ý).sin(fl.h))
2s2.cos() 2 sin(-)

+ 'sil.h.Cos( ' + ... _ sin C

sqE3.1  (!3) Directivity 4xR.a~q3
2-( 120.ix) power

Radros 2*.power

Total Power Radiated (Watts) power 5.74454

Radiation Resistance (Ohms) Radres s11.48908

Directivity (maximum Power Gain
assuming 100% Antenna Effic2iency) Directivity = 3.23898

Effective Isotropic Radiated
Power (EIRP) (Watts) Directivity- power = 18.60648

Maximum Effective Area 2, Directivity
(Along Radial of Directivity) ( S) = 231.97519

(square meters) 4.s
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Maximum Effective Length JRadres. (AS) 'Directivity
(Along Radial of Directivity) 2. 2 5.3175

(meters) 480. x 2

Numerical Distance for
Vertical Polarization j PeoI = 14.91116

Elevation Angle of Maximum ( 25.67353)
Power Gain (Degrees) Ang(3 = 25.67353)
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VERTICAL MONOPOLE

This application calculates far field radiation patterns and parameters associated
with vertical thin-wire monopole antennas (diameter << wavelength). The antenna
is mounted vertically along the z-axis in a rectangular coordinate system with the
feed at the origin. Required inputs are the antenna length. transmitted frequency,
distance from the antenna, the conductivity and dielectric constant of the surface
below the antenna. The planar earth model is assumed in predicting radiation
patterns. Predicted operating frequencies assume that the antenns is an eighth-
wavelength, quarter-wavelength, three-eighths-wavelength, or half-wavelength
monopole. A sinusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maximum electic field intensity
transmitted by the antenna. The electric field magnitudes to which the patterns are
normalized are displayed below their respective plots. Radiation patterns are valid
for any vertical plane passing through the z-axis, because the radiation pattern is
symmetrical wilL respect to phi. Polarization is vertical for all vertical monopoles.

Input the Monopole h , 7.5 I 2. h
length in meters

Wavelengths and Frequencies ,

c c c c

2 f 3 - 4

Possible Optating Frequencies (Hertz)

6 X ,7
Monopole: f 5 . 106 Monopole: f2 = 1.10

3-X-7 X

Monopole: 1 = Monopole: 1 I0=T 3 l.Mn1`3 f2 = "O-

Input the operating :10. 10 Input the Dri'aUne from R 3000)
Frequency (Herz)-u 5the Antenny (mete-s)

Input the ground 72 Input the ground o 4
Dielectric Constant Conductivity-
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

Space Wave Radiation Pattern

I / .

/A/

..I

-0.51

, / 
j

-1 -0.5 0 0.5

WOCIL - 1

Maximum Space Wave Electric Field
Intensity (Vohts per meter) max( MagEl) 0.01855
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Surface Wave Pattern

1k .........

0

-0.5 0 0.5
Hf ok .H21

Maximum Surface Wave Field Intensity ma(Mg2=0017
(Volts per meter) mxMg2 .17
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Combined Space and Surfa'-e Wave Pattern

0.5

k/

Y3 1~ .1 ..... .

/ 0..--

/V

MaximumRadiated Electric Field
Itniy(osper meter) max( MagE3) =0.01976
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2
S[cos(fl.hcos(ý)) .cos(fh).

7.p + I (-(cos()sin(fl.h)))
R2 sin( 0

ncos(Os.h.cos(ý)) - cos(#.h) ...

S n 2 . 22 + [ - [ j .[ s in__ _ _ _ _ _ _ _ _ _n•"o(' - !u - sn(c)s L + (-(cos(•').sin(O-h)) ,

22 2 sinMrncos(ý) in n_ s sin(sC)

(I E3,I)2 ____ ___

sqE31  2.(E120.) Directivity 4"x'R 2 .max(sqE3)
212x)power --.

Radres 2.power

Total Power Radiated (Watts) power = 16.19454
Y\

Radiation Resistance (Ohms) Radres - 32.38909

Directivity (maximum Power Gain
assuming 100% Antenna Efficiency) Directivily = 3.61503

Effective Isotropic Radiated
Power (EIRP) (Watts) Directivity power = 58.54372

Maximum Effective Area
(Along Radial of Directivity) 2 Directivity = 258.9073

(square meters) 4.1
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Maximum Effective Length jRadres. (XS) ".Directivity
(Along Radial of Directivity) 2 = 9.4327

(meters) 480 X2

Numerical Distance for Pef 0.04363
Vertical Polarization

Elevation Angle of Maximum Angle3 (O
Power Gain (Degrees) 0
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APPENDIX C:

HORIZONTAL DIPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the Mathcad

horizontal dipole application. which show the input values and

predicted radiation characteristics for four sample calculations.

The configuration is a half-wave dipole at one- quarter, one-half,

and three-quarters wavelengths above soil (e,=10 and a=10-2) for the

first three examples, respectively, and a half-wave dipole at one-

quarter wavelength above seawater (e,=72 and a=4) for the fourth.

Reference 6 (pp. 86-88] provides the radiation patterns and gain

predictions from several sources for the configurations in the

first three examples.

The radiation patterns and maximum directive gain computed by

the first three Mathcad examples are almost identical to the those

given in reference 6. The directivity predictions are slightly

higher for Mathcad, but the overall similarity between the

predicted radiation characteristics is noteworthy. The seawater

example also yields results consistent with expectations. With

respect to the soil example, the seawater example's directivity is

slightly higher due to a stronger reflected wave, and the surface

wave is slightly stronger at grazing angles (0.-900) due to higher

conductivity. For horizontal polarization, the higher conductivity

surface below the antenna does not result in a greatly enhanced

surface wave and increased directivity as it does for vertical

polarization.
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HORIZONTAL DIPOLE

This application calculates far field radiation patterns and parameters associated with
horizontal thin-wire dipole antennas (diameter << wavelength). The antenna is
mounted above and parallel to the x-axis in a rectangular coordinate system. The
feed is at the center of the ar.tenna at a set height directly above the origin.
Required inputs are the antenna length, feed height above the surface, transmitted
frequency, distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. Predicted operating frequencies assume that the antenna is a
quarter-wavelength, haft-wavelength. three-quartei--wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitudes to which the patterns are normalized are displayed below their
respective plots. The radiation patterns are plotted for the phi--0 and phi=pi/2
vertical planes parallel and perpendicular to the x-axis respectively. A horizontal
radiation pattern is plotted at an elevation selected by the index from the elevation
angle index table. Polarization is a combination of vertical and horizontal
depending upon spatial orientation relative !o the dipole.

Input the dipole I = 15 h -

length in meters 2

Input the index of the elevation angle for
which to calculate the horizontal radiation d 535
pattern (from the angle index table)

Wavelengths and Frequencies

4.1 "

A- 4.1 A2  2.1 1\3  4-1 X1

C C c
1 2f3: f4 A

Possible Operating Frequencies (Hertz)

Dipole: f1 - 5,10$ - Dipole: f =.1' 0
4 2 : 2 l

3 Dipole: f3 " 1.5. 107 X Dipole: f4  -210 7
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Inputthe operating . .c 2x
Frequency (Hertz) fS 10. 10 AS X 5

Input the Height of 76 Input the ground t 3
Antenna Feed (meters) H0  Dielectric Constant

Input the Distance R 3000 Input the ground a 3. 0- 2
from Antenna (meters) Conductivity:

Index of Refraction

Rd, R - Ho cos 0). 18000.0

Rr1  R HO* HoCOIS(81) lr f*t-6

Complex Numerical Distance Pei r.s cos(Oi) + In sin 2

for Vertical Polarization 2. sin (1) 2 2

Complex Numerical Distance Pmi _ c" 61Rri 2 12
for Horizontal Polrization 2n sin( 01) 2 -+ - (sin 2)

(2.co- (e,))_ (.n 2 
-_ si (,)2)

Vertical Reflection Coefficient rv, (n.cos(,)). (= '- - .

n 2 Co (0)) 11 _sin (0) 2

Horizontal Reflection Coefficient :h cos(o,) - ( n2 2 sin<Ol)z)

cos(6j) + (in 2 -- si(0i)2)
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Radiation Patter-ns in ThiPI'i2 Plane (Perpendicular to Dipole)

Space Wave Radiation Pattern (Phi=Pi/2)

IX

YIP

- 0500.5 1

0

-05 a 00 1 I

Max E-Field Intensity (Volts per meter) max (MagE2IP) 1 .03863162
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Combined Space and Surface Wave Radiation Pattern (Phi~pit2)

... x /

0.5 .....

0 .......

I

Max E-Field Intensity (Volts per meter) max (MagE3P) =0.03632
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Radiation Patterns in PhifrO Plane (Parallel to Dipole)

Space Wave Radiation Pattern (Phi=0)

-1 .05 0 05 11

-wý RIO

I...........

Max E-Field Intensity (Volts per meter) max( MagE 10) 3 .0443594 -

Sufae ae adaio Pttr184iO



Combined Space and Surface Wave Radiation Pattern (Phi=O)

Ik

... . .. . .. . .. .. ..

'-74.. ... ..... 
......

y3-

V/

-0.5.

-1 -0.5 0 0.5

Max E-Field Intensity (Volts per meter) max (MagE3O) =0.03594
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Radiat~ion Patterns in Horizonta Plane

Space Wave Radiation Pa:!zrii

Yi I..-

00. 0 r.

yI 1  RIN

...... ...... -0 5 ' _ _ _ _

-1 -050 0.51

Max E-Field Intensity (Volts per meter) max( MagE 111) 2 .0261471

Sufae ae adato Pttr (orzot86lae



Combined Space and Surface WaVe Radiation Pattern (Horizontal Plane)

05 ...... P\\-
I /

Ma EFe ntnity (Vot per meer ma Mabi=.063

-.%' / 87



Total Power Radiated (Watts) power = 37.80286

Radiation Resistance (versus Radres - 75.60572
Maximum Antenna Current)
(Ohms)

Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi m pi2 Plane Phi - 0 Plane

DirectivityP = 5.23417 DirectivityO = 5.12535

Effective Isotropic Radiated Power (EIRP) (Watts)

Phi = piI2 Plane Phi 0 Plane

DirectivityP. power = 197.86674 DirectivityO. power - 193.75275

Maximum Effective Area (Along Radial of Directivity)

(square meters)

Phi =pi2 Plane Phi = O0Plane

(X5) 2 DirectivityPX3) 2. Dvrectivityo
4s= 374.87006 " 367.07586
4.18
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Maximum Effective Length (AJong Radial of Directivity)
(meters)

Phi = pi2 Plane Phi- 0 Plane

Radres. (XS5) 2" DirectivityP JRadres" (AS) 2. DlrectivityO
2. = 17.34132'2- 2 = 17.1601480. x 480.2 w

Numerical Distances

Vertkal Polarization Horizontal Polarization

Peoj 5.04617 IPmoi = 1.92562" 104

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi pi/2 Plane Phi 0 Plane

Angle P 65.895) AngkeO= (89.85737)
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3ORIZONTAL DIPOLE

7h6 application calculates far field radiation patterns and parameters associated with
horizontal thin-wire dipole antennas (diameter << wavelength). The antenna is
mounted above and parallel to the x-axis in a rectangular coordinate system. The
feed is at the center of the antenna at a set height directly above the origin.
Required inputs afe the antenna length, feed height above the surface, transmitted
frequency. distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. Predicted operating frequencies assume that the antenna is a
quarter-wavelength, half-wavelength, three-quarter-wavelength, or funl wave-
length dipole. A sinusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitudes to which the patterns are normalized are displayed below their
respective plots. The radiation patterns are plotted for the phi=O and phi~pi2
vertic,' planes parallel and perpendicular to the x-axis respectively. A horizontal
radi;. .,n pattern is plotted at an elevation selected by the index from the elevation
anCA index table. Polarization is a combination of vertical and horizontal
depending upon spatial orientation relative to the dipole.

Input the dipole I = 7.5 h
length in meters

Input the index of the elevation angle for
which to calculate the horizontal radiation d 535

pattern (from the angle index table)

Wavelengths and Frequencies

4.1
A.4-1 A 2:. 1 1,.--- A

c C c c

Possible Operating Frequencies (Hertz)

A 7 7SDipole: r,= 1 '10, Dipole: f *1

Dipole: f3 = 3.107 A Dipole: f4 = 4.107
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Input the operating cI' 20. 100 2-t
Frequen cy (Hertz) XS-2* 0

Input the Height of 1 H 76 Input (he ground 3
Antenna Feed (meters) Dielectric Constant

Input the Distance R 3000 Input the ground 3.10- 2
from Antenna (meters) Conductivity:

S* Index of Refraction

Rd: R -. H 0"cos 0.

Rri R + H0 .cos( 1  - ( .0o-6)

2

for Vertical Polarization 2.sm (t1)2 n2

Complex Numerical Ditance P: cosm 1 2

Complex~. NumrialDisane + j2 1. )2) 1
for Horizontal Polarization (sn o,( -

2- sin (6,)2

Sji (.,.os(0,))_ 2 sin, 8.0)2
Vertical Reflection Coefficient rv . ( in

.(.'.oo,(o,4) ( (it- 2 sin (,)2)

Horizontal Reflection Coefficient rh , Cos(,) - (i • 2 - sin (e 01 2)

Cos (0,) + (i -,sin (0,) 2)
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Radation Patterns in Phi=Pit2 Plane (Perpendicular to Dipole)

Space Wave Radiation Pattern (Phi=Pi12)

9-kI

-1 0.5 0 0.5 1
wekt HIP,

Max E-Field Intensity (Volt! per meter) max( MagEIP) =0.03737

Surface Wave Radaticn Pattern (Phi--pi/2)

1%

V2P Ix2V.

Max E-Field Intensity (Volts per meter) max( MagE2P) =8.03309* IOF'
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Radiation Patterns in Phi=0 Plane (Parallel to Dipole)

Space Wave Radiation Pattern (Phi-O)

0 5

90

., .x

A -0.5 0 0.51

Max E-Field Intensity (Volts per meter) max ( MagE 10) =0.01561

Surface Wave Radiation Pattern (Phi--O)

0.5

y201  .

-0.5 ~

-1 -0.5 0 0.5
wtey m2O~

Max E-Field Intensity (Volts per meter) max( MagE2O) =1.54902-16-4
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Radiation Patterns in Horizontal Plane

Space Wave Radiation Pattern

v.1 -4I . '

-0.5 /

-1 -0.5 0 0

Max E-Field Intensity (Volts per meter) max( MagEIH) = 0.03734

Surface Wave Radiation Pattern (Horizontal Plane)

- 0.

-1 -0.5 0 05s I

Max E-Field Intensity (Volts per meter) max (MagE2H) =1.62046.1CF
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Total Power Radiated (Watts) power = 27.68975

Radiation Resistance (verrus Radres = 55.3795
Maximum Antenna Current)
(Ohms)

Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi pit2 Plane Phi= 0 Plane

DirectivityP = 7.56408 DirectivityO = 1.32021

Effective Isotropic Radiated Power (EIRP) (Watts)

Phi =pi/2 Plane Phi 0 Plane

DirectivityP. power = 209.44744 DirectivityO. power = 36.45637

Maximum Effective Area (Along Radial of Directivity)
(square meters)

ri -- pi/2 Plane Phi = 0 Plane

(,\3) 2. DirectivityP 1 .33 (115) 2. DirectivityO 2.33
--135.43431 = 23.63833

4.1 4.x
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Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = pi2 Plane Phi - 0 Plane

IRadrs. (AS) 2. DirectivityP IRadrs. (Is) 2. DirectivityO
2. 8.92079 2 = 3.7269

480X2 480.x 2

Numerical Distances

Vertical Polarization Horizontal Polarization

Ne0j - 15.283 IPmoI - 2.4896-104

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi pi2 Plane Phi 0 Plane

/nll 28.240891 (nlO 41.648 1828.24089/ 4 1.648.18/
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HORIZONTAL DIPOLE

This application calculates far field radiation patterns and parameters associated with
horizontal thin-wire dipole antennas (diameter << wavelength). The antenna is
mounted above and parallel to the x-axis in a rectangular coordinate system. The
feed is at the center of the antenna at a set height directly above the origin.
Required inputs are the antenna length, feed height above the surface, transmitted
fiequency, distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. Predicted operating frequencies assume that the antenna is a
quarter-wavelength, hall-wavelength, three-quarter-wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is P.ssumed. All
radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitiides to which the patterns are normalized are displayed below their
respective plots. The radiation patterns are plotted for the phi--O and phi=pi/2
vertical planes parallel and perpendicular to the x-axis respectively. A horizontal
radiation pattern is plotted at an elevation selected by the index from the elevation
angle index table. Polarization is a combination of vertickl and horizontal
depending upon spatial orientation relative to the dipole.

Input the dipole I - 5 h
length in meters 2

Input the index of the elevation angle for
'which to calculate the horizontal radiation d 535
pattern (from the angle index table)

Wavelengths and Frequencies

4-2 2-1 X 4.1 X4
3

c c c c
f2 : f3•-,.

Possible Operating Frequencies (Hertz)

Dipole: 1 " 1.5. 10 2 Dipole: f2  3.107

3.7 7Dipole: [3 4.5. 10 A Dipole: f = 6 10
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Input the operating f c 2.w
Frequency (Hertz) 30.106

Input ihe Height of H 7.6 Input the ground
Antenna F'ed (meters) 0 Dielectric Constant

Input the Distance Inpttthegrouad

from Antenna (meters) Conductivitru

Index of Refraction

Rd, R - H.•cos(,) 18000M.o

RrI R + HO.cos(ei) -

Complex Numerical Distance Pe! :i cosin 2 sin((, )2
for Vertical Polarization Pei \ ,, -2

ror~orntal~2.rftin (61) (sne

Complex Numerical Distance Pm! - J.f Rr( 2 _ (sin '1

Veritcal Reflection Coeffient rv1  (n2c°9(e))- ( n 2 - sin(61)2)

(n2.cos(,)). (Qn2 _ sil(,),)

Vertical Refecio Cofii ) v

Horizontal Reflection Coefficient - -I _ sin (61) 2

C03(01) + ( 2  _ sin 6e)2)
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Radiation Patterns in Pbi=Pi/2 Plane (Perpendicukiu to Dipole)

Space Wave Radiation Pattern (Phi=Pi/2)

0 1 - 0. .

0.

-0

-1 -0.5 0 053

Max E-Field Intensity (Volts per meter) max (MagE2IP) 6 .210-0379

SufaeWae aiaio ate199b~p2



Radiation Patterns in Phi=O Plane (Parallel to Dipole)

Space Wave Radiation Pattern (Phi0-)

"-T - .. .../

-0.5 ~

Iok. RIO

I '~.. .. .....I -

-0.5 ' \

1 -05 0 0.5 1

Max E-Field Intensity (Volts per meter) max(MagElO) - 0.3091422 -

Swac av RdatonPtt2n00iO



Radiation Patterns in Horizontal Plane

Space Wave Rad~lation Pattern

.It0.5 / f

o . l ... _4.

j1 \ 
-.... ..

I %

-1U_1 -0. 0 0.51
wok1 . HIEK

Max E-Field Intensity (Voltsper meter) max( MagE1H) = 0.02972

Surface Wave Radiation Pattern (Horizontal Plane)

0. ......... ~ P h i==0

Max E-Field Intensity (Volts per meter) max( MagE2H) 1 .14409-106-
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Total Power Radiated (Watts) power = 31.69054

Radiation Resistance (versus Radres = 63.38107
Maximum Antenna Current)
(Ohms)

Directivity (or Mavimum Power Gain assuming 100% Antenna Efficiency)

Phi = pit2 Plane Phi = 0 Plane

DirectivityP = 6.8304 DirectivifyO = 5.54301

Effective Isotropic Radiated Power (EIRP) (Watts)

Phi = pit2 Plane Phi = 0 Plane

DirectivityP. power = 216.45893 DirectivityO. power = 175.66087

Maximum Effective Area (Along Radial of Directivity)

(square meters)

Phi pi/2 Plmane Phi = 0 Plane

(,\S) 2 DirectivityP (,\3) 2. Directiviyo
4t= 54.35457 = 44.10985
4.! 4.2
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Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = piI2 Plane Phi = 0 Plane

2 .IRads(-)• A 2.D ,recivityP 6.0592 2. Rads. (Xs) 2.DirectivtyO 54
480.%x2  480. x2

Numerical Distance-,

Vertical Polarization Horizontal Polarization

I Peol - 26.28165 iPr0 = 3.21687-io0

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi pi/2 Plane Phi 0 Plane

.Angh 18.542 AngleD 89.85737)
18.542/ (0389.85737
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HORIZONTAL DIPOLE

This application calculates far field radiation patterns ann! ?arameters associated with
horizontal thin-wire dipole antennas (diameter << wavelength), The antenna is
mounted above and parallel to the x-axis in a rectangular coordinate system. The
feed is at the center of the antenna at a set height directly above the origin.
Required inputs are the antenna length, feed height above the surface, transmitted
frequency, distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. Predicted operating frequencies assume that the antenna is a
quarter-wavelength, half-wavelength, three-quarter-wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
"magnitudes to which the patterns are normalized are displayed below their
respective plots. The radiation patterns are plotted for the phi=0 and phi=pit2
vertical planes parallel and perpendicular to the x-axis respectively. A horizontal
radiation pattern is plotted at an elevation selected by the index from the elevation
angle index table. Polrization is a combination of vertical and horizontal
depending upon spatial orientation relative to the dipole.

Input the dipole I - 3 h I
length in meters 2

Input the index of the elevation angle for
which to calculate the horizontal radiation d 535
pattern (from the angle index table)

Wavelengths and Frequencies

4.1Xt : 4-1 A 2 :2, 2"1 \3 3: A 4 ::I

Possible Operating Frequencies (Hertz)

4 Dipole: fr = 2.5. 10 2Dipole: f2 = 5. 10

-A-- Dipole: f3 = 7.5.l 1 Dipole: f4 = 1. 10
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*:Input the operating f 50 6 c 2-x
Frequency (Hertz) f5X

Input the Height of 110 1.5 Input the ground . 72
Antenna Feed (meters) Dieiectric Constant

Input the Distance R 3¶00 Input the ground 4
from Antenna (meters) Conductivity:

Index of Refraction

- Rd. , R - Ho.O,S(O") 18000.0
n -

Rr! R + Ho'cos(O,) (f3.lO-6)

Complex Numerical Distance Pei -j'0'Rr1  cos(ol) + 2 sin(Oi)2\

for Vertical Polarization 2. sin (G) 2 n2

-- - Complex Numerical Distance * - Cos (0) + (sin(0,)2) 2

for Horizontal Polarization 2. sin (01) 2

Vertical Reflection Coefficient 1v1  (n2.os(el)) O (n 2  sin(60))
0 ( *2 - s ( 2

1Iorizoflhal Reflecilon Coefficient cs(, ) : l=o1 2

cos(o,) (i ,2 _ sin(01)2)
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Radiation Patterns in Phi=Pi/2 Plane (Perpendicular to Dipole)

Space Wave Radiation Pattern (Pbi=Pi/2)

... .... ...

0.5

Jr.%.*

05 05 1

i 'y. HI

Max E-Field Intensity (Volts per meter) max ( M agE IP) 0.03926

;J Wfaco Wave Radiation Pattern (Phi~p12)

wt2 m2

Max E-Field Intensity (Volts per meter) max( MagE2P) =8.83121-16-9
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Combined Space and Surface Wave Radiation Pattern (Phi~piI2)

0.5 .....

"'A-

t

.... ..... ...... ....... .....

-05 -050 .

Hr9lk. OP

MxE-Field Intensfty (Volts per meter) max (MagE3P) =0.03926
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Radiation Paiterns in Phi=O Plane (Parallel to Dipole)

Space Wave Radiation Pattern (Phi=O)

.~I It

-0.5 J .

-0. 0 '0. .
wok NO

-0.5

1-0.3 0 0. 1.

wvE1L "20

Max E-Field Intensity (Volts per meter) max( MagE20) 3 .0322251-

Sufae ae adaio Ptt208hi0

I ~ .. *.* .



Comb-ined Space and Surface Wave Radiation Pattern (PhiO0)

*0 .5 
..... ....

-0. ...; .. "..

- J .... ........

-0.5 0 .WeV M30

Max~~~~~~~~~ I-il klniy(osprmtr a(aE0 .32
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Radiation Patterns in Horizontal Plane

Space Wave Radiation Pattern

919~ .........

0.5 ~

k

0 ...... ... Phi::Q

-1 -0.5 0 0.

Max E-Field Intensity (Volts per meter) max( MagElil) 4 .0267771-

SufaeWaeRaiain aten(Hr2ota1lae



-7-,."

Combined Space and Surface Wave Radiation Pattern (Horizontal Plane)

.........

... ....

, %~

-0.5 
I

.. /..... . ...

-i U I

-0. -050 .
M3 I

Max~~~~~~~~ E-il Inest Vh e eer a(aEH .24
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Total Powe~r Radia'ed (Walls) power -41.98012

Radiation Resistance (versus Radrs = 83.96025
Maximum Antenna Current)
(Ohms)

Directivity (or Maximum Power Gain assuming 100%l Antenna Efficiency)

Phi pi/2 Plane Phi = 0 lane

!ArectivlityP = 5.50819 DirectivityO = 5.50321

Effective Isotropic Radiated Power (EIRP) (Watts)

Phi=p(2 Plane' Phi = 0Plane

DirectiviltyPi, power = 231.23457 Directivity,0- per,-.. = 231.02563

Maximum Effective Area (Along Radial of Directivity)

(square meters)

Phi =pif2 Plane PhiO=0Plane

() *DirectivityP ()2 DirectivityO -1.65

15.798 4.11.65
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Maximum Effective Length (Along Radial of Directivity)
"(meters)

Phi pi-2 Plane Phi 0 Plane

Rrt.(,\5) 2. DirectivityP (ars 5 2..Drcfry
2 = 3.74932 2" 3.74762480. x2 480.12

Numerical Distances

Vertical Polarization Horizontal Polarization

JI Pe 1.0894 3 JPmoJ -2.26469.106

Elevation Angle of Directivity (Maximum Gain)
above the Horzon (Degrees)

Phi ipi/2 Plane Phi 0 Plane

AnlP_ 78.73217) n __e 89.85737
78.73217 89.857371
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APPENDIX D:

VERTICAL LOG-PERIODIC DIPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the

Mathcad vertical log-periodic dipole array application which

show the input values and predicted radiation characteristics

for two sample calculations. The configuration is a given by

the inputs on the first two pages of each printout. The first

antenna is mounted above soil (e,=10 and a=10"3) and the second

above seawater (e,-7 2 and a=4). Reference 6 (p. 114] provides

the radiation patterns and gain predictions from several

sources for the configuration in the first example.

The radiation patterns and maximum directive gain

computed by the first Mathcad example are almost identical to

the those given in reference 6. The directivity prediction is

slightly higher for Mathcad, and the elevation of the maximum

directive gain is also slightly higher, but the overall

similarity between the predicted radiation characteristics is

still quite good. The seawater example also yields results

consistent with expectations. With respect to the soil

example, the seawater example's directivity is higher due to

a stronger reflected wave, and the surface wave is stronger at

grazing angles (0-900) due to higher conductivity.
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/

VERTICAL LOG PERIODIC DIPOLE ARRAY

This application calculates far field radiation patterns and parameters associated with
vertical log periodic dipole arrays. The antenna is oriented such that the projection
of its center axis lies on the positive y-axis of a rectangular coordinate system. The
antenna axis can be oriented with respect to the vertical at any angle between zero
and ninety degrees. The feed is i1t the center of the shortest element directly above
the origin. The dipole elements are bisected by the anternaa axis and are parallel to
the z-axis. Required inputs are the number of dipole elements, shortest and second
shortest element lengths, separation between the shortest and second shortest
elements, radius of the shortest element, height of the feed above the surface.
angle of the antenna axis with the vertical, characteristic admittance of the line
feeding the antenna, termination impedance of the antenna, transmitted freqiency.
distance from the antenna, the conductivity and dielectric constant of the surface

r\7 below the antenna. The planar earth model is assumed in predicting radiation
\ patterns. A sinusoidal current input with a maximum of unity is assumed. All

radiation patterns are normalized with respect to (he maximum electric field
•\ intensity transmitted by the ant,.nna in the plane or interest. The electric field

* • magnitudes to which the patte~ns are normalized are displayed below their
respective plots. Radiation patterns are plotted for the phi=0 and phi=pit2 vertical
planes perpendicular and par.allel to the y-axis respectively. A horizontal radiation
pattern is plotted at an elevrtion selected by the index from the elevation angle
index table. Polarization is vertical for all vertical log-periodic antennas.

Input the number N 12 Input the shortest tad .00918
of elements element's Radius 0

(meters)

Input the length Input the length
of the shortest lo 3.673 of the second 1, 4.373
element (meters) shortest element

(meters)

Input the distance Input the height of
from shortest to do 1.0766 the shortest element H0  6.87
second sh,',rtest above the surface
element (meters) (meters)

Input the operating f5 18. 106 Input the Distance R 3000
Frequency (Hertz) from the Antenna

"(meters)

Input the ground -. to- 3 Input the ground 10
Conductivity Dielectric Constant

Input the Characteristi I Input the Termination
Admittance of the Li ADM i- Impedance connected TIMP 450
Feeding the Antenna to longest element
(Ohms) (Ohms)
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Input the angle between Input the elevation index
the vertical (z axis) and 1P* 78 for which to calculate the w 2,95
the antenna axis (degrees) horizontal radiation pattern

(from angle index table)

NOTE: The Vertical Log-Periodic Dipole mutual impedance calculations are not
valid If there is an antenna element whose length is an exact integer multiple of the
wavelength. If this occurs, there will be a singularity error in the mutual impedance
calculations. If this problem arises, it will be necessary to vary the operating frequency
such that no element is exactly an integer multiple of the wavelength.

If the log-periodic calculations of element length and spacing do not represent the
desired antenna configuration, you can enter the values directly by selecting the
variables I and d, using the define key (shift, colon), and entering the lengths and
spacings by separating each successive entry by a comma.

Calculated distance
Calculated length between successive Calculated radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest

Id rad
Y ~ V

3.673 1.0766 0.00918
4.373 1.28178 0.01093
5.20641 1.52606 0.01301
6.19864 1.8169 0.01549
7.37998 2.16316 0.01844
8.78645 2.57541 0.02196
10.46098 3.06624 0.02615
12.45463 3.6506 0.03113
14.82823 4.34633 0.03706
17.65419 5.17465 0.04412
21 .018 73 6. 160-841 0.05253
125.02447 L0.06254
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Radiation Patterns in Phi=PiI2 Plane
(Perpendicular to X -Axis)

Space Wave Radiation Pattern (Phi=Pit2)

y-O i ........... I

.t . .. ....
......................

0A \

. .'. .... ....

-A -0.5 0 0.5
weI1L Hip1

Max E-Field Intensity (Volts per meter) max( MagEIP) U L.05599

Surface Wave Radiation Pattern (Phi~pi2)

0.5 .. .....

0 ......... :~.

y2P1  *

-0.5

-1 0.5 0 0.51

Ma -Field Intensity (Volts per meter) max( MagE2P) =0.00124
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Combined Space and Surface Wave Radiation Pattern (Phi~p112)

......... ....... ...

0.5

?tQO .... .-

.0. -. :.k

........I.....1

1 050 1D5

Max E-Field Intensity (Vlsper mee) max(MagE3P) =0.05583
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Radiation Patterns in Pbi=0O Plane
(Perpendicular to Phi=piI2 Plane)

Space Wave Radiation Pattern (Phi-0)

0.5 A.'

--- -- ...

0.5 ,

-1 -0.5 0 0.5
"HreEV 110 1

Max E-Field Intenisity (Volts per meter) max( MagEO 10 0.03221

Surface Wave Radiation Pattern (Phi-O)

0 ..... ..... ....! ....' .....

..5 ......

V. ~ .

0e P2 1

Ma -il nest Vlspr ee) mxMg2) 76671-
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Combined Space and Surface Wave Radiation Pattern (Phi=-O)

1 ~ ~ .. ........... . ..'

.. . 1......

0.5

0 ... ..........~,

. .....

.......... I- . .....

I%

-1 -0.5 0 0.5

Max E-Field Intensity (Volts per meter) max (MagE3O) =0.0321
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--.- --.--

Radiation Pietterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

0.5 '-~I;

We~k 0

.1 ..... ....

-1 0.5 0 0.5 1
WOVf "INI

Max E-Field Intensity (Volts per meter) max( MagEIH) =0.05438

Surface Wave Radiation Pattern (Horizontal)

- ,~~~~~~~...* . . .. . .
0.5 :X. V

0 . ..... ... !-

.1 . .. .....

-1 -0.5 0 0.5 1
wheýk. m2ff

Max E-Field Intensity (Vohts per meter) max ( MagE2H1) =1.09861-*10'
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Combined Space and Surface Wave Radiation Pattern (Horizontal)

. .. .... ... .... .

0.5 1.. I

0 -f 
Phi=O

-0.5 Al"~

1 50 0.51

Max E-Field Intensity (Volts per meter) max( MagE3H) 0.05427
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2 2ii

poeO 30 Fe [Jj3.Y seeo(a2,+ z3)-(eos(e).sfri(ci + (0)

x.R2

2

power powerO Radres 2 power

sqE3P. (JMagE3Pj I) 2  
xR 2 .max(sqE3P)2 -( 120.2) DirectivityP 4 4om Er

2-10% power

: E, (I MagE301 1)24*R 2 mxsE )

sqE3 1  2.(( 120- ) Directivity0 w4.-R2.max(sqE30)
2-10x power

Total Power Radiated (Watts) power = 34.29572

Radiation Resistance (versus Rads 6859144
Maximum Input Current)
(Ohms)

Directivity (or Maximum Power Gein assuming 100% Antenna Efficiency)

Phi = pi12 Plane Phi = 0 Plane
DirectivityP = 13.63346 Directivity0 = 4.50794

Effective Isotropic Radiated Power (EiRP) (Watts)

Phi = pi/2 Plane Phi 0 Plane
DirectivityP- power = 467.56917 Directivity0.-power = 154.6031
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Maximum Effective Area (Along Radial of Directivity)

(square meters)

Phi pi/2 Plane Phi =O Plane

(1\) 2. DirectivityP (,\) 2- DirectivityO
4x= 301.36553 4 -w 99.647394-1 4.x

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = pit2 Plane Phi = 0 Plane

2- IRaJIes- (,y)2-DirectivityP 1 (.-7 -Radres. (XS) 2. Directivity0 O .19

480.2 480.x

Numerical Distance for Vertical Polarization

IPCo= 50.7

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi pi/2 Plane Phi 0 Plane

AugleP = 14.28571 AngleO -13.71429
\13.71429/
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VERTICAL LOG PERIODIC DIPOLE ARRAY

This application calculates far field radiation patterns and parameters associated with
vertical log periodic dipole-arrays. The antenna is oriented such that the projection
of its center axs lies on the positive y-axis of a rectangular coordinate system. The
antenna axis can be oriented with respect to the vertical at any angle between zero
and ninety degrees. The feed is at the' center of the shortest element directly above
the origin. The dipole elements are bisected by the antenna axis and are parallel to
the z-axis. Required inputs are the number of dipole elements. shortest and second
shortest element lengths. separation between the shortest and second shortest
elements, radius of the shortest element, height of the feed above the surface.
angle of the antenna axis with the vertical, characteristic admittance of the line
feeding the antenna, termination impedance of the antenna, transmitted frequency.
distance from the antenna, the conductivity and dielectric constant of the surface
below the antenna. The planar earth model is assumed in predicting radiation
patterns. A sinusoidal current input with a maximum of unity is assumed. All
radiation patterns are normalized with respect to the maxinium electric field
intensity transmitted by the antenna in the plane of interest.! Thie electric field
magnitudes to which the patterns are normalized are displayed below their
respective plots. Radiation patterns are plotted for the phitJ and phi~pil2 vertical
planes perpendicular and parallel to the y-axis respectively. A horizontal radiation
pattern is plotted at an elevation selected by the index from the elevation angle
index table. Polarization is vertical for all vertical log-periodic antennas.

Input (he number N 2 Input the shortestý
of elements element's Radius! rd .0 08

(meters)

Input the length Input the length
of the shortest 10 3.673 of the second 11 4.373
element (meters) shortest element

(meters)

Input the distance Input the height of
from shortest to do 1.0766 (he shortest element H0  6.87
second shortest above the surface
element (meters) (meters)

Input the operating fS 18romIpu the Dsantenna00
Frequency (Hertz) from* o6 Inu the Distenane R 00

(meters)

Input the ground o 4Input the ground ir 72
Conductivity Dielectric Constant

Input the Characteristic I Input the Termination
Admittance of the Line ADM 5-0 Impedance connected TIMP 450
Feeding the Antenna 450 ogsteemn
(Ohms) (Ohms)

225



Input the angle between Input the elevation index
the vertical (z axis) and " 78 for which to calculate the w 285
the antenna axis (degrees) horzontal radiation pattern

(from angle index table)

NOTE: The Vertical Log-Periodic Dipole mutual impedance calculations are not
valid if there is an antenna element whose length is an exact integer multiple of the
wavelength. If this occurs, there will be a singularity error in the mutual impedance
calculations. If this problem arises, it will be necessary to vary the operating frequency
such that no element is exactly an integer multiple of the wavelength.

If the log-periodic calculations of element length and spacing do not represent the
desired antenna configuration, you can enter the values directly by selecting the
variables I and d, using the define key (shift, colon), and entering the lengths and
spacings by separating each successive entry by a comma.

Calculated distance
Calculatei length between successive Calculated radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest

d rad
"Y V .V
3.673 1.0766 0.00918
4.373 1.28178 0.01093
5.20641 1.52606 0.01301
6.19864 1.8169 0.01549
7.37998 2.16316 0.01844
8.78645 2.57541 0.02196
10.46098 3.06624 - 0.02615
12.45463 3.6506 0.03113
14.82823 4.34633 0.03706
17.65419 5.17465 0.04412
21.01873 6.16084 0.05253
25,02447 10.06254,
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Radiatiov Patterns in Phi=PI/2 plane
(Perpendicular to X -Axis)

Space Wave Radiation Pattern (Phi=Pit2)

YIP,

-0.5 -.

-0.5 *'

I It

0 0.5 1
wofk, m2P,

Max E-Field Intensity (Volts per meter) max( MagEIP) 0.12392
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Combined Space and Surface Wave Radiation Pattern (Phi=piI2)

0.5

.. ... .. .. .. ..

0 .......

........................

-A 0.5 0 0.5
wCtk. H3P1

Max E-Field Intensity (Volts per meter) max ( MiagE3P) =0.123192
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Radiation Patterns in Phi-O Plane
(Perpendicular to Phi~piI2 Plane)

Space Wave Radiation Pattern (Pbi--O)

0.5

0/ 1i1. ......

-057

-1 -0.5 0 0.
Nfefk. HI10

Max E-Field Intensity (Volts per meter) max (MagE 10) 0.06687

4 Surface Wave Radiation Pattern (Phi0O)

V20 . .. .......

... .....

/ ~~0.5/

ii20~w m20\~

Max~~~~~~~~~~~*' E-il Inest Vosprmte) mxMgE0 .72
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Combined Space and Surface Wave Radiation Pattern (Phi4O)

I., 'I t

..................

0 ..... ...

-1 L
-1 0.5 0 0

wo, 301

Max E-Field Intensity (Volts per meter) max (MagE3O) =0.07827
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

0.5

05t

.. ....... .. ........ .

S 0.5 0 0.5
wok HIE Hil

Max E-Field Intensity (Volts per meter) max (MagE Ill H 0.06821

Surface Wave Radiation Pattern (Horizontal)

willf

.'' ...... Phi-0O

-0/.'

-....... .... .. .

-1 -0.5 0 0.5 1
14~k- 21l

Max E-Field Intensity (Volts per meter) max( MagE2H) =4.93203-16~

231



Combined Space and Surface Wave Radiation Pattern (Horizontal)

.... .........

0.5

0 Phi=O

'I ~ ~ .... ..d ~ sc

-0.5. ......

-1 -05 0 0D5
woIlk. 438.,

Max E-Field Intensity (Volts per meter) max ( MgE3H) 0.0682

232



2 2

2 2 •_. 1e -sec(a2 a3J.l(os(R).si1n(a2 + a3) •-

powerO 30 . .e
.R2

• 0

power powerO Radres 2. power

(~ MagE3P~j) 2  4.x.R 2 .max(sqE3P)
sqE3P: 2.(120.x) DirectivityP power

(I MagE301 1)2 4ei 4:R 2.max(sqE30)•;:sqE30t -= DirectivityO :=
2. ( 120. x) power

Total Power Radiated (Watts) power = 99.48703

Radiation Resistance (versus Radres = 198.97405
Maximum Input Current)
(Ohms)

Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi pi/2 Plane Phi 0 Plane

DirectivityP 23.15454 DirectivityO - 9.2377

Effective Isotropic Radiated Power (EIRP) (Watts)

Phi = pi/2 Plane Phi = 0 Plane

DirectivityP. power = 2.30358. 103 DirectivityO. power = 919.03096
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Maximum Effective Area (Along Radial of Directivity)

(square meters)

Phi = pi2 Plane Phi = 0 Plane

(XS) 2. DirectivityP (XS) 2 DirectivityO
4w= 511.82763 -" 204.19793
4- x 4.x

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = pi/2 Plane Phi =0 Plane

/Radres. (X5 ) 2- DirectivityP Radres. (X5) 2* Directivity0
2. 32.87188 2 = 20.76291

480 x2 480. x

Numerical Distance for Vertical Polarization

IPol = 0.14135

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi pV2 Plane Phi= 0 Plane

AngleP 0 AngleO 0 )
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APPENDIX E:

HORIZONTAL LOG-PERIODIC DIPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the

Mathcad horizontal log-periodic dipole array application which

show the input values and predicted radiation characteristics

for two sample calculations. The configuration is a given by

the inputs on the first two pages of each printout. The first

"antenna is mounted above soil (e,=4 and •=i04) and the second

"above seawater (e,- 7 2 and a=4). Reference 6 [p. 108] provides

the radiation patterns and gain predictions from several

sources for the configuration in the first example.

The radiation patterns and maximum directive gain

computed by the first Mathcad example are almost identical to

the those given in reference 6. The directivity prediction is

slightly higher for Mathcad, but the overall similarity among

the predicted radiation patterns is remarkably good. The

seawater example has results very much like the soil example.

For horizontal polarization, the higher conductivity surface

below the antenna does not result in a greatly enhanced

surface wave and increased directivity as it does for vertical

polarization.
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HORIZONTAL LOG PERIODIC DIPOLE ARRAY

This application calculates far field radiation patterns and parameters associated with
horizontal log periodic dipole arrays. The antenna is oriented such that th-
projection of its center axis lies on the positive y-axis of a rectangular coordinate
system. The antenna axis can be oriented with respect to the vertical at any angle
between zero and ninety degrees. The feed is at the center of the shortest t lement
directly above the origin. The dipole elements are bisected by the antenna -xis and
are parallel to the x-axis. Required inputs are the number of dipole elements,
shortest and second shortest element lengths, separation between the shortest and
second shortest elements, radius of the shortest element, height of the feed above
the surface, angle of the antenna axis with the vertical, characteristic admittance of
the line reeding the antenna, termination impedance of the antenna, transmitted
frequency, distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. A sinusoidal current input with a maximum of unity is ass med.
AU radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitudes to which the patterns are normalized are displayed below their
respective plots. Radiation patterns are plotted for the phi=pi/2 and phi0o vet,.. al
planes parallel and perpendicular to the y-axis respectively. A horizontal radiat.,a
pattern is plotted at an elevation selected by the index from the elevation angle
index table. Polarization is a varying combination of horizontal and vertical
depending on spatial orientation with respect to the antenna.
Input the number N 12 Input the shortest

of elements element's Radius rad0  .- 04
(meters)

Input the length Input the length
of the shortest 0 7.219 of the second 8.297
element (meters) shortest element

(meters)

Input the distance Input thý height of
from shortest to do 1.659 the shortest element H. 9.4
second shortest above th• surface
element (meters) (meters)

Input the operating Input the Distance
Frequency (5ertz) 12. 10 from the 4ntenna R 3000

(meters)

Input the ground 0 1.10- 3  Input the gr und er 4
Conductivity Dielectric C nstant

Input the Characteristic Input the Termination
Admittance of the Line A Impedance connected
Feeding the Antenna AM j; to longest element
(Ohms) (Ohms)
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Input the angle between Elevation index for which
the vertical (z axis) and * 90 to calculate horizontal pattern w 285
the antenna axis (degrees) (from angle index table)

NOTE: The Horizontal Log-Periodic Dipole mutual impedance calculations are not
valid if there is an antenna element whose length is an exact integer multiple of the
wavelength. If this occurs, there will be a singularity error in the mutual impedance
calculations. If this problem arises, it will be necessary to vary the operating frequency
such that no element is exactly an integer multiple of the wavelength.

If the log-periodic calculations of element length and spacing do not represent the
desired antenna configuration, you can enter the values directly by selecting the
variables I and d, using the define key (shift, colon), and entering the successive
lengths and spacings by separating each successive entry by a comma.

Calculated distance
Calculated length between successive Calculated radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest

Id rad
V

7.219 1.659 0.00144
8.297 1.90674 0.00166
9.53598 2.19146 0.0019
10.95997 2.51871 0.00219
12.5966 2.89483 0.00251

14.47762 3.32711 0.00289
16.63954 3.82394 0.00332
19.12429 4.39496 0.00381
21.98009 5.05125 0.00438

25.26233 5.80554 0.00504
29.03471 6.67247 0.00579
33.370410006
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Radiation Patterns in Phi=Pi2 Plane

(Perpendicular to X-Axis and Dipole Elements)
Space Wave Radiation Pattern (Phi=Pi12)

VIP

-0

-w% 141 t

I 
Ij

-0.5 I f ...L....... I

-1 -0.5 0 0.5 1

Max E-Field Intensity (Volts per meter) max( MagEIP) 4.422 0.0 52
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Combined Space and Surface Wave Radiation Pattern (Pbi~pi2)

I~ .........
II.....

0~~ ~ ~ ... .....................1 ..................

.............

-0 0.5..1

Ma E-il I.esy(ot e eer a(aEP .81
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Radiation Patterns in Phi=0 Plane
(Perpendicular to Pbi=pit2 Plane)

Space Wave Radiation Pattern (Phi=O)

0 . .... .. .....*. ........

A,,

0.

/*

UI f. I

-1 -0.5 0 0.5
MClk. sm20j

Max E-Field Intensity (Volts per meter) max( MagE 10) 1 .04952104
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Combined Space and Surface Wave, Radiation Pattern (Pbi=O)

05

i 14

-0.5 0 0.5
wlte~. "4301

Max E-F Id Intensity (Volts per mheter) max ( MgE30) =0.03495
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

.05

YIN,

0.3

L .. .....

-2 1 .......

Max E-Field Intensity (Volts per meter) max (MagE2IH) 3 .401276 -
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Combined Space and Surface Wave Radiation Pattern (Horizontal)

.. ... - .. .. ..... ..

... .... I . P
.... ....

05 0. A
.1ok M3j 1

Ma -il nesty(ot . ee) a(aEH .65
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r1.57073 1.5707%63

30 Cos(( ).cos( -).1 .e.Y .csc('l
poeO x'R2 I (sin(•').cos(t))2C

1.5707963 -0

2 2

powero 30 2 1Esi• .I -- Y .eC 1)( 0Sý -0(
x.R 2  1 1 (sin(s).cos(())(0

power powerO + powero Radres'- 2.power

sEP :(I MagE3PjI) 2  DietvtP 4.z.R 2 .max(sqE3P)
sq31 = 2. ( 120. ,r) Drciiy::power

sqEJO:- I MagI30,1) 2 DirectivityO 4.w. R2 .max( sqE30)
2.(120.%) power

Total Power Radiated (Watts) power = 83.98604

Radiation Resistance (versus Radres = 167.97209
Maximum Input Current)
(Ohms)

Directivily (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi = pi/2 Plane Phi = 0 Plane

DirectivityP = 12.93749 DirectivityO = 2.18175
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Effective Isotropic Radiated Power (EIRP) (Watts)

Phi = pi2 Plane Phi = 0 Plane

DirectivityP. power = 1.08657 103 DirectivityO. power = 183.23657

Maximum Effective Area (Along Radial of Directivity)
(square meters)

Phi pi2 Plane Phi =0 Plane

(,\S) 2. DirectivityP ()\) 2 .DirectivityO 108.51135
_______ _-" 643.45795=10.13

4.x 4.1

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = piI2 Plane Phi= 0 Plane

]Radres" ('5) 2 .DirectivihyP Radres. (?i) 2. DirectivilyO
2*480. x = 33.86438 2. = 13.90659

Numerical Distances

Vertical Polarization Horizontal Polarization

I Peal 69.28584 I Pm0o = 1.26447"I0o

Elevation Angle of Directivity (Maximum Gain) .
above !he Horizon (Degrees)

Phi pi/2 Pane Phi 0 Plane

AngleP = 31.42857 Angle0 89.71429

89.71429
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HORIZONTAL LOG PERIODIC DIPOLE ARRAY

This application calculates far field radiation patterns and parameters associated with
horizontal log periodic dipole arrays.. The antenna is oriented such that the
projection of its center axis lies on the positive y-axis of a rectangular coordinate
system. The antenna axis can be oriented with respect to the vertical at any angle
b. .en zero and ninety degrees. The feed is at the center of the shortest element
directly above the origin. The dipole elements are bisected by the antenna axis and
are parallel to the x-axis. Required inputs are the number of dipole elements.
shortest and second shortest element lengths, separation between the shortest and
second shortest elements, radius of the shortest element, height of the feed above
the surface, angle of the antenna axis with the vertical, characteristic admittance of
the line feeding the antenna, termination impedance of the antenna, transmitted
frequency, distance from the antenna, the conductivity and dielectric constant of the
surface below the antenna. The planar earth model is assumed in predicting
radiation patterns. A sinusoidal current input with a maximum of unity is assumed.
Al radiation patterns are normalized with respect to the maximum electric field
intensity transmPted by the antenna in the plane of interest. The electric field
magnitudes to which the patterns are normalized are displayed below their
respective plots. Radiation patterns are plotted for the phi-pi/2 and phi=0 vertical
planes parallel and perpendicular to the y-axis respectively. A horizontal radiation
pattern is plotted at an elevation selected by the index from the elevation angle
index table. Polarization is a varying combination of horizontal and vertical
depending on spatial orientation with respect to the antenna.

Input the shortestInput the number N ; 12 element's Radius rad0  .00144
of elements (meters)

Input the length Input the length
of the shortest 10 7.219 of the second I- 8.297
element (meters) shortest element

(meters)

Input the distance Input the height of
from shortest to do 1.659 the shortest element H0 - 9.4
second shortest above the surface
element (meters) (meters)
Input the operating Input the Distance

op(eratig S "12 106 from the Antenna R - 3000
Frequency (Hertz) (meters)

Input the ground 4 Input the ground ar 72

Conductivity Dielectric Constant

Input the Characteristic Input the Termination
Admittance of the Line A Impedance connected
Feeding the Antenna 300 to longest element
(Ohms) (Ohms)
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Input the angle between Elevation index for which
the vertical (z axis) and 90 to calculate horizontal pattern w 285
the antenna axis (degrees) (from angle index table)

NOTE: The Horizontal Log-Periodic Dipole mutual impedance calculations are no(
valid if there is an antenna element whose length is an exact integer multiple or (he
wavelength. If this occurs, there will be a singularity err or in the mutual impedance
Calculations. If this problem arises, it will be necessary to vary the operating frequency
such that no element is exactly an integer multiple of the wavelength.

If the log-periodic calculations of element length and spacing do not represent the
desired antennu configuration, you can enter the values directly by selecting the
variables I and d, using the define key (shift, colon), and entering the successive
lengths and spacings by separating each successive entry by a comma.

Calculated distance
Calculated length between successive Calculated radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest

Id rad
V

7.219 1.659 0.00144
8.297 1.90674 0.00166
9.53598 2.19146 0.0019
10.95997 2.51871 0.00219
12.5966 2.89483 0.00251

14.47762 3.32711 0.00289
16.63954 -3.82394 0.00332
19.12429 4.39496 0.00381
21.98009 5.05125 0.00438
25.26233 5.80554 0.00504
29.034711 16.672471 0.005791
33.370411L---- 0.006661
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Radiation Patterns in Phi=Pi/2 Plane
(Perpendicular to X-Axis and Dipole Elements)

Space Wave Radiation Pattern (Phi=Pi/2)

...... .

A...

-1 -05 0.5
wok.L HIP 1

Max E-Field Intensity (Volts per meter) max ( MagE I P) =0. 13724

Surface Wave Radiation Pattern (Phi=pit2)

-\r

- ......... ...

% It

Max E-Field Intensity (Volts per meter) max( MagE2P) =3.19958- 10-
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Combined Space and Surface Wave Radiation Pattern (Phi=p112)

1. * - .. ... ..... ..

-A *

/ý %
-0.55 1

Max E-Field Intensity (Volts per meter) max (MagE3P) =0.13724
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Radiation Patterns in Phi-O Plane
(Perpendicular to Phi~pi2 Plane)

Space Wave Radiation Pattern (Phi=O)

'I Y

0.5 ....

-0.5 1 I \i ' . .!¾**

-1 0.5 0 0.5 1

Wek H1 40i

Max E-Field Intensity (Volts per meter) max (MagE 1O)0 0.05843

Surface Wave Radiation Pattern (Pbi=-O)

1 .. 1 .... .
V20l.. .....

-0.5

...*j.. .........

-1 -0.5 0 0.51
wok. H201

Max E-Field Intensity (Volts per meter) max( MagE2O) =4.46943- 104
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Combined Space and Surface Wave Radiation Pattern (Phi-O)

..........

0.5

.. . .....

0I~ .. ...

/. ............

.. / .......

.. . . ....

1 050 0.51

Max E-Field Intensfty (Volts per meter) max (MagE3O) 0.05843

251



Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

0.5 . \ I .~

0 4 1 Phi=0

-0.5 /7f

-. .... ..

-1 -0.5 0 0.5
"wok, HIE1

Max E-Field Intensity (Vohts per meter) max (MagE 111) =0.09414

Surface Wave Radiation Pattern (Horizontal)

II

0. .t ..... P1 1

-0.5

..........

Max E-Field Intensity (Volts per meter) max( MagE2H) =5.57296- j6-7
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Com~bined Space and Surface Wave Radiation Pattern (Horizontal)

..........

.**. ...........

-. ... ......... .... .....

.. 4 . .. ...

*............

-1-. 0 ~ 0.5
w .. HUII

MaxE-Fel Inest(Vlsprmtr a(aEH 0.91
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F1.5707963 1.5707%63

30er .. Cos( )-Cos()* ji0Y *csc(ll
poeO zR 2  L.. e( y)cs()

1..5707963 0 ,r-csM

powero 30 2 ~ ~~~~sin( eJ0-) .1(F-(0()-0~

xzR 2  (Sin(ý').vos(t))2

2

power POwerO + powero Radres' 2-power

SqE3P1  ( MagE3P, 1) 2 D~tv~P 4*z R2 .max(sqE3P)
2(120.x)power

SqE31 MaE301) 2 DirectivityO :=4*z-R2*max(sqE30)
sqEO1  2.( 120.) power

Total Power Radiated (Watts) power = 261.928

Radiation Resistance (versus R~ 2.5
Maximum input Current) Rde 2.5
(Ohms)

Directivity (Or Maximum Power Gain assuming 100%0 Antenna Efficiency)

Phi =piI2 Plane PhiO=0Plane

Directivi(YP =10-78579 Dzrectivityo = 1.95488
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Effective Isotropic Radiated Power (EIRP) (Walts)

Phi - pi/z Plane Phi 0 Plane

DirectivitvP. power = 2.8251.103 DirectivityO. power = 512.03765

Maximum Effective Area (Along Radial of Directivity)
(square meters)

Phi = pi/2 Plane Phi = 0 Plane

2, .•= DirectivityP ,,(AS) 2. DirectivityO

- 536.4412 = 97.22772
4.x 4.x

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi pit2 Plane Phi =0 Plane

2Radres DirectivityP 54.60488 2. Radres ( 5) 2 .DrectiviyO= 23.24692

480.W2 480.x2

Numerical Distances

Vertical Polarization Horizontal Polarization

IPo 0o.06283 IPmo - 2.26211.10S

Elevation Angle of Directivity (Maidimum Gain)
"above the Horizon (Degrees)

Phi pit2 Plane Phi= 0 Plane

AngleP = 34.85714 AngleO = (56.57143)
(56.57143/
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APPENDIX F:

HORIZONTAL YAGI-UDA ARRAY COMPUTER OUTPUT

This appendix contains computer hardcopies from the

Mathcad horizontal Yagi-Uda array application which show the

input values and predicted radiation characteristics for two

sample calculations. The configuration is a given by the

inputs on the first three pages of each printout. The first

antenna is mounted above soil (E,=4 and a=10') and the second

above seawater (e,-72 and a-4). Reference 6 [p. 1071 provides

the r&-iiation patterns and gain predictions from several

sources for the configuration in the first example.

The radiation patterns and maximum directive gain

computed by the first Mathcad example are almost identical to

the those given in reference 6. The directivity prediction is

slightly higher for Mathcad, but the overall similarity among

the predicted radiation patterns is very good. The seawater

example has results very much like the soil example.. For

horizontal polarization, the higher conductivity surface below

the antenna does not result in a greatly enhanced surface wave

and increased directivity as it does for vertical

polarization.
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HORIZONTAL YAGI-UDA ARRAY

This application calculates far field radiation patterns and parameters associated with
horizontal Yagi-Uda arrays. The antenna is oriented such that the projection of its
center axis lies on the positive y-axis of a rectangular coordinate system. The feed
is at the center of a single driven element between a set number of longer parasitic
reflector elements and shorter parasitic director elements. Antenna elements are
bisected by the antenna axis and are parallel to the x-axis. The center of the first
reflector is directly above the origin at a set height on the z-axis. Required inputs
are the number of reflector and director elements, individual element lengths.
individual element radii, separation between adjacent elements, height of the feed
above the surface, transmitted frequency, distance from the antenna, conductivity
and dielectric constant of the surface below the antenna. The planar earth model is
assumed in predicting radiation patterns. A sinusoidal voltage with a one volt
maximum across the input terminals is assumed. All radiation patterns are
normalized with respect to the maximum electric field intensity transmitted by the
antenna in the plane of interest. The electric field magnitudes to which the patterns
are normalized are displayed below their respective plots. Radiation patterns are
plotted for the phi=p/2 and phi--O vertical planes parallel and perpendicular to the
y-axis respectively. A horizontal radiation pattern is plotted at an elevation
selected by the index from the elevation angle index table. Polarization is a
varying combination of horizontal and vertical depending on spatial orientation with
respect to the antenna.

NOTE: The Yagi-Uda mutual impedance calculations are not valid if there is an
antenna element whose length is an exact integer multiple of the wavelength. If
this occurs, there will be a singularity error in the mutual impedance calculations.
This should not be a problem since Yagi-Uda Antennas are designed to operate at
frequencies such that the driven element is approximately one-half-wavelength long,
the reflectors are slightly longer, and the directors are slightly shorter. If the problem
does arise, it will be necessary to vary the operating frequency such that no element
is exactly an integer multiple of the wavelength.

Input the number of NR I 1 Input the number of ND I 1
reflector element3 director elements

O..(NR 4. ND) a O..(NR ,, ND - I)
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This entire page is alloted for these entries to allow for as many elements as necessary.

Input the lengths and radii of the Yagi Input the distances between
elements, starting with the outermost successiv elements in the same
reflector and proceeding inward to the order as the length and radius
driven element. After entering the driven inputs. There should be one less
element length and radius, enter those of entry in the separation distance
the director elements, starting with the array than there is in the length
director next to the driven element and and radius array.
proceeding outward to the final element.

rad : 8
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Input the operating f5  10- 10g Input the height of H0  7.5
Frequency (Hertz) the array above the

surface (meters)

Input the ground a 1.10- 3 Input the ground Pr 4
Conductivity Dielectric Constant

Input the Distance R 3000 Index of Refraction
from the Antenna
(meters) "n-- j18000. a

n er _ _

Input the index of the elevation f
angle for which to calculate the w 285

horizontal radiation pattern
(from the angle index table)

Complex Numerical Distance for Vertical Polarization

2Pei .; (R 4 n-cos (,0.(os# , In 2 'sin 61) 2)

2. sin((i) ( n2

Complex Numerical Distance for Horizontal Polarization

10(R + H0 .cos(6 1)) [ ( 2\1
Pm, - 2(sin(el)2) [cos(6j) + n2 (sinm( 1) )

2., (sill)) 0') 2)- , oi' ....... .. . ...
Vertical Reflection Coefficient rvI (n

(n2.cos(6)) + (n 2  si (0() 2)

Horizontal Reflection Coefficient . cos(6) - ( sin( ()2)

cos(eg) + (i a2  s in( 1) 2)
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Radiafion Patterns in Phi=Pi/2 Plane
(Perpendicular to X-Axis and Dipole Elements)

Space Wave Radiation Pattern (Phi=Pit2)

.. .. ....

0.5

Y -k A

-0.5 7,\ k I

.I .... ...

-1 -0.5 0 0.5 1
Hf1 41i?1

Max E-Field Intensity (Volts per meter) max( MagEIP) =5.13224-1604

Surface Wave Radiation Pattern (Pbi=pi/2)

0.5

-0.

-1 0.5 0 0.51
HEl. I42P,

Max E-Field Intensity (Volts per meter) max( MagE2P) =4.O8957-IC10
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Combined Space and Surf ace Wave Radiation Pattern (Pbi~pi2)

..........

0.5 .A.... .. .

...... ...
-- 0 -.............

Iý ....... . ......

...... . ............
.. . . . ...... .... ...... . .. . .

-0.5~ ......

Ijr

-1 -0.5 0 0.51
Hf@EJL H3

Max E-Field Intensity (Vohts per meter) max( MagE3P) 5.13132- 10-
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Radiation Patterns in Phi--O Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi--O)

0.5 ~

Yf'Ok
Y11

-0.5

- 0.5 0 053 1
wotQk, H101

Max E-Field Intensity (Volts'per meter) max( MagElO) = 1.35264- 10O4

Suffface Wave Radiation Pattern (Phi=-O)

Y20 Tt , I *

-1 0.5 0 0.5 1
Mt*( 1 1 m4201

Max E-Field Intensity (Volts per meter) max( MagE2O) =5.32341- 10O7
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Combined Space and Surface Wave Radiation Pattern (Phi=O)

..............

Y qk

0.. . .......

Y30.

we. H3 II~ ~ .'

Max~~~ ~~ Iil nest Vh e etr a(Mg3) 13241-
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

0.5

0 . ... Phi=-O

-0.5 3

-i' 1 .1 -0.5 0 0.5 1

W#Ek. 11131

Max E-Field Intensity (Volts per meter) max( MagE IH) =3.79643-16O4

Surface Wave Radiation Pattern (Horizontal)

1 i

0.5. 4"5

.. .... .....

y2l 1

-0.5

1 0.5 0 0.51
wokI, x211i

Max E-Fiekl Intensity (Volts per meter) max( MagE2H) =2.73697-10O7
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Combined Space and Surface Wave Radiation Pattern (Horizontal)

0.5 .....

1'' ..... ... ....

y r f1 . .. . ... ...

-3 I ' *

'%.1%

-0. 1 *0.. 0 .

ON i

Max E-Field Intensity (Volts per meter) niax( MagE311) =3.7942- 10 -
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I0 Cos( )-Cos(~)I jI~ ~hi
powerO zi.7096 215076 e___

I (sin(C).cos(t))2
1.707963 0

2C 2

30 sin(~)Ii3 sn~*h(,
powero - r ZR2 2 e (Cos($.

X. -10 (stn(0).cos0))

power powerO .powero Radres .(VREFwN) 2

2 -power

(IMagE3P 1,) 2  4- x.R 2 .ma(sEPsqE3P1  -2-( 120.% irct)iy power

sqE3011 2 ietiiy 4- .R2 .max( sqE30)sE3 2- ( 120.?)Drc .iiy power

Total Power Radiated (Watts) power = 0.00266

Radiation Resistance (versus Radres = 187.94973
Maximum Input Current)
(Ohms)

Directivity (or Maximum Power Gain assuming 100,01 Antenna Efficiency)

Phi =pi/2 Plane PhiO=0Plane

DirectivityP =14.84639 DirectivityO = 1.03163
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Effective Isotropic Radiated Power (EIRP) (Wafts)

Phi = pi12 Plane Phi =0 Plane

DirectivityP power 0.0395 DirectivilyO. power " 0.00274

Maximum Effective Area (Along Radial of Directivity)
(square meters)

Phi = p112 Plane Phi 0 Plane

(A5S) 2 DirectivityP = 1.06329*103 (X5 ) .t DirectivfyO=______ 1.06329.103 " = 73.88536

4.x 4.%

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = p/2 Plane Phi = 0 Plane

2 __________ 46.04814 2* = 12.13848
/Rde.(ll) 2. DirectivityP (Rald-es. (Al) 2 2.Deiviy

Numerical Distances

Vertical Polarization Horizontal Polmization

Iol0 57.12622 IpmoI = 1.0991."103

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi =pi/2 Plane Phi 0 Plane

AzgleP = 36 AngleO = (89.71429

89.71429 /
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HORIZONTAL YAGI-UDA ARRAY

This application calkulates far field radiation patterns and parameters associated with
horizontal Yagi-Uda arrays. The antenna is oriented such that the projection of its
center axis lies on the positive y-axis of a rectangular coordinate system. The feed
is at the center of a single dciven element between a set number of longer parasitic
reflector elements and shorter parasitic director elements. Antenna elements are
bisected by the antenna axis and are parallel to the x-axis. The center of the first
reflector is directly above the origin at a set height on the z-axis. Required inputs
are the number of reflector and director elements, individual element lengths.
individual element radii, separation between adjacent elements, height of the feed
above the surface, transmitted frequency, distance from the antenna, conductivity
and dielectric constant of the surface below the antenna. The planar earth model is
assumed in predicting radiation patterns. A sinusoidal voltage with a one volt
maximum acrtss the input terminals is assumed. All radiation patterns are
normalized with zwspect to the maximum electric field intensity transmitted by the
antenna in the plane of interest. The electric field magnitudes to which the patterns
are normalized are displayed below their respective plots. Radiation patterns are
plotted for the phi=pit2 and phi--O vertical planes parallel and perpendicular to the
y-axis respectively. A horizontal zadiation pattern is plotted at an elevation
selected by the index from the elevation angle index table. Polarization is a
varying combintion of horizontal and vertical depending on spatial orientation with
respect to the antenna.

NOTE: The Yagi-Uda mutual impedance calculations are not valid if there is an
antenna element whose length is an exact integer multiple of the wavelength. If
this occurs, there will be a singularily error in the mutual imp*dance calculations.
This should not be a problem since Yagi-Uda Antennas are diý ;igned to operate at
frequencies such that the driven element is approximately r..iý-half-wavelength long.
the reflectors are slightly longer, and the directors are slighdiy shorter. If the problem
does arise, it will be necessary to vary the operating frequency such that no element
is exactly an integer multiple of the wavelength.

Input the number of NR - I Input the number of ND - I
reflector elements director elements

" O .. (NR 4 ND) 86- O..(NR ND - 1)
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This entire page is alloted for the~.e entries to allow for as many elements as necessary,

Input the lengths and radii of the Yagi Input the distances between
elements, starling with the outermost successiv elements in the same
renector and proceeding inward to the order as the length and radius
driven element. After entering the driven inputs. There should be one less
element length and radius, enter those. of entry in the separation 0istance
the director elemenls, starting with the ,tray than there is Ma the length
director next to the driven element and and radius array.
proceeding outward to the final element.

I rad d6
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Input the operating f15  10" O06 Input the height of H0  7.5
Frequency (tHertz) the array above the

surface (meters)

Input the ground o 4 Input the ground er 72
Conductivity Dielectric Constant

Input the Distance R 3000 Index of Refraction
from the Antenna
(meters) .

Input the index of the elevation w 2 " 5.10o16)
angle for which to calculate the w 285
horizontal radiation pattern
(from the angle index table)

Complex Numerical Distance for Vertical Polari7stion

/ 2
Pc, -R.-.( ,o.cos(e,)) In 2 'n (01)2

Pe1  2.sin(0 1) 2  cos(6j) 2 )

Complex Numerical Distance for Horizontal Polarization

Pm l -j.0.(R + H-0 .cos( l)) cos( ,) + n2 (sin( 0,)2) 2

2., (sin,•) ((' 0,.,,2)
(nCOS(8e)) In ( 2  si - )2Vertical Reflection Coefficient Fv (

Horizontal Reflection Coefficient -h os() ( n 2  (- ) 1

cos(o,) .(1 0z- 2 in(00))
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Radiation Patterns in Phi=P/2 Plane
(Perpendicular to X-Axis and Dipole Elements)

Space Wave Radiation Pattern (Phi=Pi2)

slip,

-0.5

.... ......

Ma -FedIntnst (Vlt pe ee) mx 4agI) 68551

-0.5 /

-A

-1 -0.5 0 0.5 1

Max E-Field Intensity (Volts per meter) max( M agEIP) 2=16.5339S1

Swac WveRditin aten2P71i2



Combined Space and Surface Wave Radiation Pattern (Phi~pi2)

.... ..... I . ...

0.

-0.5. 0 .

Max E-Field Intensity (Volts per meter) max( MaSE3P) =6.85595- 10
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Radiation Patterns in Phi-O Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=-O)

t. .....

0 . ... .. . .. ..

NMI

- 0 .. .. ......

Y" I~ .......

-I -0.5 0 0.5 1
Nt(ek. m210j

Max E-Field Intensity (Volts per meter) max( MagE 10) 9 .86965610

Sufae av RditonPaten73hO



Combined Space and Surface Wave Radiation Pattern (Phi-O)

..... ....

0.5 .......

.. ~ : ........

...... . ..

-0.5 .....
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

Im

0.
Y''I

-0.5 4 f\

Max E-Field Intensity (Volts per meter) max ( MagE IH) =4.2501 8*10-4

Surface Wove Radiation Pattern (Horizontal)

tII

0.505 0 .

Max E-Field Intensity (Volts per meter) max (MagE211) 3.10467-10-9
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Combined Spac,, and Surface Wave Radiation Pattern (Horizontal)

.......

......4

0 . ........ ....... .... .. i= O

. .. ... .

-0.5 'I I f

* A........... I

-1 -0.5 0I~L 4H 0.5 1

Max E-Field Intensity (Volts per meter) max( MagE3H) =4.25018- 10 -
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1.570763 1.5707963

30 Cos(( ).Cos( ). Ff* Siil(r
powerfl z - .e *e

i.R 2  I (sin(U).cos(()) 2

J- 1.5707963 -O

a2 2

power I_.30 •sn(.)' •J. .*( c.

2. power

*0R(I MagE3 7 1 c2ctivity) 4"z'R 2 "max(sqE30)2. power

(~MagE0g~)2 4.x.R2 .max(sqE30)
SqlE3O1 2: 2( 120. x) DkfectivityO power

Total ?ower Radi., ed (Watts) power = 0.00482

Radiation Resistance (versus Radres = 103.76004
Maximum Input Current)
(Ohms)

Directivity (or Maximum P'wer Gain assuming 100% Antenna Efficiency)

Phi = pi/2 Plane Phi = 0 Plane

DirectivityP = 14.63143 DirectivityO = 1.67913
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Effective Isotropic Radiated Power (EIRP) (Watts)

Phi = pi/2 Plane Phi = 0 Plane

DirectivityP. power = 0.07051 DirectivityO. power = 0.00809

Maximum Effective Area (Along Radial of Directivity)
(square meters)

Phi = pi/2 Plane Phi = 0 Plane

(A5 ) 2. DirectivityP (\ 5 ) 2. DireclivilyO
1= .0479.10" = 120.25911

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = piV2 Plane Phi = 0 Plane

IRadres. (X5 ) 2. DirectivityP IRadres. ( 5) 2 DirectivityO
2 - = 33.96559 2 - = 11.50637

480. 480.x

Numerical Distances

Vertical Polirization Horizontal Polarization

"l1  0.04363 o- Pmol = 2.26206 10O

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi =pi/2 Plane Phi 0 Plane

AngleP = 41.71429 AngleO - ( =
89.71429/
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