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ABSTRACT

This report explains‘the fundamental theory and equations
used inbwriting a set of software applications which predict
antenna radiation parameters. Each application pfedicts the
radiation characteristics of a particular type of antenna over
a planar surface which serves as a model of either earth or
seawater. The radiation parameter predictions are based’
golely ~n an antenna's physical dimensions, the properties‘of
the uraerlying surface, and electromagnetic theory. Existing
electric field equations provide the basis for radiation
parameter predictions, ard the accuracy of the predicted
radiatioh parametefs 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 ére congsistent with expectations
based on other computational programs and empirical

measurements.
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I. BACKGROUND AND PURPOSE

This report and associated computer softwarevapplications
are submitted in fulfillment of the thesis requirements for
the degree of Master of Science, Aeronautical Engineering from
the Naval Postgraduate Sehool in Monterey, CA. The thesis
text explains the fundamental theory and equations used in
writing a set of softwarej applications which predict an
antenna’s radiation parameters. Each application predicts the
radiatien 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 enouéh to be tasked as two
separate thesis topics. This thesis fulfills the first half
_of the NAVMARINTCEN requirements. Mathcad appllcatlons are

complete for the follow1ng types of antennas:

—

Vertical Monopole Antenna

Elevated Vertical Cipole Antenna

Elevated Horizontal Dipole Antenna

Arbitrarily Oriented Dlpole Antenna

Inverted L Antenna

Long-Wire Antenna

Terminated Sloping V Antenna

Side-Loaded Vertical Half Rhombic Antenna
Terminated Sloping or Horizontal Rhombic Antenna
Sloping Double Rhomboid Antenna

Vertically Polarized Log-Periodic Dipole Array
Horizontally Polarized Log-Periodic Dipole Array
13. Horizontal Yagi-Uda Array :

. * & & e e &

o : ‘
MHOWVDIAVIBWN R
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II. INTRODUCTION
New American Heritage_Dictionary defines antenna as 'an
apparatus for sending and receiving electromagnetic waves'.
An.electromagnetic wave' is é time-varying, self-propagating,
interrelated combination of electric and magnetié 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 radiatiom characteristics
or radiation parameters. These radiation characteristics are
related to an antenna's radiated electromagnetic £ield
distribution, and they determine the useful applicationsrfor
a particular antenna design. |

Current personal computers with high-speed processors can
quickly and accufately predict antenna radiatiqﬁ parameters
from electromagnetic theory. The Mathcad routines described
in this report predict an antenna's radiation.parameters based
soiely on its physical dimensions and electrcmagnetic theory.
Accurately predicted radiatian characteristics p;ovide
intelligence énalyéts with a reliable estimate of an antenna's
capabilities, limitatiohs, and vulnerabilitieé. 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 assqciated Mathcad applications.

2




III. FUNDAMENTAL ELECT”iM&ggETIC THEORY
A.l MAXWELL'S EQUATIONS AND HELMHOLTZ'S EQUATIONS
Maxwell's equations are the basis for Velectromagnetic
field calculations. Their differential form is given by [Ref

1: pp. 321-325]

oH ,

= -p 982 . vV-E= P 10
VXE=-pgt (3 1a). _ e-£ .o
vxx=.r+e-g’g (3.1b) V-H=0 (3.1d)

Equation 3.1a is Faraday's Law, 3.1lb is Ampere's Circuital
Léw, 3.1c is Gauss's Law, and 3.1d postulates the inexistence
.of magnetié charge.

Maxwell's equations dictate the ;:elationship between the
electric and magnetic field intensities (E and E) 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-free region, and an e time deplend_ence
is assumed. The time-harmonic, free space Maxwell's equations

are [Ref 1: p. 340]

VXE=-jop B (3.23) V-E=0 (3.20)

VXH=jue,E (3.2b)  V-H=0 (3.2d
where
, .. 1 -9 [ Farads
€,=free spac = . 9 [faradas
. space permittivity=—=— - 10 ( o )

=free space permeability= 4x - 1077 (HenryS)
ho pace p y=am ol meter




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 Helmholtz equations.

V2V + B2V = —-é"; (3.3) . WA +BA=-pJT (3.4)
where H=(1/y4,) (V X A) [Ref 1: pp. 338-340]. "

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=1/¢ﬂj?: is equal to the speed of light in free space.
The delay (R/c) is the time requifed for electromagnetic waves
to propagate through a distance,'R, in free space from source
to observation point. The solutions to the nonhomogeneoué

Helmholtz equatione are [Ref 1: pp.338-340]

-3BIR-7|
V(R) = —= pe T dv/ (3.5)
dne,Jv/ lR-R/I :
IPIR-R
ARy =P FeWIEEL (3.6) \

andv T R-R |

where the wavenumber (f8) is dVE:?:'in free space, R is th
observation vector, and R' is the source vector. The wave-
number is most often expressed as w/c = 27/A, where A .is the
wavelength. The Mathcad applications use the expression 27/

to calculate 8.




The Mathcad applications‘described hérein 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
wavenum er) provide the theoretical basis for deriving the
equations for an antenna}s fadiated electromagnetic'fieids.
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 fiﬁd the magnetic vector potential using
Helmholtz's equations. Once the vector potential is
determined, the electric and magnetic £fields are calculated
from L=(1/p@<v X A) and E=(l/jw€d(V X 1) [Ref 1: pp. 338-
341]. Existing theoretical equations for the radiated
electLic £ields of many antenna types have been derived in

this |manner. These equations are used in the Mathcad

applications to predict an antenna's radiated electric field
distr;bﬁﬁion.. Other radiation par meters are then calculated
6n thé basis of the predicted electric field distribution.
B. ELECTRCMAGNETIC 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-(D*/N)*, where A is the wavelength and

D is the maximum dimension of the antenna. Reactive




electromagr~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 aboﬁt 2'(Ef/k). Radiation
fields dominate in this region, and radiation patterns are
often a function of both radial and éngular coordinates. The
far-field region occﬁpies all space outside the radiating

near-fi=ld which meets two additional far-field requirements:

A2nR/A‘>> land R > SD.' Kadiation 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 éntenna applicétions ére valid
only in the far-field region of a givén antenna.
C. RADIATION PATTERNS

A radiation pattern is a three-dimensional fepresentatibn
of an antenna's radiated electfomagnetic field diétribution 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 paﬁterns in pblar éoordinates depicting
the faerield electric field distribution; bPatterns are
plotted in the ¢=0 and ¢=n/2 vertical planes, and also in a
horizontal plane at an elevation angle set by an index from
the applicable 'ElevationiAngle 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 :ormalized is displayed below its plot.




TABLE 3.1

ELEVATION ANGLE INDEX TABLE POR NON-ARRAY ANTENNAS
LEVATION INDEX ELEVATION INDEX
0.285° 630 46° 470
2° 624 4e° 463
4° 617 50° 456
6° 610 520 449
g 603 540 442
10° 596 '56° 435
12° 589 580 428
14° 582 60° 421
16° 575 62° 414
18° 568 64° 407
20° 561 . 66° 400
22° 554 68° 393
24° 547 70° 386
26° 540 72° 379
28° 533 74° 372
30° 526 i 76° 365
320 519 78° 358
34° 512 80° 351
36° 508 82° 344
age 498 84° 337
40° 491 86° 330
32° 484 88° 323
43° 477 88.857° 316




TABLE. 3.2
ELEVATION ANGLE INDEX TABLE

FOR LOG-PERIODIC AND YAGI-UDA ARRAYS '

~ ELEVATION INDEX || ELEVATION . INDEX
0.57° 314 45.71° 235
2.28° 311 48.00° 231
4.57° 307 50.28° 227
6.86° 303 52.57° 223
9.14° 299 54.86° 219 -
11.43° 295 £7.14° 215
13.71° 291 59.43° 211
16.00° 287 61.71° 207
18.28° 283 64.00° 203
120.57° 279 66.29° 199
22.86° 275 68.57° 195
25.14° 271 70.86° 191
27.43° 267 73.14° 187
29.71° 263 75.43° 183
32.00° 259 77.71° 179
©34.29° 255 80.00° -
36.57° 251 82.29° 171
38.86° 247 84.57° 167 .
41.14° 243 86.86° 163
43.43° 239 _ 89.14° 159




The Mathcad applications plot thevfar-field radiation
patterns for an antenna's space wave, surface wave, énd ﬁotal
radiated electric field. The space wave is comprised of the -
electromagnetic waves which propagate directly from antenné 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 typicaiiy vary with directional
- spherical coordinates, ¢ énd ¢, 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 ﬁave contribution to the total field
is barely significant for pagameter values of interest;

D. POWER DENSITY, POYNTING CTCR AND RADIATION RESISTANCE

The instantaneous real power flux density of an electro-

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

Plx.y.2) =EXH=RelB(x,y,2z) &%) X RelH(x,y, z) e’} (3.7)

=%ae{x X HY + -;-Ste{z X He?jot)




The time invariant term 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 |E|=(1/n,)-|H|, where n=/u,/€,=120m 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].

1 .
. P.W(X-Y, z) ="2'9te{EXH }=

|

s%e{z'x 5}=i—l——5—'-ﬁ (3.8)
N 2 1N

The total power flux density 1is composed of both the
Poynting vector and the imaginary part of ¥:(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 1is calculated by
integrating the pquting vector over a Gaussian surface which

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

Prag = Pavg = §_ Ouy d8 = 2§ RelE x H)- ds (9
The Mathcad applications use equations 3.8 and 3.9 for power
calculations by integrating over the hemisphere which éﬁcloses
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




equal the antenna's total éverage radiated power [Ref 3: pp.
47-48]. For the Mathcad antenaa applications, the radiation
resistance is defined in terms of the total average radiated

power and input current by

2P, ., PFNE
Ry, —-zd o p=itinp | (3.10)
IIinl-' : 2 .

A sinuéoidal input current (or Qolﬁage response across the
input terminals for Yagi-Uda Arrays, with a méximum of unity
is assumed in the Mathcad applications. _
E. DIRECTIONAL GAIN, DIRECTIVITY AND POWER GAIN

An isotropic radiator is a hypothetical antenha which
radiates electfémagnetié énergy equaliy in all directions.
Its radiation pattern in'any pléne passing through the source
is a circle. 'All‘real’antennas are directional’tadiators
which radiate 6r receive electromagnetic energy more
effectively in some directions compared to others. Some
antennaé radiate an omnidirectional péttern 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 egqual total average radiated
power. Directivity (Dp) is the maximum value of the directive
gain, and it is the primary measufe of an aﬁtenna'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

11




distance from the antenna (47R%) . The expression for

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

£(8,0) _4mR20(8,9)

9 P (3.11)

D,(8,4) =

iso rad

The Mathcad applications calculate only directivity using

0B Ora) _ 4TR2P (B, D)

D,= S = (3.12)

iso rad

Power gain accounts for an antenna's radiation efficiency
in addition to its directional properties. Power gain (G;) is
defined as 47R? 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- The
relationship between power gain, directive gain, and radiation

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

b
p9f1'= Pr:nd (3.13)
Gy(8,8) =p ,eeD, (0. §) (3.14)
Go=Gy (8,8) =poreDy_ (8,) =p,zeDy (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 Isotrppic Radiated Power (EIRP) is also

calculated from EIRP=P_,'D, [Ref 3: p. 62].
F. HALFP-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 béam, is the lobe in the direction of haximum radiaﬁed
power flux density. Split beam antennas have more than one
main beam. A minor lobe ié any lobe except the main beam.
Beamwidth refers to the half-power beamwidth of an antenna's
main beam (or beams), and it cah 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 wvalue. ~ The angle between the radials which

intersect the half power,points'ié defined as the half-power
beamwidth. Main beams are not neceséarily symmetrical since
the radial which intersects the point of maximum power density
dces not necessarily bisect the half-power radials.

The Mathcad applications do not calculate haif-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
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approxirﬁately 0.7 represents the half power-points of the
pattern. If two radials are drawn from t:he"‘origin through the
half-power points, the angle subtended by the two radials is
the antenna's half-power beamwidth.
G. POLA.BIZATION AND BANDWIDTH

Polarization describés the time varyihg properties of an
antenna's radiated electrié field at a set spatial coordinate
as‘ electromagnetic waves propagate cutward from the antenna.
Signals are usually transmitted with lninear,- elliptical, or
circular polarization. Linear polarization is where the field

vector at the spatial coordinate is directed a]_.bng 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 coordi.nate as the wave propagates o';xt:ward. Circular
polariiation is a special case of ellip'tical polarization
where the magnitude of the electric field remains constant as
it rétates about the spatial coordinate. Clockwi.se rotation
of the electric field vector is right-har'zd' polarization, and
counter-clockwise rotation is left—hand polarization. - The
Mathcad applications do not quantitaﬁively 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 é.n antenna is the range of frequencies

over which its radiation characteristics meet or exceed a

14




specified acceptable performance standard. Because radiation
characteristics of dissimilar antennas vary differently with
frequenéy, 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:
19)9] 59-63]

Ptec=Aetfpinc (3 .16)

The maximum effective area is related to directivity for all

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

... A%,
Amax' 4

'This is a theoretical maximum effective area since directivity

does not account for radiation efficiency. Like directive

gain and power gain, actual effective area and theoretical

effective area are related by radiation efficiency

A%
Ager= 4,::" =P o £Amax

(3.18)

15
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The maximﬁm theoretical effective area is a good approximation
of actual effective afea for frequencies within the bandwidth
of a well designed anteﬁna with a high radiation efficiency.

Effective length is définedlas the ratio of the voltage
induced across the antenna terminals by the incident electric‘

field and is given by [Ref 4: pp. 40-42]
letf=TjQ£_ : (3.19)
E!nc' :

Effective length is related to effective area by

Ioae=2 -Eﬁfﬁﬁi (3.20)
40

Substituting equation 3.17 into equation 3.20, we get the
maximum theoretical effective length in terms of wavelengtli,

directivity, radiation resistance and intrinsic impedance of

- Rzadl'zDo
1mm-2J TN (3.21)

Finally, the actual effective length is related to the

free space as

theoretical effective length by

loft‘_'peftlmax (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
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maximum directive gain (directivity). While effective area is
a parameter more generally applied to ‘all antennas, the
Mathcad applicatidns 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 leng;h can
‘be calculatea by multiplying the theoreﬁical values by the
radiation‘efficiéncy. |

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 vertiéal dipole Mathcad
application uses this equation to obtain the electric field
distribution and total average radiated power (P,,) based on

an assumed sinusoidal current distributioh 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 equat.ons 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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IVv. THE VERTICAL DIPOLE ANTENNA

A, THE ELEMENTAL DIPOLE

The current element, or elemental dipole, 1is the
building bloék‘for calculating antenna radiation parameters.
The elemental dipole is awhypothetical»differential length -
thin-wire antenna with a sinusoidally oécillating surface
current. The antenna length (1) is many orders of magnitude
smaller than the wavelength (A), 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 ractangular coordinate system with its center at the origin.

/ r4

<V

X

FIGURE 4.1: Elemental dipole spatial orientation.
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The surface current is given by

I(t)=I cos(wt)=Re{Ie % (4.1)

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

3.6 to be
o f Je PR ., poIdl( e-jsn) '
ST P B T K (4.2)

Primed coordinates refer to source points, R is the distance

from the origin to the field point, B=wWpu,€, is the free space
. {

. : ]
wavenumber, and the magnitude of the current density (J) 1is

given by I [Ref 2: pp. 100-102]. The magnetic véctor
!

potential in spherical coordinates is {
. : !

- ) pOIdl( e-m) ,
Ag=A, cos (Q) *—am \" R cos (0) (4.3a)
iAo pordl(e-jnn) : |
Ay=-A,sin(6) = T R sin(0) (4.3b)
Ay=0 | (4.3¢)

The magnetic field intensity, B, is found from

.1 ca, 1 | @ .92,
HOVXA a.uoR aR(RAe) 7;.? (4.4)
e ddlaz s 1 1 |.-j8R
Hy=-="-B*% sin(8) [——ij+————(ij)2]e g (4.5)




and the electric field intensity, E, is found from Ampere's

Law by
E-—1 vxu-_1 [a 1 i[Hsin(e)] ala(RH) (4.6)
jwe, jwe,| *Rsin(@) 80 ¢ ®ROR ¢ :
L Idl ) 1 1 } er
E, = 0) + e~ JBR (1.7a)
&= m NP [(ij)z PR |
Idl { 1 1 _; |
Eg=-===1,Bsin(0) - — + ]e JBR (4.7b)
® am ° (BR> (7BR)Z  (FBR)? -

Hp=Hy=Ey=0 (4.70)

At fér-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 fieids are
functions of a single angular coordinate (8) for a vertically
orientated element [Ref 1: pp. 602-607].

Retaining only those terms that vary as 1/R, we get the
far-field electric and magnetic field intensities €for the

current element as

-78
- ._._411( eR R)Bsin(e) (4.8)
] -‘p
Eﬁi%( e; R)nopsin(e) | (4.9)

Note that the far-field relationship |E|=7,|E| holds true fou
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]
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0, . iRelE X H)-a, = E A1y pig: 22 (0) (4.10)
2 < 32n-R-

T A

Poynting vector integrated over a Gaussian surface in the

ol
.}‘e o

f£ield yields the total average radiated power

P:,ffSO,N ds- (fd;r Bf f st '1*(0) si ﬁ(e)aedd) (4.11)

L4
cox 2D ol cos?(®) o ZdDP axd
Frad 2“_321:2 n.f 3 COS(O)]O T om ’“3)
'y 2 2
_8% (IdD)E oo uldl) 0.2
2n

ud‘. 3 302

The directive gain and directivity are found from the

power density and total radiated power as

2 -
D,(8,$) = 3R Ouy_ dnsind(8) 340z (g (4.12)
Pud _§3£ 2

D.-p, (8, ¢)-D¢( )=1 .5 or 10 log,; 1.5=1.76 dB (4.13)

Radiation resistance is found directly from P, and equation

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

I? 1d1)? ‘
Ptld 2 erd.: (lzn) nopz (4-14) .
=_. _.dl 1 .?-E 21’:£!‘ 2 _qi 2
™ |2 201:(“j 21801:(1 ]
R,.d=801t2(—qi-1-)2 (4.15)
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B. THE ELECTRICALLY SHORT DIPOLE

The derivation of the electric field for an electrically
short dipolé 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 0.02A, but less thar_x Qv.lo)\‘. The

current distribution is estimated as triangular where

85 1-
oo

where I, is the current maximum at the center feed.

z’) 0sz’ s—

I(x',y',z") = (2} = (4.16)

NIN Nll\)

z’) -—sz '<0

The dotted line in Figure
4.2 is a more exact
representation of the

In actual current distri-
1z

bution, but the triangular

estimate is a reasonable

approximation for short

FIGURE 4.2: Current distribution dipoles. S

for an electrically short dipole.
Y P The electrically

short dipole has a magnetic vector potential given by

. BoInfeo 2_Ne R ., 3 2 _je IR,
Alx,y, 2)=a,—2 j__i_(l«»lz) = dz+f0 (1 lz) —adz/|  (4.17)
) 0 1 ]
A-a, Bolne 7PF 2l 2 4.2/-.5_/.2_ 2 ‘PoImle 78R
anR 1)1 1], 8TR
2
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Beéause dipbie length is small in comparison to the far-field
distance, R is conéidered constant throughout the integration
over tﬁe length of the dipole. Note that the magnitude of che
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 iﬁ 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

. BIjle-ifR |
Ee-]no—m——Sln(e) (4418)
oy BIle P |

E,=Ey,=H,=Hy=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] °

_ (1dl1)? .
‘w—mﬂop?Slnz (6) (4.20)

2 ’ .
rad™ '(ig‘_i) ﬂoﬂz (4.21)

R

rad

=20n? (%)2 | (4.22)
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C.. THE fINITE LENGTH DIPOLE

Finite length dipoles are center fed thin-wire ant;_enna-s
with negligible diameter (diameter << A and radius << length).
Dipoles with a length greater than 0.10\ can no longer use the
assumption of triangular current distribution with acceptable
accuracy. The fin.it:'e length dipole must account for the
sinusoidal current variation along the length of the antenna.
The sinusoidal surface current distribution for a finitev»

length dipole oriented as depicted in Figure 4.1 is

a I, sin[p(h-z4], Osz’s—zl-
Ix',y', z") = 1(2') = ] (4.23)
a I, sin[p(h+z’)], -3 <z’50

where I, is the peak current input and h=é .

Considering the finite 1length dipole as an aggregate of
elemental dipoles, we get the expression for the electric far-

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

, |
Eo=[ % dEy=7 ;';isin(e)[f_:nx’,y’, z/) e Ibrdz’ (4.24)
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 |R-R'|) in the exponeritial
(phase) term is approximated as [R-z'cos(f)], where R is the
distance from the origin to the field point, and z' is the
source coordinate of the vértical dipole along the 2z axis

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

approximation is depicted

in Figure 4.3, and is

accurate in the far-field

- z'cos (0) for r > 21%/A. For

n - Far Field Approximation | Purposes of calculating

r=R-z'cos (@)

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(f)] for r in the exponential

term of equation 4.24 and iritegrating,_ we get

n.pe-??

R
Ey=j Y sin(G)U_:Iosin[B(h+z’)]e’j°z'°°s‘°’dz’ (4.25)

v ['I,sin(B (h-z")] e*eiee® gz

. nPeIPR

A sin(0) -

[f_:rosidp (h+z’)Jcos [Bz'cos (8) ] +jsih[Bz’cos (6)1]dz’

+f°hf°sir1[p (h-2z')]cos [Bz”cés (0)] +jsin(Pz/cos(0)]]dz’

Since the current distribution is an even function, the
odd term of j-sin(f-z2'-cos(f)) integrates to zero over the
interval from -h to h. Since the cos(B-z'-cos(J)) term is

even, the integral can be written as

25




-JBR
Efj%——sin(e)fohsin[ﬁ (h-z')]cos [Bz’cos(0)]1dz! (4.26)

After integrating, the final sxpressions for radiated flectric
and magnetic field distributions of a finite vertical dipole

are given by [Ref 2: pp. 118-120]

_.ﬂolae‘”Rfcoﬂthos(B)]— cos (Bh) |
i ry-a sin(0) ] (4.27)

- Ee -5 I,e 7% cos[Bhcos (8) ]-cosBh

hk-ﬁ:- 27R [ sin(6) ] (4.28)

The coefficient outside tqe brackets is called the element
factor, and the expression?inside the brackets is the space

(
factor. |

i

The electric field r&diation pattern is a function of
elevation (0) and wavelengtL (\). For a fixed wavélength, the
radiation pattern for any &ertical plane through the antenna
axis is obtained by plottint the magnitude of equation 4.27 in

polar coordinates as § varies frun zero to 27. The'pattern is

;
normalized by multiplying khe electric field magnitude by a
factor such that the maximLm result is one. Since electric
field distribution is independent of ¢, the pattern for -ms0s0
is symmetrical with that for 0sfsw. Figure 4.4 depicts the
normalized radiation patterns of four finite dipoles with
successive lengths of A/4, A/2, 3A/4, and A. These lengths
simplify calculation of the electric field patterns since gh

is =n/4, =/2, 3m/4, and ® for each successive dipole. If

dipole length is greater than one wave-length, the patterns
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become more complex and the
number of lobes increases.

The radiated power
density and total‘radiated
power are found just as
they were for the elemental

dipole and the electrically

expressions for radiated

- pow: r Jensity and total
FIGURE 4.4: Vertical plane

patterns for dipoles of length radiated power are [Ref 2:

la)\/4‘ ...... , 1=\/2 ——,
l=3N/4 -+---- , and ls\ ------ . pp. 120-124]
_1 w_. MNoIs [ cos[Bhcos (8) ] -cos (BA) T2
Oprg= Re(E X H')=a, 81:2R2[ (4.29)

sin(0)

Pndsfoz"f:ngstin(B) déde¢ ’ (4.30)

- ﬂoIozf* [cos[Bhcos (0) 1-cos (Bh) 12 0
ar Jo sin(8)

. 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(-jfH,cos(6)] must

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

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

Ioe -FP(R-Hycos(0)]

2nR

N
Ey=7 —2

cosifhcos(0)] - cos(Bh) ] (4.31)
[ sin (@) ] o

E, I.e-jbfk-ﬁocos(e)]
s =0

H=—=
*“ e’ “2nR

cos[Bhcos (8)]-cosPh (4.32)
sin(6) ' ] '

D. GROUND PLANE EFFECTS ON THE RADIATED SPACE WAVE

The electric fieldvequations derived in Chapters 3A-3C
are free space equations which do not consider the presence of
a ground plane. Since anténna orientation is described with
respect to the ground plane, orientation descriptions are not
really wvalid until a ground plane is introduced. The free
space electrié field distribution for a dipole oriented along
the x axis or y axis is identical to the distribution for the
same dipole along the 2z 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 (-m/2 < 6§ < 7/2). They are not valid for

|0] > n/2 (points below the ground plane).
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A complete description of the space wave above a ground
plane‘ must include thé' reflected wave component.. The
reflected component consists of electromagnetic waves radiated
at elevation angles corresponding to |6]| > #/2 in the free
space equations. These waves strike the groﬁnd plane and are
absorbed, ﬁartially 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 fieid points defined by -7/2 < 6 < w/2.
The distribution of the reflected waves vary rélative to the
antenna as its spatial oriéntation changes, so the electric
field distribution (radiation pattern) is also éffected when
the antenna is repositioned with respect to the ground.
determined wusing

component is

The reflected wave

refiection coefficients and image theory. Reflection
cqefficienﬁs determine how much of an incident electric field
is reflected by a given ground plane, and they are a function
of § and the complex index of refraction. The éomplex index
of refraction (n) in terms of frequency, conductivity (¢), and

relative dielectric constant {(¢,) of the ground plane is

c _yBo€Lo \J c \J . 180000
Neeez=dee S " =6 = |€ +—n——=l€ -j=—= (4.33)
Up  JHe€, Ve o Jjoe, N 7T L,

The vertical reflection coefficient (T,)

2 -J/n¢-sin? .
Pv=n cos (8,) ~/n?-sin?(6,) : (4.34)

nzcos(6,)+¢n2-sinz(ez)

29
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is used to find the reflected wave contiibution to the 6
component of the space wave. The horizontal reflection

coefficient (T))

- 2_ain? .
r,- cos (0,) -/n?-sin*(0,) (4.35)
cos (6,) +/n¢-sin*(6,)

is used to find the reflected wave contribution to the )

éomponent 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 componenﬁs 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 imaqge to a gi\}en field point is the distance travelled by
the reflected wave to that field point. This distance is
approximated by R+Hjycos(6), similar in derivation to the
approximation illustrated in Figure 4.4 for the direct wave
distance of R-Hycos(f). The distances travelled by the two
components differ by 2H,cos(f), but the direct wave expréssion
already includes the term exp[+jBH,cos(8)], so the reflected
wave expression includes the term exp/(-jBH,cos(8)] \;o account
for any resulting phase differences.

In equations 4.34 and 4.35, the variable 0, is the angle
between the z axis and the radial from antenna image|to fieid

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

the far-field distance, 6, is approximated as 6 (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 coéffiqients for 632 discrete values of 6 (316 for
the array'applications) in the interval -7/2 < 0§ < w/2 at a
specified distance (R) from the antenna.

‘The direct wave component of tﬁe space wave is calculated
for discrete values of § with'the_free/space electric field
equation and the phase terms derived from the antenna height.
Thevreflected wave compcnents are then calculated for each 6
by multiplying the direct wave components by their

corresponding reflection coefficients and applicable phase
'terms. The reflected wave components are then added to the -
direct wave components to obtain the total radizted space wave
at each 4. The discrete results for the space wave are
inormalized with respect to the value with maximum magnitude,
and the space wave radiation pattern is depicted by plotting
thé normalized field magnitudes for -w/2 < 6 < w/2.

The Mathcad applications plot radiation patterns assuming

a planar surface below the antenna. The planar earth model
provides accurate results for (i) 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 applicétions still

provide a fair estimate of the radiation parameters. However,

if highly accurate resu:cs 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]

. noIoe-jBR

E,
0= %R
[ejﬂh'oc‘os (0) +l"ve -jBH,cos (6)]

cos[Bhcos (8)] - cos (Bh) 1. (4 36f
sin(0) '

=7601,

e JPRr cos [Bhcos (8) ] -cos (Bh) 1.
R [ sin(8) ]

[ejbﬁocos(e) +l",,e -JBH cos (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. THE 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 distance. from the antenna and the relative dielectric
'cbnétant and conductivity of the gréund plane. Since the
surface wave cttenuates 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 8].

Norton's expression for the surface wave of an elemental

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

(4.37)

-iB{R+H,c08 (8)] )

jjoﬂ.tdl(l-Fv)F(e =

E(1-u?) +fsin(_e)(1+-s-%-@l) u VI<0?sin? (0)

Its derivation is not explained here, but references 6 and 7
give a detailed derivation. 1In equation 4.37, R is distance
to the field point, £ 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,=1-j/nP,e " [erfc(j,/?:)] (4.38)
p =-JBRu*[1-u?sin? ()1, , cos (8) 2 (4.39)
¢ 2 u y1-u?sin?(8)

-5B [R+H°c'os (8)]
2sin?(®,)

2
Z_ein?
s(p )+ YA "SI0 <e,)] (4.40)

or RO= I nz
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where P, is the complex numerical distance for vertical
pclarization and the erfc term is the complementary error

function defined by

erfc<j/r2)=-f: e (4.41)
TV Iv%e

Mathcad is incapable of evaluating the complementary error
funccion for corhplex numbers, so an asymptotic expansion and
infinite series approximation [Ref 9] was written into the
Mathcad code to evaluate t:hey erfc terms.

When the magnitude of j-\/l-D_e' is less than 2.18, the

Mathcad applications use

-x? . )
erf({x+jy)=erf(x)+ 291:; [(1-cos(2xy)) + 7 sin(2xy)] (4.42)
- ‘-l'nz
+2ox e |f (x,v) + 37 g.(x, ¥ |+e(x,y) where
4 51 nivax? n n o

£,(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) | = 107 |erf(x+7y) |

an infinite series approximation which evaluates erf(j\/P_c),
where 'erf' is the standard error function. [Ref 9 p. 29¢].

The solutioa to erfc(jvP,) is then found by

erfc{x+jy)=l-erfix+3jy) (4.43)
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When the magnitude of j-VP, is greater than 2.18, the

Mathcad code uses '

o it . LT (2m-1) e
Mzeiarfo(z)=i- (-1)" - (4.44)
‘ (2) =23 e :
or  j;RPe Terfc(jyp,) =1+Y (-1)mi23n. .. (2m-1)
. m=l (_ZPe) -

[z==, |argz| < -3-’&1‘-

an asymptotic expansion which solves for j V7P -erfc(jvVP,)
{Ref 9 p. 298). Either of these solutions can be substituted
directly into equation 4.38 to find the surface wave
attendation factor. |
A magnitude of 2.18 is used és the transition point in the
Mathcad applications because it provides 4the smoothest
transition in both magnitude and phase between the series
approximation and asymptotié expansion results.

For antennas which radiate an electric fiéld with a ¢
component, the surface wave attenuation factor for horizontal

polarization (F,) must be found using

. F,=1-j/RP,e frerfc(jE,) (4.45)

. -JB(R+H,c0s(0)) [
2sin?*(8,)

. and P, cos (8,) ",/rzzo‘-siri’(er‘;]2 (4.46)

where P, is the complex numerical distance for horizontal
polarization. The variable 0, in equations 4.40 and 4.46 for
P, and P,, respectively is approximated as 6 (just as it was

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 0°sf#s90° to

determine surface wave radiation patterns. Their value is of
most interest, however, directly at the surface (6=90°) where
the magnitude of F is called the ground wave attenuation
factor. Numerical distance is prdportional to distance from
thg.antenna and the squaré 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
(6=90°) fieid strength varies inversely with the square of the
distance from the anﬁenna since numerical distance is directly
proportional to distance from the.antenna and gquatiqgr4.37
shows an explicit i/R dependence in addition tb the
attenuation factor.

The Mathcad applications determine the complex numerical
distances for the same_discrete values of 6 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 §. The
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surface wave is eValuated for each § using the equations for
the electric field distribution, and the discrete resﬁlts of
the surface wave are normalized with respect to the value with
maximum magnitude. The surface wave pattern is depicted byb
plotting the normalized magnitudes for -w/2 < 8 < w/2. The
numerical distances (P, and P,) at the surface (§=90°) are also
listed with the predicted rédiation parameters.

With all of the terms defined, equation 4.37 is
integfated 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:jgoz e‘j’[kbﬂocos(e)l ‘COS[ph COS(G)]‘COS(ph) (e) ) (4"47)
0 0 R ‘ sin

(1-T,) F,

sin2(0) _EI_;HZ—__(__G_)COS (0)]
n

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

JPIR-Hcos )] o5 [Bh cos(0)] -cos (PR)]. - (4.48)
sin(@) ] '

The first two terms inside the brackets represent the space

Ey=j601,2

14T, e -J2PHecos (8) (1-T,) Fee"jZNIocos(O)[sinz (0) -@COS (8)
. : n

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 ié a
radiated electric field distribution with a § component only.
Most antenna types radiate an electric field with both # and
¢ components. While a detailed derivation of an electric
field ¢ component was not presented here, the necessary
hotizontal polarization terms 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 ¢ component of
a radiated space wave or surface wave is identical to that
used in deriving the 6 component for the elevated vertical
dipole.

The remaining chapters of this thesis explain the antenna
configuration and the calculationé 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, .

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

coordinate, # is the elevation coordinate, and ¢ 1is the

azimuth coordinate.

1z axis
. e FIELD POINT
: (R,O0,d)
1 |
: g
; g o
; R
I"IO
i _
v S)
S y axis
,4—3;
,wﬁ axis
Vertical Lipole Orientation

FPIGURE 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:

) length of the dipole (meters)

£s oo operational frequency (Hertz)

- antenna feed height above ground plane (meters)
R........ distance from antenna (meters)

€ v ennnn relative dielectric constant of ground plane
Ouveennnn conductivity of ground plane

The length of the dlpole is used to determine the frequencies
which correspond to a A/4, A/2, 3N/4, or A length dipole. The
user inputs the frequency and the radiation parameters
discussed in Chapter 3 are calculated. Feed height (H;) must
be at least egual to the half-length of the dipole (h=1/2),
and the distance from the antehna (R) must meet the far-field
requirements of Chapter 3.C. B

The equation for the radiated electric field distribution

. of the elevated vertical dipole was derived in Chapter 4 as

Ey=3j601I,

e-jb(R-Hocos(e)l cos [ph cos (8) ] -cos (Bh) ) (5.1)
R ( sin (@) ) '

{1 +T e-jzﬁﬂocos(b) . (1°Fv) Fee-jzbﬂocoa(e)k(s'inz (e) _______\/DZ-SWCOS (6) )]
v ) nz

The first two terms inside the brackets represent the space
wave and the third term represents the surface wave. I, is
one since a sinusoidal current input with a maximum of unity
is assumed.

The requested inputs are used to calculate vari#bles at
the top of page 41 for 632 discrete values of # which are

equally incremented from -w/2 to w/2.
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half-length of the dipole (meters)

As vovnnnn wavelength c¢f the operational frequency (meters)

B........free space wavenumber for operational frequency

Ryovounnn distance from antenna to field point (meters)

R, ... distance from antenna image to fleld point (meters)

o JA index of refraction

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

Ty.......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 §. The space'wave and surface wave results are
combiined

for corresponding values of 6 to obtain the total

radiated electric £ield distribution.

The space wave, surface

wave,

and total electric field results are then norﬁalized
with respect to the maximum field intensity of each, and the
normalized magnitudes are plotted for each value of § to
depict the radiation paﬁterns. The patterns are valid for any
vertical plane containing the antenna akis, 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 flnertotal average

radiated power (P,,). With the discrete values of the electric
field and total average radiated poﬁer determined, the Mathcad
application predicts the following radiation characteristics
from the equaticns in Chapter 3: |

Ry .....radiation resistance (Ohms)

D,

«e....directivity

EIRP.....effective radiated isotropic power (Watts)

Apy
1

P,

«....maximum theoretical effective area (square meters)
«e...maximum theoretical effective length (meters)
......numerical distance (vertical polarlzatlon, 6=90°)

Angle .elevation angle of maximum directive gain (degrees)
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As an example, the Mathcad vertical dipole application

was executed with the following inputs:

- dipole length .
frequency '
height of antenna feed
distance from the antenna
relative dielectric constant
ground conductivity

15
5.107 .

Figures 5.2 and 5.3vdepict the radiation patterns for

space wave and surface wave for this example.

3 meters
100-10° Hertz
1.5 meters
3000 meters

the

S~

et &t

0 y .

FIGURE 5.2: Vertical dipole FIGURE 5.3:

space wave radiation pattern.

The following radiation parameters were predicted by the

Vertical dipole

surface wave pattern.

Mathcad application for a sinusoidal current input of one Amp: .
Total power radiated 31.233 wWactts
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
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These results are consistent with expectations for this

particular configuration.  Appendix A contains computer

L hardcopies of additional examp;e 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, the antenna
feed is at ground leyel, R is the radial coordinate, 6 is the

‘elevation coordinate, and ¢ is the azimuth coordinate.

z axis

e FTELD POINT

(R,0,¢)
h R
o
, L
o~ y axis

X axis

Vertical Monopole Orientation

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

requires'the following inputs:

he....... length of the monopole (meters)

£ ..... .operational frequency (Hertz)

I distance from antenna (meters)

€ v iinnas relative dielectric constant of ground plane
Oreennnns conductivity of ground plane

The length of the monopole is used to determine frequencies
which correspond to a A/8, A/4, 3\/8, or A/2 long moﬁopole.
The user inputs the‘ ffequency for which the radiation
paraméters.discussed in Chapter 3 are calculated. Distance
from the antenna (R) must meet the far-field fequirements of
Chapter 3.C. | |

‘The monopble'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]

Ey=3j30I,

e IPRr A+jiB - A-jB
R [sin(e) *loginey 601

+(1-T)) 1-",,--‘11—'-1'L5—(si'n2 (6) -mcos (6))

sin(6)

. -
-j2F, sin(ﬂh)(sin2<e> -‘@Zsl};ﬁ_mos (0))@}

n?sin(0)
A=cos[Bh cos(ﬁ)]—cos(ﬂh)

B=sin([Ph cos(0)]-cos(8)sin(Bh)

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 # component
only , just as the vertical dipole. I, is one since a

sinusoidal current input with a maximum of unity is assumed.

45




The requested inputs are used to calculate the folloWing

variables for 632 discrete values of # which are equally

incremented from -w/2 to w/2:

As e ovnnnn wavelength of the operational frequency (meters)
Beeern.. .free space wavenumber for operational frequency
n........index of refraction

| = ..complex numerical distance (vertical polarization)
D A vertical reflection coefficient ,

F .....vertical surface wave attenuation factor

The calculated variables are used to evaluate the
radiated far-rfield space wave and surfaée wave for each
discrete 6. The épace wave and surface wave results are
‘combined for corresponding values of 6 to obtéin the total
radiated electric field distribution. The spacé 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 § 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 éhanges in ¢.

Equations 3.8 and 3.9 are used to integrate ééuation 6.1
rover the hemisphericai Gduséiaﬁigurface above the ground plane
at a fixed radius (R) from the antenna to find the total

average radiated power (P,). 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:

R4 -....radiation resistance (Ohms)

Dg ......directivity

EIRP.....effective radiated isotropic power (Watts)

Ay, .....maximum theoretical effective area (square meters)
lpe -....maximum theoretical effective length (meters)

P, ..... unumerical distance (vertical polarization, §=90°)
Angle ."levation angle of maximum directive gain (degrees)

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

0.5 meters

monopole length
150-10° Hertz

frequency
distance from the antenna 3000 meters
relative dielectrxic constant © 18

ground conductivity 5-10°
Figures 6.2 and 6.3 depict the radiation patterns for the

space wave and surface wave for this example.

ML ) i o L =1

w \ X ™,
N .
7y b ,.,_:_k,"‘ (AN =t

PIGURE 6.3: Monopole surface

FPIGURE 6.2: Monopole space
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 sg 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 E_'contains computer
hardcopies »f additional example calculations for the vertical
monopole and compares predicted radiationiparameters to those

expected based on previous calculations.
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VII. THE HORIZONTAL DIPOLE

The orientaticn of the horizontal dipole is depicted in
Figura 7.2, where 1 is length of the dipole, H, is the height

o€ the feed above ground, R is the radial coordinate, # is the

@.2vation cceordinate, and ¢ is the azimuth coordinate.

z axis
1 eFIELD POINT
(R,0,¢)
R
Paj 0
- - v axis
X axis
Horizontal Dipole Orientation

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

the following inputs:

) length of the dipole (meters)

Hyooovnnn antenna feed height above ground plane (meters)
operational frequency (Hertz)

R........ distance from antenna {(meters)

€ v oavnnn relative dielectric constant of ground plane

o S 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 A/4, A/2, 3A/4, or A length dipble. The
user inputs the frequency for which the radiation parameters
discussed in Chapter 3 are computed. Feed height, H,, 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 codrdinate, a,
for which a horizontal radiation pattern is determined. Table
3.1 lists possible indices and their corresponding elevation
angles from .285° to .88.857° in increments of about 2°.
Indices between those listed can be usea to interpolate a'
better approximation of a desired elevation.

The horizontal 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
§ and é 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 9 ana ¢ field components are given by [Ref 6: p. 144]
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e—idoI cos [Bh sin(6) cos(d))]-cols([ih)) _—
Eo=-76 °°°S(¢)( 1-sin?(8) cos () 7.3

-jp [R-H,cos (8} ] .
£ [cos (8)(1-T,e 'J"‘""c“'e’)

R | .
+(1 -Pv) Fee -F2PHycos(8) ______~vn:"-slnz(0) (sinz (6) ‘@COS (9) )~i
: n®: _ Y |
E.=i60L.sin () So8[Bh sin (6) cos(¢)-coS(Bh)) 7.2)
$=760;sin (9 ( + 1-sin?(0) cos?(¢) (

-7B [R-Hycos(0))
R

.e

[1 +T,e -j2BHocos (8) | (4 -T,) F,e -j2BHycos (8} ]
. m

The first two terms inside the brackets of each equation are
the space wéve components and the third terms are-the surface
wave components. ‘I, 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'folloﬁing
variables using a constant‘¢ of $=0 and ¢=n/2 for 632 discrete
values of 0 which are equally incremented from -w/2 to m/2:

h.......half-length of the dipole (meters)

As ......wavelength of the operational frequency (meters)
B.......free space wavenumber for operational frequency
Ry......distance from antenna to field point (meters)
R, ......distance from antenna image to field point (meters)
N.......index of refraction

TP, ......complex numerical distance ‘(vertical polarization)

..complex numerical distance (horizontal polarization)

P
T,......vertical reflection coefficient
I'y......horizontal reflection coefficient

F ....vertical surface wave attenuation factor
Fn, .....horizontal surface wave attenuation factor

o
.
»

The calculated variables are used to evaluate the far-
field space wave and surface wave for the discrete values of
6 for ¢=0 and ¢=w/2. The total space wave and surface wave

distributions are determined from vector addition of
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ccrresponding § and ¢ components. The space wave and surface
.wave results are then combired for corresponding discrete
values of # to obtain the total radiated electric field
distribution for the ¢=0 and ¢=n/2 vertical planes. Thevspace
wave, éurface 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 6 to depict the radiation patterns. ThébMathcad
horizontal dipole application computes ﬁhe space wave, surface
wave,‘ and total {electric field radiation patterns and
radiation paramete#s in the ¢=0 and ¢=n/2 vertical planes.

The variabléQ corresponding to the selected elevation
angle index (4d) a%e uvsed to evaluate the radiated electric
field components fbr the space wave and surface wave at the
fixed elevation angle (8,) as ¢ varies from 0 to 27 in 632
equal increments. %The horizontal radiation patterns are then
plotted for the space wave, surface wave, and total radiated
electric field jusj as those for the vertical planes.

To find the céntributions of the § and ¢ electric field
components to the total average radiated power (P,;), 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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Dy.......directivity ' :
EIRP.....effective radiated isotropic power (Watts)
Apy coees maximum theoretical effective area (square meters)

maximum theoretical effective length (meters)
rnumerical distance (vertical polarization, 6=90°)
Pn coevnn numerical distance (horizontal polarization, 6=90°)
Angle,, -.elevation angle of maximum directive gain (degrees)
The directivity (D,), 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 and ¢=m/2 vertical planes.

As an example, the Mathcad horizontal dipole applica;ion

was executed with the following inputs:

dipole length ' 1.0 meter
frequency 150-10% Hertz
height of antenna feed 1.0 meter
distance from the antenna 3000 meters
relative dielectric constant 15

ground conductivity 10?
elevation angle index 535 (~27°)

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
$=0 =7

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 and ¢=n/2 vertical planes

and the designated horizontal plane for this example.
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These

- particular

hardcopies

. horizontal

results are consistent with expectations for this

configuration. Appendix C contains computer

of additional example calculations for the

dipole and compares predicted radiation parameters

to those expected based on previous calculations.
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VIII. THE ARBITRARILY ORIENTED DIPOLE‘

The orientation of the arbitrarily oriehted‘dipole is
depicted in Figure 8.1, where 1 is length of the dipole, H, is
the.feed height above ground, « is the angle of the‘dipole
axis with the horizontal, R is the radial coordinate, 6 is the

elevation coordinate, and ¢ is the azimuth coordinate.

, Z axis

FIELD POINT
* (R,0,¢)

\ 'y axis

. X axis
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:

) S length of the dipole (meters)

Hy..ovne antenna feed height above ground plane (meters)
Oesennnns angle of antenna axis with the horizontal (degrees)
SR operational frequency (Hertz)

Rivevnnnn distance from antenna (meters)

€, v relative dielectric constant of ground plane
Tovennan .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 A/4, N/2, 3\/4, or N length dipole. The
user inputs the frequency for which the radiation parameters
discussed in Chapter 3 are computed. Feed height, H,, 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 thevelevation
coordinate, 8, for which a horizontal radiation pattern is
determined. Table 3.1 1lists possible indices and their
corresponding elevation angles from .285° to 88.857° in
increments of about 2°. 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 # and $ components, and its
radiation pattern varies with changes in ¢. The total
electric field is the vector sum of the 8 and é 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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E9=‘j60I° e-}‘;pRejﬂHocos(O) ) (8.1)
A, ' . . ‘
——————— (cos(e) sin(d) cos(0) -sin(a)sin(8))
l1-cos? (¥)
-T ____iz___ (cos(a)sin(¢)cos(0) +sin(a)sin(0)) @ ~12BH,cos (8)

V'1-cos? ({')

+(1-T,) FeHcos® %2 (sin2 () - YRZ=sin?(8) g (g )

1-sin? () n?
{cos (¢)sin(¢) -‘mz—'Sj‘;‘i@--sin(a) sin(G))
n
L e "IBR jpucoue}
Ey=j60l,——e”"" cos(a)cos(d) (8.2)

A, A, -J2BH,c08 (8) ]
e 0 '+ (1-T",) F,
{1-cos2(w) " T-cos? (¥ Cn w

where A1=cos.[ﬂh cos(y) ] -cos (Bh)
cos(¥) =cos (0) sin(a) +sin(8) cos (&) sin(¢)

A,=cos [Ba cos (§)] -cos (Bh)

cos (Y/) =sin(0)cos (e) sin () -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. I, is
taken to be one, since a sinusoidal current input with a

maximum of unity is assumed.

58




3

——

The requested inputs are used to calculate the following
variables using a constant ¢ of ¢=0 and ¢;n/2 for 632 discréte

values of 6 which are equally incremented from -w/2 to w/2:

he.o.o.... half-length of the dipole (meters)
As ......wavelength of the operational frequency (meters)
B.......free space wavenumber for operational frequency

Ry......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)

. .... ..vertical reflection coefficient

Ty......horizontal reflection coefficient

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

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

The calculated vari:h’2s are used to evaluate the far-

field space wave and surface wave for the discrete valﬁes of
9 for ¢=Ozand‘¢=w/2. The ﬁotal space wave and surface wave
distributions are determined from vector addition of
corresponding  and é.componenﬁs. The space wave and surface
wave results are then combined for correspohding discfete
values of # to obtain the total radiated electrié field
distribution for the ¢=0 and ¢=w/2 vertical planes. The spacé
wave, surface wave, and total electric field results are then
normalized with‘respeét to the maximum field intensity'of
each, and the normalized magnitudes are piotted for each
discrete 6 to depict the radiation patterns. The arbitrarily
oriented dipole Mathcad application computes the spéée wave,
surface wavé, and total electric field radiation patterns and
radiation parameters in the ¢=0 and ¢=7/2 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 (6,) as ¢vvaries from 0 ﬁo 27 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 8§ and ® electric field
components to the total average radiated power, P, 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 Aantenna. The sum of the two
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 characteristics from the equations in Chapter 3:

Rog eoeee radiation resistance (Ohms)

Dy.......directivity

EIRP.....effective radiated isotropic power (Watts)

A, .....maximum theoretical effective area (sguare meters)
1., .....maximum theoretical effective length (meters)
P,..... ..numerical distance (vertical polarization, 6=90°)

P, ......numerical distance (horizontal polarization, §=90°)
Angle,,, .elevation angle of maximum directive gain (degrees)

The directivity (D,), effective isotropic radiated power
(EIRP), maximum theoretical effective area (Aa,,), maximum
theoretical effective length (1l,,), and the elevation angle of
maximum directive gain (Angle,,,) are all determined for both

the ¢=0 and ¢=7m/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,
1l is the length of the horizontal antenna segment, the feed is

at g;ound level, R 1is .the radial coordinate, 6 is the

elevation coordinate, and ¢ is the azimuth coordinate.

'Z axis
1
. e FIELD POINT
' ' (R,0,09)
X R
H
)
é
v (N — .
Vot Yy axis
X axis
i
Inverted L. Antenna Orientation

FIGURE 9.1: Spatial orientation of the inverted I. antenna

for its corresponding Mathcad application.
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The Mathcad application for the inverted L antenna

requires the following inputs:

Hooooonn length of vertical antenna sevment (meters)
l1..... ...length of horizontal antenna segment (meters)
.operational frequency (Hertz)

R.o...oovn distance from antenna (meters)

Er vienenn relative dielectric constant of ground plane
0........conductivity of ground plane

d........ elevation angle index (from Table 3.1)

The combined length of the wvertical and horizontal antenna

segments (H+l) 1is wused to determine frequencies which

correspond to a A/8, A/4, 3A/8, or A/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 (4d)
sets the elevation coordinate, 6, for which a horizontal
radiation pattern is determined. Table 3.1 lists possible
indices and their correspondiig elevation angles from .285° to
88.857° in increments of about 2°. Indices beitween 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 8 and é components, and its radiation pattern
vari=zs with changes in ¢. The total radiated electric field
is the vector sum of the # and ¢ components. The radiated
electric field for the inverted L antenna is obtained in a

manner analogous to that wused for the wvertical dipole

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

to derermine the total radiated electric field. The vertical

23ment radiates only a f field component, but the horizontal

u

sagment radiates both § and ¢ components. The electric field
sguations for the inverted L are (Ref 6:'p. 169-170]

o8 A+jB. _ A-JB,

\
R _sin®)  “sirn(6) 5.2

Eg .=73CI.

o(;-F“)ngiiifkfsini(O)-lﬁﬁ:fggﬁiglcos(e)
v ' sin(®) né

-(sin[P (K+1)]-sin(Pl)cos (PH cos (0)]
ojéiﬁ(ﬂl)sin[ﬂf!cos(ﬂ)ﬂ

fjeF’(Sin;(e)_vnz-sin3(6)cos(e))(Vnz—gin‘(e));
A : n? n?sin(06)
where Avscos[piicos(O)]cos(Bl)—cos[p(H+l)]
-sin[Bi{cos(ﬁ)]cos(ﬁ)sin(ﬂl)
'B,=sin[PH cos(B)]cos(Pl)-cos(B)sin([P(H+1)]

+cos [PH cos () 1 cos (8)sin(pl)

' . B,
. sin(d)cos(0) ~ e PR _tavZx ~m—=
Ey ,=-730I e AL+ B (9.2)
o.n""J >1-sin%(0)sin?(¢) R ne

4;1-l‘ve”"”°°“°’+ (sin’(e) -—-—-——————Mi:l(e)cos(ﬁ)) '
| n ,

[y

'(lfrv) F.e-jzﬂﬁcos(e) vnz-sinz (8)

- n?

B
-jpr tant2
E, ,2§307. cos (¢) e e A aiiBE  (9.3)
007120 e TN (@) sin (@) R EHE:

{1 ,l“he-j."ﬂncuw) - (I—F,,)YF,,,e -jzﬂﬂcos(e)]
where A,=cos(fl sin(0)sin(¢)]-cos(pl)

B,=sin (Pl sin(B)sin(¢)]-sin(@)sin(¢)sin(pD
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Equation 9.1 is the 8 component for the vertiéal segment,

equation 9.2 is the aﬂ(vertically éolarized) component for the
horizontal segment, and equation 9.3 is the ¢ (horizontally
polarized) component for the horizontal segment. The first
two terms inside the brackets of each egquation ére the space
wave>components and any additional terms are the surface wave
componenﬁs. I, is taken to be one, since a sinusoidal current
input with maximum of unity is assumed.

The requésted ihputs are used to ~alculate the following
variables using a constant ¢ of ¢=0 and ¢=n/2 for 632 discrete

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

ho.o..... half-length of the dipole (meters)

) wavelength of the operational frequency (meters)
Beuveunn .free space wavenumber for operational frequency
Ry......distance from antenna to field point (meters)

R, «ovvnn distance from antenna image to field point (meters)
o AN index of refraction

| R complex numerical distance (vertical polarization)
P, .....complex numerical distance (horizontal polarization)
I',......vertical reflection coefficient
Iy......horizontal reflection coefficient

Fo..... .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
6 for ¢=0 and ¢=m/2. The total space wave and surface wave
distributions are determined from vector addition of
corresponding § and 3 components. The space wave and surface
wave results are then combined for corresponding discrete
values of 6 to obtain the total radiated electric field
distribution for the ¢=0 and ¢=n/2 vertical planes. The space

wave, surfac: wave, and total electric field results are then
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normalized with ‘respect to the maximum fleld 1nten51ty of
each, and the normalized magnitudes are plotted for each
discrete 6 to depict the radiation patterns. The inverted L
Mathcad application computes the space wave, surface wave, and
total electric field radiation patterns and radiation -
paraméters in the ¢=0 and ¢=7/2 vertical planes.

The variables corresponding to the seléctéd elevation
angle index (d) are used to evaluate the radiated electric
field components for the space wave and surface wave at the
fixed elevation anéle (8,) as ¢ varies ffom 0 to 27 in 632
equal increments. The horizontal radiation patterns are then
plotted for the Space wave, surface wave,‘and total radiated
electric field just as thoée for the vertical,planes.

To find the'éontributions of the # and ¢ electric field
components to the total average radiated power, P, equations
3.8 and 3.9 are used to 1ntegrate 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

1ntegrals is the antenna’s P, With the discrete values of

the electrlc field and total average f;aigied éower
determined, the Mathcad application predicts the following

radiation parameters using the equations from Chapter 3:

R, .....radiation resistance (Ohms)

Dpovenn direct1v1ty

EIRD.....effectlve isotropic ‘radiated power (Watts)

A -....maximum theoretical effective area (square meters)
lpx --...maximum theoretical effective length (meters)

P, .......numerical distance (vertical polarization, #=90°)
Pn ......numericaldlstance(horlzontalpolarlzatlon 6=90°)
Angle .elevation angle of maximum directive gain (degrees)
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The directivity (D), effective isotropic, radiated power
(EIRP), ‘maximum theoretical effective area (A,,) , maximum
theoretical effective length (l,,), and the elevation angle of
maximum directive gain (Angle_,,) are all determined for both

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

The orientation of the sloping long-wire antenna is
depicted in Pigure 10.1, wheré 1 is length of the antenna, the
- feed is at ground level, o is the angle of the antenna with
the ﬁorizontal, R is the radial coordinate, 6 is the elevation

coordinate, and ¢ is the azimuth coordinate.

z axis

e FIELD POINT
(R,0,9)

. X axis

_Sloping Long-Wire Orientation

FIGURE 10.1l: 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:

loveennn. length of the antenna (meters)

®........angle of antenna with horizontal (degrees)

b S operational frequency (Hertz) ’
Rovevnnnn distance from antenna (meters)

€ vonnnnn relative dielectric constant of ground plane
s S conductivity of ground plane '
deveennnn elevation angle index (from Table 3.1)

The user inputs the frequency (£s) for which the radiatibn
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, #, for which a horizontal radiation pattern is
determined. Table 3.1 lists possible indices and their
corresponding elevation angles from .285° to 58.857° in
increments of about 2°., 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]

, -7BR
Ey=-730I,2—
{__fﬁ:lfl-[cos(a)sin(¢)cos(0)—sin(a)sin(¢)] (10.2)
1-cos?({)
A,+jB,

V'1-cos? (¢') [cos(a)sin(d)cos(0) +sin(e)sin(B)]

_ A,+3B . Vn?-sin?(6)
+ (l Pv) FOM(SITF (0) "———r—l?-—-—COS (9))

{cos(a)sin(¢)lgﬁzéggzzgz-sin(a)sin(B)n
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. o
E¢=j301'°e; cos (&) cos (¢) (10.2)

Y

A.+7B
+ ( l-rh) F”.._‘_J_E__.
~ T1l-cos?(y) |

1-cos?(y) "1-cos?(y)

where A,=cos([Bl cos(¥)]-cos(Bl)
B,=sin[Pl cos(¥)]-sin(P1)cos(y)

cos(Y) =cos(0)sin(a) +sin(0) cos(a)sin(¢)

A,=cos [B1 cos(w’)]—cos(ﬁl)

{ A +JB, ¢r\ A,+7B,

B,=sin{Pl cos(y')]-sin(P1)cos (Y')
cos (Y) =sin(B) cos (a) sin(¢) -cos (8) sin (a)

Thevradiated-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 § and ¢ componeﬁts, and its
| radiation patterns vary with changes in ¢. The total radiated
electric field is the vector sum of the 8 and $‘components.
The first two terﬁs inside the brackets of each equation are
the space wave components and tﬁe additional'terms are the
surface wave components. I, is taken to be one since a
sinusoidal current input with a maximuﬁ of unity is assumed.
. Requested inputs are used to compute the variables on the
next page using a constant ¢ of ¢=0 and ¢=n/2 for 632 discrete

values of 6 which are equally incremented from -7/2 to w/2.

) wavelength of the operational frequency {(meters)
Bevvunnn free space wavenumber for operational frequency
Nn.......index of refraction

Peovont complex numerical distance (vertical polarization)
Pp .....complex numerical distance (horizontal polarization)
} SV vertical reflection coefficient

) S .horizontal reflection coefficient
F.......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 épace wave and surface wave for the discrete values of
6 for ¢=0 and ¢=n/2. The total space wave and surface wave
distributions are determined from vector addition of
corresponding 8 and é components. The space wave and surface
wave results are then combined for corresponding discrete
values of 6§ to obtain the total radiated electric field
distribution for the $=0 and ¢=m/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 eéch
discrete 6§ 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 ¢=0 and ¢=7n/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 (8,) as ¢ varies from 0 to 27 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 8 and ¢ electric field
components to the total average radiated power, P,,, 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 P4. With the discrete values of the electric
field and total avefage radiated power determined, the Maﬁhcad
application predicts'the following radiation parameﬁers using
the equations from'Chapter 3:

Ry -.....radiation resistance (Ohms)
Dy.......directivity

EIRP.....effective isotropic radiated power (Watts)

Ay, -....maximum theoretical effective area (square meters)
mix ¢+ - +Maximum theoretical effective length (meters)

P, .......numerical distance (vertical polarization, #=90°)
P .....numerical distance (horizontal polarization, 6=90°)

A;'lg]..eImu .elevation angle of maximunldireTtive gain {(degrees)
The directivity (D,), effective isotropic radiated power
(EIRP), maximum theoreticél effective .aLea (A,,,) , maximum
theoretical effective length (1,,), and the elevation angle of
ﬁaximum directive gain (Angle,,) are all determined for both

the ¢=0 and ¢=7/2 vertical planes.
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XI. TH): TERMINATED SLOPING V ANTENNA

The orientationbof the terminated sloping V antenna is
depicted on the next page in Figure 11.1, where 1 is iength of
the ahtenna‘wires (numbered 1 and 2), H, is the feed height
above ground, H, is the height of the termination points above
ground, vy is the angle subtended by thé wires, 5 is the angle
between the x axis and the projection of the antenna legs in
the x-y plahe; a is the angle between the plane which contains
the ancenna and the x-y plane, R is the radial coordinate, 6
is the elevation coordinate, and ¢ is the azimuth coordinate.
The Mathcad application for the sloping V antenna requires

the following inputs:

l........ length of the antenna legs(meters)

) ; PO feed height above ground (meters)

Hiocovernn height of termination points above ground (meters)
Yooonannn angle subtended by the antenna legs (degrees)
operational frequency (Hertz)

Rivevuirnn distance from antenna (meters)

€ conennn relative diele=tric constant of ground plane
Tovinnnnn conductivity of ground plane

d........ elevation angle index (from Table 3.1)

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

parameters discussed in Chapter 3 are computed. The feed

height (H,) and termination height (H,) can be any value
greacer than zero. The angle a is found from H,, H,, wire

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

H, ~-H,

1-cos(—§) (11.1)

a=sin-!
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z axis,

FIELD POINT
(R.0,6),

/X axis -
| Terminated Sloping V Antenna Orientation
FIGURE 1l1l.1: Spatial orientation of the terminated

sloping V antenna for its corresponding Mathcad
application.

The angle 7 is then found from « and ¥/2 by

| . n:tan“[ ta %)

cos (a) (11.2)

Distance‘ from the antenna (R) must meet ‘the - far-field
requirements of Chapter 3.C. The elevation angle index (d)
sets the 6 coordinate for which a horizontal radiation pattern
is determined. Table 3.1 lists possible indices and their

corresponding elevation angles from .285° to 88.857° in
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increments of about 2°. Indices b_etween 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]

-jBR ’ : _-3BIY,
Ey,,=301, eR {cos () cos(e)cos_((b-n)[—l—ﬁU—-l (21.3)

. . ' o 1

- P PRES | D1/ S
-T, 1 eU 3 e-Jzﬂl-Iocos(e) . (l_r\v) Fe 1 eU ¥ -j2BH,cos (8)

3 3
sinz (@) -¥YBI=sin’(®) .. (g)|¥ni-sin‘(6)
nd nicos(8)
e 7P, 1-e 7% o84 cos(®)

. . 1-
—51n(a)51n(0)[ 7 +I, 7

+(1-T) F,

———l“e-”me'iszOC°3‘°’(sin2 (8) __________mz-sianz (6) c§s (9) ] }
n

Uy

-3810,

. -JBR - , -
 E,,,=30I,=——cos(a)sin($-1) 1-e (11.4)
, , R : A .
-jB 10, , RS 51/ )
+Pn l1-e ’e-JzaHocos(O) + (l'Pn) F. l-e ’e—szﬁocos(e)
U, U,

where U,=1-cos(7¥,) U,=1~cos(¥,)
cos(¥,)=cos(0)sin(a) +sin(0)cos(a)cos (¢-n)

cos (¥,) =sin(B)cos (a)cos($-n) -cos () sin(a)
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Ey .= - DR{ -cos () cos (‘e)cos(¢+'q)

_ . -BlY, _ . -iB1Y
l-e ‘e-]szncos(8)+ (1-T ) F 1l-e ‘e

v U4 \4 e U‘

-j2BH,cos (8)

nz—sinz(e)cos 6)) Z.gin? ]

{02 () -
(51n (_)' n? n*cos( 6)

l_e-jBle +P 1_e'jBlU‘

e -Jj2pH,cos (8)
v
U, U,

+sin(a)sin(0)

a8 me-sins
+(1-T,) Fei;._e_U__e ’2°”°°°s'°’(sin2|(6) —-—n—?;‘——@lcos (6) ] }
A .

-Bl A
e ° (11.6)

r
F’z

E, =-301I, s cos(a)sxn((b-*‘n)

e I | TN |
'*rn 1 eU‘ e J2BH,cos(8) (1_1-.h) F, 1 e‘:'U4 e jZBHocos(B)]

where U,=1-cos(?,) U=1-cos (7 -

 cos(?2)=cos(9)sin(a)+sin(6)cos(a)cos(¢-n)

,,cos(?‘)=sin(6)cos(a)cos(¢+n)—cosfe)sin!?)

The sloping V’s radiated electric field is a varying
combination of # and $ components, and its radiation pattern
varies with changes in ¢. The ﬁotal radiated electric field
is the veztor 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 é componénts, respectively for
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number one, and equations 11.5 and 11.6 are the § and ¢
components, respectively for wire number two. The first two
terms inside each set ¢f brackets represent the space wave
components and any additional terms represent the surface wave
components. I, 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 ¢ cf ¢=0 and ¢=n/2 for 632 discrete
values of 6 which are equally incremented from -7/2 to w/2:

Ns evvnnn wavelength of the operational frequency (meters)

B.......free space wavenumber for operational frequency

 « N index of refraction
complex numerical distance (vertical polarization)
...complex numerical distance (horizontal polarization)
T,......vextical reflection coefficient
Ty......horizontal reflection coefficient

...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
0 for ¢=0 and ¢=w/2. The total space wave and surface wave
distrikutions are determined from vector addition of
corresponding 8 and $ components. The srace wave and surface
wave results are then qombined for cosresponding discrete
values of 6§ to obtain the total radiated electric field
distribution for the ¢=0 and ¢=n/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 6§ to depict the radiation patterns. The sloping V
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Mathicad application computes the space wave, surface wave, and

total electric field ‘radiation patterns and radiation
parameters in the ¢=0 and ¢=n/2 veftical planes.

The variables corresponding to thé selected ¢levation
angle index (d) are used to evaluate the radiated éléctric
field components for the space wave and surface wave at the
fixed elevition angle (éd) as ¢ varies from 0 to 27 in 632
equal increments. The horizoﬁtal radiation patterné arévthen
plottéd for the épace wave, surface wave, and total radiated
electric field just as those for the vprtical planes

To find the contributions of the # and $ electric field
components to the total average radiated power, P, equatlons
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 piane at a fixed radius (ﬁ) from the antenna. 'Tﬁe sﬁm
of the integrals is the antenna’'s P,. Wi;h the discrete
values of'the.electric field and total average raidiated power
determined, the Mathcad application predicts the following
radiation paramete:s usiﬁg the equationsg ffom Chapter 3:

Ry .....radiation resistance (Ohms)

Dp.......directivity
EIRP.....effective isotropic radiaced power (Watts)
A, .....maximum theoretical effective area (square meters)

1o ++...maximum theoretical effective length (meters)

P, .......numerical distance (vertical polarization, #=90°)

Pe ......numerical distance (horizontal polarization, 6+90°)

}mf;lem .elevation angle of maximum directive gain (degrees)
The directivity (D)), effective isotropic radiated power

(EIRP), maxinum theoretical effective area (A,,). maximum
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theoretical effective length (1,,), and the elevation angle of

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

the ¢=0 and ¢=n/2 vertical planes.
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XIIJ; THE SIDE-LOADED VERTICAL HALF RHOMBIC A.‘ITEﬁNA

The orientation of the side-loaded vertical half rhombic
antenna is.depicted in Figure 12.1, where 1l is 1en§th of the
anteqné»wires (numbered 1 and 2), the feed is at éround levél,
a is the angle between the antenna wires and the horizontal
plane;i R:'is the radial coordinate, 6 4is the elévation

coordinate, and ¢ is the azimuth coordinate.

FIELD POINT
“(R,0,9) * . z 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:

) length of the antenna legs(meters)

1o angle of antenna wires with horizontal (degrees)
operational frequency (Hertz)

Roeo.ooo... distance from antenna (meters)

€ e einee relative dielectric constant of ground plane

o SN conductivity of ground plane

d........ elevation angle index (from Table 3.1)

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. The elevation angle index (d) sets the @
- coordinate for which a horizontal radiation pattern is
determined. Table 3.1 listé possible indices and their
corresponding elevation angles from .285° to 88.857° in
increments of about 2°. Indices between those listed can be
ﬁsed to interpolate a better approximation of a desired
elevation.

The vertical half rhombic's radiated electric field is a
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. The radiated.
electric field for 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. 198-200]
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where Uland-Uzare given by
Uy=1-cos(¥,)) U,=1-cos(¥,)
cos(¥.) =cos (8) sin(a) +sin(8) cos (&) cos (¢)
cos(TZ)=sin(6)cos(a)cos(¢)—cos(9)s;n(a)

Equations 12.1 and 12.2 are the 8 (vertically polarized) and
¢ (horizontally polarized) components, reépectively for leg
number oune, and equations 12.3 and 12.4 are the § 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. I, 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 ¢ of ¢=0 and ¢=7/2 for 632 discrete values of # which
are equally incremented from -wn/2 to w/2:

A,.;....wavelength of the operational frequency (meters)

Beeieins free space wavenumber for operational frequency

o SN index of refraction
P complex numerical distance (vertical polarization)
P complex numerical distance (horizontal polarization)
) S vertical reflection coefficient
) O horizontal reflection ¢oefficient
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
6 for ¢=0 and ¢=m/2. The total space wave and surface wave

distributions are determined from vector addition of

corresponding # ana ¢ components. The space wave and surface
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wave results are'thed combined for correspondingvdiscrete
values of @ to obtain the total radiated Ielectric field
distribution for the ¢=0 and ¢=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
eaéh,.and the normalized nmgnituaes are plotted for each
discrete 6 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 and ¢=n/2 vertical planes.
The variables corresponding to the‘selécted 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 (8,) as ¢ varies from 0 to 27 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 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 avefage radiated power
determined, the Mathcad application predicts the following

radiation parameters using the equations from Chapter 3:
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Rag oo-- radiation resistance (Ohms)

5 N directivity
EIRP..... effective isotropic radiated power (Watts)
By o> maximum theoretical effective area (square meters)

.maximum theoretical effective length (meters)
.numerical distance (vertical polarization, 6=90°)
numerical distance (horizontal polarization, 6=90°)
Angle,, .elevation angle of maximum directive gain (degrees)
The directivity (D,), 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 and ¢=n/2 vertical planes.
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XIII. THE TERMINATED SLOPING OR HORiZQNTAL REOMBIC ANTENNA

.The orientation oﬁ'the terminated sloping or horizontal
rhombic antenna'is depicted on the next page in Figure 15.1,
where 1 i3 the length of the antenna wires (numbefea 1 to &),
H, is the feed height above grouhd, H, is_the height of the
tefmination point above ground, y is the angle subtended by
. ‘ the feed wires (1 and 2), 7 is the angle betWeen_the X axis

and the projection of the feed wires in the x-y plane, « is
the éngle betweeh>the plane which contains the antenna and the
x-y plane, R‘is the radial conordinate, § ié the elevation
coordinate, and ¢ is the azimuth coordinate.

The Mathcad application for the rhombic antenna requires

the following inputs:

l........ length of the antenna legs(meters)

2 P feed height above ground (meters)

Hy....... height of termination point above ground (meters)
Yereasonn angle subtended by the antenna legs (degrees)
fs.......operational frequency (Hertz)

| S .distance from antenna (meters)

€ cernans relative dielectric constant of ground plane
0........conductivity of ground plane

o S elevation angle index (from Table 3. 1)

The feed he.cht (H,) and termination height (H,) can be any
value greater than zero. The‘angle o is found from H,, H,,
wire length (1), and the half-angle between the wires (vy/2) by

H,-H,

;;;;;;(g} (13.1)

a@=sin-}
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Z axis

FIELD POINT
(R,8,¢)

v X avis _
"Terminated Rhombic Antenna Orientation

FIGURE 13.1: Spatial orientation of the terminated sloping
or horizontal rhombic antenna for its Mathcad application.

The angle 5 is then found from a and ¥/2 by

taﬂ%!]
n=tan cos (&) (13.2)

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. The elevation angle index (d) sets the #§
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‘ A coordinate for which a horizontal radiation pattern is i

determined. Tabie 3.1 1lists possible indicesb and their

' cqrresponding' elevation angles from .285° to 88.857° in
increments of about 2°. Indices between tﬁose listed can be
used to intefpoléte a better esﬁimate of a desired elevatioh.
The radiated electric field for the rhombic antenna is
obtained in a mannér analogous to that for the vertical dipole
discussed in Chapter 4. The radiated field 6f each wire is
considered séparately, and superposition is uéed to determine
the total electric field. The rhombic’'s electric field

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

. _ | RT3
Ey =301, e;"{ cos(a) cos (8) cos (d>—1'|)[-3'—e—J———1 (13.3)

U
-JB1u, . -3 10U, , .
-T, l-e ! @ I2PHcon (@) (1-T,) F, l-e ! g "I 2BHoco: (8)
‘ U; U,

nicos(0)

. _ jné-sinz(e) ' 1n2—éin2(6)
(smz (0) = cos (0)

-Jp1U, -Jpiu;
1_e j’ ‘+P l_e ja ,e'jZﬂHOCOB(e)

ACEN

-sin(a)sin(0)

1

-J1010, ' :
+ (1-lx\v) pah?i_.._e‘”’”"“’w’(sinz (8) _YnT-sin?(®) o (6) J }

. U, né
e-I8” , 1-¢ /P10
=30l,~~—cos(a)sin(¢-n)|—u 13,
0173015 (a) (¢n>[. 7 (13.4)
_a-ibll, _aiBlvy;
“rn 1 eU’ e 12°”°°°"°)+(1-P,,)Fm1 eU3 ae-jzpﬁocos(m]
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U

Ey ,=301I, {—cos(a)cos(e)cos((bm) (13.5)

1-e-3010,

1-¢ P4
v (]4

-3 : ) -Jj2BHcos !
o J2PHycos 18 + (l-I"V) Fe e j2BH,cos (8)

4

(sinz (6)‘—mcos (e)) yné-sin®(0) ]
, n? n’cos (9)
1-e 07 +T 1-e /M0
U, v U,

-32PpH,cos(0)

+sin(a)sin(0)

] FUA . TN
+(1-T) F, 1—eU’ e-chﬁocos(O)(sinz (8) - \/n2-512n (8) cos_(a) I }
. n

-jpluz

e-j”cos(a)sin(¢+n)[£5___ (13.6)

E,,,=-301, 7

- -jﬂlU‘
+I‘h———1 eU e
4

-e -iB1U,

-J2pH,cos(8) . (1-Ph) Fm 1 e-jzﬂHQcos(e)}
Ud

e-j’R 1_e‘jblu1

Ep =301, 7

(13.7)

e~jnwz{ -cos (a) cos () cos (¢-n)

_P 1_e‘jplu)
v (]3

(sin2 (8) —mcos (9)) yn-sin?(0) ]
. 4 2

n nicos(0)

i ‘ Ca_atJBliYy
e J2PH cos @) (1-T,) F, l-e e

-j2BH,cos (8)
U, :

1-¢°701% 1-e77810

e-jzﬂlﬂcos (0)
; v
U, U,

+sin(a)sin (9)[

_-i81T, —
+(1-T,) F.E._E___:e'j””*“’“”(sinz (8) -——-————‘mzs’l:‘——(-e—)-cos (6) l }
n

UJ
-JBR  _. . _a i8I
E, ,=-3OI°£—e #heos (a) sin(¢-n) toe - (13.8)
' R 7
—a-JP1U _a-JBIU
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Ey =301,

Ca_aciBlU,
..I‘V-l_e____e

Y,

e—jﬂle{ cos (&) cos (8) cos (p+7)

1-e 7RI%

13.9
72 ( )

, °J'NU. . . ,
-F2PH. r - - s0s {8}
F2PH.cos 18) +(1- v) Fe l-e j2BH cos B

Y,

{sinz (6) - VST (¢ (g ) eI ]
: n

—sih(a)sin(e)[ +I',

nicos (9)

-3 ' -3B1D, .
1-¢7 7010 1-¢77? ¢ o-J2BHcos (8)

U, U,

+(1-T,) F,—!'--—g————e

U,

e‘jak

-781Y, -jzwﬁcos«e’[sin2 (0) _@éos (6) ] }
: n

1_e'j5102

- Ey,4=301,

e Pcos () sin'(¢+n)[
. Uz' ‘

{13.10)

‘ +I‘h.1_-§—_._

-3ply,

U,

A

e'J'ZDH,cos(G) . (1-Fh) Fm l-e-jﬂlv' e-]'2ﬂﬂ,_cos (8)]

where U,, U,, U,, and U, are given by

U,=1-cos(¥,) U,=1-cos(?,) - -
U,=1-cos (¥,) U,=1-cos(%?,)
| where |
cos (¥,) =cos(0)sin(a) +sin(8) cos(a)cos ($-n)

cos (¥,) =cos (0) sin(a) +sin(B) cos (a) cos (-n)
cos (¥,) =sin(0) cos (a) cos ($-n) -cos (0) sin(«)

cos (¥,) =sin(0) cos (a) cos (¢p+n) -~cos (8) sin(a)

The rhombic’s radiated electric field is a varying combination
of § and é 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 ard 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 8 and ¢ 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 aré the
spéce wave components, and any additional terms represent the
surface wave components. I, 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 ¢ of ¢=0 and ¢=n/2 for 632 discrete
values of § which are equally incremented from -n/2 tc 7/2:
S o eeson wavelength of the operational frequency (meters)
e free space wavenumber for operational frequency
«e....index of refraction
...complex numerical distance (vertical polarization)
.....complex numerical distance (horizontal polarization)
...... vertical reflection coefficient
...horizontal reflection coefficient

...vertical surface wave attenuation factor
...horizontal surface wave attenuation factor

o"’c’g e
.

. .
.« . . .

Mmool >

The calculated variables are used to evaluate the far-
field space wave ard surface wave for the discrete values of
 for ¢=0 and ¢=m/2. The total space wave and surface wave
distributions are determined from vector addition of
corresponding # and ¢ components. The space wéve and surface
wave results‘are then combined for corresponding discrete
values of 6 to obtain the total radiated electric field
distribution for the ¢=0 and ¢=m/2 vertical planes. The space

wave, surface wave, and total electric field results are then
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normalized with reépect 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
radia;ion parameters in the ¢=O and ¢=m/2 vertical planes.

The variables correspoﬁding to the selected elevation
angle index (d) are used to evaluate the radiated electric
field components for the space wave and'su;face wave at theb
selected elevation angle (6,) as ¢ varies from O to 27 in 632
equal increments. The horizontal radiation patterns are then
plotted for the space wave, surfaqe wave, and total radiated
electric field just as those for ﬁhe vertical planes.

To find the contributions of the # and $ electric field
components to the total average radiated power, P, éqﬁationsl
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 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:

Ry .....radiation resistance (Ohms)

Dy.......directivity

EIRP.....effective isotropic radiated power (Watts)

A, .....maximum theoretical effective area (square meters)
loy .....maximum theoretical effective length (meters)

P, .......numerical distance (vertical polarization, 6=90°)

Py ......numerical distance (horizontal polarization, 6=90°)
Angle,, .elevation angle of maximum directive gain (degrees)
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The directivity (D,), effective isotropic radiated power

(EIRP), maximum theoretical effective area (An,) » maximum

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

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

the ¢=0 and ¢=7/2 vertical planes.
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XIV. . THE TERMINATED SLOPING DOUBLE RHOMBOID ANTENNA
The orientation of the términated sloping double rhomboid.
antenna is depicted on the next page in Figuré 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,
ahd G), 1, is the length of the radials which connect the feed
to the two termination points, H, is the feed height abo&e
ground, H; is tne height of the termiﬁation points above
ground, ¥ 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 féed wires, n is the angle
between the termination radials and the long feed wires, « is
the angle betweeﬁ the plane which contains the ahténna and the
x-y plane, R is the radial coordinate, 6# is the elevation
coordinate, and ¢ is the azimuth coordinate.
The Mathcad application for the double rhomboid antenna

requires the following inputs:

..., .length of the short antenna wires (meteis)
l,.......1length of the long antenna wires (meters)

1l .......length of the termination radials (meters)
Hy.......feed height above ground (meters)
Hy.......height of termination points above ground (meters)
Y........angle subtended by termination radials (degrees)
fs.......operational frequency (Hertz) ‘
R........distance from antenna (meters)

€ .......relative dielectric constant of ground pliane
0o ...conductivity of ground plane

d........elevation angle index (from Table 3.1)

The feed height (H;) and termination height (H,;) can be any

value greater than zero. The length of the radials to the
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TOP VIEW

K H, Hy

i {
$ Yy axls

Sloping Double Rhomboid Orientation

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 léng and short antenna wire (1, < 1,+1,). The angle 7 is

found from the law of sines and cosines by

-1 (11)2+(13)2-(12)2 "
cos ( 51,1, ﬂ} (14.1)

s 1 l“ s
n=sin*|=*sin
12

Tne angle 6 is also found from the law of cosines by

6={cos'1[ (1)) %+ (1,)2=(1,)?

21,1, }- Y | : (14.2)

The angle o is then found from H,, H,, 1l;, 1l;, and the half-

angle between the wires (y/2) by

H,~H, '
a=sin! 3.0 ] (14.3)

lfcos(%+6)+lfcost§+n)

The user inputs>thé frequency (f;) for which the radiation
parameters discussed in Chapter 3 are computed. ‘Distancé from
the antenna (R) must meet the far-field fequirements of
Chapter 3.C, and the elevation angle index (d) sets the 0
c@ordinate fér which a horizontal radiation pattern is
| determined.  Table '3.1 lists possible indices and their
cqrresponding elevation angles from .285° to 88.857° in
’iﬁcrements of about 2°. 1Indices between those 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. 238-244]
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where U,, U,, U;, U,, U, U,, Uy, and U, are given by

U,=1-cos(¥,) U,=1-cos(?,)
U,=1-cos (¥,) U=1-cos(¥,)
Us=1-cos (¥y) Ug=1-cos (¥P,)
U,=1-cos(¥,) ~ Up=1-cos(¥,) where

cos(?P,) =cos () sin(a) +sin(0) cos(a)sin($p-a-5)
cos(?z)=cos(9)sin(a)+sin(6)cos(a)sin(¢—&«n)
cns(¥,) =cos(8)sin(a) +sin(0) cos (a) sin(dp+a+n)
coc(¥P,)=cos(0)sin(a) +sin(0)cos(a)sin(P+a+d)
cos(¥,) =sin(0)cos(a)sin(¢-a-8) -cos(0) sin(a)
cos(¥,) =sin(8) cos(a)sin(¢-a-n) -cos(0)sin(a)
cos (¥,) =sin(0) cos (a) sin($p+a+n) -cos (6) sin(a)

cos (P;) =sin(B) cos (a)sin($p+a+8) -cos () sin(a)

The double rhomboid’s radiated electric field is a combination
of § and @ components, and its radiation pattern varies with
changes in ¢. The total electric field is the vector sum of
the § and $ components. The radiated fields of each antenna
wire are considered separately, and superpcosition is used to
determine the total electric field. Equations i4.4 and 14.5
are the # (vertically polarized) and ¢ (horizontally
polarized) componenFs, respectively for wire A, and equations
14.6 and 14.7 are \he # and ¢ components, respectively for
wire B. Equations 14.8 and 14.9 are the analogous equations
for wire C, 14.10 an} 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 represeﬁt the
. space wave components and any additional terms represent the
surface wave components. I, 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 ¢ of ¢=0 and ¢=n/2 for 632 discrete

values of @ which are équally incremented from -w/2 to 1/2:

I PR wavelength of the operational frequency (meters)
Boooon.. fres space wavenumber for op-r.raticnal frequency
N..... ..inuex of refraction ,

P,......complex numerical distance (vertical polarization)
Py, .....complex numerical distance (horizontal polarization)
) N vertical reflectiou coefficient
Iy......horizontal reflection coefficient
F,......vertical surface wave attenvation factor

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

The calculated variables are uséd to evaluate the far-
field séace wave and surface wave for the discrete values of
6 with ¢=0 and ¢=n/2. The total space wave and surface wave
distributions are determined from vector addition of
corresponding § and ¢ components. The space wave and surface
wave results are then combined for corresponding discrete
values of 6 to obtain the total radiated electric field
distribution for the ¢=0 and ¢=n/2 vertical planes. The space -
wave, surface wave, and total electric field results are then
ncrmalized with raspect to the maximum field intensity of
each, and the normalized magnitudes are plotted for each
discrete 6 to depict the radiation patt=rns. The Mathcad
double rhomboid antenna application computes the space wave, -
surface wave, and total eleztric field radiation patterns and
radiation parameters in the ¢=0 and ¢=m/2 vertical planes.
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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
fixad elevation angle (€,) as ¢ varies.from 0. to 27 in 632
equal increments. The horizontal radiation patterns are then
piotted for the space wave, surface wave, and total radiated
electric field just as ﬁhose for the vertical planes.

To find the contributions of the § and ¢ elecctric field
components to the total average radiated power, P,,, 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 integr.'ls
is tue antenna’s P,,. With the discrete values of the electric
field and total average radiated power determinec, the Mathcad
application predicts the following radiation parameters gsing
the equations from Chapter 3:

radiation resistance (Ohms)

Ry -von-

Dy eeennnn directivity

EIRP.....effective isotropic radiated power (Watts)

Ay oo maximum theoretical effective area (square meters)
lox «--..maximum theoretical effective length (meters)
P,ovinn .numerical distance (vertical polarization, 6=90°)

P, ......numerical disiance (horizontal polarization, §=90°)
Angle_ ,, .elevation angle of maximum directive gain (degrees)

The directivity (D,), effective isetropic radiated power
(EIRP), maximum theoretical effective area (3,,), maximum
theoretical effective length (1.,) , and the elevation angle of
maximum directive gain (Angle,,,) are all determined for both

the ¢=0 and ¢=7/2 vertical planes.
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XV, THE VERTICALLY POLARIZED LOG-PERIODIC DIPOLE ARRAY

The orientation of the vertically polarized log-periodic
dipoie array is depicted in Figure 15.1, where N is the number
of dipoles, n is an index equal to 0,1,2..ﬁ-1, 1, is the
lengﬁh éf'the n®+1 dipole, ‘4, is the disﬁénce between the n®+1
and n®+2 dipole elements, H, is the height of the antenra feed
ahove ground, H, is the height of the n®+1 dipole centeré\? is
the angle between the vertical axis and the array'’s center
axis, o, is the angle between the center axis and the line
which cornects the upper tips of the eleménts; a. is the angle’
between the center axis and the lihe which connects the lower
tips of the elements, &, is the angle between the horizontal
and the line conneqting the lower tips 6f the elements, R.is
thévradial coordinate, @ is the elevation coordinate, and ¢ is
the azimuth coordinate.

Tl.e Mathcad application for the vertically polarized iog-
periodic array requires the following'inputs:

N........number of dipdle elementé
l,.......1length of the shortest dipole (meters)

1, .......1ength of the second shortest dipole (meters)
dy.......distance between first two elements (meters)
rady ..... radius of the shortest dipole (meters)

Hy.......feed height above ground plane (meters)
¥........angle from vertical axis to array axis (degrees)
fs .......0operational frequency (Hertz)

R........distance from array (meters)

€ .......relative dielectric constant of ground plane
0........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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The user inputs the frequency for which the radiation
parameters discussed in Chapter 3 are computed. The lengths
of the first two elements (1, and 1,) are used to calculate the

log-periodic relationship (7) given by [Ref 10: p. 317]

(n=0,1,2....N-2,N-1) (15.1)

The remaining element lengths (1, to 1ly,) are then found from

) , |
lan=2 . (15.2)

As noted in equation 15.1, indices start at zero instéad of 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 (rad,) is used to find the
remaining radii by substituting rad, and rad,,, for 1, and 1,
in equation 15.2. The angle between the vertical axis and the
array axis ‘(‘I') can be between 0° and 90°. The angles «, and

o, are found by substituting

a,+a,=12:--‘P (15.3)
into

; g1
- 5.
l,, sin(a,+a,)-tan(a,)cos(a,+a,) (13.4)

which yields

hn+dnsin( E-w)-hm
¢,=tan! 2

d, cos(—’z-‘--‘l’)
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The angle o, is then found from [Ref 10: pp. 351-354]

sin(a,) _sin(a,)

cos (@ +a,+a,) cos(e,) (15.5)

or

sin(e,) cos (a,+a,)
cos(a,) +sin(e,)sin(a,+a,)

a,=tan?

The .remaining separations (d, to dy;) are then found from
r.quation 15.4. The dipole half-lengths (h,) are found from
1,/2, the feed height (H,) must be at least equal to the half-
length of the 1longest dipole (hy,), and distance from the
array (R) must meet the far-field requirements of Chapter 3.C.
The elevation angle index (w) sets the # coordinate for which
a horizontal radiation pattern is determined. Table 3.2 lists
possible indices and their corresponding elevation angles from
.57° to 89.1° in incfements of about 2.3°. Indices between
those listed can be used to interpolate a better approximation
of a desired elevat:ién. The termination impedance (TIMP) is
assumed to bé connected to the array’s center axis opposite
the feed at a distance of hy,,/2 from the longest element.
Typical termination impedances are the transmission line's
matched impedance (complex conjugate) or a short circuit
(zero). The characteristic admi‘ttance (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 impedahce 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

[ 24,4 Zy,1 Zo2 v Zo e
Zio  Z4a & s v o 2y
(z] = 23,0 Zon o Zap e © 22 nen (15.6)
1Zw-1).0 Ev-19.1 Luv-ny,z o v 0 Zweny, (v )

Each main diagonal term (%;;) is the self-impedance 6f the i®+1
dipole. The off-diagonal terms (Z;,) are the mutual impedances
between the i%+1 and k%+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

[ 21, o ZI,,, Z1,,, s e e ZI; (y-1)
ZII,O ZI1.1 ZIL2 £ e ZII,(N-i)
(zry = | Hee P Zhaoeoe o | (g )
12T (n-1y,0 ZLw-n,1 2Ty, o o o o ZI ey, -0
The main diagonal terms (2I,;) are the mutual impedances

between the i%®+1 element and its image, and the off-diagonal
terms (ZI,,) are the mutual impedances between the i®+1 element

and the image of the k®+1 element.
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The main diagonal self-impedance terms of equation 15.5§

- (2;;) are found from [Ref 6: pp. 205-206]

7z .= €0
4 1-cos(2Bh;)

(e [0(u,) <20(U,) | (15.8)
-e7Ph 0(v)) -20(v;) |+2[0(U) -0(1,) -0 (V) [+20(U,) [z +cos (2BA,) ] ]
x x
h (x) =Ci(x) 751 (x) =[SOS W) gy 5.[SID(Y) 4 (15.9)
where Q(x) (x)-7S1 ,[.y YJ_[ v Y

U,=B [,/2radf+4hf—2h1] U',=/2Brad, v,=p [Jz:adf+4hf+2hi]
U=p [VZrad_?+hf—hi] v,=B [\/Zradf+h'f+hi]

For ¥=90°, the off-diagonal mutual impedance terms of

vequation 15.6 (2;,) are given by [Ref 11]

z ez = 60
L.k"% 1 cos [P (hy-hy) 1 -cos (B (hy+h,) ]

(15.10)

[e 7780 (1) -0(U,) -0(U,) |+&7* 22 [0 V) =204, -0(7,)]
+e PP (U -0 (V) -0( 1) [+ PP o (VI -0 (1)) -0( V) ]
+20(BD; ) (cos (R ih;-h,)]+cos[Ba;+h,)] )]

x

x k3
h ) =C1 (%) =73 (x) = cos(y) 4, . 4.f{Sin(y) 4
where Q(x)=Ci(x)-J l(x. f.__ 3 J‘{

U,=B [\/Diz,k* (hy+hy) 2~ (h1+hk)] Vo=P [ Df x+ (hy+hy) 2+ (bi*‘hk)]
U'y=p [JDZ e (Ry=hy) 2~ (h;-hy) | V=P [{DZ o+ (By-h) 2+ (hy=hy) |

U,=p [‘/Df,phf-hi] v,=p [VDf,k"hxz*hi]
U,=B [|D7-hi-hy] V,=p [{DIcrhi+hy]
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For ¥ less than 90°, the dipoles are in echelon.
expression for the mutual impedance terms of equation 15.6

(z,) for an echelon configuration is given by [Ref 12]

Zi'j=15{e ‘jD(hg‘SDx.k)[Q(Ua) -Q(Ul) ]'+eJB(f?x'SD1.k)[Q( Vo) -0¢ Vl)] . (15.11)

+e'jﬂ(hx’501,k)[Q(U/°) _Q( Uz) ]+ejwhi'SDLk)[Q( V’o) -0 VZ) ]

+e-jﬂ(hi-2hk-SDLk)[Q(Us) "Q(Ul) ]+ejplhg‘2hé'SD,'k)[Q( V)) “Q( V*)]

+e-jﬂlhi02hk‘sﬂi.k)[0(U4) _Q( Uz) ]"'eJB (h‘wzhk*sbj‘k)[o( V4) _Q( V2) ]
+2¢0s (Bh,) e PPeq0 (W) -0 (W,) J+2c0s (Bhy) ePPi0(y,) -0(¥,) |

+2cos (Bh)[e P Moo (w,) -0 (w,) j+ 7P PP o (y,) ~0(Y,) | | }

where Q(x)=Ci(x)-j-(Si(x)=f

P4
cos (y) dy- - sin(y) d
———'—y ..V J[—-——y y

U,=B [\/Diz,k* (SDy, x-hy) 2+ (SD; ,-h;) ] '

Vo=B [{DZ o+ (8D, o-hy) 2= (SD; 4~hy)]

U/°=p [\/Dizlk"' (SDi,k"‘hi) 2. (SDi,k*‘hi)]

V=P [\/Diz,k"‘ (SD;, ,+h;) 2+ (SDi.k+hi)]

_u=B [\/Dz2 k* (SD; =hy+1y) 2+ (SD; ~h;+hy) ]

V,=8 [yDZ «+ (SD;, =k +hy) 2= (D, -hy+hy) |

Up=B [{/DF x+ (SD;, ,# B+ hig) 2 (SO, c+hy+hy) |

V,=B [T x+ (SDy, o+ hyv ) 2+ (SDy o+ hyehy) |

Uy=p [\[Diz-k“ (SDy,x~hy+2h,) *+ (301.1:‘-’31“‘2}11:)] .

V3=p. [‘/bizl k+ (SD.'k~hi*2hk\ 2. (SDZ,k-bl+2hk)]

U‘=B [\[Df'k"' (SDi'k"'hi"th) 2"(5 i.k+hi+2hk]
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V=B [\/Diz,k* (SD; y+hy=2h) %+ (SDi,k+hi+2hk)]
w,=p [VDzz.k+SD1'2,k—SDi,k
Y,=P [/D x+SDZ,+5D; ,

w,=p [\/Diz,k* (SD;, *+hy) 2= (SDi,k+hk)]

Yé=p[JDRk*(SDLk+hk)2+(SDLk+hk)]v

W,= [{DZ = (SD, ,+2h,) 2~ (SD, ,+2h,)]

Y,=p [\/(Df,,g« (SD, (+2h,) 2+ (spi,k+2hk)]

The D;, terms in equations 15.10 and 15.11 are the pérpen-

dicular distances between the i®+1 and k"+1 elements given by
a
k-1 ’
Dy x=Dy ;=Y dy* sin(¥) (15.12)

ne1 l

The SD,, terms for equation 15.11 are the vertical distance

from the center of the i%+1 dipole to the z coo%dinate of the

nearest end of the k®+1 dipole and are given b§
|
k-1 ‘{
SD;,;=SDy ;=Y d,* cos(¥) -h; (15,13)
|
!

nel

For ground planes with high conductivities relative to
the operating frequency, it is necessary to compute equation
15.7, [2I), for the mutual impedances between the elements and
their images. The main diagonal terms (2I,;) are'the mutual
impedarnices between the i®+1 dipole and its own image. These
Z,; terms are calculated from the mutual impedance equation for

a collinear configuration given by [Ref 12]
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ZIi.i‘=15{€‘-jp(h‘-hix'x)[Q(Uo)'Q(Ul)]*ejp(hx-hi‘;'i)lf‘{——-——-hli'j ] (15.14)
. ' RN
Jb(h ohi; [Q(V’ ) -0 Vz)]+e -3Bth;+hi,, ‘)ln[ hl.i,i+2hi] .
JBth;ehi; ) -jpml.‘hi: ) hi;‘,i ‘
+e’t '-'[Q(U3)—Q(U1)]+e CELO ] N et
p3
Jﬂ(mx‘hlx ‘)[Q(V ) “Q(V )]+e-JB(3b4‘hlz "ln{ hii,i+2hi]

+2c0s (Bh, ) e7Phis *[Q(Y) -o(Y, )]+2cos(Bh )e’JpM‘ ‘ln[hfl y> ]

' +2cos(Bh)e”(2h""“ Y1o(y,) Q(Y)]

- hi; ;+2h; ,
'19‘2";‘"’11.1) i,d :
+2cos(Bhi) e ln{—-—hll,; vy l } ;

where Q(x)=Ci(x)~J Sz(x)—fMdy-J-ISIH(y)

Uy=P [\/Dz‘z.k*(h-ii,k"hi)z* (hii,k‘hi)]

Vo=B [\/Dizvk" (hij, -hy)*- (hii,k'hi)]
=P [\[IT'Z.k*‘(hii khy) ?- (hii,k+hi)]
=p [yDI e (hiy (+h) s (hig by )]

U= p [,/D, or (hi; ~hy+hy) 2+ (hiy by +hk)]

V1=P [JDiz,k+h-i;,k_h1"‘hk) 2. (hiilk-h1+hk) ] P~--\.j_\

u=p [\/Diz.k* (hi; ,+hi+hy) 2_‘(hii,k+hi*hk)] N

V2=p [JDf'k+ (bii,k+hi+hk) 2+ (hil,k*hi.‘.hk)]

U,=p [\ﬁ-’x‘z.k" (hiy ,-hy*v2he)2+ (01 ~hi+20,) ]

V=B [{DF e+ (Biy, -Ryr2hy) 2= (hiy ,=hi+2h,) |
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U,=p [\/Df,k* (hi, ,+hy+2h,)*- (hii,k+hi+2hk)]

V=B [JDZ + (hi, +hyr2h) 2+ (hi, c+hyv2h,) ]

W=p /DI c+hil-hi; |  ¥,=B [[Df+hile+hi, ]

W= [\/Diz,k* (hij ,+h,)2- (hii,k+hk)]

Y,=p [\/Dz'z.k"' (hij +hy )2+ (hi; +hy) ]

#,=B [JDF i+ (hi, 2R - (hi, +2hy)]

r N t .
¥y=B |{(D} = (hi; r2hy) 2+ (i w+2h,) ]
The symbol hi; in equation 15.14 is the height of the i%+1

dipole above the nearest end of its own image, and with i=k is

obtained from

The off-diagecnal mutual impedances between the dipoles and the
images (ZI,,) are found using equation 15.13, exceét the Q(x)
arguments are those given for equation 15.14, but with SD,,
replaced by hi,;, from equation 15.15.

The function Q(x) given by equatién 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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R

Ci(x)=y+1n(x)+),

ns=1

(-1)7 xn
(2n) (2n) !

where y=0.5772156649

For arguments greater than one, Si(x)
defined in terms of two auxiliary functions,
given by [Ref 9: p. 233]

8 6 4 2
1[ x%+a,x%+a,x%+a,x%+a,

+e(x)
X{ x%+b,x%+b,x%+b,x%+b,

f(x)=

where le(x)| < 5-2077
a,=38.027264 b,=40.021433

b,=322.624911
b,=570.236280
b,=157.105423

a,=265.187033
a,=335.677320
a,=38.102495

8‘ 6 4 2
1 [ x%+a,x®+a,x*+a,x*+a,

—_ v +€(x)
x|\ x%+b, x5+b,x*+b,x*+b,

g(x)=
where le(x)| < 31077
a,=42.242855 b,=48.196927
. b,=482.485984
b,=1114.978885
b,=449.690326

a,=302.757865
 a,=352.018498
a,=21.821899

The sine and cosine integral functions are then defined in

terms of these auxiliary functions by [Ref 9:

S1(x)=Z-£(x)cos(x) =g (x) sin(x)

Ci(x)=f(x)sin(x)-g(x)cos(x)
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(15.16)

(15.17)

and Ci(x) are

t(x) and g(x

(15.18)

(15.19)

p. 232]

(15.20)

(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. 321]

YO g YO,l 0 * 1
Yl o] Yl,l Yl 2
0 ¥,, Y%, Y%, O
[Yl=s| 0 0 %, Y%, Y%, : : : (15.22)
0 0 ‘ Y(N—Z) , {N-3) Y(N—Z) , (N-2) Y!N-Z) , (N-1)

. . 0 Yiven, w22 Yv-1y -1y |

where the diagonal terms are given by ' .
Y, o=-JY,cot (Bd,) and Y., (g1 =Y -JY,cot(Bdy.,)
and for 0 < n < N-1

Yn.n Y2y, -2y =3 ¥ (cot (Bd, ) +cos (Bd,)

X

and the off diagonal terms are given by
Y(n-l),n=Yn, (n_1,=-jY°csc(an,1)

The term Y, is the characteristic admittance of the trans-

mission line given by the input (ADM), and Y’; is given by

cos(ﬂ h;'l +7Y, Zﬁln{ﬁ ) \\
Y =Y, (15.23) w
Y, Z,cos(ﬁ h;’1)+jsi ”2’1)

where 2; is the termination impedance input (TIMP). ‘ib
The ground conductivity relative to the operating

frequency (o,,) is then computed by (Ref 6: p. 640]

g _ 18000 ¢

= = 15.24
rel” we,e, Ly, €, ( :

Z
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to determine which equation to use for the array’s curreﬁt
distribution. A surface with a relative conductivity greater
than 20 is conéidered to be highly conductive relative to the
.transmiﬁted frequency and the currént distribution is given by

(Ref 10: p. 342]

(IB) ={[U] +[Y] [2] +[Y] [2I]}*[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 sinuspidal with a maximum of unity, [IREF] is
a 1 X Nmatrix with a &ne as the first entry and N-1 zeroes in
the remaining positioAs.

For surfaces witP a relative conductivity of less than
20, the mutual impedagces due to the images are neglected and

the current distribution is given by

(18] =({[U] + [¥] [2]}* [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]

IB,

i=m (15.27)
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Thé 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 mﬁtual
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 predictec radiation parametefs are still a
good estimate of tnose for the original frequency.

The eleccric field for the vertical log-periodic array is
obtained for each individual dipole in a manner analogous to
that used for the vertical dipole discﬁssed in Chapter 4. The
equatcions 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]

‘Nl
A+jB=§:l}ej”““swqcos[ﬁhicos(e)]-cos(phi” . (15.28)

1=0

[1+e-f2ﬂ"‘=°=‘°’(rv+ (1-T") F, (s:'m2 (9) - ¥22-sin®(8) . (g) ))]

n?

ejﬂl’,sec {a;+a4) [cos (0) sin(a,+a,) +3in(0) cos(a,+a,)sin(d))
where Y, is the y coordinate of the i,+1 dipole given by

i-1
yi=[z dn)sin(‘l’) (15.29)

n=0
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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 combined with.the element factor to find the
expression.fdr'the total radiated electric field given by

_Jjeoe o A+7B ' 15 .30
R sin(H) (15.30)

The requested inputs are used to calculate the following
variables using a constant ¢ of ¢=0 and ¢=n/2 for 312 discrete

values of § which are equally 1ncremented from w/2 to n/2

h ...... half- length of the i%+1 dipole (meters)

H ......height of the i®+1 dipole (meters)

Y ......y coordinate of the i%+1 dipole

I, ......current for the i*®+1 dipole

A; ......wavelength of the operational frequency (meters)
Beevvunn free space wavenumber for operational frequency
) o SR index of refraction

.complex numerical distance for vertical polarlzatlcn
vertical reflection coefficient
vertical surface wave attenuatlon factor

The calculated variables are used to evaluate the far-
field space wave and surface wave for the disérete values of
0 with ¢=0 and ¢=7/2. The space wéve and surface wave results
are combined for corresponding values of # to obtain the total
radiated electric field distribution for the ¢=0 and ¢=n/2
vertical planes. The space wave, surface wave, and total
electric field results are then nézmalized with respect to the
maximum field intensity of each, and the normalized magnitudes

are plotted for each discrete 6 to depict the radiation

patterns. The Mathcad vertical log-periodic dipole array
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applicatioh computes the space wave, surface wave, and total
electric field‘radiation patterns and radiation parameters in
the ¢=0 and ¢=n/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 (6,) as ¢ varies from 0 to 27 in 312
equal increments. The horizontal radiation patterns are then
plotted.for the space wave, surface wave, and total radiated
elecﬁric fieldvjust as those for the vertical planes.

Equations 3.8 and 3.9 are used to integraté equat .on
15.30 over the hemispherical Gaussian surface above the grcind
plane at a fixed radius (R) from the array to find total
average radiated power (P,) . With the discrete values of the
electric field and total average radiated power determined,
the Mathcad application predicts the following radiatibn

characteristics from the equations in Chapter 3.

Rog eonee radiation resistance (Ohms)

Dyeeeennn directivity

EIRP..... effective radiated isotropic power (Watts)

- maximum theoretical effective area (square meters)
lox +....maximum theoretical effective length (meters)

P,.......numerical distance (vertical polarization, 6=90°)
P, ......numerical distance (horizontal polarization, §=90°)
Angle,,, .elevation angle of maximum directive gain (degrees)
The directivity (D,), 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 and ¢=n/2 vertical planes.
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As an example, the Mathcad vertical log-periodic afray

application was executed with the following inputs:

number of
length of
length of

elements
first dipole
second dipole

first separation distance

12
3.246
3.732
1.096

0.00325

meters
meters
meters
meters

radius of first element

height of antenna feed 8.0 meters
10-10° Hertz

frequency

distance from the antenna 3000 meters
relative dielectric constant 4
ground conductivity 1-10°
characteristic admittance 1/450 Mhos
termination impedance ‘ 0 Ohms
angle from vertical to array axis 90°
elevation angle index 285 (~17°)

Figures 15.2 through 15.7 are the space wave and surface wave
radiation patterns in the ¢=0 and ¢=v/2 vertical planes, and

the designated horizontal plane for this example. .

...

R sl LY, |
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15.3:
periodic space wave radiation periodice
pattern for ¢=0 vertical radiation pattern
plane. vertical plane.

PIGURE 15.2: Vertical log-  FIGURE
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1
PIGURE 15.4: Vertical log- FIGURE 15.85: Vertical log-
periodic space wave radiation periodic surface wave

pattern for ¢=7/2 vertical
plane.

radiation pattern for ¢=7/2
vertical plane.

c

7 ‘

PIGURE 15.6: Vertical log-
pericdic space wave radiation
pattern for horizontal plane.

15.7: Vertical log-
periodic surface wave
radiation pattern for
horizontal plane.

FIGURE
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The following radiation parameters were predicted by the p
Mathcad application for a sinusoidal current input of one Amp. . )///‘
Total power rzdiated (Watts) ' 37.967
Radiation resistance (Ohms) ' 75.934
Numerical distance (vertical) ' 57.126
¢=0 =1/2 E
Directivity , 3.415 12.176
EIRP (Watts) 129.656 - 462.272
Max eff area (sg meters) 244.578 872.012 '
Max eff length (meters) 14.038 26.506 : "‘_7/
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 ' SR
paraméters to those expected based on previéus calculations. 2/)-
{
’/“\,V‘" .“.
W
AN
N
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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 n®+1 dipole, 4, is the distance between
the n®+1 and n®+2 dipole elements, H, is the height of the
antenna feed above ground, H, is the height of the n®+1 dipole,
¥ is the angle between the vertical axis and the array'’'s
center axis, o is the angle between the array’s center axis
and the lines which connect the tips of the elements, R is the
radial coordinate, 8 is the elevation coordinate, ahd ¢ is the
azimuth coordinate.

The Mathcad application for the horizontally polarized
log-periodic array requires the following inputs:

N........ number of dipole elements
) length of the shortest dipole (meters)

l,.......1ength of the second shortest dipole (meters)
dy.......distance between first two elements (meters)

rad; ..... radius of the shortest dipole (meters)
Hy..... ..feed height above ground plane (meters)
¥........angle from vertical axis to array axis (degrees)

£ .......0perational frequency (Hertz)

R........distance from array (meters)

€ .......relative dielectric constant of ground plane
G........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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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 (l; and 1,) are used to calculate the

log-periodic relationship (7) given by [Ref 10: p. 317]

L (n=0,1,2....N-2,N-1) (16.1)

The remaining element lengths (1, to 1ly,) are then found from

1,.,=—= (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 dipoie half-lengths (h,) are found from 1,/2. The radius
of the first element (rad,) 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 arrair axis (¥) can be

between 0° and 90°, and o is found from [Ref 10: p. 319]

dy =(1l-t)cot(a) (16.3)
hnoI
which can be written as
a-_-tan'l[g_).ﬂ] (16.4)
dn

The remaining separations (d, to dy,) 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

0 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 .57° to 89.1° in increments

of about 2.3°. 1Indices 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 hy,/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
impedanée. 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 distributicn among the dipole elements.
The matrix of mutual impedances between dipole elements is

represented as

[ Zo,0 20,1 Zo,po v o Zomeyy -
zl,o Zl,l ZI.Z ¢ e .Zl,(N-l)
[z] = . . . . . » 1] ) * (16'5)
21,0 Zv-1),1 Zv-ny,z o0 0 0 Zineny, v )

Each main diagonal term (Z;;)

i®+1 dipole.

is

The off-diagonal

the self- impedance of the

terms (Z;,) are the mutual

impedances between the i®+1 and k®+1 elements.

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,o ZIo,1 ZIo,z o e ZIO,(N—l)
21y, 21, 21y, e s e 21, (y-1)

(zr] =! . . . e . (16.6)
_ZI(N-l).O ZI(N—l),l ZI(N—I),Z Lo ZI(N-.l),(N—l)_

The main diagonal terms (ZI;;) are thé mutuai impedances
between the i%+1 element and its image, and the off-diagonal
terms (2ZI;,) are the mutual impedances between the i%®+1 element
and the image of the k"+1 element.

The main diagonal self-impedance terms of equation 16.5

are found from {Ref 6: pp. 205-206]

= 60 -32ph -
Zi. 1—cos(2ﬁhﬁ[e ‘ [P(U) -20(0) ] (16.7)

+e72P% [Q(vo)v'—zo(vl)]«&z[o(u’o) -0(U,) -0(V)) |+20(U) [1+cos (28 h,) | ]

where Q(x)=Ci(x)—j-Si(x)=fc°—i’(z—)-dy—j-fs—in;(—z)-dy (16.8) -
o]

U,=P Nzraa@+4hf-2hJ Uly=y2Brad,; V,=p WZradf+4hf+2hJ
U1=B\[ 2radi+hi-h,} v,-B |[y2zadi+h;+h,)

\
The off-diagonal mutual impedance terms of equation 16.5

are given by [Ref 11]

60

Z;, k=2, :cos[ﬁ(hi'hk)]'cos[ﬂ(hi+hﬁl (16.9)

[e'jﬂ(hphk [Q(Uo) -Q(Ul) —Q(Uz)]+ej““‘“'“"[g(vo) ‘Q(Vl) -0( Vz)]
+e PG (Ul -0(v,) -0 (U, J+e P P 0(V) ~0(0,) ~0(V,)]
+2Q(BD;, ;) (cos [P (hy-hy) ) +cos [P (hy+h,) 1))
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. . x
where O(x) =Ci (X) -35i (x) =f

. .

cos(y)d . fsin(y)

——————— - . ...—:_d
T J{ v y

U,=P [\/Dz'z,x‘* (hy+hy)2- (hi*‘hk)] v,=B [\/Diz,k"' (hi+hy) %+ (hi‘“h‘k’)]

V/g=p [yDF cr (h;-hy) 2+ (hy-h,) |

U'y=p {\/D;'Z,P(h:‘hk)z"(hifhk)]
.U1=B [VDiz,k*hzg‘hi] V,=P [VDiz,k"'hf*hi]
U,=p {VDf,k*hli‘hk]‘ v,=p [VDiz,k"'hlﬁ*hk]

The D,, terms are the distances between the i®+1 and k%+1

dipole elements and are given by

: k-1
Di,k=Dk,i=z d,

n=1

(16.10)

For ground planes with high conductivities relative to
.the operating frequency, it is necessary to compute' equation
16.6, [2I], for the mutual impedances between the elements and
their images. The mutual impedance terms (2I;,) are given by

equation 16.9 with the Q(x) arguments

Uy=B [JaTT o (R b 2- (hyehy)|

=P [diZ o+ (By-hp) - (By-hy) |
U,=p [{/dif c+hi-h,)
U,=B [\/ dif ,+hi fhk]

Vo=B [\/diiz.k+ (hy+hy) 2+ (hi+hk)]

Vio=B [Vaif v (=B *+ (hy=hy
v,=B [‘/dif,k’rhiz*hi]
AN TN

The di;;, entries are the distance from the i%+1 dipole to the

image of the k%+1 dipole and are given by

di, w=/TH+H) *+ (D; (sin(F))? (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 o
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 détermined by [Ref 9: p. 233]

: : x%+a,xb+a,x%+a,x*+a
flx)=2X X T3, 2 4 l+e (x) (16.12)
X\ x8+b, x6+b,x%+b,x?*+b,
where le(x)| < 51077
a,=38.027264 b,=40.021433
a,=265.187033 b,=322.624911
a,=335.677320 b,=570.236280 |
a,=38.102495 b,=157.105423 .
x%+a, xS+a,xt+a,x?+va, | ) S
g(x) =+ : 2 2 2 lve(x) (16.13) S
x| x®+b, x%+b,x%+b,x%+b, o
where le(x)] < 31077 ¥
a,=42.242855 b,=48.196927 \\
\
a,=302.757865 b,=482.485984 3
a,=352.018498 b,=1114.978885 5_1‘
a,=21.821899 b,=449.690326 i

« Y ewa, -
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and Si(x) and Ci(x) are defined in terms of these auxiliary

functions by [Ref 9: p. 232]
S’i(x)=12t-—f(x)cos(x) ~g(x)sin(x) (16.14)
Ci(x)=f(x)sin(x) —g(x)coé(x) (16.15)

For arguments less than one, Si(x) and Ci(x) are

evaluated by series eicpansions given by (Ref 9: p. 232]

. _ hnd (-1)n xénd o
Si(x) -,,25 PEESANET TSR | (16.16)

o NS ILE e
Ci(x)=y+1ln(x) +§ GE GmT (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. 321]

YoY%, 0 0 ©
YI,O Yl,l Y1.2 Y 0
0 Y2,1 Y2,2 YZ:J 0 : ,
(Ylsf 0o 0 Y,,Y Y, . . . (16.18)

o 0 o . Yin-2y, -3 Yovea), 20 Yiw-2), v-1)
i 0 0 0 . . 0

, Yon., w2 Yoo - |
where the diagonal terms are given by
Yo,0=-J¥cot(Bd,) and Yy, =¥ ~F¥cot (Bdy.,)
and for 0 < n < N-1: |
Ypnooo o Yoy, n2y=-J ¥ (cot (Bd,.,) +cos (Bd,)
and the off diagonal terms are given by

¥ (p-1),0=¥a, (n-n=-JYocsc(Bd,,)
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The term Y, is the transmission line’s characteristic admit-

tance obtained from the input (ADM), and Y’; is given by

cos(B By )+j YOZ,.sin[B h”“)
! v 2 2

Yi=1 (16.19)

YOZTcos(ﬁ h;'l)»rjsin(ﬂ -—h‘;'l)

The ground conductivity relative to the operating

frequency (¢,) is then computed by [Ref G: p. 640]

__0__180000
wee, [, €,

(16.20)

rel

A surface with a relative conductivity greater than 20 is

considered.to be highly conductive relative to the frequeicy
and the current distribution is given by [Ref 10: p. 342]
[:B]-{[U]+[Y]tz]+[Y][zzl}*[InEFJ (16.21)

where [U] is the N X N identity matrix. The entries'of the
[IB] matrix are the base currents of the dipole elements. Tﬁe
matrix [IREF] represents the input current to which the [IB)
distribution is refzrenced. Since the current is input only
to the feéd at the center of the first elemeﬁt,wégafgince the
input current is sinusoidal with a maximum of uhity, [IREF] is
a 1 X Nmatrix 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 impedances due to the image elements are

neglected and the current distribution is given by

[IB] ={ (U]+[Y¥] [2] }' [IREF] (16.22)

130




The electric field equations are referenced to the

current maxima values for the dipole elements,

(1], whiéh are

obtained

r

-

1B,

from the (IB] matrix using [Ref 6 p.209]

{(16.23)

~Sinph.)

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 f£requency.

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
équations 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 1log-

periodic array are [Ref 6: p.‘214l

N-1’

A E I cos[Bhl(cos(e)cos(‘P)*31n(9)51n(‘!’)sxn((b))]-"os(Bh ']

.1~I‘ e-)zﬂHcas(O) (1 r )F e-]zﬂﬂcoa(ﬂ) YDZ-SIHZ(B)

ncos(6)

(16.24)

= = 1
. “— 3 < 5 r - : . :
sin? (9) - !I‘ s:.zn (0) cos () )J| iBy,csct¥) lcos(B)cos(F) «sin(B)sin(¥)sin ()]

n
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N-1
5;=z:Iicoﬁﬁhﬂcos(&)cos(?)+sin(6)sin(T)sin(¢)”—cos(Bhﬁ}
I=0

-
¥

t1+I‘,,e'j2°"‘°°S(°) +(1-T,) F, e-jzpﬂ,cos(e)], (16 .25)

ejbk’,csc('i’) (cos(8)cos(¥)+3in(B)sin(¥)sin($)]
where Y, is the y coordinate of the iy+1 dipole given by

i-1
Y,.:(): dn]sin(‘i’) (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 I, 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 radiated electric field
equation, and the expression for the radiated electric field
distfibution of the horizontal log-periodic dipole array is

given by [Ref 6: p. 213]

- -JBR 6)
g.=-J60e cos(¢)ccs | s 16.27
o R 1-3in?(0) cos? (¢) ° ( )
E¢= j60€'ij Siﬂ(d’) S (16 .28)

R 1-sin?(8)cos?(0)

The requested inputs are used to calculate the following
variables using a constant ¢ of ¢=0 and ¢=n/2 for 312 discrete

values of 6 which are equally incremented from -w/2 to n/2:
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.radiated far-field space wave and surface wave for the

h; ......half-length of the i®+1 dipole (meters) ;
H ...... height of the i®+1 dipole (meters) ' :
Y ...y coordinate of the i®+1 dipole g

) SN current for the i®+1 dipole ,

Ag eennnn wavelength of the operational frequency (meters) o ,
Beveunn free space wavenumber for operational frequency o
n.......index of refraction ol

' complex numerical distance (vertical polarization) T /

.
.
.

p

P complex numerical distance (horizontal polarization)
Ty......vertical reflection coefficient T
I horizontal reflection coefficient ' : B
...vertical surface wave attenuation factor ‘ :
...horizontal surface wave attenuation factor

The calculated variables are used to evaluate the

discre;e values of 6§ with ¢¥0 and ¢=n/2. The space wave and .
surface wave results are combined for corresponding values of ,i
f to obtain the total radiated electric field distribution for ‘
the ¢=0 énd ¢=7/2 vertical planes. The space wave, surface " —_
wave, and total electric field results are then nofmalized
with respect to the maximum field intensity of eaéh, and the |
normalized magnitudes are plotted for each discrete 6§ to
depict the radiation pétterns. The Mathcad horizontal log- ,?
periodic dipole array application computes the space wave, ‘
surface wave, and total electric field radiation patterhs and
radiation parameters in éhe $=0 and ¢=7m/2 vertical planes.

The variables corresponding to the selected elevation S
angle index (w) are used to evaluate the radiaﬁed electric
field components for the space. wave and surface wave at the
fixed elevation angle (6,) as ¢ varies from 0 to 2w 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 planz at a fixed radius (R) from the array to find
total average radiated power (P,). 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:

R,y .....radiation resistance (Ohms)

Dyeevenns 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, 6=90°)
Pp coveee numzrical distance (horizontal polarization, 6=90°)
Angle,, .ele-ation angle of maximum directive gain (degrees)
The directivity (D,), 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 20-10° Hertz
distance from the antenna 3000 meters
relative dielectric constant 4
ground conductivity 5-1073
characteristic admittance 1/450
termination impedance 0 Ohms
angle from vertical to array axis 90°
elevation angle index 285 (~17°)
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Figures 16.2 through 16.7 are the Space wave and surface wave
radiation patterns in the ¢=0 and ¢=m/2 vertical planes, and

the designated horizontal plane for this example.
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The following radiation parametérs were predicted by

|
. . . . | .
the Mathcad application for a s;nu501da% current input of one

i

Amp. The predicted radiation parametefs are:

Total power radiated (Watts)

Radiation resistance (Ohms)

Numerical distance (vertical)
Numerical distance (horizontal)

Directivity

EIRP (Watts)

Max eff area (sg meters)
Max eff length (meters)
Angle,,, (degrees)

These results are consigtent with expectations

particular configuration.

hardcopies of = additional

E 75.546
| 151.092
i 93.742
§ 3398.15
¢=0 $rm/2
0.838 - 18.384
63.301 1388.82
15.003 329.159
4.904 22.971
89.7 24.0
for this
Appendix E contains computer
example calculations for the

horizontal longeriodic dipole array and compares predicted

radiation parametefs 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 15, is the length of the
current driven element, NR is the number of parasitic
reflector elements, ND is the numbe;'of parasitic director
elements, n is an index equal to 0,1,2;.NR+ND, and 1, is the
length of the n®+1 element starting with the outermost
reflector and counting consecutively toward the opposite end.
The 4, terms are the separation distances between the n®+1 and
n®+2 elements, Hy is the height of all antenna elements above
ground, R is the radial coordinate, € is the elevation
coordinate, and ¢ 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
l,.......1length of the n®+1 element (meters)
d,.......distance between n®+1 and n®+2 elements (meters)
rad, .....radius of the n®+1 element (meters)
-Hy ¢+...r.antenna height above ground plane (meters)
fs.......0operational frequency (Hertz)
R........distance from array (meters)
€, -......relative dielectric constant of ground plane
0........conductivity of ground plane
W........e8levation 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 fcr a giveh parameter. This is to maintain
continuity with Mathcad which also indexes from zero. = The
dipole half-lengths (h,) are found from 1,/2. 'Antehna height

(Hy) can be any value greater thanvor equal to zero, and the

distance from the array (R) must meet the far-field

requirements of Chapter 3.C. The elevation angie'index (w)
sets the § coordinate for which a horizontal radiation pattern
is determined. Table 3.2 lists possible indices and their
corresponding elevaticn angles from .57° to 89.%° ..
increments of about 2.3°. Indices between tﬁose listed can be
used to interpolate a better approximation ‘cf a desired
elevation.

The open circuit impedanée matrices are calculated to
determine the current distribution among the dipole elements.
The matrix of mutual impedances between the dipole elements is

represented as

( ZQ,O ZO.I ZO,Z L zO.(N’l)
1,0 2,1 2y, v o v Zy a
22,0 22,1 23,2 o+ o 2y ey
(2] = . . . L ) (17.1)
Zv-1,0 Sty Zweniz o0 v Sy, ven)
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Each main diagonal term (Z;;) is the self 4impedance of the i®+1
element. The off-diagonal terms (2Z;,) are the mutual
impedances between the i®+1 and k™+1 elements. Subscripts i
and k are matrix indices (0,1,2....NR+ND) .

Thg matrix of open circuit mutual impedances between the

actual elements and their images is represented as

[ ZIO,O ZIO,l ZIO,Z ot ZIO.(N—l)

Z2I, | zI, ZI,,, « « . ZIL, -
[ZI] = ZI2.0 ZIZ,I ZIZ,Z L ZIZ,(N—I) (17.2)
ZI(v-1,0 2Lv-11 ZLiney,2 o 0 - ZI(N—I).(N—l)J

The main diagonal terms (2I;;) are the mutual impedances
between the i®™+1 element and its image, and the off-diagonal
terms (2I;,) are the mutual impedanées between the i%+1 element
and the image of the k®+1 element.

The main diagonal self-impedance terms of equation 17.1
are found from {Ref 6: pp. 205-206]

- 60  r_-japn _
21,1% 1-cos (2Bh,) [e [e(Gy) -20(0y) ] (17.3)

+eIPh 10(V,) -20(v,) ]+2[0 (V') -0(1) -0(V;) J+20(U/g) [1+cos (2Bh,) ] |

where Q(x)=Ci(x)-jSi(x) =fc;'s;(l)-dy—j'f-§-j=%y—)dy (17.4)
o}

U,=p [v2radf+4bf—2hi] Uly=y2frad; V=P [‘/Zradf+4hf+2hi]
v,=p [J2rad?+hi-h)] v,- [J2radi+hi+h;]
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The orf-diagonal mutual impedance terms of eqﬁation 17.1

are given by ([Ref 11]

- - 60 .
Zj,k"zk,;"' cos[ﬂ(hi-hk)]‘COS[B(hl*‘hk)] (17.5)

e 7P Pt 10(U,) -0(U,) -0( 1) |+ &P P10 (V) -0(V) -0(V,)]
+e P (U -0(V) -0 () [+ P M [0(V) ~0(U,) ~0( ;)]

+20(PD; ;) (cos [P (h;-h) ] +cos [P (h;+h) 1))

X x .
h =Ci(x) -j51 (x) =SS W) 4y _ 5.fSIREY) 4
where 0(x) =C1i(x) 7 (x [ > 'y _7‘0( > v

|
|
|
!
|

t’o=ﬁ [\[ka"’ (hy+h)2- (hi+hk)] Vo=p [\/Diz,k"' (hy+hy) 2+ (hi"hk)]
|

UI°=B [Jblzl(k"' (hi-hk) 2. (bi-hk)] Vl°=p [JDi{k*‘ (hl-hk) 2+ ('hz_hk)]

| v,=p [/D7 c+hZ-h)] V;=B [{DI +hi+h)]
U,=p [VD.iz.k"'hIi-hk] v;=B [VDf-k*h‘f+hk]

The D, terms are the distances between the i,+1 and k,+1

dipole elements and are given by

k-1
Dy, y=Dy, ;=Y. d,

D=1

(17.6)

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

17.2 (2I;,) are given by equation 17.5, except the D, terms in
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the Q(x) arguments are replaced by di;, terms which represent
the distance from the i%+1 element to the image of the k%+1
element and are given by [Ref 6: pp. 205-208]

di; .= Hi+ iz,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]

(_1) n xznd

- Si(x) =n§=_; G GaeTi (17.8)
Ci(x)=y+1n(x) +; GH A (17.9)

where y=0.5772156649

For arguments greater than one, Si(x) and Ci(x) are
ekpressed in terms of auxiliary functions, f(x) and g(x),

given by Ref 9: p.232]

Si(x)=§-f(x)cos(x) -g(x)sin(x) (17.10)
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

rolynomial approximations [Ref 9: p. 233]

8 6 4 2
1| x°+a,xf+a,x4+a,x%+a,

+e(x) ©(17.12)

f(x)=
, X\ x%+b, x®+b,x%+b,x%+b,
‘where le(x)| < 5:1077
a,=38.027264 b,=40.921433
a,=265.187033 b,=322.624911
,=335.677320 ~ b,=570.236280
a,=38.102495 b,=157.105423

[ x%+a, x%+a, x+a,x?+a
glx)=—% 1 2 2 ilie(x) (17.13)
x*| x%+b,x%+b,x*+b,x*+b,

where le(x)]| < 31077
a,=42.242855 'b1=48.196927
 a,=302.757865 b,=482.485984
a,=352.018498 b,=1114.978885
a,=21.821899 b,=449.690326

When the mutual impedances are found, the array’s base

current distribution is computAed from [Ref 10 p. 258-259]

(IB] ={[2] +T, , (ZI]}"* [VREF] (17.14)
where B
Ty, 0=Th | 6u0= i:g

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 NR®™ index), and since a sinusoidal

voltage response with a maximum of unity is assumed across the
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inpﬁt terminals, [VREF] is a 1 X NR+ND matrix with a 1 as the
NR® entry and NR+ND-1 zeroes in the remaining positions. The
electric field equations are referenced to the curreat maxima
values for the dipole elements, [I], which are determined frem
the [IB] matrix using [Ref 6 p. 209]

IB,

Ii=m:)- (17.15)

The mutual impedance calculations are not valid when any
element length 7s an exact integer multiple of the wavelength.
When this occurs, there is a singularity error in the mutual
impédance calculations, and it is necessary to' vary thé~
frequency such that no element is exactly an integer multiple
of the wavelength. The change required is onlyva 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= Y Ijcos[Bhysin(8)sin(d);]-cos(Ph,)] e Pein@ein® (17 3¢

1=0

where Y; is the y coordinate for the ithy+1 element given by

Y=Y d, (17.17)
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The array factor is multiplied by the element factors to

(A

nd the =guations for the total radiated electric field

discributisn of the horizontal Yagi-Uda array,

PN COSI®l - LoPmies® (). (17.18)
® X L-sirf(8)cost ) -
g (@) (l-r‘._.‘?. “iPH.co5:0 o ('."F._,) Fee-JzﬁﬁoC“(e) .
e A nNi-sirt(0) '
va-sint 1o oa g, -Lw;_iﬂ_)cos(e,)
) n* A n* :
a-'p= si B .
£, 60 _sin(d) e P ® (5) . (17.19)
Ro1- ;.r(O)cos*(B)

[1 o[‘he -o2BHes ( l-Fh). Fm-e -jszoccsqe)]

first two terms inside the brackets of each equation are

&)
oy
o®

r
a2
1]

space wave, the third terms are the surface wave, and I,
is.the current term for each eleﬁent baééd 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 ¢ of ¢=0 and ¢=n/2 for 312 discrete

values of

.
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6 which are equally incremented from -w/2 to-7/2:

.half-length of the i +1 ele%ent (meters)

.y coordinate of the i®+1 elément

.current for the i®+1 elemen

.wavelength of the operatlondl frequency {(meters)
.free gspace wavenumber for operat*onal frequency
.index of refraction

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

.horizontal reflection coefficient

vertical surface wave attenuation factor
horizontal surface wave attenuation factor
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The calculated variables are used to evaluate the far-
field spéce wave and surface wave for the discrete values of
6 with ¢=0 and ¢=m/2. The space wave énd_surface wave results
are combined for corresponding values of # to obtain theltotal
radiated electric field distribution for.the ¢=0 and ¢=n/2
vertical planes. The space wave, surface wave, and total
electric field resﬁlts are then normalized with respéct to the
maximum field iﬁtensity of each, and the normalized magnitudes
are plotted for each discrete 6§ 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
and ¢=n/2 vertical planes.

The variables corresponding to the selected elevétion
angle index (w) are used to evaluate the radiated electric
field components for the space wave and surface wave at the
fixed elevation angle (6,) as ¢ varies from 0 to 27 in 312
equal increments; The horizontal radiation patterns are then
plotted for the gpace 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 equatiomns
17.18 and 17.19 over the hemiépherical Gaussian surface above
the ground plane at a fixed radius (R) from the array to find
total average radiated power (P,,) . 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 using

.P _JKE o'r R =__I_Zl2_

zad_ ZR rad 2P (17‘20)

rad

With the discrete values of the electric field and total
average radiated power, the Mathcad application predicts the

following radiation characteristics from Chapter 3:

Rn; ..... radiation resistance (Ohms)

Dgoeeeann d1rect1v1ty '
EIRP .effective radiated isotropic power (Watts)

maximum theoretical effective area (square meters)
maximum theoretical effective length (meters)

numerical distance (vertical polarization, 6=90°)
numerical distance (horizontal polarization, §=90°)

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

The directivity‘

(Dy) ,

‘effective

isotropic' radiated power

(EIRP),

maximum

theoretical effective length (1,

maximum theoretical effective area (A,,),

), and elevation angle'of the

~ directivity (Angle,,,) are determined for both vertical planes.

As an example, the Mathcad horizontal Yagi-Uda array

éﬁplication was executed with the foliowing 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

frequency

distance from the antenna
relative dielectric constant -
ground conductivity
elevation angle index
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8.0 meters
10-10° Hertz
3000 meters

72
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Figures 17.2 through 17.7 are the space wave and surface wave

radiation patterns'in the $=0 and ¢=7/2 vertical planes, and

the designated horizontal plane for this example.
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FIGURE 17.2: Horizontal PIGURE 17.3: Horizontal
Yagi-Uda space wave radiation Yagi-Uda surface wave

pattern for ¢=0 vertical
plane.

radiation pattern for ¢=0
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FPIGURE 17.6: Horizont~, 1l PIGURE 17.7: Horizontal
Yagi-Uda space wave radiati.n Yagi-Uda surface wave
pattern for horizontal plane. radiation pattern for

horizontal plane.

The predicted radiation parameters 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) 2.26-10°
$=0 L p=m/2
Directivity 1.679 ' 14.631
EIRP (Watts) ‘ - 0.0081 0.0705
Max eff area (sqg 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 ﬁhis
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 calculations.
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XVIII. REMARKS AND CONCLUSIONV

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 radiétion theory
such as Sommerfeld, Norton, Cox, King, Ma, and Walters. The
equations are compiled here solely for the purpose of
ciediting 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
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
provide radiation parameters consistent with expectations for
the inputé which have been executed to date. All antenna
configurations which have been‘éomputed exhibit radiation
characteristics ccnsisﬁent with other computationél 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 tﬁe Mathcad results has been provided to
demonstraté 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 longrtime
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 greateét interest. Then the average

power calculations for those frequencies can be executed.
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The Mathéad’applications were written for NAVMARINTCEN to
provide antenna analysté with the capability to predict
radiation parameters based solely on antenna physical
dimensions and ground propefties;' © The Mathcad results
computed thus far are consistent with expectations and are
most likely providing accurate predictions of actual antenna
radiation characteristics. Only extended" uée 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'thevinpu; values and
predicted radiation characteristics for two sample calculatioﬁs.
The configuration is a half-wave dipoiz at one quarter wavelength
above soil (e€,=10 gnd 0=10?%) for the first example and the same
configuratién above seawater (€=72 and ¢=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 maximuh directive gain is slightly higher
for the Mathcad outpﬁt.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 qﬁite a bit higher than
the maximum gain wvalues of about zero dB in refereﬁce 6.
However, since a half-wav : 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 dué to a
stronger reflected wave, and the surface wave is stronger at
grazing angles (f~90°) 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 antennx is
mounted vertically along the z-axis in a rectangular coordinate system with the feed
al the ante. na's center al a set height above the surface. Required inputs are the
anienna 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 radistion 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
veriical dipoles. .

Input the Dipofe [=5§ h = 1
length in meters ‘ 2
Wavelengths and Frequencies
4.1
A' = 4" Az = 2‘1 As = —3— A‘ = ]
c c c c
[ SR e— f T2 m— f 2 m— r D —
1 3
A Y A3 R

Possible Operating Frequencies (Hertz)

-3 Dipole: fy = 1.5-107 Dipole: =3 107

3X Dipote: £y = 45107 A Dipole: [, = 6-107
4
: Input the Distance
Input the operating = 20.108 P
Frequency (Herlz) fg := 30-10 fromthe Antenna R - 3000
(meters)
Input the ground e = 10 Input the ground 0 . 10~ 2
Dielectric Constant Conductivity

Input the Height of "
the Antenna Feed Hy = 23

(meters) 154
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

- Space Wave Radiation Pattern

Maximum Space Wave Efectric Field
Intensity (Volls per meter)

max ( MagEl) = 0.01733
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Su-face Wave Radiation Paltern

t A T

-y,

-
" . .
\ Ny
f
\ Y /

Maximum Surfsce Wave Electric Field
Intensity (Volis per mater)

max( MagE2) = 2.69275-10°
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Combined Space and Surface Wave Radiation Pattern

Maximum Radiated Electric Field
Intensity (Volts per meter)

max( MagE3) = 0.01732
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[x
2 . .
-Jp-(R - Hycos(c))  -)p(R+
. cos( f-h-cos({)) - cos(B-h) | e e
power = 30 " . : + :
sin( ¢) R - Hycos(?) | R + Hy
40
[E3)) xR mas (sgE
( i o 4-x-R® max( sqE3)
: tivity =
SqE3 2 (120-7) Directivity - power
Radres = 2-power
Total Power Radiated (Watts) power = 10.79029
Radiation Resistance (Ohms) Radres = 21.58059

Directivily (maximum Power Gain o
assuming 100% Antenaa efficiency) Directivity = 4.16784

Effective Isotropic Radiated

Power (EIRP) (Watts) Directivity - power = 44.97225

Maximum Effective Area 2 Myiactics

(Along Radial of Directivity) (*s) " Directivity @ ceq
(square meters) 4-x

Maximum Effective Length ,
(Aloog Radial of Directivity) . | v (Ms)® Directivity .

= 2.75579
(meters) ] 4802
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“ —_
ANumen‘tal.D.istance for '- /
 Vertical Polarization | Peg| = 74.95924 /

‘ /
, /
Elevation Angle of Maximum Angle3 = 19.39778 o
Power Gain (Degrees) ‘ _ 19.39778
L d . "/ B4
o
v
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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 predicling radiation patierns.
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
uormalized with respect to the maximum electric field intensity transmitted by the
antenna. Plotted radiation patterns are valid for any vertical plane passing through
the antenaa 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. ‘

Input the Dipole ‘ {5 poed
length in meters 2
Wavelengths and Frequencies
' ‘ 4-1
A' = 4] Az = 2+ As = —3—- A‘ =
c c c c
r 2 e f J— r T — ! - —
2 3 4
M A2 A3 Ay

Possible Operating Frequencies (Hertz)

A Dipole: = 15107 Dipole:  f, = 3-107

3
2 Dipole: g = 45107 A Dipok: I, = 6107

Input the Distance

Input the operating . 20.108
Frequency (Hertz) fs = 30-10 fromthe Antenna R - 3000

(meters)
Input the ground e = T2 Input the ground 0 : 4
Dielectric Constant Conductivity

Input the Height of .
the Antenna Feed Hg = 25

(meters)
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Radiation Patierns vaiid for any Vertical Plane passing through the Antenna

“Space Wave Radiation Pattern

Maximum Space Wave Electric Field
Intensity (Volts per meter)

max( MagE1) = 0.03394

i€l




Surface Wave Radiation Patiern

mcﬂn . 82'
ield

max ( MagE2) = 0.03331

Maximum Surface Wave Electric F
Intensity (Volis per meter)
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T
Combined Space and Surface Wave Radiation Pattern N
0 .
mofk. 243' -
- Maximum Radiated Electric Field ' -
Intensity (Volts per meter) max( MagE3) = 0.03398
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I
2
-JB-(R - Bycos(z))  -Jp-(R
power = 30- cos(ﬁ-h.cos(og)) - cos(ﬁ-h)_ e e
sin( {) : R - Hycos(¢) R + Hy
Jo | |
E3,| .x-R%
sGE3, = ~g——!—,-)— Directivity := 4xR max(sqm)
2-{120-x) | power
Radres = 2-power
Total Power Radiated (Walts) power = 37.64371
Radiation Resistance (Ohms) Radres = 75.28741

Directivily (maximum Power Gain .
assuming 100% Antenna efliciency) Directivity = 4.59967

Effective Isotropic Radiated

Power (EIRP) (Watls) Directivity - power = 173.14876
Maximum Effective Area : 2 Nicartivi
Ag) {
(Along Redial of Directivity) ( 5) Directivity = 36.60304
{square meters) , 4x

Maximum Effective Length () 2. Directivi
(Along Radial of Directivity) . Radres ( 5) Dmcuv@-: 5.40735

(meters) 480.12
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Numerical Distance for
Vertical Polarization

Elevation Angle of Maximum
Power Gain (Degrees)

B |?eo| = 0.39252

~ 55784\
Angle3 = 8.3578 )
855784
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APPENDIX B: ‘
VERTICAL MONOPOLE ARRAY COMPUTER OUTPUT

This appencix 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 (€,=10 and
0=10?%) for the first example and the same configuration above
seawater (¢,=72 and o¢=4) for the second. Referénce 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 wvalues of about zeroc 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 (construcéive and
destructive interference) on the space wave and the low%r total
average radiated power resulting from ground plane‘lossés. The
seawater example yields results consistent with expectations.
With 1espect tu 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 (#=90°) due to
higher conductivity.
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VERTICAL MONOPOLE

This application calculates far field radiation patierns and parameters associated
with vertica! 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 anfenna length, transmitted frequency,
distance from the antenna, the cocductivily 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 haff-wavelength
monopole. A s'nusoidal current input with a8 maximum of unity is assumed. All
radiation patierns 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 respecuve plots. Radiation patterns are valid
foc any vertical plane passing through the z-axis, because the radiation pattern is
symmelncal with respect to phi. Polarization is vertical for all vertical monopoles.

1

"
Input the Monopole h - 75 = 2-h
length in meters )

| ‘
Wavelengths and Frequencies

| 4-1

}h'-4l A2=2’l ka-T )\‘=l

| :

| c c c c

fy = — fp = — Iy = — fg = —

1 2 3

{! ¥ ng A W
Poslsible Operating Frequencies (Hertz)
u PR 4
3 Monopole: f; = 5-10 _' 3 Monopole fa=1-10
3-A e - 4 Cr o 7
T MOIIOPO‘C. fa = 15-10 -2- MOﬂOPOk. f‘ =2-10
Input the operating . ¢ Input the Distaace from .
Frequency (Herlz) f5 - 10-10 the Antenna (meters) R == 3000
Input the ground . 10. Input the ground o= 10°2

Diclectsic Constant Conductivity:
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

Space Wave Radiation Patiern

Maximum Space Wave Electric Field
Intensity (Volts per meter) max( MagEl) = 0.01115
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Surface Wave Pallern

l‘-
!
N
\
/
7
- S

Maximum Surface Wave Field Intensity | -4
(Volts per meter) max( MagE2) = 8.23677- 10
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Combined Space and Surface Wave Pattern

Maximum Radiated Electric Field
Iatensity (Volis per meter)

170

max( MagE3) = 0.01114




power := 13,

_.
R

+j

sin{ 8-h-cos({)) ...
+ (- (cos($)-sin(B-h)))

2 | ' S (D) , |
l'cos(B-h-cos({)) - cos(B-h) ...

nz-éos(f) - an - sin(f;z ' [’[j'[si‘l(ﬁ—h-c(,s({)) T

+ (- (cos({)-sin(B-h))

+ .
nz-cos(f) + an - sin( §)2 sin(¢)

[ cosr-h-cos({)) - cos(f-h) .. }

40
qE3, = (e Directivity := 4-5-R% max(sqE3)
=5 2-(120-7) , ¥ power
_ Radres = 2:-power
Total Power Radiated (Watts) - : power = 5,74454
Radiation Resistance (Ohms) Radres = 11.48908
Direétivity (maximum Power Gain o
assuming 100% Antenna Efficiency) Directivity = 3.23898
Effective Isotropic Radiated L
Power (EIRP) (Watts) Directivily- power = 18.60648
Maximum Effective Area 2 Nirartive
(Along Radial of Directivity) (7\5) Directivity = 231.97519
(square meters) 4z '
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“

’ ‘ )
Maximum Effective Length Radres-(Ag) “ Directivity
(Along Radial of Directivity) 2 3 = §.31775
(meters) 480-x
Numerical Distaace for =
Vertical Polarization , PeO, 1491116
Elevation Angle of Maximum Anple3 = [ 2067353
X ngle3 =
Power Gain (Degrees) 25.67353
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VERTICAL- MONOPOLE

This application calculates far field radnauon palterns and paramelers associsted
wilh vertice! 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 anteona 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 prediciing radiation -
patterns. Predicted operating frequencies assume that the antenna 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 patierns are
normalized sre displayed below their respeclwe plots. Radiation patterns are valid
for 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 .75 { - 2h
length in meters ' ‘

Wavelengths and Frequencies |

C C c
fy - f, = — fo = — f, - —
! A, 2 % 3 LA W

Poss:b le Openting Frequencies (Hertz)

2 Monopole: f, = 5-10° ; Monopole: f, = 1:107
3X Monopole: f, = 1.5-107 Monopole: f, = 2-107
—3~ Monopele: f3 = 1. > Monopole: fg =
Input the operating . 14,106 [Ioput the Distance from
Frequency (Hertz) Iy = 10-10 theAntenm (meters) R - 3000
Input the ground -7 Input the ground o - 4
Dielectric Coastant Conductivity:
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Radiation Patterns valid for any Vertical Plane passing through the Antenna

Space Wave Radiation Pattern

Maximum Space Wave Electric Field

Intensity (Volts per meter) max( MagE1) = 0.01855
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Surface Wave Pattern

moik } uz‘

max( MagE2) = 0.01976

Surface Wave Field Intensity

aximum

(Volts per meter)

M
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-1 VA I L\

-1 -05 0 0.5

Maximum Readiated Electric Field

Intensity (Volis per meter) max( MagE3) = 0.c1976
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[ %
2 [cos(ﬂ ‘h-cos(¢)) - cos(ﬁ h) .. l
sin( 8-h-cos( $)) ]
pover = 18, L+ (-(cos(%) sin(8-h)))
Rz v sin( {)
[cos(ﬂ -h- cos(g)h) - c(o{s)()ﬁ h) ...
sin( cos NE
n? cos(g) J - sm(g) +( (cos($) sin( - h)) )
a2.cos(¢) + Jn? - sin(0)? o)
<0
2 .
. (|E31,> Diractivie - 4-1t-R2-max(qu3)
Sq53' = m Dxrechv:ty = power

Radres
Total Power Radiated (Walts)

Radiation Resistance (Ohms)

Directivity (maximum Power Gain
assuming 100% Aantenna Eificiency)

Effective Isotropic Radialed
Power (EIRP) (Watts)

Maximum Effective Area
(Along Radial of Direciivity)
(square meters)

= 2 powef

power = 16.19454

Radres = 32.38909

. Directivity = 361503
Directivity- power = 58.54372

( )\5) 2 Directivity
4-x

= 258.9073
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Maximum Effective Length
(Along Radial of Directivity)
(meters)

therical Distance for
Vertical Polarization

Elevation Angle of Maximum
Power Gain (Degrees)

178

{

z.j

Radres- (7\5) : Directivity

48072

| Peg| = 0.04363

0
Angle3 =
at

= 9.4327




APPENDIX C:
HORIZONTAL DIPOLE ARRAY COMPUTER OUTPUT

This appendix contains computer‘hardcqpies from the Mathcad
horizontal dipole application which show the input values énd
"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 (€,=10 and ¢=10?) for the
fifst three examples, respectively, and a half-wave dipolefat one-
unarter wavelength.above seawater (¢,=72 and 0=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 radiaﬁion patterns and maximum directive gain computed by
the first three Mathcad examples are almost identical to the those
given in reference 6. The direétivity predictions are slightly
higher for Mathcad, but the overall similafity between ’the
predicted radiation characteristics is noteworthy. The seawater
example also yields results consistent with expectations. With
respect to the soil examplé, the seawater example’s directivity is
slightly higher due to a stronger reflected wave, and the surface
wave is slightly stronger at grazing angles (#~=30°) 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 anfennas {diameter << wavelength). The anfenna is
mounted above and parallel {o the x-axis in a rectangular coordinate system. The
feed is at the center of the artenna at a set height directly above the origin.
Required inputs are the anteana length, feed height above the surface, transmitted
frequency, distance from the antenns, 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 s a
quarter-wavelength, hall-wavelength, three-quaries-wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is assumed. All
radiation paiterns 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 patteras are plotted for the phi=0 and phi=pi2
vertical planes parallel and perpendicular (o 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.

laput the dipole . -
length in meters =15 b

N | v

Input the index of the elevation angle for
which (o calculate the horizontal radiation d = 535
pattern (from the angle index table)

Wavelengths and Frequencies

41

A' .= 4" XZ = Z'l Ra = -3- )\‘ = l
C C c C
[ [ ‘ 1T e—— f |3 JE— f (S —
1
M SR’ R Y

Possible Operating Frequencies (Hertz)

% Dipole:  f, = 5-10° Dipole:  F, =+1-10"
-3% Dipole: [y = 1.5:107 A Dipole: [y = 2:107
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Input the operating
Frequency (Heriz) |

Input the Height of
Antenna Feed (meters)

Input the Distance
from Antenna (meters)

R,

Rf' g

i

Complex Numerical Distance .

for Vertical Polarization

Complex Numerical Distance  p,
for Horizontal Polarization

Vertical Reflection Coefficient

< 10-10°
fs = 1010

R = 3000

R - Ho'COS(ﬂi)

R+ Ho' COS(GO

Horizontal Reflection Coefficient

’ C
Ae = — B':-———
5
fs

input the ground -
Dielgctric Constant o= 30

Input the ground

= 2.10" 8
Conductivity: 0= 310

Index of Refraction

.|

(15 "’::) - },
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Radiation Patterns in Phi=Py/2 Plane (Perpendicular to Dipole)
Space Wave Radiation Pattern (Phi=Pi/2)

1 T ' 1
VR
3
“x,.~ .

._\‘.
o
zi y
\
.....;'.... oo
o
froe
! !
. !
\"i‘i-.
g !
1

Max E-Field Intensity (Volis per meter) max ( MagEIP) = 0.03632
Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Intehsity (Volts per meter)  max( MegE2P) = 1.03856- 10
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Combined Space and Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Intensity (Volls per meter) max( MagE3P) = 0.03632
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Radiation Patterns in Phi=0 Plane (Parallel to Dipole)
Space Wave Radiation Pattern (Phi=0)

Max E-Field Inteasity (Voits per meter) max( MagE10) = 0.03594
Surface Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Voils per meter)  max( MagE20) = 3.84453- 104
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Combined Space and Surface Wave Radiation Pattern (Phi=0)

uaol

me(k. _

Max E-Field Intensily (Volis per meter)

max( MagE30) = 0.03594
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Radiation Patterns in Horizontal Plane

Space Wave Radiation Paitaiu

Phi=0

Max E-Field Intensity (Volts per meter) max(MsgEIH) = 0.02634
Surface Wave Radiation Paitern (Horizontal Plans)

r

0.5 F 7,

Phi=0

Max E-Field Intensity (Volis per meter)  max( MagE2H) = 2.62147 10°®
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Combined Space and Surface Wave Radiation Pattern (Horizontal Plane)

Phi=0

mo!k . nsn,

Max E-Field Intensity (Volis per meter)  max( MagE3H) = 0.02634
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Total Power Radiated (Watts) power = 37,8028_6
Radiation Resistance (versus =
Maximum Antenna Current) Radres = 75.60572
(Ohms) ‘

Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)
Phi = pi/2 Plane Phi = 0 Plane
DirectlivityP = 5.23417 Directivity0 = 5.12535
Effective Isotropic Ra.dialed Power (EIRP) (W atis)

Phi = pi/2 Plane Phi = 0 Plage

DirectivityP- power = 197.86674 DirectivityO: power = 193.75275

Maximum Effective Area (Along Radial of Directivity)
(square meters) ' '

Phi = pi/2 Piane | | Phi =0 Plane
2 . ) 2 » [
Ag ) € DirectivityP Ag) & Directivit
() ARV ) Y0 _ 370758

4-x 4.x
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Maximum Effective Length (Along Radial of Directivity)
o (meters)

Phi = pi/2 Plane S Phi =0 Plane

Radres- (As) 2 DirectivityP Radres- (Ag) 2 Directivity0

= 17.34132 2-

= 17.1601
480-z°  480.22 |

Numeﬁcal Dislances
Vertical Polarization - Horizontal Polarization
gt _ 1
| Peg| = 5.04617 |Pm0|» = 1.92562- 10

Elevation Angle of Directivity (Maximum Gain)
- above the Horizon (Degrees)

Phi = pi/2 Plane : Phi = 0 Plane
AngleP = ( 65.8954) Angle 0 = ( 89.85737)
\ 65.895 89.85737
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JORIZONTAL DIPOLE

Thiz spplication 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 aie 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, hall-wavelength, three-quarter-wavelength, or full wave-

length dipole. A sinusoidal current input with a maximum of uaity 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 patierns are normalized are displayed below their
respective plots. The radiation patterns are plotied for the phi=0 and phi=pi/2
vertica! planes parallel and perpendicular to the x-axis respectively. A horizontal
radii . .n pattern is plotied at an elevation selected by the index from the elevation
ang, 2 index table. Polarization is a combination of vertical and horizontal
depending upon spatial orientation relative to the dipole.

loput the dipole . 2
length in meters =73 h 2
Input the index of the elevation angle for
which o caiculate the horizontal radiation d = 535
pattern (from the angle index table)
Wavelengths and Frequencies
‘ 4.1
A, =+ 4] Az = 21 Ao = —3" A‘ = |
[0« & o S e & 5, . S
N LW 3N LW
Possible Openting. Fteqﬁencies (Hertz)

) N 7 AL ?
2 Dipole: fy=1-10" 3 Dipole: [, = 2:10
3N 7 . | 7
—4- Dlpole: fe = 3-10 A DIPOIQ: [‘ = 4.10
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. Input the operating

Frequency (Hertz) Is

Input the Height of
Antenna Feed (melers)

Input the Distance
from Antenna (meters)

Rd, = R - HO'“?S(ai)
Rry:= R+ Hy cds(&.)
Complex Numerica: Distance

for Vertical Polarization

Complex Numerical Distancs
for Horizontal Polarization

Vertical Reflection Coefficient

Horizoatal Reflection Coefficient

Pe, = _-iﬁ_l_!_r_ cos(o) - sm(O‘)

»
)

5 c :
= 20-10 Ae = — g = ==
S ‘
fs hg
Input the ground . 30
Dielectric Constant
~ Input the ground . 110" 2
Conductivity: 0= 310

Index qf Refraction

ni or - 1200000
(fs-IO' ‘)

( 0,) n2

-j-p-Rr

'._ (6') cos(@.) j - sm(Gl) ] |

N CETOR T
" (ateos(s)) + (o2 - sn()?)

by - cos(6)) - (m)
[
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Radistion Patterns in Phi=Pi/2 Plane (Perpendicular to Dipole)
Space Wave Radiation Pattern (Phi=Pi/2)

Max E-Field Intensity (Voltr. per meler) " max( MagE1P) = 0.03737
Surface Wave Radiaticn Pattern (Phi=pi/2)
Max E-Field Intensity (Vciis per meter)  max( MagE2P) = 803309107
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Radiation Patterns in Phi=0 Plane (Parallel o Dipole)
 Space Wave Radiation Pattern (Phi=0)

. ' -1 -0.5 0 - 095 1
mel.k v HIO‘

Max E-Field Intensity (V_dlts per meter) max( MagE10) = 0.01561
N Surface Wave Radiation Pattern (Phi=0)

4

Max E-Field Intensity (Volts per meter)  max( MagE20) = 1.54902- 10
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Radiation Patterns in Horizontal Plane
Space Wave Radiation Pattern

—

Max E-Field Iniensity (Volts per meter)

max( MagEIH) = 0.03734

Surface Wave Radiation Pattern (Horizotal Plane)

6

max { MagE2H) = 1.62046- 10

Max E-Field Intensity (Voits per meter)
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Total Power Radiated (Watts)- power

27.68975

Radiation Resistance (versus
' Maximum Antenna Cusrent)
(Ohms)

Radres

35.3795

Directivity (or Maximum Power Gain assuming 1.00% Antenna Efficiency)
Phi = pi/2 Plane | Phi = 0 Plane
DirectivityP = 7.56408 ~ Directivity0 = 1.32021
Effective Isotropic Radisted Power (EIRP) (W alts)
Phi = pi/2 Plane : Phi = 0 Plane

DirectivityP- power = 209.44744  Directivity0- power = 36.55637

- Maximum Effecuve Area {Along Radial of D:recuvny)
(square mefers)

Pai = pi/2 Plane Phi = 0 Plane

2 e - 2. ..
A=) ¢ DirectivityP A« ) “- Directivit
(%s) - = 135.43431 (*s) . ¥ 2363833
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Maximum Effective Length (Along Radial of Directivity)

(mefers)
Phi = pif2 Plane - Phi = 0 Plane
2 : Lerd 2 2 [)
Radres: ( Ag) “ DirectivityP Radres- (Ag) - Directivit '
2 ! (*s) . = 892079 2. (%) 2 3729
A 480-x | 480- 22
Numerical Distances

Vertical Polarization Horizontal Polarization

| Peg| = 15.283 | Pmg| = 2.489- 10*
Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)
Phi = pi/2 Plane - Phi =0 Plane
. 9 41.
AngleP = (282408 ) | Angle0 = ( 41.64818
28.24089 41.64818
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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 rectanguiar 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 eerth model is assumed in predicting
radiation patierns. Predicted operating frequencies assume that the antenna is a
quarter-wavelength, hali-wavelength, three-quarter-wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is assumed. Ail
radiation patterns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitides to which the patterns are normalized are displayed below their
respective plots. The radiation palierns 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 ejevation selected by the index from the elevation
angle index table. Polarization is a combination of vertical and horizontal
depending upon spatial orientation relative to the dipcle.

Input ihe dipole {5 h =

1
length in meters 2

Input the index of the elevation angle for
vhich to calculate the horizontal radiation d = 535
pattern (from the angle index table) ‘

Wavelengths and Frequencies

A= 4] g = 21 Ay = -3— Ag= 1
r-{-t fz--;—z fs-{; rri
Possible Operating Frequencies (Hertz)
3 Dipole: ;= 15107 3 Dipole: 1= 3107
%—’5’ Qipole: fa = 45-107 - A Dipole: | fy = 6 107
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Input the operating - .18 e PR .
Frequency {Hertz) f5 = 30-10 As fs A As
Input ihe Height of H, = 7.6 lnputthe ground e = 30
Antenna Fred (meters) 0 " Dielectric Constant

Taput the Dtstance g Input the ground 0= 310" 2
from Antenna (meters) Conductivity: '

Rdl = R ‘A Ho’COS(gl)

Rf' = R+ Ho'COS(e')

Complex Numerical Distance Pe

for Vertical Polarization

Complex Numerical Distance P
for Horizontal Polsrization

Vertical Reflection CoefTicient

Horizontal Reflection Coefficient _

Index of Refrncu'o_n

2= o - . 180000
j o (1510°%)
- 'i‘B‘kR"I Leosto » fnz- sin(o,)z\'z
) Z-sin(ol)z ( 0 a2 /
_j.p.g,-' ' | . 2
W cos(al) + jnz - (sm(ﬂl)z)]

o (2en0) - (- saa?)
(a2cox(a)) (o2 - smny?)

hy - cos(6|) - (’nz.— sin(ﬂ,)z>
cos(fy) + ( ’nz - sin(ei)z)
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Radiation Patterns in Phi=Pi/2 Plane (Perpendicuiar to Dipole)
Space Wave Radiation Pattern (Phi=Pv2)

Max E-Field Intensity (Volts per meter) max ( MagEiP) = b.03799
Surface Wave Radiation Psttern (Phi=pif2) l

o . l - er 1 -ﬂ
-1 -03 0 03 1
mo(‘ . NZP'

Max E-Field Intensity (Volts per meter)  max( MagE2P) = 6.21706- 10'7
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Radiation Patterns in Phi=0 Plane (Parallel to Dipole)
Space Wave Radiation Pattern (Phi=0)

1 -08 © o053 1

Max E-Field Intensity (Volts per meter) max( MagE10) = 0.03422
Surface Wave Radistion Pattern (Phi=0)

Max E-Field Intensity (Volts per meter)  max( MagE20) = 9.38091-10™
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Radiation Patterns in Horizonial Plane

Space Wave Rad:ation Pattern

Phi=0

ety Wi,

Max E-Field Intensity (Volts per meter) max(MagE1H) = 0.02972

Surface Wave Radiation Pattern (Horizontal Plane)

Max E-Field Intensity (Volts per meter)  max(MegE2H) = 1.14409- 10°°
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Total Power Radiated (Walts) power = 31.69054

Radiation Resistance (versus
Maximum Antenna Current)
(Ohms)

Radres = 63.38107

Directivily (or Maximum Power Gain assuming IOO%'Ant_enna Elficiency)
Phi = pif2 Plane " Phi=0 Plane
DirectivityP = 6.8304 Directivity0 = 5.54301
Effective Isotropic Radiated Power (EIRP) (W ats)
Phi = pi/2 Plane Phi = 0 Plane

DirectivityP- power = 216.45893 DirectivityC- power = 175.66087

Maximum Effective Area (Along Radial of Directivity)
(square melers)

Phi = pi/2 Plane Phi = 0 Plane

2 n . s 2 e . .
Ae ) € DirectivityP Ae ) “ Directivit
(*s) Y < 5435457 (%s) Y0 a10085
4.x 4-x
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Maximum Effective Length (Along Radial of Dimctivitj)

‘ , (mefers)
Phi = pi/2 Plane

Radres: (7\5) 2, DirectivityP

480-7t2

= 6.04592 2-

Phi = 0 Plane

Radres: (\g) 2 Directivityo

,480-12

Numerical Distances

Vertical Polarization

| Peg| = 26.28165

Horizontal Polarization

| Pmg| = 321687- 10*

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi = pt/2 Plane Phi=0 Pl:lme
AngleP = 18.542 Angle0 = 89.85737
18.542 89.85737
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HORIZONTAL DIPOLE

This application calculates far field radiation patterns and sarameters associated with
horizontal thin-wire dipole antennas (diameter << wavelength). The antecna is
mounted above and paraliel 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
quarier-wavelength, half-wavelength, three-quarter-wavelength, or full wave-
length dipole. A sinusoidal current input with a maximum of unity is assurmed. All -
radiation patierns are normalized with respect to the maximum electric field
intensity transmitted by the antenna in the plane of interest. The electric field
magnitudes lo which the patierns are normalized are displayed below their
respective plots. The radiation pallerns are plotted for the phi=0 and phi=pi/2
vertical planes pmllel 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 to the dipole.

Input the dipole {=3 hoe
length in meters 2

Input the index of the elevation angle for
which to calculate the horizontal radiation d = 535
patiern (from the angle index table)

Wavelengths and Frequenciesv

A' = 4'1 ‘ Az = 2" xa = T A‘ = l
[ 4 [ C [
f B - f (R — f (B —— f L Jp—
1 2
A Ay LW LW

Possible Operating Frequencies (Heriz)

) _ 7 | . 7
2 Dipole: fy=25-10 3 Dipole: o =35-10
22 Dipole: 1= 75107 A Dipole:  fy = 1-10°
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Antenna Feed (mefers) -

Input the Distance
y from Antenna (meters)

Rd; = R - Hycos(6)

for Vertical Polarization

Complex Numerical Distance
for Horizontal Polarization

. Verlical Reflection Coeflicient

Horizonlal Reflection Coellicient

Rf' ‘= R + Ho‘COS(Gl) h

Complex Numerical Distance Pe,

Input the operating . &0 105 | . e L2z
Frequency (Hertz) fg = 50-10 As - fs 8 As
. Input the Height of H 5 Input the ground I ;72

Dieiectric Constant

Input the ground o - 4

Conductivity:
Index of Refraction
n= lor-j 18000- 0
(fs' 10— 6)
2 2
- - sin(8
= : ' cos(ﬂ,) + " sm( ')
2 sin(G‘) ﬂz
"i'ﬂ'Rl" J - : . ]2
-1cos(6;) + n® - (sin(0
gyt () + - (sn()%)

(s2cox(9)) - (o2 sn0)?)

vy = )
i (nz.cos(t?')) + <E_-S_iﬂ(o,)2>
n’l“’ cos(®) - (FW)
cos(o,) + (mz)
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. Radiation Patterns in Phi=Pi/2 Plane (Perpendicular to Dipole}
Space Wave Radiation Pattern (Phi=Pi2)
| | mo(k. ulP'
) Max E-Field Intensity (Volts per meter) max( MagE1P) = 0.03926
i \
",_f .‘?url' ace Wave Radiation Pattern (Phi=pi/2)
s | _
- AT
os F ) . ,\\-~ LS
l ., ¥ I '3' -“.
) [ \1 - t
9"‘& ) _\
- 0 | : .
E‘ | ol Wi I' '1
I R Wl y
L] R A s G
X R i 1 N, K4
s Fo ! P 4 g
S Vo
-1 -0.3 0 0.9 1
""“k . RZP' ,
Max E-Field Inteasily (Volis per meter)  max( MagE2P) = 8.83121-107
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Max E-Field Intensity (Volts per meter) max( MagE3P) = 0.03926
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Radiation Paiterns in Phi=0 Plane (Paralle! to Dipcle)
Space Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Volts per meter) max(MagE10) = 0.03925
Surface Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Volis per meter)  max( MagE20) = 3.2224-10
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Comtined Space aad Surface Wave Radiation Pattern (Phi=0)

max( MagE30) = 0.03925

Max E-Field Ictensily (Volts per meter)
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Radiation Paiterns in Horizontal Plane

Space Wave Radiation Pattern
Phi=0 :
. ",-‘ { ..' '
-1 -0.3 0 03 1
wﬂt . H'H'
Max E-Field Intensily (Volts per meter) max(MagEIH) = 0.02647
Surface Wave Radiation Pattern (Horizontal Plane)

yrety .
s,
Max E-Field Intensity (Volts per meter)  max( MagE2H) = 4.07737- 108
210
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=0

Ph

“max( MagE3H) = 0.02647
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mtk . a3Hi

Combined Spéce and Surface Wave Radiation Pattern (Horizontal Plane)

Max E-Field Intensity (Volts per meter)




Total Power Radiated (Walts) power = 41.98012

Radiation Resistance (versus ,
Maximum Antenna Current) Radres
{Ohms)

83.96025

Directivity {or Maximum Power Gain assuming 100% Antenna Eﬂiciency)
Phi = pi2 Plane | ~ Phi=0 Plane
DirectivityP = 5.50819 Directivity0 = 5.50321 |
ETective Isolropic Radiated f’ower (EIRP) (Watts).
Phi = p¥/2 Plane | - Phi=0 Plane

DirectivityP- power = 231.23457 DirectivityQ: pcver = 231.02563

Maximum Effective Area (Along Radial of Directivity) |
(square meters)

Phi = pif2 Plane Phi = 0 Plane
2 s terd z 3 [
Ae ) “ DirectivityP Ae ) ¢ Directivit
(*s) g Y - 1577981 (*s) - ¥ 1576855
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Maximum Effective Length (Along Radial of Directivity)
(meters) . :

Phi = pi/2 Plane Phi = O Plane

Radres- (hg) 2 DirectivityP Radres: (Ag) 2 Directivity0

= 374932 2

2 3 :
480-x - 480 x2

= 3.74762

~ Numerical Distances

Vertical Polarizstion Horizontal Polerization

| Peg| = 108943 | Pmg| = 2.26469- 10°

~ Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi = pi'2 Plane | Phi = 0 Plane
S 78.73217 89.85737
AngleP = Angle0 =
- (,78.73217) ( 89.85737)
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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 predictéd radiation characteristics
for two sample calculations. The configufation is a given by
the inputs on the first two pages of each printout. The first
antenna is mounted above soil (¢,=10 and ¢=107%) and the second
above seawater (€,=272 and ¢=4). Réference 6 [p. 114] provides
the radiation patterﬁs and gain predictions from several
sources for the configuration in the first example.

The radiation patterns ahd 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 thei"soil
example, the seawater example’s directivity is higher due to
a stronger reflected wave, and the surface wave is stronger at

grazing angles (0~90°) 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
anlenna axis can be oriented with respect o the vertical at any angle between zero
and ninety degrees. The fead is 2t the center of the shortest element directly above
the origin. The dipole elements are bisected by the aater.aa 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 shorlest 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 freuency,
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 paiterns are normalized with respect to the maximum electric field
intensity transmitted by the ant:nna in the plane of interest. The electric field
magnitudes to which the pattesns are normalized are displayed below their
respective plots. Radiation patterns are plotted for the phi=0 and phi=pi/2 vertical
planes perpendicular and pa-allel to the y-axis respectively. A horizontal radiation
pattern is plotted at an elevetion selected by the index from the elevation angle
index table. Polarization is vertical for all veriical log-periodic antennas.

Input the number N = 12 Input the shortest radg = .00918

of elements - element’s Radius

(meters)
Input the length g Input the length
of the shortest lg = 3673 of the second ly = 4373
element (meters) shortest efement

(meters)
Input the distance Input the height of
from shortest to dg = 1.0766  (he shortestelement Hg = 6.87
second shrriest ' above the surface
element (meters) \ B (meters)
Input the operating . 18.108® Input the Distance -
Frequency (Heriz) f5 -« 1810 from the Antenna R _3000

_ (meters)

Input the ground - 110" 3 Input the ground g
Conductivity o= 1110 _ Dielectric Constant 10
Input the Characteristi 1 loput the Termination
Admittance of the Line ADM = - 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 (zaxis)and ¢ . 78 for whichto calculatethe - 285

the anfenna 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 | 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

1 d rad

Y _ v Y

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} - . -

1482823 4.34633 0.03706

17.65419 5.17465 . 0.04412

21.01873| 6.16084 0.05253

25.02447 0.06254
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Radiation Patierns in Phi=Pi/2 Plane
(Perpendicular to X -Axis)

| Space Wave Radiation Pattern (Phi=Pi/2)
Y ,

05 F

m'(k' ulP'

Max E-Field Intensity (Volts per meter) max( MagEIP) = L.05599
| Surface Wave Radiation Pattern (Phi=pir2)

mo(k . szP‘

Max E-Field Intensily (Volls per meter) -~ max( MagE2P) = 0.00124
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Combined Space and Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Intensity (Volts per meter) max( MagE3P) = 0.05583

218




ir T

Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=0)

- — T i
- I | ; o .

b D g
H et 4
[y

-1 08 - 0 03 1
metk . umi

- Surface Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Volts per meter)

L \ "‘.‘ -
i A vV e .
T LS
) AR I o,
K SF i i Y, .
e ! Y -t
: o W N B K =U

-09 0 . 0% 1
mef.k . nzoi

max ( MagE20) = 7.64667
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Max E-Field Intensity (Volis per meter) max( MagE10) = 0.03221

100




Combined Space and Surface Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Volls per meter)  max( MagE30) = 0.0321

o
\
\
)
‘




" Radiation Patterns in Horizontal le
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

Phi=0

-1 -03

0
melk . MK'

Max E-Field Intensity (Volts per meter) max( MagE1H) = 0.05438

Surface Wave Radiation Pattern (Horizontal)

Phi=0

me!k . azni .
Max E-Field Intensity (Volts per meter)  max( MagE2H) = 1.09861: 10' 4
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m(k . a3H'

Max E-Field Intensity (Volts per meter) max( MagE3H) = 0.05427
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[z rx
2 2 _
. J-B-Y -sec(a2 + al3)-(cos( ) -sm(a2 + ald) + sm(7)
powerf = 0 Z I-e Y
2 Y
x-R
L Y
J 2
‘power = powerf Radre; = 2-power
M. 2
(l MagE3Pi|\ - 4.z-RZ max( sqE3P)
- 2 ' irectivityP -
. SqE3F) 2-(120-%) Directivity power
N
N
( , MagE30, D 4-7-R% max ( sqE30)
. ‘= irectivit =
L/ SqE30, 2:(120-x) Directivity0 - power
Total Power Radiated (Watts) ~ power = 3429572

Radiation Resistance (versus
Maximum Input Current)
(Ohms)

Radres = 68.59144

I a

Directivity (or Maximum Power Gzin assuming 100% Antenna Efficiency)

S Phi = pi/2 Plane Phi = 0 Plane
1\ | DirectivityP = 13.63346 Directivity0 = 4.50794
~ i Effective Isotropic Radiated Power (EIRP) (Watts)
Phi = pi/2 Plane Phi =0 Plane
DireclivityP- power = 467.56917 Directivity0- power = 154.6031

/ | 223




Maximum Elfgclive Area (Along Radial of Directivity)

(square melers)

Phi = pi/2 Plane Phi = 0 Plane
d 2 . A v ' g 2 . 'e .
Ag) ©- DirectivityP Ae ) “ Directivit
(As) " DirscivityP 1 36553 (%) " - 9964739
4-z | 4-x
Maximum Effective Lenglb (Along Radial of Directivity)
(melers)
Phi = pi/2 Plane , Phi = 0 Plane
A I ’ 2 el .
Radres: (Ag) “ DirectivityP Radres: (Ag) “: Directivit
2 (*s) = 148097 2- (*s) 70 - 851594
asc-z% 480- 22

Numerical Distance for Vertical Polarizalion

| Peg| = 507

Elevation Angle of Directivily (Maximum Gain)
above the Horizon (Degrees)

Phi = pi/2 Plane Phi = 0 Plane
13.71429
leP = 14.28571 Angle0 =
A & ( 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 axis lies on the positive y-axis of a rectangular coordinate system. The
anlenna 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 shoriest 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 maximum electric field
intensity transmitted by the antenna in the plane of interest. | The electric field
magnitudes to which the patterns are normalized are dlsplayed below their
respective plots. Radiation patierns are plotted for the phi=0 and phi=pi/2 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 the number
of elements

Input the length
of the shortest
element (meters)

Input the distance
from shortest to
second shortest
element (meters)

Input the operating
Frequency (Hertz)

Input the ground
Conductivity

Input the Characteristic
Admittance of the Line ADM =

Feeding the Antenna
(Ohms)

o—
"

N - 12

3673

!

- Input the shortest

450

element’'s Radius
(meters)

Input the length
of the second
shortest element
(meters)

Input the height of
the shortest element
above the surface
(meters)

Input the Distance
from the Antenna
(meters)

Input tke ground
Dielectric Constant

Input the Termination
Impedance connected

(o longest element
(Ohms)

225

rady = .00918
= 4373

Hy = 6.87

R = 3000

& = 72

TIMP = 450




Input the elevation index
the vertical (zaxis)and ¢ .. 78 for whichto calculate the . 285

Input the angle between

~ 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 anfenna element whose length is an #xact integer multiple of the
wavelength. If this occurs, there will be a singularity error in the mutual impedance
calculations. If this probiem 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 | and d, using the define key (shift, colon), and entering the lengths and
spacings by separating each successive entry by a comma.

2256

Calculated distance
Calculatey length between successive Calculated radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest
! d rad
X v Y
3673 1.0766 0.00918
4.373 1.28178 0.01093
5.20641 1.52606 -10.01301
6.19864 1.8169 0.01549
7.37998 2.16316 0.01844
8.78645 2.57541 0.02196
10.46098 3.06624 -10.02615
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 0.06254




Radiatiop Patterns in Phi=Pi/2 Plane
. (Perpendicular to X -Axis)

- Space Wave Rndialjon Pattern (Phi=Pi/2)

' _] .t
[y B

-1 -0S 0 03 1

Max E-Field Intensity (Volts per meter) max ( MagEIP) = 0.10756
Surface Wave Radiation Pattern (Phi=pi/2)

1
- ' .
0S|
/,.
-
yref, 1
L
y2F, |}
PRE——— -
\\
08}k
T

Max E‘-Field Intensity (Volts per meter) max( MagE2P) = 0.12392
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Combined Space and Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Intensity (Volts per meter)

228

max ( MagE3P) = 0.12292




Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=0)

P .
as A N
A - K . . ‘.... ..v.' -
o ® ¢ "
i -
N .
‘ N
Lo T /
,.\'- /- “oof |
e
\
L - X
' i
e 1

oy Max E-Field Intensity (Volts per meter) max(MagE10) = 0.06687
Surface Wave Radiation Pattern (Phi=0)

y Max E-Field Intensity (Volts per meter)  max( MagE20) = 0.07827
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Max E-Field Intensity (Volts per meter)
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max( MagE30)

= 0.07827




Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

-

osf .

Phi=0

Max E-Field Intensity (Volts pervmeter) ‘max( MagE1H) = 0.06821

Surface Wave Rediation Pattern (Horizontal)

Phi=0

me(k . uzﬂi

Max E-Field Intensity (Volis per meter)  max( MagEZH) = 493203-10°
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Combined Space and Surface Wave Radiation Pattern (Horizontal)

1 — ———— T "

¥
1} -
' e v, .
T P 3
3 i Y
- 11 ! PR
) K |
R
-
“ -
- kS
\
t

........

Phi=0

1 ST Sy

Max E-Field Intensity (Volts per meter) max( MagE3H) = 0.0682
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rT rx
2 |2 JB-Y -sec(a2 + a3)-( '
30 B-Y -sec{ad + a3)-(cos(L ) -sm(a2 + a3) + sm(%)
powerf = —_ Z ly'e Y , :
xR
. . x 0 1
J72°

power = power8 Radres = 2-power

2 .
' (l MagE3P; | ) ‘ 4-7-R% max( sqE3P)
= DirectivityP = 9
SQ?QP‘ 2 (1207) irectivityP ower
E30, = (lMangil)z Directivity0 = 4~1~R2-max(qu30)
S 2:(120-7) - power -

Total Power Radiated (Watts) power = 99.43703 -

Radiation Resistance (versus =
Maximum Input Current Radres = 198.97405

© (Ohms) o - | R

Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)
Phi = pi/2 Plane Phi = 0 Plane
DirectivityP = 23.15454 Directivity0 = 9.2377

Eifective Isotropic Radiated Power (EIRP) (Watts)
Phi = pi/2 Plane Phi = 0 Plane
DirectivityP: power = 2.30358-10°  Directivily0- power = 919.03096
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M

2

Maximum Effective Area (Along Radial of Directivity)
(square meters)

Phi = pi/2 Plane Phi = 0 Plane
2 ¢ [ “ 2 3 [ :
A - DirectivilyP A - Directivit
(*s) — Y - 511.82763 (*s) — Y0 20419793

Maximum Effective Length (Along Radial of Directivity)
(meters)

Phi = pi/2 Plape Phi =0 Plane

Radres- ( As) 2, DirectivityP Radres- ()\5) 2 Directivity0

= 32.87188 2-

480- 72 480-2°

Numerical Distance for .Vetﬁcal Polarization

| Peg| = 0.14135

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi= pvz Plane Phi = 0 Plane
0
AngleP = 0 Angle0 = (0)
234

= 20.76291
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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 calculationé. The configuration is a given by
the inputs on the first two pages of'each printout. The first
antenna is mounted above soil (€,=4 and ¢=10°) and the second
#bove seéwater (g-72 and o=4). Reference é [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
séawater example has resuits very much like the soil ekample.
For horizontal polarizanion; the higher conductiQity surface
below the antenna doés 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 the
projection of ils center axis lies on the positive y-axis of a rectangular coordinate
system. The antenns axis can be oriented with respect to the vertical at ary angle
between zero and ninety degrees. The feed is at the center of the shortest ¢ 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 feeding the antenna, termination impedance of the antenna, transmitted
frequency, distance from the antenna, the conductivity and dielectric constani 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 assomed .
All radiation patterns are pormalized with respect to the maximum electric field
-intensily transmitted by the antenna in the plane of interest. The electric field
magnitudes to which the paiterns are normalized are displayed below their
_respective plots. Radiation patierns are plotted for the phi=p¥'2 and phi=0 veri.- al
planes paraiiel and perpendicular to the y-axis respectively. A horizontal radiat.on
pattern is plotied at an elevation selected by the index from the elevation angle
~ index table. Polsrization is a varying combination of horizontal and vertical
depending on spatial orientation with respect to the antenna.

Input the shortest
giul:;‘h:n&mbu N - 12 element's Radius  radg = .00144
(meters)
Input the leagth ' Input the length
of the shortest lg = 7.219 of the second ly = 8.297
element (meters) shortest element
(meters)
Input the distance Input lhf height of
from shortest to dg = 1.659 the shorlest element Hy = 94
second shortest above the surface
element (meters) (meters)
Input the operating ~ 1r.4n6 Input the Distance )
Ftequency (IleﬂZ) fs = 12-10 from the Antenna = 3000
(meters)
Input the ground < 1.10-3  Input the ground .
Conductivity 0= 110 Dielectric Constant 4
Input the Characteristic Input the Termination
Admittance of the Line Impedance connected
Feeding the Antenna  ADM = 300 fo longest element TIMP = 300
(Ohms) (Ohms)
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Elevation index for which
the vertical (zaxis)and ¥ = 90 o calculate horizontal pattern W = 285

Input the angle between

 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 singularily 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 [ 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 .
between successive Calculated radii

Calculated length
elements-shoriest of elements from

of elements from

shoriest to longest to longest shortest to longest
1 ‘ d rad
Y y Y
7.219 1.659 0.00144
8.297 1.90674 0.00166
9.53598 2.19146 - 10.0019
10.95997 2518711 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
25.262133 5.80554 0.00504
29.03471 6.67247 0.00579
33.37041 0.00666




Radiation Patterns in Phi=Pi/2 Plane

(Perpendicular to X-Axis and Dipole Elements)
Space Wave Radiation Pattern (Phi=Pi/2)

Max E-Field Ietensity (Volts per meter) max( MagEIP) = 0.08512
Surface Wave Radiation Pattern (Phi=pi/2)

“*h

Max E-Field Inteasity (Volls per meter)  max{ MagE2P) = 4.54242:10°°
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Max E-Field Iniensity (Volts per meter)
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max( MagE3P) = 0.08511




Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Paitern (Phi=0)

1o

-1 -05 0 05 1

Max E-Field Intensity (Volts per meter) max(MagE10) = 0.03495
Surface Wave Radiation Patlern (Phi=0)

-1 -0.3 0 0.3 1

moik . uzo,

Max E-Field Intensity (Volts per meter)  max( MagE20) = 1.45261- 1074
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Combined Space and Surface Wave Radiation Pattern (Phi=0)

1
. h‘
0S|
. e -\‘v" "
: 9"‘\ f {
ol l .....
y30, \
! \ b
L
v
oSt
AL T S B S -
-1 -05 0 035 i
\ molx.uw'

Max EF\ Id Intensity (Volts per meter)  max( MagE30) = 0.03495
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Radiation Patterns in Horizontal Plane

(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

0SfF

......

- 4
\ ‘ ) e
;' { o - 'j
03

-1

-0.35

(1]
mo(‘ . uini

Phi=0

Max E-Field Intensity (Volts per meter) max( MagE1H) = 0.067¢
Surface Wave Radiation Pattern (Horizoatal)

Qo

e

Max E-Field Intensity (Volts per meter)

-0S

(1]
mg(t . HZBl
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max( MagE2H) = 3.44012- 10




Combined Space and Surface Wave Radiation Pattern (Horizonlal)

R '

05|

Phi=0

nrehy

Max E-Field Intensity (Volts per meter)
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max ( MagE3H) = 0.06758




1.5707963 1.5707963

cos(i)'cos(f)-ly j-B-Yy-csc('!

powerf N | Z e
yi{!- (sin({)-cos(s)')2

| J-1.5707963 o

[ [x [z
E in(£)-1 Y
sin( £): JB-Y -ose{W¥ ) (cos(f) cos(4
powerg - __30_. . Z Y e Y
z-R? 7|1 - (sin(8)-cos(£))?
T
J 2
power = powerf + powers Radres = 2-power
: 2
(| MagE3R)|) .. 4-7-R*max(sqE3P)
sqE3P; = 3 (120°7) DirectivityP := power
2 .
(IM'ngil)  4-2-R% max(s E30)
E30, irectivity0 = 1
A= 2:(120-%) Directivity0 power
Total Power Radiated (Walts) power = 83.98604
Radiation Resistance (versus =
Maximum Input Current) Radres = 167.97209
(Ohms)

Directivily (or Maximum Power Gain assuming 100% Antenna Efficiency)
Phi = p/2 Plane Phi = 0 Plane

DirectivityP = 12.93749 Directivity0 = 2.18175
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Effective Isotropic Radiated Power (EIRP) (Watts)
Phi = pi/2 Plane  Phi=0 Plane
Dm.'chvﬂyl’ power = 1.08657- 10° DireclivityQ- power = 183.23657

Maximum Effective Area (Along Radial of Dxrecuvnty)
(square meters)

Phi = pi/2 Plane | Phi =0 Plane
2 e st 2 e s
A ) ¢ DirectivityP A ) ¢ Directivit
(*s) Y - 64345795 (*s) Y 10851138
4-x 4-x :
Maximum Effective Length (Along Radial of Directivity)
_ (melers) v
Phi = pi/2 Plane ' ~ Phi=0Plane
Radres: (A« - DirectivityP Radres: (A) 2 Directivit
: ( 5) Y - 3386438 2- (*s) Y0 1390659
. 480-x% 48012
Numerical Distances
Vertical Polarization Horizontal Polarization
| Peg| = 69.28584 | Prmg| = 1.26447- 10°

e Elevation Angle of Direclivity' (Maximum Gain) -~
above the Horizon (Degrees)

Phi = pi/2 Plane Phi = 0 Plane
AngleP = 31.42857 Angled = ( 89-71429)
. 89.71429
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HORIZONTAL LOG PERIODIC DIPOLE ARRAY

" This application calculates far field radiation paterns and parameters associated with
horizontal log periodic dlpole 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 conductivily and dielectric constant of the
surface below the antenna. The planar earth model is assumed in pndlcung
radiation patterns. A sinusoidal current input with & maximum of unity is assumed .
All radiation patierns are normalized with respect to the maximum electric field
intensity transmi‘ted by the antenna in the plane of interest. The electric field
magnitudes to which the patterns are normalized are displayed below their
respeciive plots. Radiation patterns are ploued for the phi=pi/2 and phi=0 vertical
planes parallel and perpendicular o 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 shortest

:;':‘;:::nr:m ber  N.12 elepmenl's Radius  radg .= 00144
(meters)

Input the length : Input the length

of the shortest lo = 7219 of the second Iy = 8297

element (meters) o _ shortest element ‘
(meters)

Input the distance Input the height of

from shortest to dg = 1.659 the shortest element Hg

second shortest above the surface

element (meters) (meters)

' lInput the Distance
Input the opers . 6 p |
Fr;':]nuenc%{eﬂu:)g fg = 12:10 fromthe Antenna R - 3000

(meters)
Input the ground o= 4 Input the ground a7
Conductivity Dielectric Constant
Input the Characteristic Input the Termination
Admittance of the Line _1  Impedance connected
Feeding the Antenna ADM := 300 lo longest element TIMP = 300
(Ohms) (Ohms)
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Input the angle between Elevation index for which ,
the vertical (zaxis)and ¥ = 90 {o 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 (o vary the operating fi requency

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 | 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 Ienglh between successive Calculaled radii
of elements from elements-shortest of elements from
shortest to longest to longest shortest to longest
1 d rad '
1 ' v Y
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 4.394% 0.00381
~[2198009] [505125]  10.00438 -
25.26233 5.80554 0.00504
29.03471 . 1667247 0.00579
33.37041 0.00666
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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)

molk . u!Pl

Max E-Field Intensity (Volis per meter) max( MagE1P) = 0.13724

Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Inteasity (Volis per meter) max( MegE2P) = 3.19958: 10°®
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Combined Space and Surface Wave Radiation Pattern I(Phi=pil2)

..

Max E-Field Intensity (Volts per meter)

max( MagE3P) = 0.13724
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.. . Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=0)

-1 -05 0 05 1
mo(k . nloi :

Max E-Field Intensity (Volts per meter) max( MagE10) = 0.05843
- Surface Wave Radiation Pattern (Phi=0)

Max E-Field Intensity (Volts per meter)  max( MagE20) = 4.46943- T
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Combined Space and Surface Wave Radiation Pattern (Phi=0)

03|

-1
-1

ml.k . "3°I

Max E-Field Inténsity (Volts per meter)  max( MagE30) = 0.05843
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Radiation Patterns in Horizontal Plane
(Parallel to Ground) -

Space Wave Radiation Pattern (Horizontal)

| T T
| 1 :“:‘ /
E \ e . 'j‘
osf
wey [ f

A

Phi=0

-1

-03 0

mo&k . um‘

Max E-Field Intensity (Volts per meter) ma*( MagEIH) = 0.09414

Surface Wave Radiation Pattern (Horizontal)

-’jl ......... 1(—-.._ ._\i v

- |

Max E-Field Intensity (Volts per meter)

-03 0 03
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max( MagE2H) = 5.57296- 107




[k

Combined Space and Surface Wave Radiation Pattern (Horizontal)

-1
-1

moik . u3H|

Max E-Field Intensity (Volts per meter) max( MegE3H) = 0.09414
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1.5707963 1.5707963

cos{ £)-cos( )1 Y -ese(t
powerd .- _325 Z v e Y
xR y | 1 - (sin($)-cos(§))
| /-1.57079%3 o
(X (2 .
T in(¢)1 FB-Y, -eso(¥)-(cos()
sin . ‘B-Y -ese(¥W)-(cos(Z) cos(y
powerg - 0 Z - T
x-R? 7|1 - (sin(€)-cos(£))?
X -
J 2
power := powerf + powerg Radres = 2-power
2
(| MagE3P;|) S 4-2-R2 max(sqE3P)
sqE3P; - 2.(120-7) DirectivityP = ’ power
‘ 2
('MagESOil) L 4. 7-R2 max( sqE30)
. qu30' T T2.(120-7) - Directivity0 - power
Total Power Radiated (Watts) power = 261.928 -
Radiation Resistance (versus = :
Maximum Input Current) Radres = 523856
(Ohms)

Directivily (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi = pi/2 Plane : Phi =0 Plane

DirectivityP = 10.78579 Directivity0 = 1.95488
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Effective Isotropic Radiated Power (EIRP) (Watts)
Phi = pi/Z Plane Phi = 0 Plane
DirectivityP- power = 28251 10°  Directivity0: power = 512.03765

Maximum Effective Area (Along Radial of Directivity)
(square meters)

= 23.24692

Phi = p¥/2 Plane \ Phi = 0 Plane
I : _
| 2 nicactive 2. Nicpctivi
Ag) @ DirectivityP (A} Directivit
(1) X - 34412 (%) - qam
4% 4z
Maximum Effective Length (Along Radial of Directivity)
' (meters) ’
Phi = pi/2 Plane : Phi = 0 Plane
20 4 N 2 0rectivi
Radres- ( Ag) ©- DirectivityP Radres: (Ag) “: Directivity0
2. (*s) = 5460488 2. (*s)
480. z? 480. 22

Numerical Distances
Vertical Polarization Horizontal Polarization

| Peg| = 0.06283 | Pmg| = 2.26211- 10°

Elevation Angle of Directivity (Marimum Gain)
s ' above the Horizon (Degrees)

Phi = pi/2 Plene Phi = 0 Plane
AngleP = 34.85714 Angle0 = ( 56'5"43)
: 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 (¢,=4 and 0¢=10?) and the second
above seawater (€,=72 and 0-4). Reference 6 [p. 107] 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 ié
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 wvertical

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 reclangular 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 2! 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 patierns 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
plo!ted for the phi=pi/2 and phi=0 vertical planes parallel_and perpendicular to the
y-axis respectively. A horizonta! radiation patlern 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 onentauon with

respect (o the antenna.

"-NOTE: The Yagi-Uda mutual impedance calculations are not valid if there is an

antenna element whose length is an exact mlegef multiple of the wavelength. If

this occurs, there will be a smgulanly 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 shorfer. 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 numberof yp .. Input the numberof .
reflector elements _ director elements '
y = 0.(NR+ ND) 8 0.(NR+ND-1)
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This entire page is alloted for these eatries to allow [or 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. Aller entering the driven inputs. There should be one less
element length and radius, enter those of eniry 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 : d, =
Y Y _ L
[56] 001 | 7.5
15 . .001 0
14 E .001 L
|
|
i
|
1
258




Input the operating fg - 10-10°
‘Frequency (Hertz)

Input the ground o - 1-10”3
Conductivity

- .Inpui the Distance
_ from the Antenna
~ (meters)

3000

~ Input the index of the elevation
- angle for which to calculate the W
. horizontal radiation pattern

(from the angle index table)

Input the heightof  Hg = 7.5
the array above the
surface (meters)

Input the ground &= 4
" Dielectric Constant

Index of Refraction

n = | - ]_19;_0023_
| (15:10°€)

= 285

Complex Numerical Distance for Vertical Polarization

- Pe; -
i ,
2-sin(8‘)2

] -j-B-(R . Ho-cos(el)).

cos(6;) + =

‘nz - sin(ei)z ‘2

Complex Numerical Distance for Horizontal Polarization

Pmi =

2(sin(6;)?)

Vertical Reflection CoefTicient

Horizontal Reflection Coefficient

o~

- —j'ﬁ'(R + Ho-cos(ﬂi‘)). cos(G;) . jnz_ (sm(ei)z)']z :

) -

| (
(0%-cos(sy)) + (an - s‘“(”i)z)

b - cos(0|) - (}nz.- sin(o‘)2>
cos(f)) + (’nz - sin(el)z)
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Radiation Patterns in Phi=P/2 Plane
(Perpendicular to X-Axis and Dipole Elements)
Space Wave Radiation Pattera (Phi=Pi/2)

osf.

.....

 Max E-Field Intensity (Volls per meter)  max(MagEIP) = 5.13224- 104
Surface "Vave Radiation Pattern (Phi=pi/2)

ety

Max E-Field Inteasity (Volts per meter)  max( MagE2P) = 4.08957-10°7
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Max E-Field Inteasity (Volis per meter)

261

max( MagE3P) = 5.13132: 10

)




Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=0)

‘ o o s o K
-1 -05 0 05 1
mofk . mo,

Max E-Field Intensity (Volts ber meter) max( MagE10) = 1.35264- 1074
Surface Wave Radiation Pattern (Phi=0)

-1 -03 0 0.5 1
mo(\ . u20'

Max E-Field Intensity (Volts per meter)  max( MagE20) = 5.32341-10°
262
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Combined Space and Surface Wave Radiation Pattern (Phi=0)

. metk . n30'

Max E-Field Intensity (Volts per meter)  max( MagE30) = 1.35264- 10”4
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

1. E
05 " L .‘.tv'-..—
;L;..._W ii:. \'
9"'1‘ f I }
R { == Phi=0
y‘ﬁl L' | /
\_. S ,-!
_o's -—\" N 7]
: / \
] Voo
ke iy L. e =1
-1 -05 .0 0S 1
mo(i. uiBl:

Max E-Field Intensity (Volis per meter) max( MagE1H) = 3.79643- 104

Surface Wave Radiation Pattern {Horizontal)

metk . 823‘

Max E-Field Intensity (Volis per meter)  max( MagE2H) = 2.73697- 107
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Combined Space and Surf ace Wave Radiation Pattern (Horizontal)

Max E-Field Intensity (Volts per meter) max ( MagEBH) = 3.7942-10 ¢
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[ 1.5707963

15707963
cos(t) -cos -1 ip-
powert - 10 Z (€&)-cos(¢) 7---ejp )
z-R? ‘, Y| ! - (sin(8)-cos(8))?
J. 1570793 Jo o
[z [z
2 |2 , ,
10 3"1(2)'17 BB sin({)-sin(E)
powerp = ——. ‘ e T |
2-R? Y| 1 - (sin()-cos(£))?
x
;.7 °°
VREF
power = powerf + powerg Badﬂs : { 7p 0\:"2)
| ) |

(| MsgE3Py|) ... 4xR%max(sqE3P)

qu3P' = 3 (1207) DlrectmlyP = Dower
2

MagE30 2 R%.

sqE30; - (| MegE30; )" Directivityo - 2% R™-max(sqE30)
. power . . . .

2-(120-7)

Total Power Radiated (Watts)

Radiation Resistance (versus
Maximum Input Current)
(Ohms)

power = 0.00266

Radres = 187.94973

~ Directivity (or Maximum Power Gain assuming 100% Antenna Efficiency)

Phi = pi/2 Plane
DirectivityP = 14.84639

Phi = 0 Plane

Directivity0 = 1.03163
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Effective Isotropic Radialed Power (EIRP) (Watts)
Phi = pi/2 Plane ' . ‘Phi = 0 Plane
DirectivityP- power = 0.0395  DirectivityQ- power = 0.00274

Maximum Effective Asea (Along Radial of Directivity)
(square meters)

Phi = pi/2 Plane . Phi = 0 Plane
(Ms)? DirectivityP 3 (r)%Directivityo
= 1.06329- 10 = 73.88536
4z 4.z
Maximum Effective Length (Along Radial of Directivity)
_ (meters)
Phi = pi/2 Plane ‘ Phi = 0 Plane
- S , 2 Nivangior .
Radres: ( A¢) - DirectivityP Radres- ( Ag) “- Directivit
- (%) Y - 60814 2. (*s) Y 1213848
i 480.x? 480-7°

Numerical Distances
Vertical Polarizalion Horizontal Polx ization
| Peg| = 57.12622 | Pmg| = 109911107

Elevation Angle of Directivily (Maximum Gain;)
above the Horizon (Degrees) |

Phi = pi/2 Plane  Phi=0Plane
- 89.71429
ArgleP = 36 le0 =
g Ang ( 89.71 429)
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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
cenler 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 ceater 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 acress the input terminals is assumed. All radiation patterns are
normalized with respect to the maximum electric field intensity transmitted by the
anfenna 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 respeclively. A horizontal radiation pattern is plotied at an elevation
selected by the index from the elevation angle index table. Polarization is a
varying combineiion of horizontal and vertical depending on spatial orientation with
respect to the antenna.

NOTE: The Yagi-Uda mutual impedance calculations are not valid il 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 Jesigned to operate at

frequencies such that the driven element is approximately ¢:i>-alf-wavelength long.
the reflectors are slightly longer, and the directors are slighiiy shorfer. 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 numberof yp .. Input the number of  \jy
reflector elements director elements
y = 0..(NR + ND) 8= 0.(NR+ MND - 1)
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This entire page is alloted for these entsies to allow for as many elements as necessary.

lnput the lengths and radii of the Yagi ~ Input the distances between
elemeats, starting with the outermost successiv elements in the sare
reflector and proceeding inward to the order as the length and radius
driven element. .Alter entering the driven inputs. There should be one less
clement length and radius, enter those of entry in the separation <istance
the director elemeuts, starting with the array than there is ia the length
director next to the driven element and - and radius srray. ’
proceeding outward (o the final eleinent.

|7 rad7 . dﬁ

15.6 ~ joot S

151 001 |- . ' 6.0

14 | 001 :
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Inpul the operating [g - 10- 108
Frequency (Hertz)

Input the ground o - 4
Conductivity

Input the Distance o . 4,
(rom the Antenna
(meters)

Input the index of the elevation

angle for which to calculate the W -

horizontal radiation pattern
(from the angle index table)

Input the heightof ~ Hg = 7.5
the array above the
surface (meters)

Input the ground e =72
Dielectric Constant

Index of Refraction

- ] 180000
285 (f5:10°€)

Complex Numerical Distance for Vertical Polarization

_i.g.(R N Ho-cos(ﬂi)) n? . ,in(O,)z

Pe, -
b 2-sin(0,)3

. cos(oi) v 3

Complex Numerical Distance for Horizontal Polarization

-j-8-(R Ho'cos(ol))

2
cos(oi) J - sm 0) )]

Pml =

2-(sin(0,) 2)

Vertical Reflection CoefTicient

Horizontal Reflection Coeflicient

(n cos(8)) - (j_;;(_ﬂz)
(a2cos(8)) « (jwm(o‘))

h, - cos(6)) - (’nz - si@_’)

cos(6)) + (jﬂz - ’i"(ol)z)

rV. H

270




Radiation Patterns in Phi=Pi/2 Plane
(Perpendicular to X-Axis and Dipole Elements)
Space Wave Radialion Pattern (Phi=Pi/2)

1 1
¥y
0Sf - S
: b,j. . :,-'4. - K
¢« o SR r . { - I
vh
— [ \ - /
\\‘ Y v L
0S8 . v e
gk i
-1 -03 03 1

0 .
mt(‘. MP' _ '

Max E-Field Inteasity (Volts per meter)  max(MagEIP) = 6.85595-10°4
Surface Wave Radiation Pattern (Phi=pi/2)

-1 -03 0 0.3 1
mol.k . NZP'

Max E-Field Intensity (Volis per meter)  max( MsgE2P) = 2.16533- 10
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Combined Space and Surface Wave Radiation Pattern (Phi=pi/2)

Max E-Field Intensity (Volls per meter) max( MagE3P) = 6.85595- 104
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Radiation Patterns in Phi=0 Plane
(Perpendicular to Phi=pi/2 Plane)

Space Wave Radiation Pattern (Phi=0)

oS Fy

.'l . .

Max E-Field Intensity (Volis per meter) max(MagE10) = 2.32256- 107

-0.9

0
mo(‘. utO'

Surface Wave Radiation Pattern (Phi=0)

Max E-Field latensity (Volts per meter)  max( MigEZO) = 9,86965 10"

0
motk . H20|
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Combined Space and! Surface Wave Radiation Pattern (Phi=0)

mo(k. uso,

Max E-Field Inlensity (Volts per meter)  max( MagE30) = 2.32256- 10
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Radiation Patterns in Horizontal Plane
(Parallel to Ground)

Space Wave Radiation Pattern (Horizontal)

'
1 R
L] P I ]
.'."l A\v :.".". \'
yret, i )
] = b phi=o
ylﬂ‘ /
08 [ 1
) -08 0 05 1

molk . MB‘

Max E-Field Intensity (Volis per meter) niax( MagE1H) = 4.25018- 104
Surface Wave Radiution Pautera (Horizontal) -

Phi=0

Max E-Field Intensity (Volls per meter)  max( MagE2H) = 3.10467- 10”7
| 275




Combined Spac» and Surface Wave Radiation Pattern (Horizontal)

ir
05| '
ytetk
Y Phi=0
9331
=
i
\\‘
-05 -\
-1l
-' .
mo(k.naﬂ'
‘ L)

Max E-Field lniensily (Volts per meter) max( MagE3H) = 4.25018- 10
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1" 1.5707963
powerfl = -3—0-
x-R®
-1.5707963 0
‘ (2 [
_ 2 2
' POWCTQ * __iq__. ‘ Z
: .,Ra
. Ld Y
| X
J 2
power = powerf + powerd

(] Mag23?,|)2
2-(120-x)

(| MagE30;|)%

B30, =+ 20

Total Power Radiu.ed {Watts)

Radiation Resistance (versus
Maximum Input Curreat)
(Ohms)

1.5707963

cos( &) cos({)1 jB-D -sm(7’
v e Y

7|t - (sin(8)-cos(£))?

s'in(g)-lv JB-D -sin(G)-sin(8)
e Y '(COS(B-
1 (sin(¢)-cos(£))?
Redres = (VREF"R)
‘2-power
Dlrecliv'ityP . 4-2-R% max ( qu3P)'
' ' power
: . z'
Directivityd = 4% R max(5qE30)
power
power = 0.00482
Radres = 103.76004

Directivity (or Maximum Prwer Gain assuming 100% Antenna Efficiency)

Phi = pi/2 Plane
DirectivityP = 14.63143

Phi = 0 Plane
Directivity0 = 1.67913
277




Effective Isolropic Radiated Power (EIRP) (Walts)

Phi = pi/2 Plane Phi = 0 Plane
DirectivityP- power = 0.0705] Directivity0- power = 0.00809

Maximum Effective Area (Along Radial of Directivity)
© (square melers)

Phi = pi/2 Plane Phi = 0 Plane
2 e ‘ R
Ac) “ DirectivityP A ) ® Directivit
(*s) Y - 10479 10° (*s) " - 12025011
4.2 4-x
Maximum Effective Length (Along Radial of Directivity)
‘ (meters) '
Phi = pi/2 Plane ‘ Phi =0 Plane
Radres- (A¢) 2 DirectivityP - Radres: (&) 2 Directivit
: (s) Y - 3396559 2. (*s) Y o 1150637
480-1:2» 480-1:2

Numerical Distances

Vertical Polarization Horizontal Polarization

| Peg| = 0.04363 ~ | Pmg| = 226206+ 10°

Elevation Angle of Directivity (Maximum Gain)
above the Horizon (Degrees)

Phi = pi/2 Plane Phi = 0 Plane
AngleP = 41.71429 Angle0 = ( 89-71429)
89.71429
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