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SECTION i

INTRODUCTION

BACKGROUNMND

The National Telecommunications and Information Administration (NTTA} is
responsible for mamaging the Federal Government’s use of the radio freguency
spoctram. MNTIA'S responsibilities include establishing policies concerning spectruom
assignment, allocation and uwse, and providing the various departments and agencics
with guwidance to ensure that their cesduct ol telecommuaications activities is
consistent with these policiest

This recport, its predecessor NTIA TM-B7-129,2 and its microcemputer
implementation,® address the need for gimple, easy-to-use procedures to assess
whether a federzl agency’s use of the RF spoctrum will conform to RF radiation
criteria. Operators of federal radio communications systems and NTIA, the anthority
oni a federsl agency’s use of the RF spectrum, will benclit from these procedures.

Is the earlier report, conservative estimates of the on-axis near-ficld power
-density were found for antcnna types fisted in the Governmeni Master File {GMFE} by
using data normally supplied by federal agencics on Form NTIA-35, "Antenna
Eguipment Characteristics,” and manufacturer’s specilication sheets. Power density i3
caleulated from simple Tormulas and correction factors obtained from normalized
ourves, The ¢onrves are predetermined for hand-calculation procedurcs iIn
Reference 2. In the menu-driven Antenna Field Intensity (AFI) Program, the curves
are generated, as reguired, by coded algorithms and entail no hasd ealculations.

OBIECTIVES
The specific objcetives of this report were (o

1. extend the on-axis near-ficld coverage of antenns types lated in the GMF,

NTIA, Manual of Regulaiions and Procedures for Federal Radin Freguency
Management, US., Department of Commerce, National Telecommunications and
Information Adminisiration, Washington, DnC., Revised May 1988,

2 A, Farrar and E. Chanp, Procedures for Calowlating Field Imtensities of
Antennas, MTIA Report ThM-87-129, 115, Department of Commerce, September
1987, '

8 E. Calhoon and H. K. Kobayashi, "Antenna Ficld Intensity {AFT) Program*
MNTIA, Annapolis, unpublished.
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2. provide additionat guidance in applying prycedures {for Mnding the near-fieid
nower density,

1 examine the feasibility of psing simpie madels to caloulute the ofl-axis
near-field power density of wire and aperture ARLCNNUS, and

4. incorporate the additional antennas ol the on-axis near-field analysis inio

the AFI Progran.
APPROACH

Te accomplish the aforementioned ohjoetives, the T[ollowing fasks wers

undertalen.

1. The GMF was resurveyed for additional antenna Lypes and sorted to confirm
the criteria for placcment of antennas into wire and aperture cafcgorics.

7 The published literaiurs was searched for methods gnitable for off-axis
analysis, and for analyticat solutions and measured data reguired to verify
the wumerical computations of {3) below.

3. The near-field on-foff-axis behavior of several gemeric antenna fypes was

clarified with the aid of mumerical computer programs, and the findings
incorporated into this report and the enhanceraent of the AFI Program.

i-2



SECTION 2

GENERAL SUMMARY AND RECOMMUENDATIONS

GENERAL SUMMARY
The objectives of this report lsted in Section 1 have heen met by;

1. extending op-axis near-field power density progedures to encompass 974 of
the GMF antcnna types analyzed here,

2. providing guidance and additinnal formulss for selecting an antenna fvpe
{rom an sugmented totzl of morc than 20 choices,

3. clarilying the two broad overlapping categorics of antennas  wirg or lincar
and apeorture, as & prelude to on-axis mainlobe antenna selection and
mainlabe ofF-axis numerical computation, end

4, incorporating the asddifienal antennas addressed in this ceport into the on-axis
near-field algorithms of the AFI Program.

The obhjective of calculating off-axis power density has heen partially met by
providing procedures for analyzing two widely-different antennas by using numerical
compater programs.

RLECOMMENDATIONS

The following are NTIA staff rccommendations based on the tochrical findings
contained in this report. WTIA management will evaluate these recommendations 1o
determine if they can, or should, be implementcd frum a policy, regulstory, or
procedural viewpoint.  Any action to implement these recommendations will he
accomplished under separate correspondence by modification of established rules,
regulations, or procedures, It is recommended that the [ollowing be done by NTIA.

1. The procedures in this repori and its predecessor, TM-87-129, should be
used when calcuiating the near- snd far-field intensities of a Federal
Government antenna.

2. Speccific procedures for assessing the off-axis ficld intensity of important

gntenna types, starting with the parabolic reflector antenna, should be
investigated, since a general procedure for ol f-axis analvsis was not found.

2-1



SECFION 3

ADBITIOMAL ANTENMNAS FOR ON-AXIS ANALYSIS

BATA BASE FOR BELECTING ANTENNAS

The GMF, an NTIA frequency assignment date  [ile of povernment
telecommunication systems, has beer recxamined and presented in a form which
complements the originagl antenna table {Reference 2, p. 3-3} and provides additional
data for characterizing a transmitting antenna {TABLE 3-1}

An examination of the old and new GMF table can help in determining whether
an antenna is in the linear (wirc) or aperturc radiator catcgory. This is the first step
in the PC procedure for Finding the field intensity, which is explained in greater detail
at the end of this section. In Rcofeorcncc 2, apertere antennas were deseribed as high
©gain (> 18 dBi) high [tequency {> 1.2 GHz} radistors. This generalization can be
verified by comparing antenna tvpe agxinst the FREG and (GAIN golumng in TARLE 3-1
where linesr antennas are seen to have high poroccotages.

Several antennz types can be constructed with thin rods or alternatively with
sheet metal In the transitionad UPHFE range of 0.3 to 3.0 GHz making them difficult to
place as linear or aperture, Singe each is less than one percent of the total number of
government antennas, they are cxcluded s types for analysis,  Typically they are
broadband low-gain radiators; vis-g-wis the biconical, conical, helix, and traveling wave
antennas.

The three catcgories of antennas discussed above {wirc, apcrture, and broadband)
are identifiable in practice. For a modern treatment comparing and contrasting these
antewnan, see Stutzman and Thiele 1981, Chapters 5, 6, and §.*

ANTENNA TYPES SELECTED FOR AMNALYSIS

The antenna  types  chosen  for  agementing the earlisr Procedures and
implementation on the PC disk are identified by a plus sign + in TABLE 3-1. With
their inclusion, close to 97% of the 100,008 fransmitting antennas and anienna types
with number greater than 60 are now represented.

In alphabetical order the antenna types are:

Coaxial {dipole) Folded dipole
Corner reficctor Ground pilane
Dipole grray Omnidirectional
Discone Stacked array

Smb {hiade)

4 Stutzman, WL., and G.A. Thiele, Antenna Theory and Design, ). Wilcy & Sons,
New York, N.Y, 1981,
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TABLE 3-1

CATEGORIZATION OF TRANSMITTING ANTENNAS USED BY
THE MAIORITY OF GOYERNMENT TELECOMMUNICATION SYSTEMS

Souree: Government Master File {GMEF), July 1987

ANTENNA TYFE NIIMBER, PCT of FRE{( «1.2 GHz GAIMN <18 dBi
from GME file ant, type Totgl Number Pot ol type number Pot of tvpe number
Biconical 182 < 1 () 1060

+Biads 1852 o2 27 100
Broadband 566 < | LG 11}
Cardioid 194 < 1 99 49
Cassegrain . 33 < 1 100 ¢

+Coaxial (dipolc) - 2628 2 100 100

*Colincar 26559 25 OO (ELli]
Coniczl 5z < 1 63 not avail,

+Corner refiector 2737 3 100 190

*Dipole SO3G i0 o8 09

+Thpoie array . 2904 3 a9 oz

+EMsoone 3150 3 not avail 100
Folded Coaxial ' 134 R 108 100

+Folded Dipole 1Das ! 100 16

+Ground plang 5674 ] 100 106G
Helix 348 < 1 60 37

*Harn 28y 1 4 4%

*[ og periodic B3z i 100 42
Loop © 54 < 1 23 95
Microstrip 44 < 1 0 1

Wionopole F4TY 1 o0 {il3]

+Omnidirectional G661 { 9% 14}

*Parabol refloct 18759 It 5 3
Phazed arrzy i < I 20 g
Pillbox 240 < 1 B3 140
Planar array g3 < 1 not avail, noi avail,
Rhombic 231 < 1 160 OO
Slotted array . a4 < 1 not avail not avall,

+Stacked array 974 1 97 26

+5tub 619 < 1 6l 100
Swastiks 11g % I L0 100
Traveling wave 167 < 1 100 51

*¥ertieal dipole 5oz 1 99 EHD

*Vertical radiat 749 < 1 98 a4

*Whip IN5E0 0 164 (R

*Yagiy¥Yagi array G530 & 134 1)
TOTAL MUMBER: EOEDT2

*Indicaies antenna types considered in Heference 2.
+indicates antennz types considered in Lthis repore

3-2



These in tura can be grouped into basic {yvpes as foflow,

Vertical hallf-wave dipole: - Folded dipole
Coaxial {(dipole)

Yeart quér:.—wavc at ground plane: Steb {blade}
Ground-plane
Omaidirectional
Broadband omnidirectional; Driscone
Linear arrays of dipoles: Dipole array
. Stacked array
Dipoie with planc reflectors: Corner reflector

After a discussion on the methods cmployed for calculating - the near-ficld
intensity of radiators, the basic types will be taken vp in the order iisted above.

METHODS FOR OBTAINING ON-AXIS NEAR-FIELD INTENSITIES

Introduection

The overriding cossideration when deseribing radiation at any distanee from an
antcnna is the very different behavior of the electric and magnetic veoctors in the
near- and far-ficlds (Figure 3-1). Even for linear antennas where the far-[ield vectors
are linear and orthogoral, in the near-ficld the vectors arc gcnerally clilpses and are
non-orthogonzl. Consequently, the intrinsic impedance varies spatially and is not a
canstant 377 ohms as often assumed in the far-field. Alsza, the E and H vectors have
radial componeats near the antenna, which arc abseat ar nepligible in the far-field,

_jH plane

KEAR FIELE AR FIELD

Figure 3-1. E sgud H vectors in the near- und fae-Field of a t¥prical antenna,
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A graphical depiction of how an ellipsoidal vector changes with positien may be
found on page 261 of Near Fields of Thin-Wire Anmtemnas-Compntation and Experiment®
The scparating of distance into near- and far-fickds, crucial to the application of this
report, is also discussed and defincd for finear or wire antennas. This is important
sinct the large majority of GMFE antennas arc lincar,

Twe numerical computer codes were utilized for on-axis aear-ficld intensity
calculations: MININEC (Mini-Numecrical EM Code) Versian 3 and NEC-BSC (Mumerical
EM Code-Basic Scattering Cade) Version 257  The first is zn integral cqualion
method-of -mpments code for wire radiators, and the second treats structures composed
of flat plates by asymptotic technigues bascd on the Geomeirical Theory of Diffraction,

In this scction, numerical codes are applied specifically to the on-auxis situation.
The application of codes to of f-axis anglyses is taken wp in Section 4.

MININEC Code Applied to Wire Antennas

The MININED code was run to obtain near-field datz {or zll antenna: types
excluding the corner reflector. This PC implemcntable code is basically similar to the
Mumerical Electromagnetic Code {NEC) employed in the earlier Proccdure (see
Recference 2, pages 4-7 and 4-9) in being a moment method applicable to wire
conductors. Both codes find numerical sofutions to integral equations representing the
E and H fields scnerated by currents in wires. An imporiant restrietion is that wire
radius must be very small compared fo segment length by about two orders of
magnitude.

MININEC and NEC differ in other ways. From its irccption, the former was
desipned For the desktop computer with the practicing Electromagnetic (EM) desipner
in mind. It is a true computer-aided engincering (CAE) tool often [pund associated
with circuit design softwarc® For readable succinet introductions of the MININEC

5 Adams, A.T. T.E. Baldwin, =snd D.E. Warren, Near Fields of Thin-Wire
Antennas-Computation and Experiment, ITEEE Transactions on Electromagnetic
Compatibility, voi. EMC-20, no. 1, pp. 259-266, February 1978,

8 Logan, J.C., and IW. Rockway, The New MININEC (Version 3): A Mini-
Numerica! Electremagnetic Code, Naval Qceans Systems Command, Szn Diego,
CA 92152, NOQSC TD 938, September 1986,

7 Marhefka, R.1., and W.D. Burnside, Numerica! Electromagnetic Code - Basic
Seatlering Code NEC-BSC (Versfon 2} Part Im User's Manpal and FPart 1
Code  Manuaf, The Ohie State University ElectroScicnce Lahoratory,
Department of Electrical Engineering, Columbus, OH 43212, December 1982,

Li, 8.T., et al, Microcomputer Tools for Communications Engineering, Artech
House, Inc., Dedham, MA 983
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approach to  anteana  and  transmission  lige  problems, scc two  articles by
N.V. Campbhell?

MININEC obtains the three veetors that defline the intensity at 2 point by Finding
the electric ficld strength induced in a virtual dipele 000 lokrg which ks positioned
sequentiglly in the x, vy, and z directions (se¢ Reference 6, pp. 15-17)  The most
important calculation is the peak or maximum field intemsity for the E or H vector;
however, the average value may also be obtaincd from angular output data.

Only Free-space and a parfectly conducting half-space can be simulated Mot near-
Field catculations with MIMNINES, Even so, ciose comparisons can be obfained with
ficld measuremenis of simplc antennas over good conducting surfaces,  For example,
Figure 3-2 displays MININEC cdalculation wversus measured data for a typical simple
antenna problem {see Refercnce &, p. 52). The curves are nearly identical excepi at
distances grecater than a tenth wavelength where the sepsor was affected by nearby
structurcs. The segment number {a MENINEC ioput parametcr) is the number of pioces
in a spatizily spceificd thin-wire conductor. Modeling accuracy ingreases with segment
number; unlortunately this trend is countercd by an unavoidable pocometric increasc in
P processing.

NEC-BSC Code Applied io Aperture Aniennas

When the noumber of sepments and attendent incregse in CPU time booomes
excessive  in MININEC and similsr thin-wire approximation codes, 2 different
computational method must be considercd. Ohio  State University's Nomerieal
Elsctromagaetic Code - Basic Secattering Code (WEC-BSC) complements the wire codes
by its ability to model digtectric and ¢conduocting slabs and elliptic cytinders at wpper-
¥IIF and above. The thin-wire approximafion iz best applicd o lincar condnctors at
lower VHF and below,!® NEC-BSC is not s combination code as the name implies, hut
is based on thce Geometrical Theory of Diffmaction and uniform asymptotic analysis
rather than the method-of -moments, 11412

Campbell, DVY., Personal Computer Applications of MININEC, IEEE Antennas
and Propagation Newsletter, pp. 59, Fcbruary 1984; Minirec Applications
(ruide, Applied Computational Electromagnetics Society Newsletter, pages 21-
28, February 1986,

1 Burke, G.J. and AL Pogio, Numerical Electromagnetics Code (NEC)-Method
af Moments, Volume 2 pages 3-6, NMOSC Naval Occans Systems Center, 5an
Diego, CA NOSC-TD 116, January 1981,

11 Rurnsige, W.D., Computer Modeling of Electromapnetic Problems Using the

Geometrical  Theary of Diffractien, IEEE [Internationsl Symposiom  an

Electromagnetic Compatibility, Washiagton, DC, July £3-15%, 1937, pp. 312-316.

12 Burnside, W.D, R.C. Rudduck, and R.J. Marhelka, Summary of GTD Computer
" Codes Developed at  the ©Ohic  State University, IEEE  Transactions on
Electromagnetic Compatibility, vol. EMC-22, no. 4, pp. 238-243, MNovember
1980,
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NEC-BSC is applied to only one of the sdditional ainc antenna types considered
For on-nxis near-ficld snalysiss the cormer reflector. 1o order to model a refleetor of
al feast the minimal sgunre-wavelenglh in aperturc ares, it would be necessary to hove
# minimum 300 scszmenis for a wire modch. This s well beyvond the maximum of 30
Tor MININED and 150 For "standard” NEC. The number of aeceptable segments can bo
increased by altering the FORTRAN source code, but the CPU timc un o main frame
computer would be at least 15 minutes. Tn contrast, & MNEC-BSC rus on g VAX-VMS
microcomputer for any of the aperture sizes in this report took less than 2 minutes.

ANALYSIS OF ANMTENNA TYPES
Cieneral Considerations and Calculation of On-Axis Near-Field Intensities

All results lor pn-axis data were obtained with the MININEC, Version 3, cxcept
for those of the corner reflcctor antenna, which were found with the NEC-DSC,
Version 3. As explained earlier, NEC-BSC is very different from MININEC and NEC in
theory and can handle problems impractical Tor the wirc codes.

Wear-Field Intensity Curves and Normalizatioa Distances for Wire and Apcriuste
Antconas

Mear-lield intensity and distance from the antenna®s clectrical conier are
normalized to their wvalnes at a distance c¢onsidered just within the far-field.
Mormalization enables an antenng type to be represented by a single curve and (o be
independent of antenns power input and frequency.

The choice of the nearest Far-field distance (hergafier called the normalization
distance} is crucial. For wirc antennas, this distance is L5 waveclengths {1.5%) and for
aperture antennas, it is twice the sqoare of the largest apecture dimension divided by
A . These criteria were chosen to correspond to those in Referemce 20 The wire
criterion is substentiated for simple radiators by Siarkiewicz, who cautions that
complex agtcnnas  require method-of-moment  ¢omputations o establish nRigue
notmalization distancest¥  For the aperture criterion, Bickmore and Hansen has a
straight-forward account For simple shapes.14

Typical correction curves for wire antennas are those Mound in Figures 3-3 and 3-
4, When moving away from g wite antenna, the field intemsity generally decreases
monatanicaily, Whatever the behavior in the near lield, all curves are asymplatic
spproaching the normalization distance where the far-ficld inverse-square relationship
takes kold,

18 GQiarkiewicz, K.R., Method of Moments Applications: Near and Far Field
Thin-Wire Coupling, Rome Air Development Center, In-House Technical
Report RADC-TR-73-217, vel. IX, January 15976,

14

Bickmore, R.W. and R.C. Hansco, drtenna Power Densities in the Fresmel
Region, Proceeding IRE {IEEE), pp. 2112-2120, BDecember 1935,
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Near-Ficld Intensity Curves and MNormzlizadion Distapce For the Corser Rellector
Anienng '

The section an the corrcr reflecfor satennst {p. 3-24) peints out the intermediste
characteristios of this radiator between wire and gperture antennas.  MNumerical
computations with NEC-BSC show that when the ficld intemsity is normaslized to
distances grester than or egual to 33, it is nearly independent of aperture size within
the popular design range of 1532 to 2043  Thercfore, 5% was chosen as the
normalization distance. ' .

Corper reflecter correction curves behave like the wire curves discussced earlier.
This similarity was also seen in the NEC-BSC rung, whercin the near-ficld E-vector
was predominantly colincar - with the radister {tvpically a thin haifwave or bowtic
element),

Derivation of Near-Field Calculations

An alporithm will now be outlined [or calculating the on-axis near-field power
intensity for three classes of antensas: wire, aperiure, and corner rcflector. In zll
cases, the far-ficld power intensity at the normalized distance (d) iz multiplied by a
corrgction factor taken from the correctiom curve [or & particular antenna type {eg.,
Figure 3-3 far & folded dipole).

The E-field intensity is uwsed for all ¢aleulations im this report hecausc it yields
a higher, and thercfore, more conservative correction than the H-ficld intensity in all
the antennsas under consideration, inclunding the corner roflector, an apertyre antenna.
Gonerally, the magnetic Tield strength is included In near-fisld expoanre studics '

Initially, the normalized distance corresponding to the actual distance considered
is found by the proportionzl relationship:

dw = R /{1.5}) [WIRE ANTENNAS ONLY} {3-1)
where: dw = normalized distance [or wire antennas

R = distance vnder consideration, in meiers

2 = wavclenpth, in meters
Similarly,

dy, = RA/M2D% [APERTURE ANTENNAS ONLY] {3-2)
where: d, = normalized distance for aperture antennas, in motoars

39



D = largest aperture Iength, in mefers

Simlarly,

dg K /{5.83) {CORMNER EEFLECTORS ONLY] {3-3)

where: ds = normalized distance For corner reflectors

The derivations of the wear-ficld power equations for wire, aperture, and corner
rellector classes foflow. Taput values arce wavelength, mainlobe on-axis distance from
the antenna, power input to the antenna, and power referenced to an isotropic source.

The far-field power for any antonng is

Pp = Dy 8/ (47R7) (3-4)
where: Pp = far-field power deunsity, in watts/m?

. = antenna input power, in watts

g, = antenna gain referenced to &n isotropic SOUTCE

{gain in dBi muat be converted to a power ratio}

The near-Tield and far-field intensitics are related by

Ey = Ep (CFlg {3-5)
where: En = near-ficld E intensity, in volis/meter
Ez = far-ficld E intensity, in volts/meter
{(CF}y = E-ficld correction factor at d

By dcfinition,
Pr = {Eg)?/{120r) {3-6)

where: 120w = intrinsic free-space impcdance, in ohms



Assuming: Py = [Ey)E/(120®
where: Py = near-Fickd power density, in mW/em?
Combining Equations 3-4, 3-5, and 3-6,

Py = .00796 p, g, [(CF)g/RP £3-7)
From Equation 3-1, for wire or lincar aatennasg,

R = 133 {3-3}
Combinine Equations 3-7 and 3-8,

Py = .00354 p, g, HCF)g/i] [WIRE ANTENNAS] (3-%)
From Equation 3-%, for aperture antennas,

R = 2D¥; {3-10)
Cﬂml?ining Eguations 3-7 with 3-18,

Py = .0G0199 p, g, [(CF)x A/DYE [APERTURE ANTENMAS] (3-11)
From Equation 3-3, for corner reflectors,

R = 504 (3-12)
Combining Equation 3-7 with Equation 3-11,

Py = .000318 p, g, [(CF)g/11? [CORNER REFLECTOR] {(3-13)

The first cight of the nine anfenna types selected for om-axis ansiysis, listed by
Eroup types on page 3-3, will use the wire Equations 3-1 and 3-9; whereas, the
remzining corner reflector has its own Equations 3-3 and 3-13.
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The aperture equations will not be used for on-axis anzlysis in this report. They
are placed in this repurt in the event that correction cnefficicnt carves geperated lrom
published data and numerical models are available. Examples of the Tormer arc the an-
axis civeular and rectangular aperture curves in Reference 2. For the latier, Section 4
provides procedares and cxamples of off-axis numerical madeling resulting in correction
curves usable for the aperture cquations,

Calcutation Procedure; On-Axis Near-Ficld Power Intcnsity
in summary, the steps for cateulsting the near-ficld on-axis power density of an
antents type are as follows.
1. Scleet a normezlized correction curve for a specific sntenna type.
s Calcutate the normalized distance {d) by substituting wavelcnpth and the

distance under considcration {R) inte Egquation 3-1 Ffor wire antemnas, 3-2 lor
aperture antennas, or 3-3 for corner reflectors.

3. From the corvection curve, Find the correction factor (CF)g corresponding to
d.
d. Catculare the ncar-field power density (Py) at R from Equation 3-9 for wire

antennas, 3-11 for aperture antennas, or 3-13 for corner reflectors using {CFp
and the specificd input paramctors.

FOLDED AND COAXJIAL DIPOLE, SINGLE AND STACKED

{enerz]l Consideratinns

One percent of government transmitting antennas cmploy the folded dipole, a
design that falls well within the lincar or wire antenna cafegory accarding to the last
two colummns of TABLE 3-1. This is a widely uscd antenna in the VHF-UHF band [or
transmitting and rceciving, and can be found by itsclf or as the single driven elemont
in a multi-clement antennz, ¢.g, in the conventional Yagi design discussed in
Reafcrence 2.

Siangle Folded Dipaole

The ideal Tolded dipole is.basieslly 2 halfwave antenna formed by shaping 2 loop
into a thin rectangie as shown in the insct of Figure 3-3, where the width is less than
a tenth of the halfwave length. At UHF, the smaller antenna dimensions make self-
supporting lishiweight tubular designs of low windload popular and practical {inzet,
Figure 3-3). Also, the Towrfold incrcase in characteristic impedance and the retention
of a balanced Teedline make its implementation casicr than for the thin-wire halfwave
antenna From which it was derived. For a readable technical zccount of this common



antennz, consull Balanis,'® which i3 based an a development [rom [raesmission line
theory, '

Mear-lield calculations for 20-sepment models of the ideat Foelded dipolec antenoa
and the praciical self-supporting one are plotted in Figore 3-3 As outlined
previously, the Field Intemsity and distance are pormalized to oa distanec Bhiet iy
considercd just within the Tar-field. Ilere, as For most wire antennas, it is 133, The
curve for the ideal folded dipole is scen to be nearly identicsa! to that of the halfwave
dipole on page d-48 of Relerence 2, Also, the practical anienna’s intensity iz always
lcss than that of the wdeal curve at distances greater than 01334 therefore, the ideat
curve is the choice for conservative radiafion hazard caleulations.

Calenlntion Procedure: - Single Folded Dipole

The forepoing sugecsts that the near-feld of a wvertical Folded dipole in free-
space may be found by following the four-step caloulution prucedure om page 3-12 of
thig report, Fiest, cgloulate the normalized distanece (d} (rom Egquatiaor 3-1, then e
the correction factor from the ideal anionma curve [Figers 3-3a)  Finally substitutc
this factor imto Equation 3-8 along with other input values, to get the power intensity.
By using the ideal dipole c¢urve whose correction walues zre always h:ghcr than the
practical ong, the cstimates witl be on the conscrvative side.

"Exampie: Given the following input quantitics,
defermine the power density at 1.2 m;

Frequency

150 MEz (& = 2.0 m)

Antenna power p, = 100 watts

Antenna galn g = 2.1 dBi {1.62 power ratin)

Substituting A and distance into Lquation 3-1:
dy = 1.2 /7 (L5(2.0)) = 0.4

From Figurc 3-3a, the normalized distance 8.4 corresponds
to g correction fagtor {CF)g = 2.5,

Substitute g, p;, (CFlg, and L iato Equation 3-9:

Py

£0354 {100)0(1.62)2.5/2.00

D896 mW/em? at 1.2 m distance

18 Balanis, C.A., Antenna Theory, Analysis and Design, pages 340-346, Tlarper
and Row, Inc., New York, NY, 1932,

16 Thicle, G.A, LEP, Ekeiman, and L.W. Henderson, Oa the Adccuracy of the

Transmission Line Model for Folded Dipofe, TEEE Transuctions Anlennas and
Propagation, vol. AP-28, No. 5, pp. 700-703, September 1980,
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Stacked Foided Dipole Array

For high power VHF-UHF transmission, & popular design employs folded dipofes
coually spaced aleng & vortical supportiog pele, Tilston reporls that For poninteracling
dipoles, changing the slternate asrrangement of dipoles to an offsct one simply
transintes an omnidirectional radiation patiern 6 dB in the direcction of the offsct. 17
Tilston shows that decreasing the laiter’s dipole offsct to one half wavelength {rom
the supporting mast will produce an elliptical pattern with a 6 dB gain. Apparently for
this typc of pattern, there can be little deviation from the omaidirectional pattern of
a sinple folded-dipole; hence, the best sttainable gain is an additional & dB.

The provicus paragraph implies that the supporiing pole has little effect on the
nearby dipele. This supposition was tested and affirmed with a numerical model of
dipoles spaced half a waveolengih from supports one and two waveclengths long {inset,
Fipure 3-4). Except for the predictcd antenna gain, the plotted results {Figur¢ 3-4}
arc nearly identical te the sitvation where ne poles are present (Figurc 3-3).

The foregoing discussion, based on MININEC calcnlations, agree with ¢ recent
numerical and meassrement analysis of practical felded dipole antennas mounted on
meiallic masts by Kahlor and Malinhzadeh ™ Their gnalysis revealed that the effect of
the mast iiself enters primarily at gubresonsnge length (see Figures 3 and 4 in
Reference i8) and is thevefors, negligible.

Caleulation Procedvrs: Stacked Folded Dipole Array

The stacked falded dipole array and the single (olded dipole in frecspace are
similar in near-Field characteristics except for antenpa gain, Conseguently, the
procedure for calculating the near-ficld of the folded dipele, including the correction
lactor for the frecspace folded dipole (Figurc 3-3, curve a), also applics to the stacked
folded dipole array. The antenna gain witl vary [rom abouwt 1.6 (2.1 dBi) for a single
dipole to a maximum of 64 {B.f dBi). The latter Tigure can be derived from the
delinition:

PJ/P, = (PYP) (P/PD (3-14)

Il

where: P /P, stacked foided dipole array gain referemced to an isotropic
antenna, in dBj

P/F; = folded dipolc antenna gain referenced to anm isotropic amiennz
approx. 1.6 {2.0 dBi)

T Tilston, W.V., On FEvaiuaiing the Performance of Commniications Anrtennas,

IEEE Communications Magazine, pp. ¥00-793, September 15980.

18 Kathor, TLA. and AR, Mallahzadch, Arafysis of a Folded Dipole Anienna
Mounted on a Cylindrical Metallic Masi, TEEE Transactions on Antennas and
prepagation, volv. AP-34, no, §, pp. 99-103, January 1986
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P, /P = stacked folded dipole array gain referenced to z folded dipolc
antenns, max. 4.0 (&0 )

Coaxiai Dipole, Siagle, and Stacked

The coaxia! dipole is o halfwave dipole with one half of the antenna inside a
coaxial eable that alse acts as the transmission line. Since the radiation pattern i8
gsimilar to = halfwave dipole, the near-ficld correction s the same as for the Tolded
dipole antenna (Figurc 3-3, curve a), The stacked array radiation charactistics would
also apply for widely separated non-interacting dipoles.

Calculation Procedures: Coaxial Dipeles, Singlc, and Stacked

The procedure outlined in this section for the folded dipole, single and stacked,
also applies to the coaxial dipole becausc their radiating characteristics are identical.

OMNIDIRECTIOMNAL ANTENNAS - STUB TO IMSCONE
General Congiderations Tor Omeidirectional Antennas

Although omnidirectional antcnnas are listed separately in the GMF (TABLE 3-
1), in reality, other antenng types are omnidirectionzl and can be placed in this
catepory. ‘These are the stub, ground-plane, coaxisl, and discone aniennas (Figurc 3-5
to 3-73. A few facts about these emitiers may be gleaned from TABLE 3-1.

[, Their tota! number is 12,136 and they comprisc 12% of the total auwmber of
antennss in TABLE 3-1.

2. ‘they are generally low-fregueney low-gain  linear radiators with the
exception of 13% of the stub antennas that are at L2 GHz2 or higher,

As the name implies, a radially symmetrical signal is broadcasied from an antenna
vertical to a conducting flat or sloping groundplane, The radiating clemont varies in
configuration from the narcowband guarterwave whip of & srouwndplanc ncrial to the
broadband cone of a discome antenna. The gronndplane - =zlways 2 good conductor-
ranges from stifl radial wires to sheet metal discs and cones.

MININEC near-field intensiiies were plotted for all omeidirectional types and
comparcd against more elementary basic antenna correction curves. With the exception
. of discones, the wertical E-ficld vector was twe orders of magnitude greater than in
the horizontzl direction, The analysis and calculation procedures [or cach type of
amindirections] anienna follow.
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Stub and Riade Antennas

Most stub antennss and their streamlined counterparts called blade antennas are
found as 2 sclf-supporting VIIF-IJIIF guarter-wave radiators using an aivcraft’s metal
surfacc as a ground plane. The leading edges of the cmpennage arc lavered sites
bocause govarage can them be greaier than a hemisphers, However, carelut placement
on the top or bottom ceaterline of the fuselage can alse produce good hemispheric
omnidircetional patterns.!®

For the giub or blzde, numerical caleulations of g hasic base-loaded quarter-wave
vertical wire model above a perfectly conducting plane would lead to cemservative
radiation hazard estimates. MININEC data For such a model is plotted as a correction
curve in Fipure 3-35a.

Calenlation Proccdurc - S5tub and Biade Anicanas

The siub eczlculation proccdure below is valid as close as a tenth wavelensth from
the aniemna, but docs not sccount for the proscace of conducting surfaces other than
a ground plane. The effect of flaps and landing gear may be considerable (scc
Reference 19, p. 37-28); if 30, appropriate sumerical EM codes such as NECQ-BSC
{Section 4) may be necessary to model aireraft surfaces.

To calculate the ncar-ficld ol sieb and blade antennas over a flat conducting
surface, consult the procedure outlined for wire antennas on page 3-1! of this report,
and the correction curve for a hasic quarterwave antenna (Figure 3-3a).

EXAMFLE; Given the following input guantities,
determine the power density at 0.2m:

Frequency 300 MEHz (3 = 1.0 m)

Antenna gain g, = 3 dBi (2.0 power ratio}

Antenna power p,= 1530 Watis

Snbstitute distence and in Egueation 3-1:

dy = 0.2/[1.5(1.0)] = 0.133

From Figure 3-3a, the normalized distance .i133 corresponds fo a correction factor
{CF)g of 5.5.

1% Johnson, R.C, and H, Jasik, Anfenna Engincering Handbook, pp. 37-26, 37-27,
MeGraw-Hill Rook Co., New Yaork, N.Y. 1961
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Substitute g, fy, (CT)g, and & into cguation 3-9:

L0354 {15002.00(5.5/ 1002

Py

I

32.13 mW/sq-cm at 0.2 m distance

Ground-planc Antenna

A conducting [lat surface or its cguivalent iz essential to the defimition of the
ground-plane antenna. There are over 5000 antennas in this category comprising 6% of
the antennas in TABLE 3-1. They fall well within the wire anténnd group according to
the table. The hasic conliguration fer groundplane antepnas is the vertical halfwave
dipole with the lower half replaced by a conducting plane termed the gronndplane
{Figurc 3-5a). In practice, mony varistions can be discerned {Figurcs 3-5b and 3-6).

Thearetically s large, porfoctly conducting ground planc will reflect all the
radiation from the guarterwavelength wire, thus doubling Lotal radiated power to yield
g 3 dB sain over a halfwave dipole® This gain is seldom aschieved in practice, bul
can serve as an upper bound on the capsbility of this antenna type. The ground plane
itzeif varics leom radial wires, which are cantiievered on & supporting mast o7
embedded in the ground at MF to THF, to flat metzl plates at UHF and SHE, The
ground-plane iz often angled at about 45% (inset, Figures 3-0) to offset = ralsed
mainlobe patiern sometimes cancountered at VHF snd UHF.

MIMNINEC nermalized E-field curves were generated for the three common grouwnd-
plane antenngs (Figures 3-5b and 3-6) These curves compare ¢losely o curve a, Figure
3-5, [or normalized distances greater than 0.35. Thus the guarterwave vertical antenna
aver @ perfect ground furnishes n ouseful correction curve for the gromnd-plane thin-
vertical omnidirectional antennas,

Calculation Procedure - Ground-piane Antenna

The grosnd-plane -calculation procedurc is the same as for the stub antenna
{p. 3-18), the first typc described in  this section on omnidirectional =zntennas.
According to the MININEC czlculations, the aermalized distance should be at teast G135
The correction curve to be congulied is the one for the guartsrwave vertical ‘over a
perfectly conducting gronnd {Figure 3-5z).

Discane and Inverted Discone

The discone developed from the biconical dipele nearly Fifty years ago by
replacing & quarter-wave section with 2 conducting disc or a groundplsne (Figure 3-7).
Thiz antenna type compriscs 3% of the Federal tranamitting antennas Hsted in the GME
{TABLE 3-1),

* Jessop, G.R., ¥HF/UHF Mﬁmmf, Fuonrth Edition, p. 8.32, Radio Socicty of
Great Britgain, Hertfordshire, England 1983,
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Sepmented radizl consiruction and a simple antenna Feed  are Pentures il shares
with itz close relative, the prowmdplane antenna. Ilowewver, the discone’™ outstanding
charactoristic is the ability to cover several ockaves in freguency with fittle change in
inpuet impedance or the omnidirectional radiaiion pattorn.tt  Initially applicd ot ¥VHE-
UHY {(pages TOW and 71W of Referemce 21}, its telative ease of construclion and
maintenance as a igrpe wire structurc saw carly sdaptation at lower [requencics.
One HF desipn requires no tuning or matching nectworks over a 3-to-1 frequency
range,??

When a ‘disc i3 not practical or desirable, the radiating conc ¢an be inverted and
placed over ground radials. An example of this inverted discene design im Figore 3-7h
extends the range of wire discones into the LF band where an clevated wire disc would
be difficult to constreer {page 25 of Reference 22). In commen with the proundplane
antenna, 3 higher radiation angle results from having the antenna led close fo ground.

‘I'he near-field intensity of the discone and inverted discone numerical models
{Figpure 3-7) ig greater than those of the basic guartcrwave vertical over a conducting
plane (Tigure 3-5a) at ncur-antenna normalived distances. Therelore, For these types
of broadhand omindirectional sntennas special curves are needed.  Sinecc the pon-
inverted disconc viclds the higher intensity at distances up to .34 from the antenna,
it is the chaoice [or the correction curve of disconc antenngas.

{alteulation Procedure - Piscone and Inverted Discone

The necar-field of a discone or inverted discone may be assessed for radiation
hazard by following the four-step procedure om page 3-11 of this report. The non-
inverted discone correction curve i5 used ai normalized distances cgual to, and greater
than 0.2. This correction curve {Figure 3-7a) should be used Tor [requencies well
within the operating haand of the discone.

The broadband characteristics of the disconc {or any broadband antenna) males
the radiation pattern somewhat freguency dependent at the band edges. At the apper
end of the band, the far-field single lob¢ which c¢manates af s low elevation angle is
replaced by two or more shallow lobes {pages 63-68 of Referencs 22; Reference 19,
pages 4-15 and 26-15). The angles of these lobes and their relative gain with respect
to the mainlobe af the lower cutolf frequency need fo be considercd when warking af
the beand edges. The lowsr cutaff freguency iz determined by the electrical length of
the slope of the radiating cone.

21 gandoian, A.G., Three New Anfenna Types and Their Applications, Procedures
IR.E (IEEE}, vol. 34, pp. 70W-75W, Fcbruary 1946,

i Collins Radio Ceompany, Cellins High-Frequency — Amtermas/Selection )

Applications p. 24, Research Divigion, Collins Radio Co., Cocdar Rapids, Iowa,
. May I, 19461

3-20



Txample: Given the following input guantities,
determing power density at 0.3 m;

Freguency 108 Iz {3 = 1.0 m}

2.1 dBi {1.06 power tatio)

IL

Antenng gain g,

It

Antcnna power p, = 100 watts

Substitute distance and 3 in Eguation 3-1:
dy =03 AL31LOF=02

From Figure 3-7a, the aormalized distance 0.2 corresponds
ta a ¢orrection Factor {CFlg of 11.0.

Substitute g, p,, (CF)g, and » into Equation 3-9:
Py = 86354 {100} 1.6){1 I.D,{l,ﬂ]“

= 6853 mW/sg-cm at 0.3 m distance

DIPOLE AND STACKED ARRAYS
General Considerations

Dipole and stacked arravs make uwp 3% and 1% respectively of atlt Federal
transmitting antennas (TABLE 3-1). Since stacked arrays usually consist of dipoles
arranged vertically, they fall within the category of "dipole amrays” and will not be
considersd a5 B separate antenna type. In this part of ihe report, uniformly-spaced
halfwave dipoles are assumed, which intcract in a lincar array to radiaic a bilateraily
symmetrical azimuthal patters.  Stacked arrays with dipoles spaced far enough to be
non-interacting were covered on pages 3-13 and 3-14.

Differential phase and magnitede of cxcitation at aatenna inputs and variable
antenna spacing will give rize to an infisite number of radiation patterss. But for the
same c¢xcitation vector applied to cach element of & uniformly spaced array, the
broadside and endfirve designs cescentrate radiation best in the main iohes. Therefore,
they are selected {or radiation hazard assessment, their configurations defined, and
procedures outlined for celoulating near-ficld an-axis power intensitics.

Broadside Dipole Array

If the dipecles in a lincar arrgy are spaced a halfwave apart and fed in phase, a
far-ficld broadside radiation pattern will result with nulls along the array axis. This is
seen in Figure 3-8 whore the mainlobes are zlong the x-axis and the nulls on the y-
axis. The negr-Tield radistion has a similar patiern.
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MININEGC rosults Tor b-, 4- and ¥-element areays arc ploficd as normolized curves
in Figure 3-%. Since the l-clement srray {in reality a single halfwave dipole} has L-
Ticld intensitics highor than the others at all distances, it beeomes the conscrvative
chaice For the near-Tield correction of broadside dipole arvrays.

Calculatios Proccdure - Broadside Phipole Array

To calculate the near-field on-axis power intcnsity of 2 brosdside lincar dipole
array in freespace, follow the procedure gutlined on page 3-12 of this report. The
correction curve [pr the l-clement array (halfwave dipole) at normalized distances
excceding 0.15 should be employed for congervative results.

LXAMPLE: Given the following [ora multi-clement broadside
‘dipale array, find the power density at 0.2 m:

Il

Frequency 600 MHx (3 = 0.5 m)

Antenna pain g8, 20 dBi (100 power ratio}

Antcnna power P, = 20 Watts

Sybstitute distance and wavelength in Eqeation 3-1;
dW = 0.2 f1.5(.5)] = D.268

Trom Figure 3-§ the normalized distance 0260 corresponds
to g correction factor {CF)g of 3.2

_Substitute gy, py, (CF)g, and x inte Equation 3-%

Py 00354 (100 20(3.2/.5)2

20986 mW/sg-cm at 0.2 m disiance

Endfsze Dipole Array

If the linear dipotc arrays of Figure 3-8 (also with clemenis spaced kalfwave
apart} are excited with a phase shift of 180 degrees betwoecn adiacent clements, the
endlire pattern of Figure 3-9 resvits with nuils in the x-direction. The elements
themselves are now of the mainfobe axiz and distance cannot be measpred in the same
mannar as for the broadside array. By taking the midpoint of the outermost element of
the array as the starting point, two advantages are gained:

3-23



. The svoidance of an ambigeous correction Favtor when a distance chosen for
analysis corresponding to the location of an clement.

2 Distance car stitt be normalized to L5% and be independent of location and
number of elements.

MININEC endfire data for 4- and 8-clement arrays pormalized to L34 from the
putermost clement are plotied in Figure 3-9.  As with the broadside array, the -
element array (vertical hallwave dipole} has higher correction factors than any af the
endflire arrays. Therefore its correction Factor curve will also apply to endfire arrays.

Calcutation Proccdurs - Endfire Dipole Array

Ta calculate the near-field on-axis power intemsity of an cmdfire dipole limear
array in freespace, follow the procedure putlined for the bhroadside case on the
previaus page with the (ollowing important differcnge:

Distance iz normalized- to the midpoint of the outermost element in an array;
therefore, the distance [rom the array’s elecirical center (also its pcometrical center in
a limear array) to the ouwtcrmost element must be known. Thizs can be found by the
simple relationshim

Dg - (N-1)A/4 | (3-15)

distance From the electrical center to
ihe outermost clement in meters.

where: Dy

N = number of elemcnts {dipoles) in the array.

A

- wavelength in meters,

CORNER REFLECTORS
General Conxiderations

Corner reflector sntennas make up 3% of Federal Government RF radiators and
fali into the wire (linear) category according to TABLE 3-1. This type of antcnna
consists of two parts, readily seen in Figures 3-10 and 3-11:

1. a meigllic reflector consisting of two planc surfaces meefing at an included
angle of 180 degrees o less, and
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2. a radiztor, wsually a thin-wire or bowtic hulfwave dipale, placed equidistunt
to the plang serfaccs.

Corner reflectors are like more cxpensive apertore antennies fe fhab the rellector
can increzse Forward gain by {2 dB or moerc with high aperture illumination,®
‘therelore, corner reflectors are often low-cnst replacemcnts for hores and dishes in
IJHEF applications where portability, ease of installation, and good beam directivity are
desired.

Theoretically, the corner reflector is amcnahle to geometric optics analysis
employing the Method of Images provided the included anglc $gp of the corner i3 an
integral submultipte of v, 18

'@GR = ‘]T,’Ilrl n=l,2,3,d,. ......

In Wolll [Reference 23, pp. 299-312), amalvtical cxpressions developed by the image
methed are derived For arbitrary dgg and dipale orientation.  Wolff's resueits arc in
graphical Form and vseful for practics! design of corncr reficetors,

In practice, the aperture must be at least a few-to-several square wavelengths in
area, a requirement which generally restricts these antennas to freguencies abowve G
MHz, A survey shows that nearly all have a 60- or %0-degree reflector, an aperture
arca of at feast 3 sguare-wavelengths, and a hallfwave dipele (wirc or bowtic) aricntod
parallel to the reflector’s vertex (see Refcrence 15, pp. 594-597)

The wvertex-to-dipole distance in wavelengtihs {fermed "s") i3 a sensitive parameter
in corner reflector degipn, For the 90-dep reflector, the Far-field radiation changes
from a single- fo o douoble-lobed pattern when s goes from 001 o 10X {sec Relerence
15, p. 8007, Caorresponding lobes found in the near-lTield are probably due to the large
g (zenith amgle) E-vector st near distances for a verticelly arienled dipnle {see
Relerence 7, Part L, pp. 720-730%  Reference 1% pp. 17-3 to F7-5 show Far-ficld
patterns lor $ggp = 60, 120, and 180 degrees that have similar pattern changes as the
90-dep. reflcotor. In senernl, dircotivity and sidclobe suppresgion improves with oa
nartower corner angle and for 5 less than 0.7 . However, feed impedance drops
rapidily under the same conditionms, and impais antenpa gain and impedance matching
fsee Reference 20, p, 823), A survey of corner reflector specifications by warious
maanufacturers and radio societics showed that approximately 4353 o be the most
COoMmMmon s-parameter value, ' -

WEC-BSC Calculations

Typical dimensions For 60- and 90-degree corner reflector models were inputted
to the MNEC-BSC, version 3, numerical code running on a Micro¥VAX-II computor
{Figures 3-10 and 3-11)  The MEC-BSC code bascd an the  geometrical diffrackion
theory is more suitable for MININEC or NEC for surfaces with dimension about a

2 WollF, E.A., Anteana Analysis, page 302, J. Wiley & Sons, Now York, N.Y. 1966,
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wavelength or more typical of aperture antennas {cf Section 4L  The caleubzled Ticld
intenzitics plotted From the VAKX output (Figures 3-10 and 3-11) are normalized to the
att-zxis distance of 52 for rensons stated on page 3-9

A typical large aperture will give rise to a correction curve with a slightly higher
intensity than for a smaller one.  Since the two apertures of pzge 3-25 are the

extremes of practicgl corner rellector size lor a single dipole, the larger aperture
fFigure 3-11) is chosen for conservative radiation hazard assessment,

Calculation Proccdure - 80- and 90-Deegree Corncr Roflectors

To calculate the near-field on-axis power intensity of 3 60-or 90-degrec corper
reflector, uwge Eguations 3-3 and 3-13, and & large-aperture correcilon curve [rom
Figure 3-11.

EXAMPLE: Given the (ollowing for a 90-deg, corner reliector
find the power donsity at 0.1 m from the dipole.
Freguaancy = J3GHz{i=01] m)

Antenna gain g, = 140 dBi {251 power ratio)
Antenng iaput power g, = 150 watts
Substitute R = 0.1 and 2 into Eguation 3—3;:
dg = 0.1 /[5.0(0.1)] = 0,20

From Figure 3-11, the normalized distance 0.20 corresponds to a correction factor
{CF}g of 5.05 for the 90-degree large-aperture anienna,

Substitueie p;, g, A, and (CF)y into Eguation 3-13:

Py 000318 (15.0(25.115.05/0.1)2

305 mWisg-em at 0.1 m from the dipole
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SUMMARY AND INCORPORATION INTO PC PISK
Summary of Additional Anfennas for On-Axis Analysis

The vpdated GMF was culled For additional antennaz net covered in this report’s
predecessor [Ref. 2. Nine were selectcd for on-axis ncar-Field analysis ard placed
in Tive basic categorics. Simple procedures were developed Tor caleulating power
intensities from correction cutves derived from numerical computation maordelz,  The
baszic catcgories and their antennas ars: '

1.  VYertical half-wave dipole: Folded dipolc
Coaxial (dipole}

2. Vert. quert-wave af ground plane: Stub {biade)
Ground pling
Cmuidirectional

3. Broadband omnidirectional: Discone

£, Lincar arvays ol dipoles: . Dipols array

Stacked array

5. Dipole with planc rellectors: Corner reflector

The corner rcficctor is the only one analyzed as an aperfurg antenna rather than a
wire antenna.

TARLE 3-2 lists the antennas and pertincnt equations and corrcetion curves for
convenicnt relerence. Before attempting cgleulations, the reader is strongly adwviged to
read the detailed description of cach antenma and to work through the sccompanying
exampic. An antennz may require a Gifferent interpretation even if it ‘uscs the same
correction curve. For instance, compare the endfire and broadside dipole arrays om
pages 3-20 to 3-22,

As am aid to antenna type sclection, each of the 100,000 antempas i the GME as
shown in TABLE 3-1 was placed in two categpories: frequency lcss or grester than 1.2
GHz and autenna gain less or greater than 18 dBi Together with the earlier
Procedures {Farrar znd Chang 1987), this tcchnical memorandum covers nearly o7 of
the transmitting antennag in TABLE 3-1

Incoeporation of the Pracedoares into the AFI PC Program

The Antenna Field Intensity Program, AFI, iz a PC-disk version of the
caleulation procedures in Reference Z. AFl works in demand-mode gxecution by
prompting the wuser to input such parameters as anienna fype and frequency. The
correction Factor needed to convert far-field intensity to near-ficld power is
automatically calculated by ene of two metheds. The first finds the near-ficid power
(for wire antennas) By a gimilar proccdure to the onc an page 3-i1 of this report.
The second method (for aperturc antennas) imtegrates an aperture distribution function
obtained from Far-field input parameters to calculate a near-field corrcction,
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TABLE 3-2

SUMMARY TABLE FOR ON-AXIS NEAR-FIELD

POWER DENSITY CALCULATIONS'

Antenna Type Eguations for Calculations Carrection
from Table 3-} Asseming Py = (Ex)%/(120% factor (CF)g
Blads 31, 39 Fig. 3-4a
 Coaxial{dipole) 3-1, 3-9 Fig, 3-3a

Corner reflector 3-3, 313 Figs, 3-10a,b
Bipole array:

Broadside 3-I, 3-9 Fig. 3-7Ta

Endfire 3-1, 3-8, 3-i1 Fig. 3-7a
Discone:

with cap 3-1, 39 Fig. 32-6a

Inverted 3-1, 39 Fig. 3-6a
Foldad dipaole 31, 29 Fig. 3-3a
Ground planc 3-1, 39 FFig, 3-4a
Omnidirectionzl 31, 3-% Fig. 3-42
Stacked array:

Folded dipeole 3-1, 3-9, 3-10 Fig. 3-2a

Coaxial 3-1, 3-%, 3-10 Fig 3-2a
Stub 3-i, 3-9 Fig, 3-4a

*This table is for easy reference only.

Before attempting calcuiations, the reader is

strongly advised to rexd the detaifed description of each antenna and to work

through the zccompanying example.
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The AFT user has no need to consubf corrcction chrves or o substitute taput
parameters into atgebraic expressions, Af any poinb il program exccution, the user is
advised if ihe inputs emtered thus far cannot be processcd or could produce
guestionable data.

Incorporativn of the nise anteans types discussed on the previous page to AFIDs
cight is accomplished through six lookup correction tables corrcsponding to the curves
in Figures 3-3, 3-5, 3-7, 3-8, and 3-11.

Although the corner reflcetor resembles am aperturé antenna, i3 near-Fiokd
characteristics are more like a wire radiator. Therelore, simple wire-type lookup iables
replace complex mmathematical algorithms nermally employed for apesture anitcnung
calculations as exemplified by the aperture computations in the original AFI program.
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- SECTION 4

PROCEDURES TFOR OBTAINING OFF-AX1S5 NEAR-FIELD INTENSTFTER
WITH NUMERICATL ELECTROMAGNETIO CODES

GENERAL CONSIDERATIONS

'lntmductiun

The calculation of power density along the mainlobe axis of an antenna is 4 one-
dimengiona! problem and fairly casy to interpret, But off-axis apalysis is two or thres .
dimensional and is extremely complex, particularly in the nesr field where E gnd H
veciors arec usually not orthogonal (cf Section 3). Taking the spherical coordinate
system as an example, the radius vector r iz joined by the azimuth angled in the
horizontzl plane, and the zenith angle # in the vertical planc.

The spatial description of power density is ¢specially diffteult in situations where
the smperturc distribution must ke deduced (rom far-Field characteristics, This is the
casc for on-axis analysis considered so far in this report and by its anteccdent. The
aperture algorithms (Reference 2, Scction 47 apply oaly to on-zxis analysis (Reference
2. . 4-9% and nof to two or three dimensions.

The Nuemerical Approach

Mumerigzl methods of solving EM problems in experimentation and system
installation arc equally adapiable to radiation hazard assessment.?®  Accurate models
and their slgorithms, made practical by the advent of high-speed large-memory
somputers, and verification by automsted messurements, have Found wide application in
antenna field analysis.®®

Easy-fo-use numerical codes that cvaluatc the near-ficld of radiators and their
EM environment are available (or the nonspecialist in interactive and nran-interagetive
input modes. MINIMNELC is an cxample of the former and NEC-BSC the latfor. But if =
formal presentation of numerical modeling is made, the Following enginesring practices
shounld be followed:

1. v ion_of ih itg, &t ieagt partialfy, should be done in
some manper acceptable to peers, For example, comparisons gcould be made

4 Kobayashi, H.K., Modeling a Receiving MF-HF Phaved Anterna  Array:
Numerical Computation vs Field Measurements, Proceedings TEEE Region 1
Workshaop on Electromagncetic Ficld Computation, Schencctady, NY, Volume
IT, pp, E-30 - E-34£, October 20-21, 1986,

. Ryan, Ir, CE, et al, TEEE Tramsactions on Electromagnetic Compatibility,
vol. EMC-22, no. 4, pp. 244-255, Movember 1950,
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with Field and laboratory measurements, results From the usage of other
numerical codes and computers, or {rom predictions bused on statistics! and
mathemalical models

2. Repeatability ol the results hy an imparlial abserver, Sufficicnt data on the
geometry of the mode! and other input paramcters shonld be provided so that
anyonc can repeat the analysis with identical or similar numerical codes and
computets.

Nemerical Codes for Wire Antennmas

The discussion in Section 3 on the on-axis usage of MININEC and NEC and in
Ref. 2, pp. 4-5 and 4-9 applies equally well to off-axis wire a2ntenns analysis. The
following points should be considered in deciding whether an antenna is amcnable o
analysis with a thin-wire method-of-moment numerical code, such as the standard
version of NEC-3, sbtainable from its custodian, the Lawrence Livermore Laboratory.

1. The antenua and it electromagnetic e¢avironment (cxcluding ground) can be
represented by thin-wires or small polygons.

[

Ground, whether perfect or imperfect, interact closely with antennas and must
be accounied lor,

3. Wirc segments, esch usually less than 8.1 h in length, can be kept to & Few
_h'ﬂndrcd in number in order to limit CPUF time.

Mpmerical Codes for Aperture Anifennas

©Ohio State University’s Basic Scattering Codes discunzsed in Section 3 {also see
Refercnce 2 pp. 4-4 amd 4-5) are representstives of the Geometrical Theory of
Dilfraction (GTD) approach to solviag entenna problems.

In many ways GTD codes complement the wire ones becassc large conducting and
dielectric shapes te complicated fo- be modeled as wires can be easily represented.
However, the smallesi dimension is in the order of a wavelength (Reference 12, p. 239
Reference p. 1-2): thus limiting most apptications to VHF and above, Fortunately the
majority of aperiure antennas operate well above the VHF bard and pose little
restriction on GTD analysis. TFor example, practical horn apertere dimensions arc
gencrally more than a few wavclengths in lenpgth,
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The radiating clemcents may be difficult to specify for complicated aperture
distributions and special inpuot and sutput programs must be weitten for a code such a3
the NMEC-BSC. An cvaluation of the ncar-ficld radiation hazard of a large planer array
‘was a typical modilication of this type 2" Koh replaced the aperture distribution
formed by slot elements with simplified models (Figurc 4-1). Computstion time was
reduced and the accuracy of the resolis was retained.

Actual Array Simaplitied Hode]
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Figurc 4-}. E-field distribution for a planar array, after
Koh and Adier. {See Refercnee 27.)

& Xoh, WJI, Radiation FHazard FEvaluation for a High Power Mobile
Electromagnetic  Radiation Weapon Using the Numerical Eleciramagneiic
Code, M5, Thesis, Naval Postgraduate School, Monterey, CA, March 1987,

2 Koh, W.J. and R.W. Adler, Radiation Hazard Evaluaiion flsing NEC-BSC,

Conference Procecedings 3rd  Annual Review ol Progress in Applied
Computational Electramagnetics, Monterey, CA, March 24-28, 1987,

4-3



NEC-BSC js combined with the Apcrture Integration (Al} method for analyzing
parabolic reflectors in Ohio State University's NEC-REF program.®®  Despite corkain
limitations detailed in Refcrence 2, p. 4-3, NEC-REF should be seriously considered for
radiation hazard analysis because:

1. MNEC-REF appears to be as casity programmablc as NEC-BSC, the code from
which it was derivcd, and

5 the cffect of feed blockage and scatter from feed struts can be included in
near-field asscssment.

GEMACS, A General Program For EM Field Analysis

The General Electromagnetic Model for the Analysis of Complex Systems
(GEMACS)} is the combination of the two physical approaches discussed so far;  the
Method-of-Moments {MOM) and the Geometrical Theory of Diffraction {GTDH. in
addition, the Finite Difference {FD) approach is included to analyze the interior of
structures. Oviginally funded by the 1.8, Air Foree for EM compatibikity analysis,
GEMACS is idcally suited for radiation hazard analysis of antennas.?®

The user defines the geomctry and excitation of the antenna system and the
outputs desired. The "hybridization methodology" (see Reference 293 coordinating the
celcolations done by one 0r more approaches is transparent ic the unser; howcver, by
making OEMACS portable (3¢, usable to mamy Dol agencies) the prEprocessing
becomes tedious to enter and the postprocessing difficult to interpret. Rome Air
Development Command is addressing this problem; meanwhile, GEMACS i3 available in
FORTRAN for parties willing to use the code in its present form or to modif'y it.

The purposcs of the rest of Section 4 are:
1. to present examples of off-axis analysis and verification of two diffcrent
antennas by the numcrical codes previousty employed [or on-nxis analyses tn

Seciion 3, and

2. to outline the procedures by which the off-axis analyses were obtainced from
these relatively inexpensive, readily available, user-oriented codes.

28 Rudduck, R.C. and Y.C. Chang, Numerical Electromagnetic Code NEC-REF
f¥ersion 2} Part I: iser's Manual, The ©Ohio State 1. ElectroScience
Laboratory, Dept. of Electrical Engineering, Columbus, OH 43212, December
1582,

¥ Siarkiewicz, K.R., GEMACS - An Executive Summary, Applicd Computational
Electromagnetics Society (ACES) Newsletter, vol. 2, no. &, pp. 124-136, May
987,
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MININEC ANALYSIS OF A BROADSIDE DIPOLE ARRAY
Iitroductien

This example of 2 near-fTicld wire antenna analysis {catures the MININEC {Version
3} code on a IBM PC-AT desk camputer. This is an off-azis power analysis of the
B-glement brozdside dipole array similzr to the array in Figure 3-7, also in the
horizontal x-y plane {imsct, Figure 4-2), A wavelength of 1.0 i {300 Mz} was chosen
for simplicity and ease in entering the antenna gcometry and interpreting the ontput
data, E-field intensity as a function of y was plotted for six near-field distances
along the x-axis broadside to the array (Figure 4-2). Ali intensiiies were normalized to
the highest value of the closest distange Le. {x,y) = (8.2, L.5). The curves then are
applicable at all radie [lrequencies beczuse spatial messorement is in units of
wavelength a5 well a3 in meters,
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Anzlysis of Resolis

The curves show how intensity lessens amd becomes more uniform acrosy the Mace
of the array when movisg 0.2 to 2.5 A in the x-dircction away (rom the array’s
centerpoint. Data for a computer model of an dentical array at x = G2ZA {5ee
Reference 5, Figure 6a) is plotted for comparispon. Adams” code is similar fo MININEC
in mtilizing the method-of-moment thin-wire approximation and pulse type cxpansion
fumction {Relerence 5, p. 262} The agreement is good cven for the location of the
maximum intensity at y = 1.5 m. Intensities at distances greater than 2.5 {not shown)
also compare in magaitude and shape.

Procedures for Implementing a MININEC modet of a Broadside Dipole Arvay

The compleic MININEC input data are listed on Table 4-1.  Starting with
frequency, the MININEC upser is prompted to deline the anterna’s environment,
geomeiry, and cxcitation. Each of the eight antcona clements i3 a  hallwave six-
sgcgment thin wire. Elements are spaced halfwave zparf in freespace and fed in-phase
For broadside radiation, MININEC then takes two minutes to calculate and fill the
wirg-gegment current matrix. Nexf, the far-field or near-field eutput is specified, and
the power input may be changed i desired. Finally, calcuiations scroll on to the CRT
sereen as they are cempleted for ¢ach specificd point in space.  As options, input and
output data can be stored in disk data files.

First-time wsers will find that basic MININEC code can be readily applied to thin-
wire antennas (maximum 50 scgpments) in a simple environment. The latest vorsion {307
has versatile imput aznd outpus options too numercus boe fist here (see Relerenoe &),
Also, there are specizl-purpose MININEC codes with features such as imercased
gegmentation for certain antenna conligurations.

Familiarization with MININEC {Version 3) staris with a mnemonie example in
the uger’s guide (Relerence 6, pp. 66-78), More help can be-found in Referemee 9, and
the Annuzl Reviews of Prosress and the Journgi/Newsletier ol the Applied
Computational Electromagnetics Snciety (ACES} starting with 1984,

NEC.BSC ANALYSES OF A 90° CORNER REFLECTOR

Introduction

This exampie of a near-field off-axis aperture zntenna analysis features the MEC-
-BSC cade on a MicreVAX-II computer. The antenng is the 94° corner refllectpr in
Figure 3-11 with the critical corner-to-dipole distance s changed from 050t L18).

As stated earlier, NEC-BSC iz based on the Geomeirical Theory of Diffracticon
{Rofercnee 12, pp. 238-242) and is not closely related NEC, the wire code, The corner
reflector dimensions of Example 5 in Reference 7, Fart 1, are uwsed becguse
crperimental measurements are available for verification of our example,
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TABLE 4-I

INPUT DATA FOR MININEC MODEL OF AM B-FI.EMEMT DIPOLE ARRAY

OUTFUT TO CONSOLE, PRINTER, OR DISK {C/P/DY? C
FREQUENCY {MHZ)? 300

ENVIRONMENT (3! FOR FREE SPACE, -1 FOR GROUND FLANE)? +1
NO. OF WIRES? 8

WIRE NO. 1
NG. OF SEGMENTS: 6
END ONE COORDINATES (X,Y,2)? .25.0..25
END TWO COORDBINATES (X,Y,Z)? 25,0,-25
RADIUS? .005
WIRE NO. 2
NO. OF SEGMENTS: 6
END ONE COORDINATES (X,Y.Z)? -.25,0,25
END TWO COORDINATES {X,Y,Z)? -250-25
RADIUS? .005
WIRE NO, 3
NOQ, OF SEGMENTS: 6
END ONE COORDMNATES {X,Y.Z)? .75,0,25
END TWO COORDINATES (X,¥V,7)? 75,0,-25
RADIUS? .005
WIRE NQ. 4
NG. OF SEGMENTS: 6
END ONE CQORDINATIS (X, Y.Z)? -75,0,25
END TWO COORDINATES (X,¥,7)? ~750,-25
RADIUS? .005
WIRE NG. 5
NC. OF SEGMENTS: 6
END ONE COORDINATES (X, Y,Z)? 1.25,0,25
END TWO COORDINATES {X,Y.2)? 1.250,25
RADIUS? .00S
WIRE NQ. 6
NO. OF SEGMENTS: 6
END ONE COORDINATES (X,Y.Z)? -1.25,0..25
END TWO COORDINATES {X,Y,Z}? -1.25,0,25
RADIUS? .005
WIRE NO. 7
NG, OF SEGMENTS: 6 _
END ONE COORDINATES (3,Y,Z)? 1.75.0,25
END TWO COORDINATES {X,Y,Z)? 1.75,0..25
RADIUS? .005
WIRE NO. &
NO, OF SEGMENTS: 6
END ONE COORDINATES (X, Y.Z)? -L750.253
END TWO COORDINATES (3,Y,2)? -1.75,0,25
RADIUS? .0035

4-7



TABLE 4-1 CONTINUED

NO, OF SOURCEST 8

SOURCE NO. E
PULSE NO., VOLTAGE MAGNITUDE, PHASE (DEGREES)? 3,10

SGURCE NO. 2 _
TULSE NG, YOLTAGE MAGNITUDE, PHASE (DEGREES)? 8,1,0

SOURCE NO. 3
PULSE NO., VOLTAGE MAGNITUDE, PEASE (DEGREES)? 13,10

SOURCE NO. 4
PULSE NO., VOLTAGE MAGNITUDRE, PHASE (DEGREES)? 18,10

SOURCE NO. 5
PULSE NO.,, VOLTAGE MAGNITUDE, PIIASE (DEGREES)? 23,LU

SOURCE MO, &
PULSE NQ., VOLTAGE MAGNITUDE, PHASE {(PEGREES)? 28,10

SOURCE NO, T:
PULSE NO., VOLTAGE MAGNITUDE, PHASE (DEGREES)? 33,10

SOURCE MO, &
PULSE NO., VOLTAGE MAGNITUDE, PHASE (DEGREES)? 33,10

NUMBEE OF LOADS? O

e o e e e el e HORON Mol O MIMNINED MENTT Wk EEkE R R R R R R EX R EF R

G - CHANGE GEQOMETRY C - COMPUTE/DISPLAY CURRENTS
E - CHANGE ENVIRONMENT P - COMPUTE FAR-FIELD PATTERNS
X - CHANGE EXCITATION N - COMPUTE NEAR-FIELDS

L - CHANGE LOADS/NETS . Q-QUIT

F - CHANGE FREQUENCY

S I N ol e R R R IR kb R R ko A b

COMMAND? N

Jeab e e e s oo e e oo e A aBn e b X6 A O NEAR FIELDS Sesir e e o Aok ok ek ok e R e g e e el iUk

ELECTRIC OR MAGNETIC NEAR EIELDS {"E;‘H} 7 E

FIEL 1} LOCATIDNS{S}:
H-COORDIMNATE {M}: INITIAL, INCREMENT, MUMBER 702 11
Y-COORDINATE {M) INTTIAL, INCREMENT, NUMBER 7 LS
Z-DO0ORDINATE {M}:f INITIAL, INCREMENT, NUMBER T 0,01

CHAMNGE POWER LEVEL{Y/N)7 Y

NEW POWER LEVEL (WATTS) T IOE3
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The reftector of this type of anlenna may be wire grids or metal sheots
pecessitating 1 choice between GTD or thin-wire codes. For the rellecinr dimensions
of this example, the 300-scgment limitation of NEC would be casily cxcecded because
the spacing between wires should be less thap 0.1 according to Relerence 19, p.
2021, GTD is the logical choice; however, i several radiators are prescribed {which s
not the case hered computation time becomes important (sce Roefoerence 27, p. 4

Analysis ef Results

E-field intcnsity as o function of azimuth $ angle was plotted for four distences
measured from the apex of the reflector {inget, Figure 4-3), Because the corner
relflector has bilatersl symmetry, only half (45% of the included angile of 90° was
plotted. All intensities were noarmsalized to the highest value of the aearest chosen
distance of 2 1. As with thc on-axis analysis of the cormer reflector, the off-azxis
curves apply at any frequency and power input for the antenna dimensions shown,

The normalized curves are useful in revealing how the near-Tield of a comer
reficctor changes when the s-parameter (dipole-to-apex distance) is moved from
0.5 % of the on-uxis analysis {insct, Fipurc 3-103% to 1.ISA . This ~alters the single
far-field mainfobe to & bifurcated lobe (see Referance 19, p. 17-4). Except for the
shortest distance of 2 X, the sear-ficld intcnsity also c¢xhibits double-lobing, albeit a
shallow one,

The NEC-BSC model and its output can be verified from z plot in Relerence 7,
Part I, pp. 7-2% and 7-30, at the distance of 124 4. Their measured data for 1247
are plotted as a dotted line in Fipure 4-3. Agreoment is sood with computed values
for alt azimuth angles. MNote that the measurements also tend toward 2 shallow doublo
lohe.

Procedures for Implementing a NEC-BSC moedel of a Corner Reflector

The complete NEC-BSC input data are {isted in Table 4-2. TFallowing the comment
lines CM and CE, frequency IFR and units of geomeiry UM and US are entered, The
nekt inputs are the dipole geometry and excitation SG, and the reflector plate
geomefry PG. Then the near-zone coordinates are specified PN followed by the
execute ¢code XQ and end-program EMN lines.

The preceding example was chosen to be ncarly identical to EXAMPLE 5 [ibid] for
instructionzl purposes. This makes the input and output datz for the altered and
unafiered exampies ea3y {0 compare.

A First-time user will welcorme NEC-BSC's exceptionally complete primted
documentation. The wser’s mnnuszl provides several diverse tutorial examples with
girectly executable input lines. Al examples have graphical comparisons of computer
gutput and measurement data.
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Normalized E~Field Intensity - dB

LARGE APETTHRE ANTIHMA
5 » distance from dipolae t0 correr
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along matnlohe axis

from Marhefka 1382

I 1

-25 f 1 1 | i i
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Azimuth Deviation from Mainlobe Axis - degrees

Figure 4-3, Off-axis ncar E-field intensity vs azimuthal angle
for several distances from the radiator.
80° large-aperture corner reflector, freespace.
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TARLE 4-2

INPULT DATA FOR NEC-BSC MODEL OF A 90-DEG CORNER REFLECTOR

CM: 90-DTG CORNER REFLECTOR
Ch: NEAR ZONE, H-PLANE FIELD INTENMSITY
CE: s = 1.i& LAMBDA, DIST. = 592 iN,

FR: FREQUENCY IN MBEX
1985

N, UNIT OF CEOMETRY - INCHES
3

US: UNIT OF SOURCE - INCHES
3

S8 SOURCE: LOCATION, TYPE, EXCITATION
3.5.0..0.

¢.,0.,90,,0.

-Z,1.5,8.

PRI

PG: PLATE GECMETRY - OME S{UUKFACE
4.0

0.8.,-6.5

0.,0.,0.5

336,-3.38,6.5

3.36,-336,-6.5

P(: PLATE GEOCMETRY - ONE SURFACE
4.8

0.,0.,6.5

{.,0.,-6.5

3.36,3.36.-6.5

3.36,3.36,6.5

PN: NEAR ZONE SPECIFICATIONS
0..0..0.

0.,5.,90.,0.

F

592900

0.0, L

46

X3 EXECUTE CODE

EM: END PROGEAM
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