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ABSTRACT

Tnis report disgassea simplifiec procedures for caleulating near and far
field intensities of several types of aperfure and wire antennas, The antenna
technical characteristics listed in the Government Master File {GMF) were
reviewed. For this analysis, fwo categories {i.e., linear and aperture) were
fommd o bhe safficiently repbeaentative of the' majority of antenna types=
listed in the GMF. Existing analytical antenna models develdped Tor a nesar
figld anziysis of the antennas were identifie#., Some of these models were
used te develop & simplified model for estimating near field radiation from
Government radicocommunications syastems. These models are conservative ang are
expected o yield higher field intenaity o power density wvalues than would be
expected in actual praciice. Measurements msy be reguired to determine more

exact values for these parameters,

KFY WORES

intennas
Computer Models
Lingar and Aperiure Antennas
Models for Near Field Analysis
ligar Field Analysi= of Antennas

Redic Freguency Radiation Hazard Assessment
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SECTION 1

INTRODUCTION

SACKGROUND

The Ha;ional Telecommunications and Informations Administration {NTIA} is
reaponalble for managing the Federal Government's use of the radic spegctrum,
Part of NTIA%s responsibility is to ealablish policies cgongerning spectrum
asaignment, allogation and uge, and provide the variocus Departments and
dgencies with guidance to ehnsure that their conduct of telecommunications
gotivities i1s consistent with theze policies [NTIA, 19861,

Federal agensies operating radiocommukications systems and NTIA, which
authorizes the Federal Government's use of the RF spsctrum, need aimpie and
edsy-tg-use analytical procedures for asacssing. whether these operabiona
conform to RF radiabioen protsction criteria, - Bimilarly, procedures for
meamuring power density levels 1in the vicinity of govermment transmitters may
be required for confirmation to asaess the compliance of systems Gthat naye
been installed. In sddition, measurement procedures ars neceszary for
armessing  potential  exposures  from  antennas; however, the caleoulation

procedures discussed here cannot be applied.

L very carefyul calculation/predicticn of power depsities in the pnear
fleid of any tranamitting antenna myst ase a oomplex  model,  uasually
lmplemented on a computer, developed specifilcally for that antenmna. Such z
qustom designed model can only be used with detailed antenna parameiers that
are seldom available at the time when frequency asslgnment and apectrum
support decisions must be made. Furthermore, the detailed celocuialticme, even

when uaing = compaifsr, are guite coemplex and regquire technical Judgment.

The Spectrum Engineering and Analysis Bivislon {3EATY of NTIA hasz heen
requeated to develop conservative, easy to use estimators of power denzify in
both the near and Far fields of transmitting anternnas often used in govermment
svatema, Existing mathematical models are uaed o gevelop suitable
eatimators. The estimators will he coordinated with other reguiatory agencies

Naving responsibilities in this area (e.z., Environmental Protection Agency

11



{EP&} and Federal Communications Commissiocn (FCC)Y and with governmaent users
of the spectrum to Ffoaker a  common understanding of this approach ©o

determining conformance wikh any exposure oriteria,
OBEJECTEVES

The objectives of this affort were Lo

1. identify the appreopriafte avallable computer and other analytleal
© models for the near field calceulabions of antennas

2. determine the advantages.and limitations of the models in item 1
above :

3. evzluate the applicability of the models in providing simplified
" procedures useful to the near field analysis :

4, develop simple procedures for entimating the near and far field
intenaibies of antennas often w3ed in government telecommunicsbEions
syatems -

5. compile an annotated bibliography,

A PPROACH

To accomplisn the objectives discussed above, the following approach was

aned.

A literature search was made to identify useful and ahpropriate computer
and othar analytical models. The models were examined and used in the
selectlon and development of-simple arogedures for computation of the near

field intensities related %0 the radiation hazard analysia.

The need for simple procedures and the availability of the necessary
data, as well as the type of data presently recorded in the Sovernment Master
File (GMF} and similar data basea, were key factors ia the selection of tho
models discussed In this report.

A biulicgraphy was developed to provide additional information, such as

methods Lo asszist in caleulating fields of specifle antennas.



BECTION 2

CONCLUSIONS AND RECOMMENDATIONS

CENERAL

NTIA and othep gnvernmen£ agenciea involved in bhe management or use of
the radioc freguency spectrum need to azsezs potential BF radiatiom exposures
asmociated with government radiccommynications syshems, Technical
characteristies of the antennas used by theas systems, especially Fielﬁ
intenaities in the near fisld produced By them, are among the key factors in
garrying out this assessment. To thiﬂ- end, =simplified procedures for
estimating the near field of antennas were developed, Two general categorles
of anbennas were ldentified, aperture and Iinear, and procedarss for eanh
cafegory were prepared, These procedurss are presented as g baseline
approach. They are =imple to follow and fequire no data beyond those
submifted by agenciss for the system review process, These procedures provide
resuita useful in checking the compliance of a system with radiation hagzard
criteria; however, other methods and'procedures, based on sound engineering

practice for evaluating compliance can be aed,

The procedures developed here are applicable to isolated gystems, The
casea of multipie emiiters and antenna arrays {excent collinear arrays) were
not addressed during this effort. However, the procedures are appiigablia to a2
large number of radiccommunications systems 2sed by the Eovernment.
idditional efforts are reguired te extend these procedurss or develop new

capabillitfies Lo treat the antenna types not included in thia analysis.

These gprocedures, with the exception of those for some of the linesar
antennas, are passd on existing models generally used by some sovernmenh
agencies, Limitations and advantages are desoribed. Theae proceduras are

subject to further reflinement.



SPECIFIC CONCLUSICNS

1. The analysis resualts indigate that for the purpose of estimating the
field intensity of antennas, it is feasible to group the majority of
the anfennas inciuded in the CMF into either a linear or an aperture
category a3 indicated In TABLE 3-3.

2. The simple procedure developed here for both aperture and linear
antennas may e used Lo assesa the ngar and/or far field lntenqluies
of antennas used in government radlccommdnlcationq Syatens,

3. Additional efforts are needed to extend the procedure to the antenna
© Eypes listed in TAELE 3-1, whieh are not discussed in this analysia.

4. The data on anktenna characteristies reguested on NTIA Form 35 and
provided by the federal agencies for system reviews were found to be
sufficient for the application of the procedures devaloped here.

5. These simplified procedures may be used for evaluating the compliance
of povernment radiccommuniications mystems with radiation hazard
eriteria,

£. The data in the GMF often does not inciude parameters peaded for the
analysis procedures discussed here, such as beamwidth and sidelobe
lavels.

RECOMMENDATIONS

The following are HTIA staff recommendations besed on the technical
findings contained in this  report. Any action to implement these
recomaendabions will ne accomplished under separate correspondonce. It is

recommended that the following be done by NYTA:

1. cooordinate the procedures described in this preport with the TRAC

agencies Lo develop badeline methoda for the caloulations of the near.
field

2. use the procedures given nere when assessing compliance of Government
ragicoommunications systems with radiation hazard oriteria



continue improving the procedures for more accuracy and validate them
through laboratory and/or fleld moasurements

extend the analysis procedures Lo inclade the antennas nobt breated in
this report.



SECTICH 3

DHT# BASE

" GENERAL

For estimating field inﬁensities using the procedures discussed here, the
information in Form NTIA 33 and 35 is adeguate. More accurate assessﬁent of
the rfield intensities reguires much more debailed information, such as antenna
dimensions, nelight above terrain, beam shaping, objects in the near Field,
thab is difficult to obtain, These procedures can be used with data anarmally
provided with sfstem review reqguests and do not require the develapment of a
data base for near field analyais. The data available bto NTIA in cxisting
data bases which could be used for near field analysis were important in
determining useful and simplified procedures for near field caloulations by
the WNTIA.

The OMF was used to categorize antepnas  used in  Goverlment
radicgommunication systems and to ldentify the information which was available
to ecalculate fleld intenaities. The antenna characteristies in the CMF and
Form NTIA 3% are described below. Categorizatlon of antenpes as linear and
apertfure besed on a GMF selection is also deseribed,

The Government Master Flle {(GMF} is maintained according Lo the frequency
assignment principles ocutiined in the NTIA Manuai. The OMF 13 a data file of

frequenay assipgnments authorized Lo Government agencies.

Compliance with the procedurss for  the aystem réview of a
radlocommunications system requires the submitting agencles to Fiie three
Forms (MTEIA-33, NTIA-3%, and NTIA-35) which contain information on equipment
characteristics. Form HIIA~3%, "Apnkenna Sguipmenti Characteristios" contains
technieal and operatiomal datz on the system antenna{s), The feliowing
inforgation reguired to uae the procedures in this report iz included ir Form
NTIA 33 and 35:

3-1
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Syztem Neomenclature

Frequency Range

« Transmitfter Fower Qutput

« Antanna Typs

Gain: {a) Main Beam {B) Sidelohe

. Beamwidth: .Ea} Horizontal (b Yertical
Folarization

[ R RS L B = VY k]

. agan Characteristics

All the data except Ffor 5{b) and 6 can be generally found in the CMF, Ir
gractice, scmetimes informztlicen lfor some of the items listed above for a given
system may be fisslng in the GMF, because the data is olassified or because
_Bection %.8.2 of the WTIE WManual makes submissicon of  sgme  antenna

characteriatic data optional for gertaln frequency uses,

ANTENMA TYPES

There was a total of approximately 216,000 assipnments in the GMF, at the
time of thia analysis, representing a largs number of telecomnunication
systems owned by the Federal Governmment. The aumber of assignments does nob
matoh the namber of transmitters., There are often several staztions for sach
azsignment. The CMF was used to identify the variety of antennas used by the

Government based on over 100,000 assignment records,

Uzing a computerized selechion process, a list was made of transmitiing
artennas having uwniguse names in the OMF togsther with the nutber of
ooeurrendes of 2ach name. Mot including the transmitting antennas {names}
oogurelng less than ten times U6 distinet types were FPound ta ba used in
100,782 asalgnments in the GMF, This represents 75% of the assignmeﬁtg Ehat
have an antenna name recorded in the OMF. These agntennas are lisBsd in TABLE
3-1.
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TABLE 3-1

CATEGUNIZATION OF ANTENNAS USED BY s

MAJORETY OF THE COVERMMENT TELESGMMIKITATION
RYSTEMS fapril,

TYFE

ARRAY
BICONICAL

BLABE

SROADIAND
CARDIOIC
CASSEGRATNY
COAXIAL
COLLINEAR*
COLLINEAR AHARAT
CONICAL

CORNER HEFLECTCR
DIPGLE

DIPOLE ARRAY
OISCONE

VS e

FOLDED CORYTAL
FOLDED DESOLE
GROUND-PLAIE
ARLITY

HORN*

LENS

LOG PEALORICH
LOOF

MICROSTRIP
HOHOFOLEF
CMWI-DIRECTIONAL

ARAABCLIC CYLINDER*
FARAAULIC REFLECTOHE

FARABOLCTS
PHASED ARRAY-
PTLLAOK

FLANAR ARRAY
QUARTER-WAYS
AzOMaiC

SL0T ]
SLOTTED ARRALY
SPIRAL

STACKED ARRAY
STACKED BDIPQLE
STUB

SHASTIKA
TRAYELING-KAVE
VERTICAL GIPOLE
YERTICAL RADIATOR
WHIP®

YAGIR

CATEGORY

1386}

LIKEARS AFPERTIRE

LEINEAR
LIKEAR
LINEAR
LIKEAR
AFPERTIRE
LINEAR
LINEAR
LENEAR
LiNEAR
APEHTURE
LENEAR

LEWEARSAPERTURE

LINEAR -
AFERTURS
LIKTAR
LIplkak
LINZAR
LIMEAR
ATERTURE
AFERTUAE
LINEAR
LINEAR
LINEAR
LINENR
LINREAR
APERTURE
APERTUHE
APERTURE
APERTURE
AFEATURE
APEETOAE
LINEAR
LINEAR
LINEAR

LTHELR/ AEEHTLRE

LINEAR
LIREAR
LTHENLR
LINEAR
T INZAR
LINEAH
LINEAR
LINEAR
LINEAR
LIKEAR

couNT

2Lz
114
18213
e
218
EL
19ik
24320
51
1
26
SINY
a4
2685
35
193
b
ERYES
38
fdz
1%
LA
o

o
1314
FET]
33
KA
L7305
enz
243
- 303
ok
257
FiH
T

GLh
2034
a2t
1149
1
1707
135
Y
flz2

¥ Indicakes the annenna types conzicersd in Eha anelysls,

3-3

PERCENT

.2l
.12
t.813
LG2%
21E
LA
| 374
25,133
.auE
L1655
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4
"

S Laa
e
ab

L
La
Led
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Far this analysis, it is convenient teo group the antennas into two broad
cebtegorliea: linear and aperture. Each antenna in the GMF is categorized as
lipnear or aperture. The cabepory entiiled "linear/aperturs! in TABLE 3-1 may

be considered as linear or aperture far the purpose of analysis,

In the linear category, the emphasis in this repori was on wire antennas
gperating at f{reguencies from 10 MHz %o 1.2 OGH=z, Those wWwith asterisis in
TABLE 3-1 were cccurred most freguently and are thoae to which the progedures
apply.

Aperfure antennas constitute the other large category of antenna names
renorded in the GMF. Aperture antennas generally have high gain {greater than
18 dBi} and are ofter used at Ffrequencles above 1.2 CHz, £ variety of

apefture antennas are empioyed in Government radiooompunicziion systems.

fperture antennas are wsed by both radar and compunication systems,
These ayatems may be both mobile and fixed. Aperture antennas are also tSed
by the earth stations for transmission of signels to satallites, The
peometries of apertwre antendas can be either cireular or reoctangular, TABLE
3-1 lists apertwre antennas represented in the GMF:; the asterisks refleck to

those which the procedures apply.

3-4



SECTION &

AMALYSTS

ANALYSTS PROCEDIRES

Betailed information on anteénnas often neesssary for an  acourate
treatment of thalr near flald is not generally avallable.  In addition, the‘
variety of antenna geometries used in the=se systems make 1L impractloal bo
custom design a model for the near fieid analysis of each asnienna
configuration. To achlieve a generzl pracedure, aceuracy had to be compromised
to some Extentf A procédure which yields conservative results withoul pizelng
undue restriciimns an $the use of systems was developed. Mareover, the
procedure had to be simple and amenable to hand calculations for- fast and

rrepeated use.

It was assumed that the data Tor this procedure are prilmarily limited to
those presently available in the GMF and that which the agenecies will continue
to provide for ayatem review progess. The present daka on the antennas for a
system furnished by an sgency for the purpose of system review amre limited fto

the following items:
t. Antenna name
. Transmitter powet

. Antenna mainbeam gain

2
3
4, First sideloba levels
5. 3-dbB peamwidthis}

&

- Frequency



In earrying out the praceduere Cor bhe near Tleld anaiysis of an antenna,
if the abawve data are found be be insuffieient, ihe engineer should request
additional dafa. However, generally the data on fThe five items liscted above
are suffigient to use the grocedure discussed here, for ssbimating ths near

Field of. antennas.

Aporoximately 200,000 OMF records extending to 3006 GHz were examined and
two broad categories, i.e., linsar and aperture, were found to be adeguate for
a simple categorization of the antennas. The resulia of this catesorization
are ahown in TABLE 3-1 and discussed in Section 3. The repelitious uase of an
antennza name in & large number of assignments was considered indicative of the

wide spread use of that antenna.

Tarec representative antemna types; a resonant dipole in the linear
antenna catbegory, a paraboloidal circular dish reflector and a rectangular
reflector in the aperbure antenna category were selectad to be Lhe basic
building ®locks for Lhe analysis of antenna nesr Cleld assessment. The
results oktalned for these three representative antenna Lypes may be extended
to caloulabe Ihe fleid intensities for a largs number of anbtsnnas, using
appropriate correction factora, For example, the fieid intensity of a Yagl or
log pericdic can be esbimated by simply multiplying the field of one dipoles by
a correction factor, This method of extensicon is discussed further later in

this repork.

From a radiation hazard pelni-of-view transmiiters with highér poWer Can
produce high levels of field Intensities over a large arez, Accérding ta the
CMF, %he majority of high powst transmlifers use aperture antennas. The
procedure deseribed here for the aperture antennas iz an extension of & method
published extensively and used by a number of agencisgs For eatisating the near

field inkensities of such antennas,

COMPUTER MODELS

There are a numbsr of computer models whicoh may e usaed for caloulating

near field intensity and far {lzld patterns of antennas. These models Were



originally developed for antenna design and EMC analysis, SJome of these
models often used by bofh Federal agencies and non—goveriment organizations
are {umerical Elecbromagnetic Code {NEC) developed by the Lawrence Livermore
Laboratories under a aoptract wibh the 1,8, Havy, the General Elesiromagnetic
Code {GMAC} developed by the U.3, Alr Forge, and the Humérical Eleatromagnetic
Code-Refliector Antenna Code (MEC-REF} developed by the Ohie State Iniveraity
mder g contract with the F.5. Mavy and the U.5. Army. These models represent
state-of-the—ari teehnolﬁgy and  very carefully take into acocount the
electrical geometry of ény dasired antenna in the analysis. Therefore, these
models yield accurate results whenr they are used correctly. The pirics for
this accuracy and rigor, however, is the inerease in compiexity, the extensive
input data, and the training that users of the model mpst regsive 1n
advance. These reguirements have hindered the widespread application of these
models. The complexity and the extensive iaput data required has always
precluded the use of %hese models by NTIA in assessing the near field
Intensity of a large varlety of anbennas used in Govermment syatems. In
addition, a majority of the Govermment agencies that do not normally request
Ehat kind of data during procurement may not bo able to utilize these models
readily. in every radiation hazard analysis. Hence, the requirement for =z
simple and less demanding proeeﬁure applicabie to radiation hazard analysis is
evidant. These models are described as a survey of literature on anbenna
analysis in partial fulfillment of the objecbives of the task ecoverad by Shis
report., In addition, the NED model was used in developing a simpiz and more

practical computaiional procedures.

These simplified procedures, although lacking riger, are useful in
estimating the Tleld intemsity of & majoribty of the antennas presently used.
This first order conservative estimate, i deemed sufficient for Bhe NTIA in
alerting user agencies to the potential hezard of a system during the
development stagos of a system, Additional analysia say be carrised oot
independentily by =ach ageney at its disaretion to ensure compliance with the

radiation hazard criteria,

A discuszion. of the complex ¢omputer Rodels noted above inciuding thelr

advantages and limitaticns 1s ziven in thiz section. Some of Sthe Soveroment

4-3



aEencies may use these models in thele radlation hazard assessments., The
caloulatbion procedures explained here are based on the existing practices
common to bhe Government and non-Government organizations., ‘Tne procedure may
not be direoitly applicable to some of the antennes nob widely used In which
case nare should be exercised in extepdine the proecedures to oover the
analysis of such antennas. In rare gases where the procedurss fail to give
agatizfagtory resuita, measuwrement may be recammenqed. The procédure f'or near
field measurement is extensive and is aoct diacussed in this raport. A mors
extensive ef fort to develop a praotical measurement procedure Wiill be required
at a later date, However, the application of any measwremeni procedure is
castly and time consuming. Henece, it iy advisable £0 regort to measurement

only when it is necsegsary.

Numerical Electromapnetic Code — Heflector fntenns

The Humeriecal Eleotromapgnetic Code ~- Reflector Antenna Code (KEC-REF)
has the capability feor calevlating both near and far  filelds  of
refiector antennas with paraboleoidal surfacea, The algorithm of the code 1s
. based on a combination of Seomstrical Theory of Diffraction (GTD} and Apertyre
Inteprakion (AL} technigues, These technigues have been widely published and
the papers by Rudduck {Rudduck, 197%) and Burnside {(Burnside, 1380} are among
the many references. AI, alsc known as the aperturc field method, is used in
thla algorithm to calculate the main heam and near sidelobe pattern of an
antenna whereas the field for larger angles from the axis and the back side of
the aphbenna is calculated using the GTD techniaque, For ealeulating the field
intensities in the regiona very ¢lose Lo an antenna the algcrithm makes use of
tie 4TD teohnique, PBoth the GTD and AL techalgues as sasd 1n the NEC-REF code
fiave a basic limitabion on the minlmum—size reflegior that can be modslad, By
gomparison with the sxact solution for the case of a cireulsr disk, the code
has besn shown Lo be reasonably acourate far reflector diametsrs as small as
three wavelengbhs (Lee, 19807, Practical apertures znbesnas with parabeolie

surfanes are gensrally larger than three wavelengihs,

Hence the technlgues are useful for determining the fleld intensities of
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the majority of &the parabolic reflector antennas uwsed by the Government
ggencics and their systems. llowever, bhe gode is complex and does not provide
a general scheme for calculating Lhe near [leld inkersiiies of any aperturs
antennas. The practical limltations of the NEC-HEF code can e summarized as

follows:

1. The reflector surface must be parabololbdal.,

2, The feed must be located near the focus, The effect of defasusing is
ineluded by calgulating the phase change caused by path length
perturbation.

3. The grid zize uased for aperture integration must be  chosen
sufficiently smalil fo give a good reprosenkation of the aperture
fleld distribution,

4, “hrray variables associated with the rim data, the principal grld, ths
feed pattern and the output patiern must be given suffiglent
dimension= for the required input data. Similar restrictions apoly
to the cimensions of struts and plates.

&. The feed assembly plate must be logated imaide the projected
aperture. The variation of the ingident fleld (aperture field) over
the crosa agehbion of the feed hlockage plazbte should be small boecause
the feed nlockage model assumss 2 uniform plane wave with field ievel
that mabtches the on axis aperture ficld.

. The strubt diameters should be wno more than 10 wavelengths, The
saouiroe of struf scattering is the geometrical opbioes flelds from the
reflector surface, (Other strut scabitering mechanisms, such as direet
feed scattering from the struet, are not modeied,

7. The GTD acurce model must be used fo caloulate the effects of near
field obstacles on the nsar Fleld patterns of reflector antennas,
The effests of near fleld obstacles are negleched in the AT region of
the reflector antenna near fteld. Jonseguently, an cbstacle camnnct
protrude inte the projected aperture Cor near field caloulations.

B. Refiector to linear ooupling with near field obafazgles can be

calculated witin the OfD source model, but not with the ¥YSUM sourae
model. Y3 was developed using an aperture integraiion algorithe,

Mumerical Eiectromagnetic Code (NEC)

The NEC 1s & user—oriented node designed far the ansiysis of radiating or



soabttering wires and surfaces. The NEC algorithm is based on the methed of
moments [Harrington 1967, and 19681, Moment metbhods nave been used to treal a
Wwide wvariety of radiation and scattering problems and have alsoc been applied
to a number of problems In electromagnetic compatibiiity. in.the aoment
method, the computablon of nsar fislds proceeds directly from a gensral
formulation applicanle to any geomeiry. However, specifie solution for any
atbenna i3 accomplished by a fairly detalled knowledge of the antenna physieal
geometry. HNEC damputations for any antenna are generally carrled ount in fwo
skepa, First, the proegram énmputes the current distribution on the radiating
aurfaces of the antemnna,. This distributicen always satisflies the necessary
baundary conditions and henge it Is & valid and realizable solution to the
Maxwell®sa equation. Then the radiation in the Ffar fleid and near field
tezions of the antenna is treated by the program wsing the classieal
approach. The caleulation of the current distribution sumebimes referrod to
as "gistribution" on the antenna is essential to the compulatlon of the near
field iptensities of antannas. In the absence of such galoulation, solutiaon
to any radiating antenna can be cbtained by assuming a reallizable distributioq

for the antennas.

The WEC program is used to model a varlety of structuvres, perfect or
imperfect conducktors, placed aver a ground plane that may either be perfect ar
lossy. The exclbtation can be a volbags or eurrént source. A plane-wave with
iinear or eliiptical polarization may also be modeled by the HEC program. The
user's manuil prepared by Burke (Burke and Poggio, 1281) glves a detailed
description of the code and has easy—to-follow instrustions for preparing the

input data reguired.

NEC-2, the most recent version of KED, ia the latest In a long line of
modifications that nave been made to the program in the last decade. There
are a number of options avallable 1o the applicaticon of the HNEC for the
analyaia of wire antennas. There are also some limitations that ilmpede 2
Figorous soiution o these problems. Some of the advantages, as well as the
disadvantages, of the HNEC-2 as applied to the anaiysis of linear anternas
should be noted in order %o idenfify the role of the madel in radiatlion hazard

analysis.



& major disadvantage of the NEC-2 (or simpiy MEC) i3 the Lnability to
take into account the effects of the terrain under, or in the vieinity of, the
antenna. The sround under the antenna, as far as NEC is concerned, Is always
flat, & flat ground plans 13 appiicable to locations whore roughness of fhe
ground (hills and vallews)} represeats no aserious agattering problems and nas
no shadow regions. The nearby Lerrain often produces ancmeollies Lial make 1T
dgiffienlt to achieve a good agreement between the calculated or feasured
data. |

Another limitatlon of the WEC program, whichk is common in any type of
numerfcal analysis, is that the antenna alze related to tne matrix order in.
Ehe solution is limited by the size of the memory available in the computer,
This limitation determines the -extent to wnich the detailed structure of an
antenna oan be modeied. Sines gach antenna iz modelad by 2 gollection of wWire
segments, the larger the antenna, the more scgmenks are.required. Note that
each =egment is represented by an element of the impedance matrix ian Lhe
equation {V] = [Z3 x {I} where ¥g, an element of [¥], reorozents peneralized

yoltage and Z 21 element of [Z}, is generalized impedance. The column

iis
matrixz [I] Fﬁpggsenta the current distributicn op the antenna, The elements
of [IZ1 are complex and reqguire two locatlons in the memory storage of Ehe
computer. For example, If a wire antenna is represested bty 100 segments, the
impedance matrix is of the ordsr 100, aad 20,000 memory logationa are reguired
in order Lo store the matrix. The larger the matrix, the more Central
Processing Unik (CPUY time (s needed Lo carry out the computakblicon, Mote that
the bwo major limitations discussed above for the analysis of linear antennas
are solely for the application of KEC in the apalysis of Gthese antennas and
should not be considered as general limitations to the matrix methods or aven

the NEC program. There is a large number of elecitonagnetic problems that may

be salved rigorously using the NEC program.

The advanbage of the HED in treating the ﬁear or far field of a linsar
antenna is its flexibility in ftaking into account the geometry of the other
. antenna, or antenna-like struetures, in the neighborhoad of the antenna being
analyzed. Hence, one can readily model any tends or corlentation of a wire

artenna as well as its support structures,. In addition, the NEC program takes
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into aecount the effects of the imperfect pround under ftne anbenna. The
length of the segment dizoussed above is a Turnction of wavelength. Usually; a
segment, @an be as long as 0.1 wavelengihs, Therefore, the longer the
wavelength, the larger the antenna =ize thel can be analyzed using the HEC
program, At Ilow freguencies, fthe HNEC program can handle large 3ize

antennaa. This is advantageous and alliows reascaable computation time,

The MEC model presently impiemented on the NTIA computer has a graphics
capability. The graphices part of the program may be used in demand mode to
obtalin a plot of the antenna peometry modelsed by the data ecard and this
eapability helps to verify that the data cards describe ths intended
geomatry, The graphics capability may alsc be used to ploet Lhe galoulated
results praduced by the program, The asar field capabiliby of -the model can
determine elesiric and magnetic field intensitiez for any given geomebry at
any Ilocation above the grownd In Cront of the anteana. Tno contour plob
capability of the model, which is pfesentlyﬂavailable anly on the NTIA versicon
of the WEC, can produce contours of the near field for many applicaticns. such

as pradiation hazard analyses,

The MNEC haz béén validated by the NTIA [Farrar, 1985] and a number af
other agenoies, The wvalldation resulits indicabe that for the majority of
analysis the HNEC model may ©Se used Lo obitaln resulfs with accepiable

enginserlng acowracy.

Despite the advéntages, practical consideration assopiated wikh the data
hases available to the WNTIA and toe some of the égencies, prevent the use of
the NEC for day-to-day radiation hazard assessment of Covernment sSystems.
However, the NEC model may be used bo develop a aimple progedwe for
calculating the near fleld inbensities of linear anteanas. In this approach,
there is a Lrade—off between gimplicity and accuracy. Generally, the simpler
the procedure, the more applicable it wili be to a large variety of antennas
included in the gategory of linear antennas, and the lesas acocurate the resulis
may oe. This is more evident when the prooedurs is extended beyond ibs rangs

tirough the use of analogy and inference,

The NEC progres was ysed Lo validate the simpie procedure desoribed here

far caleulating near fields of some types of linear. antennas more aften used
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by Goverrmenl asystems. 4L more debailed descripbion of this appreach is given

later in Lthis report,

SIMPLIFIED MODELS FGR NEAR FIELD CALCULATIONS

This section ineludes a discussion of almple analytical proccdures
developed for calculating the field intensities for apertwe and some of the
llnear antennas, The procedures are pgeneral and may be applicd to & large
variety of antenna and essentially require no additicnal daba hbase or
information other than what is generally made available by the azgencies priore
te a ayatem review, Moreover, ifthe progedures are gquite aisple and eazy Lo
use, They require no spsgial traiﬁing and may pe used in assessing the fileld

intensity in the nesr field of antennas.

fperture Antennas

A literature éearph gondunted  during this effort indicated that
eszentially  the =ame metheds are now belng used by Ehe 1.5, Navy, Alr Force,
and the Army for calenlating the field intensities of aperfure antennas, &
disoussion of bfhe caleculasticn procedurs used by the ¥&VY, Air Force and the
Army is given in NAVSEA-OP-3565/WAYS4IR-15-1-529, T.0. 312-10-4, =and {Army}
FM1=-430-38, respectively. The method of calculation adopted by-these agencies
iz hased on the earlier analysia ﬁPOpGSEG by Hanrsen [Bickmore, H. W,., and
Hénsen, R. ©., 19591 Hansen's anaiysis was later extended by [Farrar, A. and
Adams, A, E980]. This analyals was baéed a5 seyeral theoratical apsriure
distribution functiona given by [Silver, 13451, The results of such analyses
arc applicable only to Ehe calenlabion of field intensities along the maln

axis of apertuwre antennas.

The procedure for Lthe near fisld ealculation of aperture antennas
disoussed here is a refined version of the technicgues using by the agencles
noted ahove a3 was explained in an earlier paper [Farrar, 19803. ' The
calculation propedure Por an aperfuere was developed using the idea of Pirat

-’
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caleulating the power denzsity at a distanoe aof EDEIL where [ is the largest
dimension of the aperture. The near field power density for the apsriure was
then ealeouiated by mulbiplylng the far field powsr density by a caorrectlon
fagtor. The éSorrection factor for each aperture is a function of the aperture
distrlibution, the ratin of D/L apnd the shape of the antenna as to whether It
is circular or rectaqgular. A discussion qf the development leading to the
correctioﬁ fadtors for both elrcular and restangular apertures will now be
given, In the analysis given here, the affeat of the feed, struts, and other

structural elements has not been taken into aceount.

Correetion Factora Cor Clreular Aperturses. Cirecular apertures may bHe

' designed using a wvariety of distribukbion funciion. A general distribution
function suggested by Silver [Silver, 194971 and used in the development of
fechaniques adopbed by the agencics nobed above is of the Torm

4]
flp} = (1-p%) 5 < < (4-1}

where p is a variable normalized to the aperture radius R. There are a number
of other diatritution functiona used Ia the literature [Skolaik, 19703, These
functions have been used fcf far FMield galeulations and generally do not yield
2losed Form sclutions for the near field calculations. The diatribution given
in Equation b4-1 was used here for aimplicity and to maintain conforaify with
the technigues adeopted by some of the CGovernment agencies. HRelative Lo aome
other distribution function, Equabkion Y1 yieids meore conservative raesults.
The exponent n 1a Equation {4-1) 1a generally ésaumed £ he an integer greater
than =zera,. In practics, n is a number greaber than zere and less than 5,
Sidelobse levels, especially the first, and She beamwidih of the antenﬁa vary
with the value of n, Hence, knowlng these oroperties of far Plald pattaern one
zan assess the véluq of n in Eguation {(3-1). In this way, the aperiure
funotion may be garefully determined, Tae relationanipa among the parameter
n, the sidelobe level, and the beamwidtfh will be diacuased later 1an this
section. .
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For n = 0, the distributicon iz unlform and the exprassion For om-axis

near field will be

) . 1 2
p{x} = | 1 - Exp (Ja) |
whers
& = U1 af{x YR D)3
ﬂl = 2R/
K = ZAHEDE = normalized ch-axis diatange

L

Using the aperfure distribubtion in Eguetion i4-1, the eypression for the

on-axias near field may be derived [Farrar, 19807 is

: o
P> = | 1 -2 0 50 {4-2)
2}
B n-1 jy
where I = ;GY' 2 dy -
B = owfiz thﬁxz + 1ID12}

By definifion, ihe correction factor Is the ratio of the power densilty in the
near fleld to the power denaity at = diztance of QDEKA aleng the antenna

axis, Mathematically the near field ccrrection Ffactor may be writfen as

Correction Factor=normalized on~axis power denslty=F{x}/P{ EDEKAJ (4-31



A computer program was prepared Eo evalveate the expression glyven in
Equation {(H8-3) for different wvalues of n ranging from © to 3. The results of
such galculations for some typieal values of DAL are shown In Figures (4-1} ta
(§=33,
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Hote that Tor a n < 1.5, the value of carrection factor (CF) in $the regions
¢ioze Lo the  antennz  cagillates rapidly with  x, For radiatien hazard
Assessment, Lthe maximum ocorrection factor is of intereat. To facilitate such
analysia, the data in Flpwres {d-ta} and {(%-2) were plotted in Figure {§-%a} and
the data in Figures [(4-1b) and {%-2) were plotted in Figure {&-4h). The daka in
Figures {&-Haz} and {(4-in) are gonservatlve and are Furnished for easy referance
only, '

It is noteworthy fhat the Federal Communicstions Commlasion (FOLY  has
aopepted a szimplifisd Formula for caleculating the near field intensitises of
apérburs antennas {03T Bulletin Ko. 65, 19853, This formula was derived using
the value for maximum correction factor of 26 shown in Figure 4-1, and it may be
used primarily to calculate the maximum fileld intensity For circular aperitures

having uwniform distribotion.

Relatlonships Between' n  and ¥Far Field Characteriatics. {Circular

ipertures) For circular apertures, the depandency of the sidelobe levels ang
heamwidbih of an antenna on the parameter n in Eguation {4-1) may be desermined
using the far field expression deveioped by Silver tSilvér, 19897, The far

Pield expression developed by Siiver ubilizing the distribution function given

in Equation (4-1} {s given vy :_— M

Zplul = ETEEIGI {E*pzjn J, fup)ptip £-03
where ) u = 7@ asin &8/}
4 = Wawvelength
B = biamefer of aperture
4, = Bessel Tunetloa of zero arder .

In Eguation (4-1) If n is an integer the integration with reapsct to p yiesids
Ehe olasad Fort solubion

£
gq{u) = wR- A 0+l (ad/r+t =53
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where the functions nn are available In tabular form. However, when n is nok
an integer the lotegration may be performed by expanding the Bessel functian

in an 1afinlte series and integrating Lhe series termhy-Lers,

The results may be written as

k (uKEj n

g (wr=vB® I (~1) (-0 gy (3-5)

k=0 [K‘}

£ compueber program was prepared to carry out the caliculations indicated by
Eguation {#-5}. The major characteristics of &She patterns calculated usipg
Equation {(4-%} are summarized in TABLE #-1,

TABLE 4-1

FAR-FIELD PATTERN GBARALTEHIETlﬂb PRODUCEDL BY A

DISTRIRUTION fT‘ DUEH A CEIRCULAR LPERTHRE

MPoaition Flest

Hzlf-Powear af Sidelohs dB

il Beamwi dth 13t Zero Balow Peak

(radian) - fradian) Intensiby
0.0 S1.02 A/D arasin(i .21 A/T) : 17.6
g.2 08 4D arasinlt.27 a 1t} 19,1
g.5 .15 A/D arcein(t.¥3 A/2) 23.3
.78 T.21 /B aresinf(1.53 A/D} 23.0
1.0 1.27 A/'D arcain{1.62 3/D} 2h L h
1.2 1.3% /D aresin{1.72 i/D} 26.0
.5 1.4 A/D arasin{l.85 A/D) 27.T
1.75 1.3 y/p arcsin{1.94 2/D} 25,1
2.0 1.86 A/D arcsin{z. 08 3/D) 30.6
2.2 1.53 LD arasln{2. 10 2/D) T31LF
2.5 1.59 &/D arcsin{z.23 /D) 33.3
2.75 .82 A/D areain(2,32 A/D7 4.4
3-0 1.66 »/D arcsini{z.42 3/ " 35,9



Clearly, one can determine the parameter n unigquely from the Information
given in TABLE 4-1 by knowing half-power beamwidth, positicn of first zero, or
the level of First atdelobe in 4B for a ¢ireular anfenna. Generally,
information on the antenna sidelobe level or half-power beamwidth for the
antenna may be obtained from NTIA Form 35, preparsd bLy the agency reguesting
spectrum support,

The appropriate correchtion factor for the antenna may now be obbalned
from the data in Figwe 41 Eo 4-3 after the parameﬁer 1 has been determined
in the manner desgribed above. This ecalenlation progedure is eclarifled

further later in this section Ehrough an example or sample caiculations,

Off-ixis Power Density For Circular Apcrfures:, The discusaion on

aireular aperbure so Tar was limited to the trsatment of on—axis noar fiald.
In practice, %these antennas are placed on towers and knowledge of off-axis
powar density may be essential in assesslng the compllance of the radiation

from stch an antenna on the swrface of the earth,

Data for the off-axis power densiky of the apertore antennas is rather

rare, howaver limited information on cireular aperturses with uniform

distributlion is availabie fITF, 1975]. Hansen has presented data for circular

apertures with uniform and Taylor distribution [Hansen, 1964]. The data in
the ITT Handbook was extended using the iaformation developed by Hansen. The
results of EBhis effort asre shown in Figures 4-%. HWote that the diatribution
of power in the regicns close o the antenna as shown in Figure 4-5 wvarles
with distance from the antenna. The distance on horizontal axis in Figure #-5
is in the unit of aperture area’2h and the veriical axis ahows the distance
From the antenna in the unit of antenna diameter, Each curve in Figure 45
shows the level of power depsity below thab caloulated for on-axis locations
af the antenna. The data in Figurs 35 pertains to uniferm distribuetion
only. Off-axis analysis for tapered distripution of gircular antennas was naot

included in the analysis given here.
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Corregiion Factors for Heectangular Apertures, Hectangular aperiures are

used in a large number of the Government telocommunisations systems. Square
apertures may be treated as a special case of the rectangular apertures,
Examples of resfangular aperturcs include horn antennas, some grid or solid

type reflector antennas, and passive reflectors,

N

The relationsiips useful in calculating the Field intensities in front of
a regtanguiar aperture with length and width of 2a and 2b, respechtively, wWere

derivad using the disteribution functicons

T(x , ¥y}~ cos’ - —a<x %a (45=7)
Where n = 0, 1, 2, 3, and
fx Ly ) - ax 7Y \m “b <y < b (4-8)
{x , ¥ } (cos 52 908 = i _ Ly 5
whare 01 = 1,2,
Note that for n = 0, the distribution is uniferm. The parameter n affects

directiy the disposition of the far field characterliztles. The dependency of
these aharacteriatiss on n may be used o defermine the valuae of n. The
determination of n is discussed in greater detail later in this gection. A
compariscn of Egquation (4-7) with {#-8} =shows that In Eguation {(#-T) the
distribufion function is cosinuscidal along the x axis and vnifeorm along the ¥y
axis whereas in Eguation {#-8), the diatribution is gosinusoidal along both

the % and y axis=,

For this analysis the deciding factor as Lo whether an aperture is
reatangular or elreular is based on the antenna rim shape, The shaps of any

antenna rim mRay be approximated by a square, 2 rectangla, or a girgle.



The aix distribution funetlona givet in Equation {%—7) and {48} were

used to derive the on-axis near-field relationships given in Table IU-2,

TABLE -2

RELATICHNSHIPE FOR CN-AXIS POWER DEN3ITY CALCULATICNS
FOR RECTANGULAR APERTURES

-AXLS POWER- APERTUHE

DENSITY EXPRESSION® : DESTRIBUTIONS

] = 1p12 UIniform

o0

Pat = EF1E2 o205 wX f2a

Pan = P+ PEaEE 008 wx foa

Pog = EP3 + 31:‘.||‘£ eos> #x /2a

Poog = |Pyoi® S— ’
oot T | !cf S05 X S22 eos Ty F2D

Prpp = 1P % Po, + Po + Po o |” 2 ex 2wy
cn? * i oa =k Saa oo owx SRz aas wy S2b

* Bymbols in this column are defined in Appendix AL

Using the reiztionships given in Teble 42, normalized powsr densities
For various distribution functions were caleulated. Tne resulis of such

calcutations are given in Figures - te 4-18,

The determination of the parameter n applicable ke & rectangular aperilire

iz garried ort in a manner similar Eo LDhabt gesoribed Ffor the olrcular

aperturses,



Relationships Bastween n and Far Field Characteristics. (Rectangular

Apertures) To facilitate the analysis of prectanguiar apertures, the
simpiified expressicons for the Fraunhofer region derived by Siiver will be

uged, 3o far as the pattern calculation is concérned, we nesd consider only

the factor
= b jlt sin 8 (£ wos ¢ + n sin ¢) d F.dn I
ERCIRS I N R P : (4-9)
-2 b
where
i, nl = distribution function
2a = length of aperiurs
pids = width of aperture
k = wave number

b—pz
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Subatituting Equations (%-T) and {4-8) imbo (4-9) and carrying out the
integration we obtaln the far field pattern for each distribution function.
This integration iz rather straightforward, The charasteristias for the far
fieid pattern produced by a rectangular aperiwre for different distribution
Funictions were thained. The results of such geleulations are summarized in

Takiea 4-3 and 4-L4, —

TABLE 4-3

FAR FIELD CHARACTERISTICS OF RECTANGULAR APERTURES WITE
- cush g' DISTRISUTION FUNCTIONS

gl Full Widih AL : Filrst Sidetohe 4B
Hatf Power {Radian) Below Peak Intensity
Horizontal Vertionsl Horizontal Vertical
FlLane Flane Piane flane
0 0.88 A 0.88 A 13,2 13,2
- 24 * oty
1 1.20 A 0,88 23 13,2
aa * 2b
2 1.45 & 0.88 A 32 i3.2
) 2a . b 13.2
i_ E_ hey T
3 1.66 53 0,88 5 HER
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TABLE h-4

FAR FIELD CHARACTERISTICS OF RECTAMGHULAR APERTURES WITH

) 1
cosht %g costt g% DISTRIBUTION TUNCTIONS
Furull Width 4% First Sidelobe JB
if} Half Power (Radian? Below Peak Intensity
Horizocntal Yertical - Horizonkal ‘Vertical
Plane PIane Flane Plane
. kY A :
1 LI —_— 2 e
1.20 53 1.20 55 3 3
A b1
i ng A o
2 1.4% 55 1.85 b 32 3z

The data in Tablies L4-3 and 4-4 show the correspondence bebween the
parameter n a2nd the faf field parameters such as sidelobe levels, Using, for
example, the sidelobe level {or the anienna given in the NTIA Form 35 For a
systam, ons can readily determine n for that aantenna using the data in Tables
4=3 and b= as appropriate. Once a1 is determined, the near field correction
Factor Pfor the antemna may he obtained with the aid of the daka given in
Figures {%-5) to (¥-18}, Thils procedure Is further clarified through examples

iater in this section.

The off-axis analysla for rectangular aperture was not atbempted during
this analysis.  Such results are not avallabie in the iiteratwe at this bime
in & form appropriate to the objective of this task. However, the reaults for
off-axis ealculation may be inecorporated in the follow-up =ffect at a later

date,
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Appligationa of Analysis Procedure

Two ewamples, one assoclated with cireular spertures and the other with

rectangular aperturaes are diseussed here to  illuskeete the calecuiation

progedurs formulated in this

fPirst.

seetion, The circular aperture will bde treated

~—

Given Ethe following data for a cirgular dish antenna, determine the

maximua on-axis power density:

First aldelobe level {(dB). . cueenunennn.. 30.6
. Fregueney [(GHE)..uvvranneramnnannns B
Traﬁamitter power (Watts). .. ... ... ..., 1.0
Antenna gain (dBLl... . viieiivrivrnennans 38.0
Beamwldih {deprees).. ... oo, feea. 2.25

Determine the parameier

n and beamwidth {BW) from. the data Iin Table 4-1

for the aperture with 30.6 dB8 aideliobe leyel, In Tahle B-1, the waluss of 1

and EW for the antenna with 30.6 4B sidelobs are 2 and

1,86 /0, respectively. Using this information:

BW = 1,46 17D

2.75 x w180 = .86 ASD

Mext, we ecaloulate the far

axis.

Fth

unaz {EDEKlE}

P =

d 2

Qr

B4y = 37.7

Tieid power densify at 20273 along the antenna
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3.8
P, = 167 x 1000 ;= 00062 o/ e
1RO T X (37.7)

The maximum on-axils power density may now be evaluated by muitiplying By
Eiven above by correctlon factor given ia Figure 4-3{d), Thnerafore, the
maximum power deasity at a distance 0.14 szl Wwill be

maximum power density = 70 x LODOBS = 0438 @W/cme

whigh is the desired result.

Note that the power density at any olbher point along the axis may be

evaluated in a similar manner oy using {he data in Figure B-3(4),.

The cajoulation of on-axis power density for a reectaagular aperture is
similar Eo that descriped above for &he circular digh. Far fectangular
apertyres, Wwe use the data In Table 4-3 or U-M for determination of n and data
in Figures 4-6 to ¥-18 for the appropriate corrsction factor. To illustrake
this progedurs further, leb us assume that the following data is known far a

rectangular apertura,

First sidelobe level (horizontal planed........ fasn 23
First aldelobe Isvel (vertical plane)...iveveesv....13.2
Freguency {(GH2} i......... -
Transmitter power {(Wabtsi........... R rereraaeaa
Antemha gain {dBE). ... ... .... CrE et it e
Beamwidihn {(horizontal plenel}, deg..... T T
Beamwidth (vertical plane), deg. . .vcee oo ene.n riears 2.52

{Note that NTIA Form—35 doss not specifically include iaformation on
sidelobe levels far both vertieal and horizontal planes associated with

ractangular apertures coh non—symmebrical distributions. Howsver, the form has

information on vertical and horizontal beamwidihs. When the dsta on sideioche
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levels is not avaiiable, the data on beamwldths given in Form—35 fnay be used
to determine the aporopriate diatributicn with the ald of iaformation In
Tables 4-3 ar 4-%)}, Uasing the data for the sidelabe levels and/or beamwidths
given above, the distribution function for thiz exeaple may be determined with
the ald of fhe data given in Table 4§-3, Heﬁce, the distributlion funecticn is
uniform in the vertieal planz and cosinuscidal in the hordizontal plane., From

Table H-3, we have

- P" — ﬂ- (L3
Beamwidth (horizontal plame) = 1.2 57 = 1.7 ¥ 333 .03
asryh = 20.2
also ) -
Beamwidth tical plane) — -88 4o = 2.52 x —o = .0k
Beamwi {vertical plane) = . 55 - A2 T80 .
bBfa = %0

Tne aorrection Ffactor for this aperiure may be obtained from tne curve in
Figure 4-&6{b). Thne maximum correction factor is 19. By definition, the

corraciion factor for thisz examnple 1s

on—axis power density in the near fiald - 75

gorraection factor - 5
on—axis power density at 8a7/3

The on—axls power density at Bazfl may be obtained from the farmula

PG
P = A (4-8)
a > aE )
freh o (8 = )
A

Using the given data noted apove we have

1.5 -
P.o— 1000 x 10 i 2.5 x 10 . m‘.-..hh::m2 {4-9}

d 256w x 100 x (20,2}
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Henoe, the maximum power density in the near Field may he obtained by

multiplying Py by the maximum correction factar. Thersetore

maximum power density = 2.45 x 107 x 75 = 0.018  mW/en®

wiich is the desired resuifb.

Ik is important to point out that in practice, the data for an anbenna
may not mateh the data given in Table 4-3 or 4-4. For estimating the power
denaity in the near fis=ld, only an approximate matcoh between the data For bhe
antenna under the consideration and the datz in these tables ts.auffigient to

provide the necessary asseasaent at this time.

Linear Antenna

Technigues for the computation of pear Fleld in bthin wire antennas have
been reported in the past fAdams, A. T.:; Baldwin, T. E.: and Warrer, E.,
1978]. The Gechnigues inelude moment mebhods which have been used to breat a
wide varlety of radiation snd scatfering problems in electromagnetic, A
number of algorithms including Kumerical Electromaghelic Code (NEC) have besn

developed in the lasbt decade using the moment methods.

The NEC computer model was used to develop asimplified models for the nesr
fleld ealculation of wire antennas by the NTLA. A desoription of this model
was given esarlier Iin this section. The model was found uscful to trest the-
majority (75%) of wire antennas listed in the CGMF., These antennas are llated

under the following namea in Ehe GMF:

1. Dipaole

2, Monopols

3. #hip

4. Leog Periodic

B4



5. Yagi

&. Collinear

Wire antennas used in the govermment ILzlepommunicaiion syastem and not

included in the above will be Ereated later in a follow-on effort.

Some Thoughts on Near Field Caleulations of Wire Antennas

For convenienos and generality, it is appropriate to accept as a thesis
that 2 half-wave Jdipole is an analytical buiiding bleook for 211 the wire
antannas listed above. in fad%, physinally, the last three linear antenna
types listed in the previous subsection are a cotlection of dipele antennas
placed in a épecific arrangement., This concept results in a simplified model
which may be useéi {0 galculate bhe fieald intensify for any one of Ehese
antennas by using an appropriate correction fackor as a multiplier for the
field of an elecirie dipole, . ¥More detalled discussicn of this multipller for

gach specifie antenna will be given later.

Radiation hazard assessments of wire antennas may not need near Field
calculation. For example, a haif-wave dinole antenna at 300 MWz with a 100 W
transmibtter i3 capable of producing a maximum of 1478.8 volts/m field
fntenaity at 1.5% meters away, Thiz fisld Intenaifty exceeds 194.2 volia/m
level which corresponds to i0 mu/ cm”, Mote that for thia asseasment near
field asnalysis was noc necessary, since if the system exceeds this Limit in

the Tar field it will exceed the oriteria in the near fleld as well,

Another point which must be mentioned here pertains to wire antennas uaed
at very low frequencies (below 30 MHZz). Kot every dipole antenana in the OMF
iz necessarily a half wavelength long. 4 haifwave dipole at 1 MHz is 150
metars long., Practical considerations prohibits bhe use of auch antennas for
aobiie service systems, A wire antenna used in mobile service at low
frequencies may be z fraction of a wavelength long. If a wire antenns l=
approximately equal or leas than a tenth of a wavelsngth long, it shouid be

treated as 2 cuwrrent element, Cloaed form expreassiona for both the f'ree space
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near and far fleld inbtensities of a currenl element may be Tound in texd hooka
on electromagnetic theory, =ee for example [(Kraus, J. D., 19501 or
[Harrington, R., 19683, For systems in which such electrically short antesnas
are placed over the ground plane with 100%F ground refiectiocn, & good
approximation Eay - he achisved = by multiplying the free spacs
caiculation resuits by a factor of 2 [Lleveland, R.F. 1982].

Zimplified wire antenna models given in this seckion should be used in
the radiation hazard assessment only after the above considerabiora were found

te be inapplicable,

Dipole Antenna. Dipale antepnas are used in & large noember of

talecommunication aystems regiastered in the {MF. The simplicifty, relatively
low cost, and desiraple clectirieal characberistics are among the many reasons

which contribute To the popularity of dipoie antennas.

At wvery low freguencies dipole antennas are electrically smail and aa
auch may be treated as s short electrie dipole, From the analysis point of
view this is wery forftuitous, since closed form solutions exist for a shork
electric dipole that desceripe the near fleld or far Tizld relationships. To
Facilita;e the radiation hazard assessment of such antennas, the expressicns
desoribhing the radiation from Lthese anbtennas ars given gelow [Harrington, R.,
1961], Flgure 519 shows the orientabion of a short dipole irn fres space.

The_equations describing bhe fields of a ahort dipole (current element) are,

—jkr
Il T m -
E.=2= e (— + } cosp _ (4-1¢]
r 2T PE jkr3
—dkr
B, = %% e (JEE e 24 Doy sin g (4~11)
r Jxr
=jkr .
I1 Jk 1 .
g, === f=— + - 1 sin B . (E—12)
@ Yrr r r‘2
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¥

Figure 4-19. Geometry of a shori electric dipole {ourrent slement),

where k iz the propagation constant and n is the intrinsic impedance of the
free space. Very close to the current element, the E field reduces ta that of
a statlc charge dipole, the H fieid raduces Lo tﬁat For a coastant current
element and the field Is sald bo be guasi-static. The relationships {(5-10},
{§-11}, and {812} are applicable to hoth far and near fields when the shorg

giecfiric dipole I3 Iin free space.

In practice nearly all such antennas are sither over an infinite or
finite pround plane. Treatment of an eleotric current element over EBhe ground
is more difficulf and may nobt be necessary Pfor the analysis given here. &
good approximation may be obtained by multiplying the expressions in 10 to

=12 by a factor of 2 to include the ground reflection,
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In the derivation of Eguations H-~10 to B-12 the agsymption waa Lhat the
current along the element is constant, As the lengthr of Lthe element ArouWs
larger this assumpbion is no more valid., In the casze of a nenter—fed linear
antenna, a very good approximation is to assume that the current distributlon
on the antemna 1s sinusoidal {Kraus, 1950]. Current~distribubion measurement
indicate that this is a good approximation provided that the anbenna crosa
secticn i3 amall compared to a wavelength., This assumption excludes some of
the so-palled fat dipole antennas which are somebimes used at microwave
frequenciea. Jordan [1968] has derived elosed form expressiona for the Cields
produced by & dipole assuming sinuseidal -gurrent distribukbion. These

expressions glyen below are valid for both far field and near field,

E=— 3: ({,—__1.&::: o I8 _ et L
0 g + g — 200 L (%-13)
E, = j30L, (i;ff e i H e szs,SHg-fﬂ') (h—14)
a ¥ ' R' » R, ¥ r
Hy = E0n (oot 4 w9 2 cos i o) (415

Where I, is the maximum amplitude of current along ‘the length of the
antenna. Flgure 4¥-20 ahows some of the notations used in the expressions (4-
13} to {4-15},

A computer algorithm using Equations %-13 to 4-15 was prepared f[or
galeulating Ehe elesetric field along the Y axis, The resulta of such

caleulations are snown in Figure 4-21.
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The curve designated Jordan in Figure 4-21 shows the caleulated fisld
along the Y axis using a computer program based on Bguabtions 3-13 Lo U-15,
Mobe that these eguations deseribe the [islds of a dipoie 2t all points

surraunding the antenna.

) The accuragy af the resulis obtained using Equabtions Y4-13 fo 4-15 was
determined through comparison with the calculatinné obtained using }¥EC model,
described garlier in this report, The results cbtained uslng NEC Tor the sane
antenna was alsc pletited in Figure 4-21, Mebe that reanliz obtained using
Jordan's derivations are In gogd agreement with those abtained from the KEC
model, Hence, Eguation 4-13 to ¥-15 grovide a eonvenient method FPor assessing
the field intensities produced by a dipoie in free =zpace. In praciics,
howaver, nearliy all suoh anlennas are Logated over an electrically infinite or
finite growd plane, To Ffacilltate the calculation of the flalds for these
antennas, the results obiained using Equaticns i-13 to U=15 may he multiplied

by a facbtor of two ta include the refiection from the ground plane,

- The results shown in Figure 4-31 sre applisable only Lo on-axis
caleutations. However, there are occcasions where off-axis assessment may he
nrECEsS5ArY. Pate in Figure 4-22 includes the correetion fagtor for off-
axis points on a sphere surrounding the half-wave dipeole in the free space,
Calculation of the Field intenstities are made for g=nf2.5%, 857, &T7.5%, and
90%. &Similar dafa for a full-wave dipole are shown in Figure 4-23. MNote that
data Tor H-field iz also included in Figures 4-22 and 4-23. Tue data on tie
horizontal axis was normalized to 1.5 4 and the data on the vertical axis was
hormalized to Lhe field at & location 1.5 i asay from the dipole., The data
shown I Figures 4-21 through 4-23 are essenktial to the analysis of linear
antennas discussed here and we wWill hnave oogazion to use the information in
thegse Cigures Lo assess the radiation hazards of other linsar anbennas auch as
a log periodie, Yégi, or gonllinear dipole aniennas., & brief description of
sach aatenna type together with Ythe orocedure used in assessing their near

field infensifies are given here,
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Monopole, A monopole antenna c¢onaists of a straight wire perpendleular

Lo a ground plane, a3 shown in Figure 4-24,

z)

Figure 4-2%, The monopele antenna geomebry.

Using the imaging technigue It ia easy to show that the fleld of a

menopole antenna is the same as that from a dipole antenna Figure 4-20 fed at
the ocenter.

Whip. Whip antennas constitute & large category of vehigular antennas.
A whip antenna is differsnt from that of a moncpole becaudssz the fesd point for
4 Whip is not necessarily at Ehe ground plane, & large variety of whip
antennas are commerciaily available and are uzed in the goveroment

telaecommunication systems. Severazl examples as shown In Figurs 4-25.



-

lll-lglﬂlllt ‘ H l;!-l ?ﬂ MHz : ! 55-_55“1_11

Beilrny 2% A Galn: binity Goiny Ebnity
Figure L4-25_ Three different fypes of whip antennas designed for use on
vehicles,

Whip antennas nave generally low gain and tneir far fleld characteristics
areg similar to those of a dipole. The HEC model was used to find a comparison
batween the near figld intensiby of a dipole and a typiceal whip antenna. The
results indiecated that the near field of a whip may be approximated by that
obtained frem a dipole., Whip antennas are used with both high power {Xw) and
lower power (1 watt} transmitters, In 1land moblile applications the

transmitters generally range from 1 watt to 110 watks,
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bog Pericdic. A log pericdic antenna generally conslasts of a number of

dipoles of different length. GCaln values as high as 16 4B are achievable witn
log periodic anbtennas. They are u3ed in the freguency rapge 4 to 32 Miz and
at ¥YHF freguencies below 1 GHz. Cutput poewer of the transmiiler pohneckad Lo

a log perlodlie may vary from several wabts to a3 high as 50 KWatts. The.
physical aize of log pericdic antennas at HF frequency is guite large and a
'prﬂjEﬂtiﬂn of the antenna on the ground including the necessary guywires may

cover a rectangle of 80 m x 60 m, see Figure 4-26.

R ety S

L

WIDTH {NCLUGING
[INCLUDING :
ANCHORS) ﬁmcﬂnﬁsf

Figure §—26. 3Structures of a3 H.F. log periodic antenna.
VHF log perlodic antennas are mounted on a mast approximatsly 14 @m above

the ground, s8ee Flgure 4-27, The antenna elements can be vertical or

horlzontal depending on the desired polarlzaticn.
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Log periodic antennas constitute an important class of antennas usad in
telecommunications. Because of the relatively high gain and high transmitter
power used with these antennas, their radiation hazard assessments reguire
care. The desired model intended for the analysis of log pericdie antennas

needs to he 2imple and yet conservative,

dince a log periodic consists of an array of dipolas of different length,
it is feasible-to assume that as a first drder approximation, the fileld
produced by & log pericdie is the zum total of the Fislds produced by each of
the dipoles in the array. This assumption ignores the coupling effects that
exiat between the elements of the array. However, the effect of the coupling
iz generally not serious sinee the dipoles in the array vary in length and at

any given freguency only a few of the dipoles operate in resonance.

Figure 4-27, Log-periodic wire trapezoid antenna.

The REC model was used Lo caledlate the maximum near Tield intensity
produced by ant eight-element ldg periodic antemna. The results obbained by a
computer model are plotted in Figure 4~28, MNote that the resulis obtained by
the model include the effect of the mutual coupling between the dipole
elements in the log periodie, Figure §-28{a} shows the comparison for the
alectric field whereas Figurse 3-28 (b) shows a comparison of the magnetic

field, The distance in wavelengih shown in this figure was measured along the
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direction of maximum propagation., The dafa shown in theae fipgures are for
antennas operating at H0 MHz. Note that in both cases the correection factor
plotied on the vertical axis Tor Ehe single dipale has a higher walue than the
cotrespanding one for the leg pericdic antenna, Esnee, the gorrecbion facbor
For a dipole conatitulea a conservative multlplying factor for a iog periocdic
antenna. The calculation procedwre Tor assessing the electelo or magnetic

fields of a log pericodic is discussed later in Lthis section,

¥agi Antenna. Directional arrays cen bd constructed in whieh currents

are Iinduced 1in the non-driven elements by Lhe lields of a driven clement.
Thia arrangement ig the basic concept used in the design of a ciass of antennse
whose parformance was demenstrated by K. Yagli in 1928, The nrou-driven
elemanka shown in Figere H—%3 have no transmission-lipe comnection with the
tranamifter and are.usualiy referred to s peresitic elements.  Some of the
perasitic slements are called direectors and are located in front of the driven
element while the ramaining parazitic element fs called reflector and is
usually located behingd the driven element as showa in #-29. Hote that
elements in a2 Yagl antenna are nearly equal in  length while the spacing
betwaen them vary, The reascn for different spacing petween the elements is
to adjust the phaze of the induced current fn the parasitic elements. The
proper phasing for the induced current provides the desired direetivity Ffor

Lthe antenna.



Briven clement
, / .

} [ " Refleator

IHrectors (parasitic elements)

Figure %29, A six-element Yagi antenna.
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Several thousand assignments in the OMF lndicate %that Yagl antennas ars
zsed in many the Goverament felecommunication ayatems designed to opsrate in
the VHF repion. Yagt antennas are capable of prodecing gains as high as
12 dBi and is zenerally rated to operats with transmitters having outpub up Lo
600 wattas of RF power.

The NEC wodel was used to calculate bhe normal ized Clcld intensity at
points along the axia of the ¥agl antenna. The resulta of the caleulation are
shown in Figure 4-30. The normalized field intensity produced py a dipole
with input pawer ¢gual to that for the Yagi antenns was also obtained using
the NEC computer maodel, Figire Y-30 shows a plot of the normalized fleld
intensity for the dipocle. The data sheown in Figure U-30 were obtained using
identical Iinput power with neo lass for bobh Yagl and dipole, Both antennas
were matched to SO cohm Eransmission line, #Hobke that the wvalue of correction
fagtora for the dipole ramzin above those for Ehe Yagi at ali points along the
on-axis distange, Henee using the carrestion facior for the dipole in the
calcwlation of the near fleld intensities for Yagi antenna will yield results
which Wwould be eonser':rative. This level of oonservatism was azsaumed necessary

in the simplified procedure presented here,
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Figure 4-30,
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Collinear fAntennas. High pgaln gollinear antennas are often used at the
base ztations. Collinear with lower gain, generally consisting of two or
three elements, have been used on vehisles, These vehicular antennas are
sometimes installed on the roof or the trunk of vehicles, Base =atation
antennas have galns as high as 12 dB as compared to the lower gain version
which have approximately 3 4B gain. An additional important feature of these
antennas i3 the. omnidirectional pattern with main bsam pointed at low
elevation angle. This i3 écccmplished by using half-wave dipoles in tandem
andé all fed in phase. Figure 4-3t iliustrates thlz design concept used In 2

two~glement collinear antenna.

LY ¥
34 Stub
¥ -a- /
j__ —:—-*——J
Ay

Figure §-31. Design of a collinear antenna,

The phase correction is perforaed by means of a quarfer-wave stubh placed

between twoe consecutlve half-wave dipoles,

There are approximately 24000 assignments in the OMF for aystems in fixed
or mohile servige wsing collinear antennas. Thls number is indicative of the
extensive utilization of this type of antenna in  the Covernment

telecommunication systems,
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Figure U-32,
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Electrically, a ecollinear antonna is an array of haif-wave dipoles.
Hence, the HEC program is very appropriate for anaiyzing this type of
antenna. The NEC model was used Lo compare the E and B fields of a full-wave
dipele with those for a ocollinear antenna. The results of the calcolations
are shown In Flgure 4-32, HNeobe that the correction factora for caloulatineg
the near electric ahd/or magnetic fields of a full-wave dipole are very ndaply
equal to those for a ¢¢llinear antenna. Henee, the correction factors for a
full-wave dipole may be used to assess the near field of a egllinear

antenna,

Summary of Results, The procedures devaeloped in this aeetion Far

caleulatineg the E andsfor H field intensities for the linear antennas discussed

bhere are zummarlzed in Table U-5. The relaticnships for galeulating E and H

are i
_ 3.7 ;
B = : th 8, .th}E (4-16)
A o I : _
B = T ,Hpt gy (CF), {5 173
Whers:

A= Wavelength {(meter)
Py = Frapsmitter paver {Wabta}
gy = Antenna gain
{CFJ)e = Correction Factor for electric fieid

(CFly = Correction factor for magnetic field

=
L

Elegtric field (Voltafmeter)

Y=t



H = Magnetic field {amperes/mesbar)

Fguations #-16 and #-17 are gensral relationships andé may be used in the
near field assessment of any of the linear antennas described here. In these
equations, g, (CF)H, and {CF}p are the paramefers that change from one

antenna type to another.

TABLE 4%-5 showld be comsuited in aelecting the appropriate values for

these parameters.

The ourves in Figures 4-22, 4-23, b-28, %30, and #-32 iaclude data far
the parameters (CF}p and (CF}H in Equations 4-14 and 4-17. Noke that tne data
in these curves may be used Lo evaluate $he ield intenpifies Cor distance

less than 1T.5)%.

In the assesament of compliance of an antenna, the compitation should

pegin with the far Fisld equation

P B

Fd il _.E_to- Eh_18}
2
7 R

If the caleulation results ahow that the ¥4 1s less than &the level of
acceptable eriferia, then one should procesd with the near field aasessment
for distance smaller than 1.5 3 For these calculations Eguations U4-16 and H4-

17 may be used in conjunction with the information in TAELE 4-5.
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Antenna
Hame

Dipole
{frecapace )

Monooole

Whip

Log Periodle

Yagi

Cﬂliipear

TABLE 3-5

DEECRIPTICN OF PARAMETERE USED
I EQUATICHS H=10 AND 4-17

Lipole
Gain

Moanopole
Gain

Gain of the
igp periodic

Gain of the
Tagt

Cain of the
o5ll inear
antenna

(CFlg

Correction
Tactor of
dipate
electric
field

Correction
Faobtor for
dipole kn
freespace

Same as fhe
CF for a
haif-waye
dipoie

Same as the
CF for a
halt'-wave
dipole

Same a3 the
CE for a
fuli-wave
dipole
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(CFly

Correction
fastor for
dipole
magnetic
Field

Cortrecticn
factor for
dipele in
Freaspace

Same as the
CF for a
half-wave
dipole

Sam: as the
CF for a
haif=-wave
dipale

—same as the
CF for a
full-wave
dipole

Remarks

Whip antenna can
bz a monopols or

a ackllinear



APPENDIX A
DEFINITION OF THE PARAMETERS IN TABLE #-2

This appendiz Includes a brief deseription of the derivation and
definition of the parameter used in the caloulation of the correction factor

for rectangular apsrtures as used in TABLE 4-2,

The Helmheliz potential function for recbangulsr aperture ahows in

Figure A-|1 is expressed as;

. & b ~ik |r-r']
F = u_';l' f f Jirt) Ep—r* dx' gy {817
-8 ad]

Where J{r') is the aperture disbribution and the parameters a, o, r, and r
are defined in Figure £-1. The current distribution on the aperbuare was
asaumed to be uwniform or cosinuscoidal givea by Eguations 89-7 and U4-8.

Substituting bhese distribution funetlona into Eguation A-1, we obtain

ajk}r—r'{

n WX m .oy’ (4—2%
f gos (==} cos { } dx’ dy*
4 2z 2b [r—r7] . ¥

1
P"Ef

where n = 0, 1, 2, 3, and m -~ 4, 1, and 2, The iategral in Equaticn A-7 was
evaluated for siy differenl distribution funciions listed in TABLE 4-7 by ihe
appropariate selsciian of integers for the parapelers n and m, The results of

this evaluation are as follovws:

a, For uniform distributlon (p=m=0}

2
Py ® [P} (A-3)
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Figure A-1. Rectangular aperture geometry,



whera:

J, _ 3{bt + D2)

P = QIEa E, {1t + zqﬁq} TR {A~18)
and
D
D! = a E,_ EXP {-jpa) = a E_ o 5Pk@
b

_ 5 -
52=bnaE}(F {"‘_}Eb]=bEaE
==

2 ) .
E,=C fga”) - JS{ﬂazl

>
E, = C (Bp "} - jS fﬂbzl

q = 32 . aE . bE
A = wavelength
P s )

e



In Equation p-¥, function C{v) zud 3{v) are ccesine and sing integrais,

b, Fop coéine distripution (n=1 and m=0)

Py
Por = 17y
wiere!:
d T
FaEb < 163&2
P1 - il
=
va Eb e“JBa
+
e
Bfﬁ'qﬁa a
and
F o=
4
X = Bac {1 - —
1a iga
X, = Bas (1 +
a 4Ra

¢. For cosimne squared dlatribution {(n=2 and m=0)

2
PQE i L PEaE

E(x1a] - jsfxaa} + c(xza} - Js{xza}

{8~5)
jbe“jﬂbz
Yanhqg Eb
{A=6)
(A-T)



were:

il
. iw _ o
o . Fa By ® yga® 2 - w° .3 _3pe iFP
-t 2a i Hqﬂzaz o] Y2TE q Eb
2 ' :
1ag, e jga
- T g /7 (8-8)
L 1 : 1 T . 1‘.
Foo= ClX,a) - 38X, ) + C(X,) — §8(X,.)
o
24a
. 2
xza - ga® (1 + =2 }
28a

d, For cosine cubed distribution {n=3% and wm=03

2 fa—9)
Pz = 1P5 * 3P|
where:
2
" 39 P
. Fa By ®qgpa” - o . 3. Jpe”IRP
3 ] 16q5232 qs VERE Eb g
2
) Wr E_ e Ja
572 aqpd’ 2 {4-10)
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e, For separable

act

Where:
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cosinpsoidal distribution {n=m=17}):
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1 1
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Wwhere:

For separable cosine squared distribution (n=m=2)
P =|lp+F, +P, +P 2
ooz 2a 2b 2an
JWE >
. -
.  EQFp Cygp® 2o - P I s
2 ] qqﬂzbz_ qR ;Ewﬁ g Ea
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APPEMDIX B

COMPUTER PROGRAME FOR CALCULATION OF
NORMALIZED -POWER DENSITY {CORRECTION FACTOR)

A déscriptinn of the compuber programs used Iin the g¢aleulation of
normalized power density For aperture antennas iz included in this appendix.
Two types of apertuwra contouwrs, l1.e., cireuiar and rectanguiar were considered
in the analysis, RECAPE and CIRCAPE computer programs were developed for’

treating rectangular and clirgular apertﬁres, respectlively. These programs

were written in Fortran and algorithme were based on the relationships
developed here. 4 prief description of these programs and their input

parameters are given in this appendix.

Circular Aperture Model {CIRCAPE}

The program CIRECAPE 1Is used to compute and ploft the normal ized on—-akis
power density for different aperture sizes., The power denslty at the distance
z %1cng the aﬁerture axis is normalized to the value of the power density at
E%_ whers 0 is the diameter of cireular apertwre, and ) i3 the wavelength,
The normalized power denslty referred to as the correction faetor for an
gperturs Is plotted as a Funetion of normalized dia&ance along the antenna
axis, The distance along the axis is normalized o E%A.

The input parameters are:

RLU
El

Ratlo of aperture radius to wavelength

Exponent a in Equation (%-1}

The program has one subroutine for evaluation of an integral involving

aombination of palynominal and sinuseidal Functions.



Rectangular Aperture Model (RECAPE}

RECAPE 1= a ecompubter program that may be uséd to eompute and plot the
normalized on-axis powsr density for rectangular apertures of different
sizes, The aperture is in the x - y plane and the power density 1s caleoulated
aiﬂng the Z EXiE' The caleulated powser densifty is normalized to the power
denaity at §%— where 2a iszthe iength of the apsrture. The d%stance along the

z axiz is nnrmalized Lo §%~ which varies for 0.01 to 1.

The HRECAPE program includes six different subprograms each for a
differnet distribution function. This program is interactive and the user na3

to select the desired distribntion of the 1ist given below,

Vaiug of 1 Dlstributlon Funciion
1 unifo#m
2 €03 (%g-}
: —
3 cos® {52—}
'
iy cos3 {%§~
5 Q05 {%} cos %};L’.
& cos® {%El} 52 f%%l}

The input parameters for RECAPE are:

n = exponent for distribution function =1, 2, ..., b
AL
BL

ratioc of the lengki of aperture to wavelsngih {%}

ratio aof the width of aperture to wavelength (%ﬁ

The program has one subroubtine for the evaluatlon of Fresnel integrals,
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