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ABSTRACT

“This dissert, *on examines simple Meteor Burst Copxmunication (MBC) ont-statior » ewnas. The
effect of illomination gain, idth and orientation was studied using computer viinciarion.
Similarly, the performance of MBC links using a half-wave dipole, a quarter-wave muanpole, &
square loop, a Jong wire and a 5-elements Yagi-Uda antennas was determined. The performance
of these links are related to the antennas’ sky Hlumination. This investigatica provides designers
me bench. results which indi by the ants * radiation patteras in MBC.
Avah i jcal and ek ical trade-offs for
antennas in the meteor scatier environment. Simulated yesults indicate that simple antenras cause
degraded communications due to their reduced size and complexity. The conclusion is that the
directional master station should provide adequate sky iHumination. It is recomnmended that the
results obtained be validated by measurements and further work concentraie on master station
antennas.
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Ts the wave length in meters.

Is the transition wave-length defining the shortest wave-length for which

. equation (3} is applicable.

Are respectt the points from. itter and receiver to the point on
the trail at which the reflection requirement is sasisfied.

Is half the angle between R, and R,

Isthe angle betw. o the wail axis and the plane containing the transmitter
receiver and meteor mail at the centre of the principat Fresnel zone,
‘Half the lengih of the trail in the principal Fresnel zone. ’
Defines a narrow band on the celesiial sphere where meteor trails must

lig in order to br proparly oriented o produce 2 reflection between two
stations.

Is the length of the meteor weil.

15 the trangmitted power in Watis.

Are respectively, the ransmiter and receiver antenna gain relative io an
isotropic radiator immersed in fres space.

Is the radius of the electron in meters.

Is the electron line density of the trail in electrons per metre.

Is the maximum electron Hne density in electrons per metre.

Is the dot product of a enit incident electric vector and a unit vector of the

refiected i directi hy iving antenna
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o Is th i diffusion fent in m¥/sec. e
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i < vector at the receiving antenna,
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1 INTRODUCTION
1.1 Statement Of The Problem .
Simple meteor scatter ont-station antennas s the topic of this dissertation. The main thrust of E J
this work is, therefore, two fold: .
«  To examine the effect of different illumination schemes of useful sky regions on
Meteor Burst C ication (MBC) link.
»  To evaluate the relative performance of MBC links using various smndaxd sm:p]e N
ion amensas. Th related o the sky illumi K
they produce.
1.2 Introduction To Meteor Burst Communication .
A meteor particle is a solid body that ordinarily revolves about the sun as pm of our solar v
system. Each day billi i the earth”

As the meteor enters the earth’s atmosphere an jonized trail is formed which undergoes 2 rapid
diffusion process and the density of the ionized particles in its trail permiss the scattering of
radio waves. Dara transfer of av intermittent nature can thus be accomphshed via these short
lived trails provided their orit jon obey some i Hence the name: o
Meteor Burst Communication (MBC).

Commonly used methods for long range data telecommunications are telephone lines, radio
Tepeaters stations, satellites and High Frequency (HF) communications using reflection from
the ionosphere.

_ Telephone lines require a coatinuous interconnection between the nodes of a system. Radio
i ¢ - Tepeaters stations Tequire towers at line-of-sight distances between repeater sites, as well as
} power supplies. This presents an installation, majatenance «nd versasility problem. In recent
‘years, satellites were thought to provide adequate coverage for long range communications.
However, total dependency on sazellites, due to their ility to jamming and i te
in addition to enormous capital outlay, has recently sparked the need to develop an altemative
£ means of ication. Long range HF jcati rchl!e large antennas and complex
frequency igues due 10 changing i itions [1,2,31.

1
i
i
{
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MBC is 2 reliable alternative to these methods of long distance dasa communications for low
volume applications. It offers a secure method for communicatioas due to its jamming and
intercept resistance characteristics. For any particular meteor trail there is a relatively smell
texestrial "footprint” where is present, providing low ility of intersep:
(LPT) and jamming. This also ensures that 2 single frequency can be time-shared 2mong many
stations within a network, the need for multiple In addition, MBC may
prove useful in maintaining post nuclear atack i ic di

associated with post nuclear antack conditions are expected to greatly increase D-layer
absorption, which will in tum reduce the availability of HF communications {4,5,6].

The major drawback of MBC is due to the fact that only intermintent communication can be
supported and hence: 1l possible, Is still very limited [7]. However,
latter-day computing power aliows the use of short duration dasa communications slgnals Such
techniques have made MBC attractive for ications where 1 if can
be tolerated. Undoubmdly. MBC systems present a scope for applications such as mommrmg
waikrlevelst i roops with theidrh

the control of 2 flest of trucks scattered over large distances as well as backing up existing
cormmunication wethods.

1.3 Why Simple Antennas?

These exists a demand for meteor scatter communications in mobile, manpack and other
situations where large and complex antennas are undesirable. This dissertation, therefore,
examings aspects of simple out-station antennas for such applications. In this context, simple
anternas are those complying with severe size and complexity constraints. Reducing the size
and ity of the antenna systern inevitably results & systems of degraded

and hence Lo the fractional duration for which a channel
exists, is a major aspect determining the quality of the link, while throughput is the amount of
data transmitted per unit time. In the remote out-station MBC systems of interest, these aspects
are waded off for simplicity.
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1.4 The igation Of Simple A For MBC

Before one can proceed 10 ricsign simple anteanas for MBC out-stations, it is imperative to
understand the trade-offs involved with different sky illumination scheémes. This outlines the
mpmmnoe of the role played by (hc antenna's radiation pattern which may br, synthesized to

these,

of MBC links using traditional simple antennas. This provides important gujde-lines for the
antenna designer in terms of relative performance of various type of antennas in the meteor
scatter environment. This work, therefore, is not intended to provide novel antenna designs but
rather to evaluate traditional simple antennas and relate their performance to sky illuminatioa.
“This will give designers some bench-mark results as wel as an indication of the role played by
the different iHluminasion schemes.
Earlier research in this field was pcrformed duxmg the 19507s [8,9]. These studies illustrated
played by the in jum of MBC. Of particular
interest is the Hines et al. study of 1955 {8} examining the effect oft

[¢)) bmadming the antenna beamn centred on the transmitter receiver axis,
@ swinging a narrow beam off to the side of the tansmitter receives axis, and
3) winging whi ing the beam dgeal

receiver axis.

Howevet, even though Hines’s smdy [8] may be . value in the design of antennas for MBC
links it does not comprehensively outlines the effect of different illumination schemes of useful

sky regions on MBC link performance. it ised the need for a

and comprehensive i vesdgation of this nature. .

Ap fora i i igation of antennas s an \mdmrandmg of the Tole of the.
antenna systera played in MBC. Equaily i ing the behaviour
of antennas. A review of this nature deli the trade-offs with
physical constraints imposed by the remote antennas of interest, as well as these which are
imposed ium. O i proceed to desi;

antennas.

‘The technique of value engineering hopes to quantify the trade-offs during design. The design
phase of & product is a process whereby all the facts are organized to support a design conicepr
‘which is Jater developed into a product. This process requires an organized synthesis of known




usually some ive thi There is often a single fundamental reason why new
design is required. The technique of vall ing, resulting in a value system, is in essence
an organized dure for elimi from a desiga all that is nnnecessary, It ensures that the.

procedure has the opportunity of offering best overall vaiie to the end user. Knowing what is
required by the end user provides the guide-lines for the design. However, engineering desiga

Powerful engineering tools were as a result of the availability of ing power.
The availabifity of computing power which were not within reach until recent ysars led to the
development of methods which allows rigerous simuiation of antenna geometries and prompt
the engineer towards solutions of such problems. Of particutar use for the analysis of the
electromagnetic response of antennas is the Method of Moments technique, which solves
Maxwell’s equations numerically for wire structures {10,11]. The problem of course in using
this technique manifests itself in the loss of insight into the mechanisms of operation of the
antennas and hence it should not be blindly used as a design tool but rather as the means to
evaluate an antenna’s performance.

A Method of Moment based software package is the NEC2 code {12]. Features include the
facility 1o model wires and solid surfaces, the option of specifying many loads and sources,
computation of radiation patterns and antenna interaction calculations. Another uscful fearure
of the NEC2 code is that it allows modelling of imperfect earths and henqe its effect on antenna

can be i i The ical and numerical ing of the antenna
and its environment is the most xmporzam aspect of simulation where accurate results of
are desired. imitations may be inherent either in the mathematical

model used 10 approximate a physical syster, the actual physical complexity of the system, or
inthe ' iques used for The NEC2 code thus provide with the means
to evaluate antennas.

The performance of an anteara, which is an integral part of an MBC link, cannot be viewed in
isolation, The antenna’s ultimate worth can only be estblished subject 1o its performance in
the medium of MBC. A computer based predictive model which is designed o simulate a
point-to-point MBC links is the METEOR code [13). This engineering tool permits the setting
up of an MBC link i terms of distance, time, otientation and antenna configuration, and
computes the link performance in tezms of meteor counts, antenna illumination, trail duration,
noise and data communication, ’
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The work: in this di ion uses the puter aided design tools for the simulation

of antennas and MBC link performance. The technique of value engineering is applied to
establish a value system for simple out-station anteana systerms of interest.

1.5 Dissertation Layout

To conclude this inroductory chapter a short preview of the remainder of this dissertation is
outlined to emphasise its organisation,

The second chapter of this report commences with an overview of MBC and antenna theorv.
The natwe of meteors and the geometry of an MBC link is defincated followed by a brief
description of the mechanisms of refiection from underdense mezeor trails. Next, a desmpuon
of ion method used to d it of meteor trail il

arising from useful sky regions is out-tined to jllustrate the importance of the role played by the
antennas in the meteor scatier environment. Succeeding that, the merits of different types of
aniennas in the meteor scatter enviranment with :m‘phasls on the antenna radiation pattern is
presented. Thereafter, electrical d Ti lined. The chapter
concludes with a review of the effect of noise in relation 1o antennas. This chapter encapsulates
the inciples of MBC and the role played by the anteana system.

The third chapter is devoted to design aspects of antennas for MBC. It presents a discussion on
the technique of value engineering. This technique was used for the synnhcsxs of a value system

for bi ‘manpack MBC antenna sy stems. Thereafter
of the Method of de, the NEC2 T [12]is outli ithreference
© i i ints and i as imposed by the NEC2 code, deduced by

experience gamcd in using the code, and structure modelling considerations. This is followed
by, a brief. i f th dicti ft for MBC system METEOR [13}.
Finally, the relationships between antenna beamwidth/gain and orientation to waiting time
berween roessages as well as channe] duration are established. For this investigation, idealized
radiation patterns were synthesized, These ideal patterns were utilized for different illumination
schemes in order to establish the wrade-offs in the meteor scatter eavironment,

The fourth chapter presents theoretical MBC link performance using simple antennas. Electrical
performances of simple antennas were evaluated using the NEC2 {12). The resulting radiation
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patterns were used to predict, with the prediction software METEOR [13], the effect of these .
i MBClink for stati i ing from 100km to 2000k, .

Both optimem antenna orientation as well as the worst case were considered.

The final chapter concludes this report with a short hindsight overview, critical comments on A
principle issues conceming simple meteor scatter out-station antennas as well as suggestions o
for further work. -
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2 BACKGROUND TO METEOR BURST COMMUNICATION AND THE
ROLE PLAYED BY THE ANTENNA

In dns chapter the process of radio waves scattering via meteor n-aﬂs is hneﬂy described. outlmmg
MBC as well asi artic

is paid to the peculiar geomerical requirements imposed by the MBC link, the mechanisms of
reflection from underdense meteor trails and the veriation in coptribution of nseful reflection from
different sky rogions. Once thei playedby th b id
the merits of different type of antennas in the medium of MBC are discussed. These include the
antennas radiation patters, electrical problems due to size Himitadion and the effect of noise on the
antennas.

2.1 The Nature Of Meteors And MBC

Meteors form part of our solar system and travel in elliptical orbits with heliocentric velocities
which are Jess than the solar escape velocity. The velocities of meteors approaching the carth
range from 11.3km/s to 72km/s. The lower limit is the escape velocity of a particle leaving the
earth. The upper limit is the sum of the escape vejocity for a particle leaving the solar system
{42kmy/s) and the earth’s velocity around the sun (30km/s) {14,151, Each day billions of meteors
intercept the earth’s atmosphere. It is estdimated that ov the average at least 1("* particles of
‘mass greater than 10 grams are swept up by the earth daily {16]. Upon interception, the particle
is heated by collision with air molecules, forming an ionized trail. The distribution of ioidzation
along the trail is a function of the meteor mass, velocity, and angle of incidence [17]. These
rapidly diffusing trails reflect radio signals, typicatly for burdreds of milliseconds during their
brief existence, thus providing radio transmission paths over long distances. Typical spatial loss
is in the order of 90dB in addition to about 80dB which s lost on scattering off a mecor trail.
Therefore, MBC links arc inherently weak signal systerns [15,18,193.

Meteor trails oocur in avegion lying roughly between 80km and 120km above theearth’s surface,
called the meteor region, permitting MBC over distances up to approximately 2000k, The
average length of a trail is 15km [17] while the diameter increases with time due to diffusion.
‘This expansion causes rapidly weakening signal reflection and hence the durauon for whxch it
isuseful for ication is limited. Theefl fr
asmall area on the earth cailed the “footprint”. This area of reception s estimated 1o be typically

atypical
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8k wide by 40km long. The footprint, which is still being studied, appears to depend on the
orientation, position and direction of travel of the meteors i space as well as the position of the
receiver relative to the transmitter and the antenna pasern [2,17,203.

The jcation link between and receiver is established only when these are
properly oriented with respect to the meteor trail. This aecurs when the angles of incidence and
reflection on the trail are equal. Hence, the geometrical orisntation results in 2 useful path when
both the transmitter and receiver are located at the foci of an ellipsoid and the trail is tangential
to the ellipsoid as illustated in fignre (1). This fixed-path geometry, coupled with the irregular
arrival of meteors, causes a highly localized footprint. MBC, therefore, offers considerable
advantages in terms of Low Probability of Intercept and high resistance to jamming [2,213.

Trail Axis

EIGURE i: The geometry of the transmission path required for MBC.

‘The refiection of radio waves via meteor trails is a function of the ionizarion deasity distribution
along and across the trail. In di; ing the reflection ps ies it is to classify the

ils either as " " or " ", The dividing line, in terms of the electron density
per metre of trail length, is 2x10™ elecrons per metre which corresponds to the ionjzation
produced by meteors of about 10® grams. Meteors trails with fewer than 2x10™ electrons pex
metre are referred to as underdense. Those with elecron densities higher than this lirsit are
termed overdense. Usable meteors for communication purposes typically have masses larger
than 10°° grams (15}, Smaller meteors will not produce sufficiently high electron density fo
reflect signals. The mass distribution of meteors is such that the total number of meteors greater
than a certain mass is inversely i 10 that mass. Th ionality is thus
a measure of the influx rate and is dependent on time of day, year and the zenith angle with
which meteors approach the upper atmosphere {18].




e gt o e e

The Jow electron density of underdense trails allow the signal 10 penetrate through the ionized
column, cansing the signal to be scattered by the individual electrons. These electrons, which
areexcited by the radio wave, art as small dipole antennas and re-radiate the signal. The received
signal emergy is thus the vector surs of all discrete reflections. Since the diffusion of the trail is
rapid, the phi i increases and th it of received energy reduces rapidty [2,15).

In overdense trails the electron deasity is sufficientfy high to prevent complete peneration of
the radio wave into the ionized colurm and therefore signals will be mostly reflected from the
surface of the trails [15).

Due to the wmass distribution of meteors, underdense trails are much more common than
overdense ones and hence more useful as a medium for MBC. Overdense irails on the other
hand produce kigh signa} smength and longer usable duration for communication. From this it
is clear that the MBC system design is based on the use of naderdense trails while ovariense
trails enhance the link performances {61,

At certain times of the year meteor showers occur. These meteor showers are caused by a large
number of particles moving with a commeon velocity about the sun and their orbit intersect the
orbit of the earth at a specific times each year, They usvally last for several hours only. This
phenomenon only accounts for a small fraction of ail meteors and is therefore of little use for
reliable communications. Sporadic meteors which mostly follow random orbits about the sun
and are incident upon the earth from afl directions, play the most importantrole in MBC [14,15}.

As pointed out before, the incident flux of sporadic meteors is a function of time of day, the
season and the hical location at the point of The motion of the earth around
the sun produces a diurnal variation in the rate of arival of meteors, since the portion of the.
earth experiencing dawn (the apex in figure 2) will have the maximum surface area in the
direction of the earth’s movement. Thus, the apex will intercept many more meteors than the
opposite side of the earth (the antiapex in figure 2) since only meteors of high velocity will
overtake and intercept the carth {15,16). Furthermore, the earth encounters a higher metecr
density during the second half of the year, the period when it is closest to the sun. Some authors
{6,21,22,23} believe that seasonal variations are due to the seasonal tilt of the northern

i from the earth’s direction of travel. For: wohold true, th 1
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hy thy 5 would be tr< opposite of th
hemisphere. However, measurements taken in Adslaide [24], Australia, indicate similar annual
‘wends to those in the northem hemisphere and the reason for this trend is therefore not clear,

The extent of diurnal variations in meteoric rate varies with latitede. An observer at the equator
would encounter the greatest meteoric rate in the early morning hours siice at that time the
trajectory described by the earth about the sun is directly overhead. During the evening hours,
oaly those meteors moving with velocities greater than that of the earth will be detected. An
observer at the poles on the other hand would not observe any diurnal change in meteoric rate.
To summarise: At moderate latitudes in either hemisphere the largest zumber of meteors will
be entering the atmosphere at about 0600 local time and during the later half of the year. The
smallest nutober will enter at about 1800 local time and in the first half of the year. The ratio
of maximum to minimum depends on the latitude of the point of observation {16,24].

‘The diurnal and seasonal istics described ab 1 i otal meteor influx
rate. The number of meteors available for useful communications depends not only on their
influx rate, but also upon their radiants. The "radiant" is that point on the celestial sphere from
‘which meteors appaar to emanate. The radiant points are not umformly dxsmbmad in the sky.
They are, however, the earth’s
orbit) and move in the same direction around the sun as the earth. The corsentration of meteor
radmms rowards the ap:x of the earth’s path, shown in figare (7), isthe. catdmal factor affcctmg
aMBClink. This i

the refative importance of sky regions and hence the desired iHumination pattern of au antenna
for a particular link [25).

Noteven all i i) h’ d which with the geometricat
requiremnents of the MBC link are useful for communication. The usefolness of meteor echoes
for communication depend upon their number as well as their individnal duration. The duration
that the signal remains above some predefined value, usually determined by the noise level, is
called the duty cycle. The areas that contribute most fo the duty cycle of an MBC link are those
where the product of number and duration of meteors is a maximum and is most favourable for
meteor propagation, These areas, as first shown by Eshleman and Manning [26], are located at
either side of the midpoint between receiver and transmitter as itlustrated in figure (3) and are
referred toas "hotspots” [20,27). However, the contour plot produced by Eshleman and Manning
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Metsors swept

Equatorial view Polar view

FIGURE 2; The earth orbit in she ecliptic plane illustrates the cause of diurnal
variations of meteor rates.
[263 and Tater supported by Hines and Pugh [28] assumed umform rad:ant distribution in
their results. work illustrate [253, as stated before, non-isotropic meteor
radiant distribution,

Clearly, the dinrnal and seasnnal
above a particular meteor link control the relative magnitude and position of the two hot spms

areas of meteor activity. Thus, as su; d by figure (3), theis f one hot.
to the other may not be equal. Their shape and Jocation divrnall withlatitude
and with path length as well as dixection of ication paih due to the ifoirm meteor

radiant distribution {20,25]. Thys, these constantly changing hot spots characieristic is a
significant factor in the design of antennas for MBC,
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FIGURE 3: Plan view of the “hot spois” areas for MBC link over a north-south, .
path of 1000km between rerminals. Thy dby’ icti
code METEOR [13]. Both transmitting and receiving antennas illuminate the sky
with an idealized isotropic radiation pattern. '
Another; effecting Sity of an MBC linkis i i The operati B

frequency of MBC systems may vary from 30MHz to 100M¥Hz. Below 30MHz, the F-Jayer of

the jonosphere may reflect the signal independently of the meteor trail as in normal High N
Frequency GF) communication, giving rise to mterference. On the other har d, power reflected

from the meteor trails decreases with increasing frequency as wiil be shown in section 2.3 {
Above S50MHz the reflected power decreases rapidly with frequency and therefore a longer
message waiting time as well as lower received signal strength will result. Hence, higher
wransmitter power would be required to achieve the same received signal strength. In general,
frequencies ranging from 40MHz to 50MHz are preferred to minimize antenna size and allow
practical levels of RF power {3].

Page -12-




Generally, MBC technology is ideally sm(ed for applications such as telemetry and message
based ication, A network: P ist Of 2 master station wransceiver, which
is agommunication terminal with central processing controlling the system, one o more remote
stations which could either compris; of communication or data terminals as illustrated in fignre

).
P

[ DUPLEX FLTERS
o (FURL-GUPLER}
] = ¥
& 8 ‘§
i
o AR RN
3 £ TR SWITCH
& HALF-OUPLEX]

FIGURE 4: A typical configuration of a remote station.

2.2 The Geometry Of MBC Link

Since the majority of meteors nsed for icath ibi ignal
the description of the scattering geometry will be restricted to this class of trails. The re-radiated
fields can thus be useq to estimate the amount of scatter [29].

The length of a meteor trail is primarily a function of the meteor mass and the zenith angle of
approach into the upper armosphere. The average length of a meteor trail is about 15km but the
useful Jength of the trail for jcation purposes i by the length of the principal
Fresnel zone.
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For & sufficient amonxt of energy to be reflected by the ionized trail, both the transminer and
receiver will be Jocated at the foci of an ellipsoid to which the meteor trail is tangential as shown
in figures (1) and (5). The total ransmission path length between the terminals is 2 minimum

for from points, marking f the principal Fresnel zone (point
M in figure 5). The pnnclpal Fresnel zone is that region surrounding the tangent point whers
between iver follow 2 path length of no more than a quarter wave

length longer than the minimum path length. At the boundaries of this principal Fresnel zone,
subsequent Fresnel zones aze formed. Reflections from these further Fresnel zones will be in
anti-phase to those from the previous Fresnel zones. Hence, the received signal energy may be
thought of as coming from the principal Fresael zone only, since more remote Fresuel zones,
produce reflected fields which more or less cancel each other out [15,29,30].

Thus, the portion of the meteor trail confined to the principal Fresnel zone is, hence, only a
small fraction of the rail length and need not be the region of the trail where the maximum
onization oceurs, This geomesry for a mefeor burst propagation path is illustrated in figure (S).

FIGURE §: Scatteting geometry.




In figure (5), P, is the plane of pro: mation defined by the transmitter, the scattering point M
and the receiver. ¥ is the elfips¢ uerined by the intersection of the ellipsoid, with foci at the
transmitter and receiver, and the plane P, of which P,is 2 sub-plane. The meteor trail is tangential
1o the eltipse E, and is contained in the tangential plane P, perpendicular to plane P;. The centre
of the principal Fresnel zone occurs whare a meteor path is exactly tangestial to E. The plane
P, 15 a vertical plane from the transmitter to the receiver,

‘The total length of the trail in the princigal Fresncl zone, 2L is given by:
e8]

A is the wave length in meters.

Ryand R, are ively the points from and receiver to the point on the trail
at which the reflection vequirement is satisfied.

¢ is half the angle besween R, and R,,

P is the angle between the trail axis and the plane ining the itter receiver and
meteor trail at the centre of the princival Fresnel zone.

provided R; and R, are much greater than L.

Eshieman and Manning [18] stated that echoes will be received from poi'.m.s along ameteor trail
other than those rangent to an eilipsoid defined by the foci at the receiver and transmitter. An
echo will result when the angle, ‘¥, between the tangent plane (P, of figure 5) and the meteor
path satisfies:

LR, +Ry) 2 @
¥, -——-—~4R‘szs¢(l ~sin*¢cos® B}

‘Where Ly is the length of the meteor traif, and assuming that Ly € R, and R,
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2.3 Reflection From Underdense Meteor Trails

The distribution of energy reflected by a meteor trail is 2. function of ‘many variables. A sample
of these ate the ionization density distribution along and across the irail, the signal frequency,
the polarization of the incident wave relative to the antennz, the gain of the antennas and the
‘motion of the trail with respect to the coordinate system,

As a result of the of the variox: the po ity of two identical
reflections tends to zero. On the other hand, th ity of the varicas
as well as the degree of sncertainty introduced leads to a sitnation where formulation of the
physical problems are 4t best only useful approximations. They will apply rather weil 10 some.

of the trails observed and guite poorly 1o others.

involved

‘The derivation of laws of ions from tradls (15,31,32], axe based
on a mathematical model which assumes the trail to be 2 right-circular cylinder of electrons.
The diameter of these electrons is muuh srealler than the signal wave length and. their density
within the trail is low enough for the inciden: wave to pepetrate through the ionized column
without maj i ion. Thi: th ical model i 1o forthe
requirement thas the trail be tangential to ar stipsoid with foci at the mansmitter and receiver.
Hence, the MBC link can “see” anly a fraction of all trails incident on the ionosphere within its
zange since most do not have the proper orientation (outlined in section 2.2), For stmplicity it
is further assumed that the time taken for the meteor to traverse ong half of the principal Fresnel
zone is short compared with the duration, t, required for the signal amplitude to decay to ™ (the
reciprocal of the natura' logarithm base) of fis initial value, That is, the time of formarion of the
‘meteor trail is assumed 1o be short compared with the toral time that radio waves ate scattered
by the 1rail and hence wansient effects are neglected. Thus, accounting for the length of zl;a
principal Fresnel zone, the received signal power scattered from an underdense trail car be
estimated from the expression [15,31.32]:

5,

PGy GRS C—[i} £ @
T6PR R, R (L i gcos'B] .

P =

“Where:




P, is the transmnitted power in Watts.
Gyand Gy i i i gainzzlas ve toan isoiropic

radiator immersed in free space.

ris the Tadius of the electron in meters.

q is the electron line densicy of the trail in electrons per metre.

S is the dot product of a unit incident electric vector and a unit vector of the reflected
wave in the direction of the polarization of the receiving antenna [32].

D is the ambipolar diffusion coefficient in m?/sec.

1, is the initial radius of the &ail in meters.

s the duration required for the signal amplitnde to decay to ™ of its initial value.

tis the time measured from the formation of the wall in seconds.

The classical radius of the electron is given by:
2 @
1= 228178 x 10 meas
Arm,

Where gy is ¢ > permeability of free space, e is the charge of the electron and m, is the mass of
the electron.

‘The time constant, 7, required for the signal amplitnde to decay to ™ of its initial value is given
by:

- Psecp . )

T 168D

In the derivation of equation (3) it was assurned, as pointed out before, that the formation time
of ameteor trail i p itht. However, the in the trail di i
diffusion during its formation can be i That is the i diffasion

D, may be large. Moreover, as indicated by equation (5), T decreases as the square of the signai
wave length. Therefore, the above assumption does pot hold for short wave lengths, and/or large
ambipolar diffusion coefficieat.
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The masition wave length, Ay, is defined 16 be the shortest wave length for which equation (3)

is applicable. This transition wave length may be esti equating the tipe of
of a meteor trail to the total time that radio waves are scatiered by the trail, That is:
L_Msec’d ©

v 162D

‘Where L is half the length of the principal Fresnel zone, given in equation (1), and v is the
meteor velocity. Hence, combining equations (1) and (6), the transition wave length, Ay, may
be written as:

A { 162D | RiR, i
"= (Vsec?e ) | B R (1—sin’dcos*B)

Tn practice, the pasameters (such as D) upon which the transidon wave length depend may vary
in value, Therefore, it is necessary to evaluate the fransition wave length for each specific case.

M

Diffusion commences as soon as a meteor trail is formed. Conseguently, the radius of the trail
increases with tirme and hence with distance from the meseor itself. To obtain the received signat
from underdense trails, with wave length shorter than Ay, the trail formation period shovld not
be neglected. ing for this period, th jved signal power is estis d as follows [15]:

Pol0) =[

P0G Psec a7 {2) " ®
P LA

‘Where:

K= VAsecOR, +R,) (1 —sin*pcos’ ) T
= 81DR,R,c080

Both equations, (3) and (8), illustrate how the wansmission loss increases with signal frequency.
‘While at frequencies below the transition frequency the transmission loss is proportional to A%,
above that frequency the power falls 2« A%, The first factor in these equations represents the peak
received power. The second factor acsounts for the attenuation due to trail’s initial vadius. This
loss arises due to 1 between the re-radiation from the el within the rrail whose
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thickness at formation is comparable with the signal wave length. The third factor indicates the
received signal time dependence. This Joss factor acconnis for the increase in the trail radiug
due so ambipolar diffusion which can be siguificant even for as short 2 period as is required for
the foimation of the trail.

‘The variation of the received signal, at frequencies above the transition frequency, with time is
as shown in figure (6).

ECENED POKER

FIGURE §: Time variation of the received power

Defining the duration, T = WK, of this signal as the duration of a rectangular pulss of equal

energy withits peak qual to the peak valus of ived power [33], 7 maybe exi)resscd
as follows:

t,{ 8’DRR, } ©)

Vhse §(R, +Ry) (1 ~sin’ cos* ),

Comparing the expressions in equations (5) and (9) for the echo duration, it can be seen that at
frequencies below the tansition frequency t is propordonal to 2% On the other hand, ar
frequencies above the transition frequency, ' is inversely proportional to A. Tt may be argusd
that Tand 1 differ in their definition. Nevertheless, they both describe the usable echo duration
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and hence can be qualitatively unifizd. Quantitatively, ¢ is the time taken for the received power
estimated in equation (3) to decay 1o sbout 037 of its initial value, while ¥ is the duration taken
for the received power in equation (3) to fall 1o about 0.29 of its peak vaine.

In order to obtain a practical estimats of the received signal power it is required to realistically
approximate the various variable paramsters on which it is dependent. A brief susamary,
delineating how some of these variables are quantifiéd will be illustrative.

The velocity of a meteor approaching the earth is a funcdon of the meteor's and the earth s
orbital velocitizs around the sun and the augular distance of the radiant from the apex. This
geocentric velocity of the meteor before coming under the influence of the earth’s gravity may
be expressed [31] as:

Vavivi 2 v vgeosd (10)
‘Where vy and vy, are respectively the velocity of the meteor and earth in their orbit around the

sun and § is the angle of the radiant from t};c apex.

‘The geaceniric velocity, v,, taking the earth’s gravity into account, may be writien as {34):

Vi=125+v an
‘The apparent angle of radiant from the apex, ¥,for an observer on earth may be teansformed as
follows: !

"
= sin"(v—“sin } o
v

As mentioned before, the velocities of the meteors approaching the earth are in the range
11.3km/s 0 72kmys. Clearly, equation (10) illusirates that meteors which emanate from angular
distances, &, smaller than 90° are speeded up. Conversely, those meteors emarating from angles
greater than 90° appear to be retarded. The correction introduced in equation (11} is based on
Newton’s law of gravitation,

As the meteor collides with air molecales, kinetic energy transforms to heat and the particle
wvaporizes. The velocity of the vaporized atoms is further restricted by air molecules, whick
ionize them by detachment. The ionization causes a trail of positive charged ions and free
electruns, with an initial radius 1,, to form behind the meteor. The ionization ieft by the meteor
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is ordinarily in a shape of a cylindrica! column which expands rapidly to a low density. The
ambipolar diffusion coefficient, D, is a measure of how fast the wail diffuses and hence thing
out. Both, the ambipolar diffusion coefficient and the initial radius are by no means constant
and rather rapidly increase in magnitude with meteor height. This may be illustrated by an
expression [35] which empirically relates the ambipolar diffusion coefficient (o height in the
region 80km to 110km as follow:

log,,D=0.067h-5.6 a3

‘Where D is in mPsec and h is in km, An empirical equation relating the injtial radius to height
{30] is as follows:

fog,,T,=0.0350~3.45 (14

‘Where 1, is the initial radius of the trail in meters.

Clearly, the characteristics and orientation of the antenna employed by the MBC link has direct
‘bearing on the received signal power. It is, therefore, important i acquire a global overview of
the various parameters governing the behaviour of this signal to gain insight of their

d In the above equation the factors of prime concern for the
development of antennas are the polarization factor and the antenna gains.

‘The received signal power is directly proportional to P;GrGrq?. Thus, if transmitter power
remaits corsiant and the receiver threshold is unchanged then the minimum value of g can® .
reduced by increasing the gain of the antennas. Lower threshold value of electron line density,
q, will in tum increase the number of detectable meteor trails illuminated and hence the link’s
duty cycle.

Ifboth receiving and itting antennas are Ji polarized, the ization factor, S, may

be computed by defining the angle 1 between the incident electric vector on the trail and the

efectric vector at the receiving antenna. Hence the polarization factor may be expressed as

S=cosp.

Alternatively, the angle between the incident electric vector and the dircction of the scantering

ray may be conndered. ‘That is, defining an angie & betwee. the transmitter clectm: vector at
Ry in figure (7), will providea £th
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upon scattering. Maximum signal swength will be received when s linearly polarized antenna
. isoriented i to the plane of propagation since o=90° and S =sina will be unity 3
(325 Qe

HVECTOR 3

FIGURE 7: The transmitter electric vector at the meteor wail.

! 2.4 The D Of Trails Detection On Sky Regions

The i iction of the relative ibution of sky regions to the detection of meteor

tradls commences by evaluation of the number of meteors whose electron line density exceed a

minimum value as a function of meteor velocity, mass, zenith angle of tail axis and height

¢ above ground. Tt will be assumed [31, chapter 7] that all meteors bave their point of maximum

jonization at a mean height of 93km. Furthermore, it is assurned that the variation of electron

. line density with respect to maximum ionization at a given beight is the same for all meteor
wails. The maximum electron line density, q,, in electrons per metre may be written as [36]:

o=k, Bmeosl asy

Where:

B'- is the probability that a single atom will produce a free electron.

4 m -~ is the initial mass of the meteor.
H ky - is 2 constant of proportionality. “
{ - is the zenith angle of meteor path axis.

c substitution into equation (15):

|
§ Mkinley {31, chapter 7] stated that Becv’, where v is the velocity of the meteor. Hence, on
i
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Go=k, V*meos{

‘Where k; is a constant of proportionality. .
Following the above formulas presentcd by Kaiser [36], it was shown [17] that the number of
free electrons produced per unit trail length, g, at atmospheric height h is given by:

an

20T ;

Where:

s =93km - is the height of maximum fonization. s
H=Tkm - s the atmospheric scale height. This paramoeter, as shown by Mkinley [31,

chapter 7], depends on the and degres of dissociation of the gas

atany given height. N

Substituting equation (16) inio equation (17) yields:

“ Q=G]mk1v’e(¥)[l_(§) '}szc (x.s>

‘The number of meteors of mass sreater than mentering the earth’s atmosphere per unit arca per

,

e

unit ime given by [37):
X, 9
Nmy=—
m

k,=kscosg 20

‘Where:

ﬁ k, ~ is a constant. Based on experimental data {16], this conseant has the valus of about
one. -
ks~ is & function of dme of day and year also found empirically. o

Combining equations (19) and (20} yields an expression for the number of meteors of mass

greater than 1% entering the earth’s anmosphere per unit area per second as Follows:

[T VTR
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3ubstitating for the meteor mass in equation (21) from equation (18) results in the number of
meteor tails with electron line density greater than q as foliows:

h

L 04T

Two different approaches were identified from the literature to approximate the rate at which
usable underdense meteor trails are detected.

@2)

“The first approach is based on the technique developed by Meeks and Jaraes [37] who assumed
a uniform radiant distribution and maintained th i i for i

of an MBC channel. Prior 1o that, Pugh and Hines [28,38] have studied the vniform radiant
distribution and refined the work earlier presented by Eshleman and Manning [26). As pointed
out in ssction 2.2, Eshleman and Manning [18) stated that echoes will be received when the
angle, ¥, between the tangent plane (2, of figure 5) and the meteor path satisfies equation (2).

‘The statement in equation (2) may be implemented by ignoring the requirement that metsors
should traverse the plane in which a trail must lie within the principal Fresnel zone, and atiowing
them to lie in a band cenwed on that plane [183.

Hence, the number of meteor irails producing reflections, n(q), arising from a square kilometre
of the plane at beight h ki above the itter and receiver, rep: ing the meteor
trail zone, per second, may be computed by integrating N(g) over a band 2'¥,,. These bands are
centred at the points of tangency of the meteor wrail to the eliipsoid defined by the foci at the
veceiver and ansmitter. Thus:

nt= [N @
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‘The second approach, is based on the work of Rudie [39] who improved on the work of Pugh [
and Hines [28,38] and Meeks and James [37] by accounting for some of their geometrical g °
{40]. Rudie {35) ped 2 ical model for the radiant disiribution, e

‘which approximares the empirical dara reported by Davies [41]. However, it appears as though

f Rudie’s work is in th ypment of the ics for i -
He 10p Jons to transform the distibution of meteor orbits from
the heli i inate system 1o the distribution of meteor radiants. These radiants are the
intersection of the meteor trails and the celestial sphere, observed on the earth. Computation of
the number of detectable trails is performed for each point in the plane, at height h kilometres
above the transmitter and receiver, which represents the mereor trail zone by integration with
respect to height. At each height, between the lower and upper limits of the meteor region, only
meteor trails which sarisfy the requirement that meteors should raverse the plane in which a

trail must He 1o present a principal Fresnel zone are accounted for. N H

the major

As shown, ip this section and section 2.3, the observed occurrence rate of useful meteors and

the mean received signal Jevel is a function of the antenpa system employed. The dependence.
. meteor trail distribution fanction, and then i ing the product over the relevant volumerric o}

i
|

J

! can be predicted by ining the antenna illumination pattern with a modef of o |
|

!

! sky region illuminated by the antennas. B « 4
N i
!

2.5 The Merits Of Different Type Of Antennas In The Meteor Seatter
Environment . {

The antenna is that component of the communication system which links and interfaces the E
transniitter and raceiver networks 0 the medium through which signals propagate.

Owing to the small footprint, a single frequency may be time-shared airong all stations within {

ameteot scatier network. Antenna idth s, therefore, of fittl inMBC ’
q This simplifies the design, since by antennat di i ies in term of pattern and
impedance constancy. Manpack and mobile applications may necessitate the use of small |
. antennas which are the main thrustof this research. Such antennas are inhereatly inefficientand :
this parameter witl be considered in more detail, v i
}A |
1
i b
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Due to the concentration of useful meteors within the hot spots, it is clear that the antenna
radiation pattern and its fated gain igtics plays a inant role in the meteor
scatter environment. Since simple MBC systerns operate at & fixed frequency, impedance
watching is trivial aud hence considered to be of lesser importance.

2.5.1 Antenna radiation pattern

The directional characteristics of an antenna is given by its radiation pattern. Whether
operating in the wansmitting or receiving mode, the pattern of the antenna is the same in

with the recipracity theorem for antennas [42,43]. The antenna radiation pattern
is a graphical representation of the relative strength of radiated fields as a function of the
zenith, 6, and azimuth, ¢, angles of the spherical coordinate system for a constant radial

ource. The radiation ch is, therefore,

by a three dimensional pattern.

Some important radiation :haramerisﬁ;;s are expressed in terms of scalar quantities. Qne.
ugeful measuse of this is the directivity, D, which is the ratio of the maximum radiation

intensity, U(8,¢)qa. 10 the radizion intensity ged all directions, U,,. The radiati

intensity is a measure of the power radiated from an antenna per unit solid angle. * fus:
(8.9), [e23]

D{8.9) = ‘T‘ﬁ .

The gain of an antenna (referred to a lossless isotropic source) is a function of ity directivity
and efficiency. This efficiency accounts for ohmic losses arising from the conductivity of
metal and dielectric losses. Thus, the gain of an antenna in a specified di:zction (8,4} is givea
by:

G(@.9)=nD(8,0) @5

‘Where 7 is the radiation efficiency of the antenna. Although antenna’s gain can be specified
in any direction, it is usual to refer to the peak value which coincides with the direction of
the main beam radiated by the antenna.

TIn the meteor scatter environment, the question to be addressed with regard to radiation
pattern is whether betier connectivity can be achieved by focusing a narrow beam onto a
region where useful meteors are more likely. The radiation intensity in the main lobe of an
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antenna is; to & good imation, inversely i 1o the uagular width of the main
lobe. As acoroliary, the gain of the antenna is inversely proportional to the beamwidth in
the zenith and azimuth planes.

Theuse of narrow beam solid angl the volume.
of sky illuminated. But the higher gain of the anteana compensates by increasing the
observable number of metears per solid angle. MBC simulation resuits [19) indicate thata
spiit beam pattern directed at the hot spots to either sides of the wansmitter receiver axis
results in a larger number of useful meteor bursts per hour compare with a wide low-gain
‘receiving beam directed at the transmitter.

2.5.2 Electrical preblems due to size limitation

The tequirements for radiation efficiency, as shows by the Chu-Elarington Limit [44),
indicate the trade off between efficiency, bandwidth and antenna size. The Chu-Fiarringion
Hmils, obtained by assumning that all possible wave modes are excited in a sphere enclosing
the radiating structure and its consequences, are illustrated in figures (8) {adapted from 44}
and (9).

@ oz o3 o4
EFFECTIVE SIZE £l

FIGURE 8: The chu-harrington timits.
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FIGURE 9: Conseguencss of the chu-Harrington limits.

‘The effective Q-value of an antenna is a reciprocal measure of its bandwidth. These Yimits
indicate that a reduction in the antenna’s dimension wov™* 2suit in reduced efficiency for
afixed i ieve a desired effici ‘hile redngi

the antenna’s dimension would result in a higher effective Q-value (or reduction in the
antenna’s bandwidth). The anienna’s bandwidth often suffers as a resuit of the reduction in
dimension brought about to satisfy some practical consiraints. This constraint is not a major
probiem ia the simple meteor scatier envi ince such a system bperate at a low data.
rate and hence requires narrow bandwidth. Dixectivity constraints due to size limitntion is
amore serious problem.

The directivity of an antenna with uniformly distribured eleciric field (ie. constant radiation
pariern) across its aperture (termed aperture distribution) may be increased by large electric
field fluctuations in the vicinity of the aperture’s edges. This is known as superdirective
condition {45, pp. 517-520]. Thus, antennas whose directivity is much larger than the
directivity of a uniformly excited reference antenna of the same Hize is known as a
superdirective antenna.
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In an asray, superdirectivity is achieved by insertion of multiple elements within a fixed
length, thus decreasing the spacing. This causes large, out of phase currents 1o cirulate
within the elements, increasing the amount of recirculating energy, the effective Q of the
array, and the ohmic loss, which in turn canses the antenna’s efficiency to rapidly decrease.

i ! as iati i d hence

sherefore, v
low efficiency, narrow tolerances due to large and oppositely directed currents and small
Tandwidth. Figare (10) [adapted from 44] is an example of such an array. It indicates the
vriation of Q with 2 directivity increase, A two wavelength long superdirective array,
occupied by various numbers of isotropic elements iliustrates an exponential increase of Q
with directivity.

10
Q /

10° / Nert L;-.zaa

10°

10" Ne9; § w250

1% :

d
Ne7; 5239
T

7 8
Directivity

FIGURE 10: Q Vs Dircctivity computed for a 24 array.

1 . 2.5.3 The effect of noise in relation to the antennas
i ' The assessment of the effect of noise on MBC systems may be categorized in terms of
internal and external interference. The internal source of noise is due % ohwmic resistance of

the antenna. External interference affecting the reception of VEF signals inchdes galactic
no¢ = local atmospheric noise and man-made noise. The effect of noise on the MBC fink is
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to decrease the usable signal duration since this is defined as the time period during which
the signal-to-noise ratio is above a predefined Ymit. Hence, the system waiting time for
transmission of an error free message frame is increased [46]. In the tranemitting mode, the
roain requirement is to radiate as much of the available energy as possiv.w, whereas in the
receiving mode the main consideration is a good signal to noise ratio.
Crwing to the thermal agitation of charges in 2 conductor, there is a certain amount of energy
distributed over the whole radio frequency spectrum. The noise power (in Watts) resuiting
from this energy may be expressed as: ’
\id @6)

W, =kTB=yo
Whese:

k=1.38x 10" J/K is the Boltzmann’s constant.

T is the temperature in °K.

B is the bandwidth in Hz.

V is the rms value of noise voitage.

R is the resistance in Ohms.

This level of noise power will always be present and is often used as reference.

Galactic noise, arriving from regions outside the earth’s almosphcm‘. “seen” by an antenna
depends both on its beamwidth and on the direction in which it is pointing. Ty minimize
this effective noise temperature, the antenna beam should avoid pointing near discrete
celestial radio sources. Although the presence of galactic noise appears to diminish as
frequency is increased toward the GHz region, an isotropic roise temperature background
will always prevail, independent of beam direction [471.

A . se whi - atthe VEF bandi disch irgos
taking place in the immediate vicinity of the receiving antenna, This form of noise, k'own
as precipitation static, is caused by electrically charged particles which may be raindrups,
snow, hailstones or dust clouds. Other sources of atmospheric noise is due to the currents
caused by flashes of lightning. These currents are of such intensity and short duration that
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they produce 2 continuons spectrum of energy thronghout the band of radio frequencies.
Tnitermittent thunderstorm activity would give rise to impulse noise in a receiver, but the
combined field of many flashes in a short time interval will appear as fluctuation coise [48).

Man-made noise include all noise sources due to electrical appliances and machinery. The
lower portion of the VHF frequency spectrum is dominated by industrial equipment, with
power fines and automobile ignition noise being rajor contributors {48).

Of all types of interference encountered, man-made noise is most severe [46,48]. Noise
measurements, carried out by the Naval Ocean Systems Centre (NOSC) in the USA [46],
indicate that man-made radio noise can be detected at distances in excess of hundred miles
from large metropolitan centres and was found to increase with altitnge. When man-made
poise is eliminated by directing the antenna beam skywards, galactic noise predominates.

An indication of the expected noise levels in business, residential and rural areas is pessented
in figure (11). These correlations [49], however, should only be viewed as a yard stick since:
other factors, such as the orientation and height of the antenna above ground as well s the
specific external interferences prevailing at a particular site at any point in time, will cause
significant deviation from the indicated noise levels.

Figure (11) indicate median day-time values of surface man-made radio noise power and
galactic noise power in B above thermal noise, kK TB, at 288°K as a function of frequency.
In general, noise sources should rot be illuminated by the antenna’s radiation pattern.
Although noise cannot be completely eliminated, its level can be reduced. A sigiuricant
reduction of man-made noise can be achieved by increasing the elevation angle of the main
beam. In addition, minirmising the height of the antenna above ground will reduce noise
powerint  aced via the antenna’s minor lobes.
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3 DESIGN OF SIMPLE ANTENNAS FOR MBC

" In chapter 2 the a theoretical overview on the mechanisms of MBC and the role played by the

antenna system was uutlmed. In this context the merits of different type of antennas in the meteor

catterenvi Inthi: for MBC
These include Lhe synthesis of value systcms of anennas for mobile and manpack applications, 2
Teview of MBClink ing different

antennas, and an examination of the merits of differeat sky illumination schemes for MBC.

3.1 A Value System For The Remote MBC Antenna System

‘Value may be defined as those -uatities on which the worth, desirability or utility of the system
depends. The objective of this remote MBC antenna value system aims at establishing antenna
characteristics for <esign and evaluztion 1o ensure the best overall antenna system for the
end-user.

The value of & system is therefore perceived in terms of the degree to which it satisfies the
end-uses reqummm A value systecn i the Tesult of value :malysns, which is the analytical

or ich affect Val lysis,
is therefore, the process of weighing the varions aspects of a system against each other in 2

quantitative fashion.

This procedure is a valuable toot during the normal design proocss Au engineer always aims
ata good valye, buti with the technical acti anditis difficult
for him to make an objective appraisal of the total syster in its final application. The technique
of value analysis provides a method whereby this could be methodically achieved.

“The approach in value analysis is to identify the crucial aspects of the systern and 10 assess these
selative to each other. In the meteor scatter envi these i i d typically
be the size of the set, waiting time between messages, the size of the antenna, its mggedness
and the ¥ .- "n the value analysis the user is forced 1o indicate the importance of the varions
function.: uspects in comparison to all the others, thereby assigning a quantitative value to each.

Itis often di thata i design on areas of lesser i and
simultaneously high cost. These functional aspects of lesser importance are ofter the
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consequences of others which are in réality i If the designer s able to i

the design goal using altenative methods and thereby eliminare some, or all, of these less
important aspects, a better system value is achieved.

The use of a value enginecring technique requires considerable skill and judgment. One must

but which neverthelevs contributes to its worth, This could include appearance, uvltimate
durability, transportability, maintainability and so forth, An attempt was made to formulate a
value systern for both mobile and manpack use in MBC. This anempt follows 2 procedure of
value analysis suggested by GHV" Bodman [50].

From the discassion on MBC and the tole played by the antenna presented in chapter 2, it is
clear that MBC require high gain antennas which are synthesized to illuminate specific sky
regions. The type of illumination schemes best suited for MBC will be investigated in section
3.3. This will determine the shape of the antenna’s radiation pattern ideally snited for optimum
performance. But these desired st may differ i to that which can be
achieved using simple antennas due to complexity and size limitations. It may be found, for
instance, that the ideal antenna should have horizontal beamwidsh in the order of 8 degrees and
vertical beamwidth, including ground effects, of about 6 degrees. Minor lobes should be about

2048 d

the main beam and i ‘greater than 90 Th

should also ifluminate the sky ragion at a height of about 95k above the mid-path between
receiver and wransmitter. Clearly. many of these idealized technical requirements clash with the
requirement for a simple antenna, as it is difficult to ebtain high directivity as well as accorate
directionality of antennas monnted on maving vehicles. Hence, a value analysis indicates how
the technical requirements can be optimalty met while still satisfying the practical aspects of
the system.

Mobile and manpack renavte ous-station antenna systems ave of particular interest. In mobile
MBC severe constraints are placed on the anterina, especially in terms of its height and
ruggedness, whereas the size of the set itself is not of that much importance. The manpack
Temote Station, on the other hand, may employ a more elaborate antenna, but the antenna must
be collapsable and the weight of the set should be minim’zed. The size and weight of the setis
telated to its power capability. Clearly, remcre ovi-station antennas of reduced size and

ity will i icati ‘degraded ‘Therefore, the waiting




time between messages and their size will be traded off for simplicity. But just how important
are these aspects in relation to one another? The answer 1o this must emerge from the value
system analysis.

Tt Followed o d ine the weighti the various important aspects is such that
a decision is forced to be made on a one-to-one basis. The relative importance of each aspect
with respect to all other aspects is then determined. These can then be plotted to graphically
illustrate groups of aspects with similar impartance. Often, the groups with lower weighting are
those which degrade the worth of the systemn. It may be possible to eliminate the less important
aspects by different methods of implementing some of the more important ones, thereby
enhancing the system’s worih. Finally, any design of a system can be evaluated on the basis of
how well the requirements, laid down by the value system, are fulfilied. The detailed procedure
of value analysis used is outlined in Appendix A for the interested reader. .
ing the p of valu is presented in Appendix A, the value systems otaained
for the remote mobile and manpack antenna systems n terms of priority and weighting are
shown in figures (12) and (13) respectively. The weighting factors were arrved at after
i between university and engineer: ALBU(PTY)Ld. [51] who were
familiar with the end-user requirements.

MOBILE REMOTE OUT-STATION
ASPECTS WEIGHTING
Reduced height of antenna 11
Auggedness of antenna 9
. Short waiting time between messages 5
’! ¢ Reduced size of antenna 4
3 Large messages (Vs. short) 4
; . Limit Na. of antennas to one only 1
i i FIGURE 12; The val for i ion antenna systems.
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MANPACK REMOTE OUT-STATION
ABPECTS WEIGHTING
Small waight of set (power out} 0
Smail size of collapsed antenna 9
Short waiting time between messages 9
Ruggedness of anterna @
Ease of antenna orientation 2
Large messages (Vs. short) 1

FIGURE 13: The value systems for manpack remotes * ~aticn antenna systers.

Clearly, the weight of the set is of pritue importance in the ma. cstation and is not iraportant
‘when mounted on vehicles. This finding has an ultimate bearing on the outpui power capability

of the i thei ion of the antenna system. Short waiting time
between messages is an imporiant functional aspect in both manpack and mobile applications

hilel a

The point of concern in the manpack situation is the problem of having to carry the equipment
onone’sback. As aresultof thi i having toalign and assemble
thc antenna system is evident. When an MBC link is mounted on a vehicle, it is the reduced
height and ruggedress of the antenna which is impormant rather than its reduced size and
complexity,

3.2 Compmter Aided Analysis Of Antenna Performance And MBC Link
Performance

"The design of antennas must adhere to the valu blish for its specific application and
thus examined in this light. But before this can be dore, an evaluation of the performance of
these antennas in terms of their electrical ch: istics, as well as the perit of MBC

links employing these antennas must be carried out. A powerful technique for the simulation
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of antennas is the Method of Moments described in Appendix B. In this work, The Method of
Moment based code NEC2 [12] was used 10 evatuate antenna’s performance. The performance
of MBC links was theoretically predicted using the computer code METEOR [13).

3.2.1 Numerical Electromagnetic Code version 2, NEC2

The Numerical Electromagnetic Code version 2, NEC2, is a popular Method of Moments
software package used for analysis of the electromagnetic response of zutennas and other
metat structures. The analysis is attained by the numerical sokution of both an electric-field
and magnetic-field integral equatior. for currents induced on the structure by sources or
incident fields {12].

Results obtained b ing computer simnlation of physical ly as reliabl

as their coupled with ints imposed by aumerical

limitations. Numerical limitations may be inherent either in the mathematical model used

10 approximzate a physical system, the acmal physical complexity of a system, or in the
i it uged for i

‘The basic devices for modelling structures with the NEC2 code are short, straight segments
for modelling wires, and flat patches for modelling surfaces. The proper choice of these
segments and patches is critical in order to obtain accusate results. Some guide-lines appear
in Appendix C as to the modeiling technique and constraints to be, followed when using
NEC2.

The feagures of NEC2 include:
. Analysis of arbitrarily oriented wirés and surfaces.
. i ‘apesfect d areal using Fresnel reflection
i areal ing i
solutions.
. Up to 10 excitations can be specified on an antenna structure.

. Up 10 30 lumped loads may be specified within the wire structure.,

. The program output includes:
- Input impedance at the ports which were excited.
- Current distribution on the antenna.

Fage -37-




OV U N

- Both, near and far fields from the antenna.

- Efficiency of the antenaa.

- Three dimensional radiation pattern.

must

Inordertoobtain valid results, the i i i tructur
obey a rigid set of rules imposed by the NEC2 code (see Appendix C). In addition, the input
data file which intesfaces the NEC2 code is row and column dependent. This constitutes a

user unfri interface whick dernands a high level of expertise to use. Thus, an
Pre-processor for NEC2 was written [52]. The intent of this pre-processor is to keep the
useri from the vari inys and limitations imposed by the NEC2 code 23 well

as the automatic creation of the input dara file.

3.2.2 Prediction software for MBC system performance

The computer code "METEOR" version 1.0 {13] is a predictisn package for determining
MBC link This code is i as a utility for MBC designs in such a
way that the user i¢ permitted to set up the model of any point-to-point link in terms of its
parameters. Three type of user modes are provided for:
= The Novice mods: Permits the user to select a predefined MBC link and instruct
the computation of its perfcrmance.
+  The User mode: For the more experienced user, allowing the setting of most of
the important MBC Hink parameters.
«  The Expert mode: Provides the user with complete contxol over the MBC system
including the ical model used for
This prediction too! allows the user to assess the data cormunication performance of an
MBC link through the ification of the following pare

«  Frequency.

«  Transmit power.

*  Receive sensitivity.

*  Yagi-Uda antenna type and orientation or NEC2 input data file.
»  Datarate ard protocol specification.

»  Stations geographical Jocation.

Local noise environment.
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*  Time of day and year.

«  Theory vsed for simulation.
The output of the program include the prediction of:

= Relative contribution of various sky regions to detectable reflections.

= Antenna iliumination contours and paiterns.

"~ Absolute number of detectable meteors.

*  Distribution of trails duration.

«  Estimate of data communication performance.
Anteana illumination i d by the for Yagi-Uda ante using the NEC2
code. Using the NEC2 code allow for any radiation pattern to be incorporated in the

of the MBC link per . From the antenaa designer view point, one of

the useful aspects of the prediction model is its ability to predict MBC link perforraances
for different antennas due to incorporation of NEC2 into this package.

The package enables the user 1 display measured results obtained for specific links during

field tests. These results may be displayed together with the results computed by the

prediction program. This facility serves to indicate the dagres of coufidence which may be

placed on the ability of the package to produce accurate simulation results. In addition, it

may be uwsed to test the validity of different mathemarical models employed for the
ion of MBC link ¢

The prediction code METEOR [13) uses the two approaches outlined in section 2.4. In its
computation of the number of d ble twails the ission equation of
received signal power outlined in section 2.3 is employed. Funhcrmom, lhc conmbuuun i

of trailsin the plane b ki

{used to represent the meteor trail zone) is caleutated. This coraputation is carried ont over
the common sky region illuminated by the antennas.

3.3 The Effect Of Antenna Beamwidth/Directivity And Orientation Cn
Meteor Burst Communication

In i i i hesis of value system for antennas i d
and the computer codes 1o predtct antennas and MBC links performance were outlined. Since
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MeteoT scatter ion i antennas in a point-to-point link, b jon as well
as out station antennas need o be considered in this respect. This calls for an examination of
the effect of different sky illumination schemes. In this section, therefore, the relationships -
between antenna beamwidth/gain to waiting time and channel duration are established. )

3.3.1 Description Of The Experiment And Evaluation Method s

The task of antennas empioyed by MBC systems is to illarninate sky regions where radio
waves are most successfully reflected via meteor trails to establish channel openings. These
regions of sky will, however, vary due to the migration of the hot spnts discussed in section
2.1, Therefore, 16 examine the effect of different illumination schemes on the MBC link
performance, a fixed link had to be considered at a set time. For the purpose of this study, e
an idealized radiation partern was synthesized and used for illumination.

In this experiwent, thecretical channel duration above thresnold and meteor count results
are presented for various idealized antenna #lumination schemes over a 530km MBC link.

These show that the correct choice of antenxa directivity and orie ion may
enhance Jink performance. This investigation was repeated for a 1115km link to confirm Q
the validity of the resulis. 4

The computer code METEOR [13] was used to predict the MBC link performance. As
pointed out in section 3.2.2. some coefficient contained within the formulas implemented

in this iction model are adj Hence, it is imperative to carefully calibrate t..e
prediction mode} by cemparison of resulls to exm}. .«cal values before useful simulations can
commence. The availabilify of measured data over 530km and 1115km paths was thus the
reason for choosing these two representative finks. The absolute numerical values ressiting -
1 from simularion are therefore approximate, but the identified trends are reliable.

3.3.2 Test Link Descrip+ion ot

The complete description of the MBC link and the various parametric settings of the
prediction model used for this simulat’on are presented in Appendix D. An extract of the
global features of this MBC link is as follows:

{ - 530kmlink. : ;
§




O v-..«..::g_:‘.—w,u i

»  Transmiteer Latitude: 26" South o
«  Transmiter Longitude: 28° East
*  Receiver Latimde:  30° South A
«  Receiver Longimde: 31" East R
+ 400W wansceivers. [
«  BKHz receiver bandwidth.
*  270°K receiver noise temperature.
«  Minimum detectable signal strength of 10dB above noise.
« . Trails with mors than §0msec duration above threshold.
*  Atime of 06k00.
The antenna radvasion pattern was synihasized 1o be 2 circular cone with unifoim power
deasity over the cone selid zngle ano no Huiaruos elsewhere. For this idealized pastern iy

[

there is a simaple reiationship betwern the cone sxgle, 8, and the isorcopic direcdvity, D;, 3
approximared by:
: @n 5
H i N
H ) R
The top view: ¥ the sieunizied ke is Awa in figure {14} *
Three differen; fyres Of i jving antennz ination schens wers 2
investigated for vhis o
Typels Bothm.xﬁ o1 padl e witter heams are divected alongtha n-ansnmer —receiver axis N
alwa inaciag du i ke atmid-path. Th i T
beamwidih mam 3 st at 727 . would be typicad l‘nr mobile o mupack applications

AT

where sitple autwizize are used, wiile the i Ht reduced. L

‘The value of 72° vas +hosen to completely illuminate (12 hGi spcieregions. |

m'['he receiver radiation pattern is !he same as in Tyos 1. The, \L‘lsmmar illumination B
!

spotonly, and b

incrementally. i
Type 3: Both receiver and transmitter &% airgd on one hot spot only, 35 the transmitter in .
Type 2, and the beamwidth of both @& varied simultancousty. 1
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FIGURE 14: Contour chart of metecr distributi the

code METEOR [13)) for a 530km link with antennas radiating an idealized
circular core pattern of angle 72° divected at the link mid-point.

3.3.3 Resulis
Tabulated results are presented in Appendix E.

Figures (15) aud (16) indicate cptimum channel duration and rate of detectable underdense

bursts a¢ 13dBi (45° idth) for type 1 Slumination, 22dBi (16° idsh) for type 2
and 244Bi (12° beamwidth) for type 3. Figure (17) portrays the wade off between channel
duration and useful meteors perhour seen fortype 11 inati imilar hibited
by tllumination types 2 and 3. :

Clearly, reducing the beamwidth and hence increasing the gain of the antennas beyond the
optimum values, will result in degradatios of the MBC link. To ilfustrate the importance of
proper antenna choice and orientation, two practical cases are examined:

CASE A; Mobile and manpack antennas; A major improvement for this MBC application
is possible by using an optimized master station antenna. To illustrate, nsing a Yagi-Uda
antenna with gain of 13dBi (45° beamwidth) at the trapsmirning station and a 9dIi (72°
beamwidth) antenna at the receiving station, as in Type 1, results in 110 meteors/hr as well
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FIGURE 15: The graphs of Channel Duration Vs. Directivity for the three types

of illuminations. Note: Scaling differences are indicated on vertical axes.

as 50 sec/hr chansiel duration. An optimized master station antenna with 21 dBj gain (18°

idth) and a 9dBi (72° idth) rewnote station antenna, as in Type 2, yields 210
meteors/hr ; 70 sec/hr. A waster station having two beams of the above optimum value was
also simulated and produced an increase in the number of 1aeteors/hr to 250 meteors/hr and
the channel duration to 85 sec/hr.
‘Thus, 1o summarise, an optimum master station antenza for mobile communications will
result in more than double the number of meteors/hr seen and approximately 70% increase
of available channel duration.
CASE B: A fixed link MBC; Using the Yagi-Uda antennas with gain of 13dBi (45°
beamwidsh), directed along the Transmitter-Receiver axis, for both, master and remote
ssations results in 140 meseors/hr and 75 sec/hr. Using a 25dBi (12° beamwidth) antennas,
directed at one hot spot only, as in Type 3, yields 1860 meteors/hr and 575 sec/br. This is
more than 10 times in thy of meteors seen per hour and over 7 times increase
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axes. .

in available channe) duration. It is possible that these theoretical results are numerically
somewhat higher than those which can be achieved in practice. Nevertheless, the trend is
believed to be correct. A master station having two beams of this optimum value each,

directed at the ai ot spots, was also simulated and

of meteors scen and chaanel duration by appraximately 23%.

From this investigation it is clear that proper antenna choice and orjestation particrlarly at
the master station (for mobile communications) will result in dramaric link improvement.
Trshould be noted that such optimum antennas are not unrealistic since a stacked array of 8
Yagi-Uda antennas with 5 elements each produce about 21dBi gain. For networking
applications, however, steerable arrays will provide 2 more versatile solution.
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is indicated.
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4 PREDICTION OF MBC LINE PERFORMANCE USING SIMPLE

ANTENNAS l
The study oulined in section 33 illusaed the importance of the corect choice of antenna & °

ivity, radiation pattern and ori ion in the meteor scatter envi Th i for 5 B
simple antenna systems for mobile and manpack lications results in jcation sy f -

degraded throughput. As indicated by the valug system analysis (in section 3.1) for the mobile e
out-station, a higher weighting of importance is placed on the antenna’s heighs and ruggedness than
on the demand for short waiting time between messages. For the manpack remote station, the small N
weight of the set as well as the small size and collapsability of the antenne, out-weighs the N h
requirement for short waiting time between massages. In view of this gvide-line information one s

can now examine the performance of MBC links employing diffsrent antennas. e

Tn this chapter, theoretical channe] duration above threshold and reteor connt results are presented, ‘l *
using varions sirple antennas, for stations separation ranging from 100km to 2000km, Tabulated [ .
results are presented in Appendix E. .

4.1 Description Of Evaluation Method QO

The objective of this investigation is to establish of MBC links employing simple
antennas, The performance of these, however, can only be useful if viewed on a reference basis.
‘That is, the performance predicted for links employing any specific anténna should be viewed
with respect to these same links employing other antennas. As reference antennas, therefore, a
dipole antenna and its monopole ve. sion were studied. Another useful reference antenna is 2
5-elements Yagi-Uda antenna since this is often used for MBC. Subsequent simulations were e

for 2 mobile square I and a manpack lorg wire (terminated) antenna. The
antennas i imulated cither in free sp above an infinit d ground
in otdcr to eliminate the varying effectof real ground onthe antenna’sradiation pancm Clcaﬂy,

e NEC: beused

ground plane. These theoretical results are presented for:

©  400W transceivers.

«  8kHzreceiver bandwidth.

*  270°K receiver noise temperature.

¢ Minimum detectable signal strength of 10dB above noise.
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+  Trails with more than 60msec duration above threshold.

« A time of 06h00.
The transmitting station of the MBC link, fixed at longitude 28° east and latitude 26° south,
enaploys a 5 elements Yagi-Uda antenna with radiation pattern as shown in figures (18) and
{19

1 FIGURE 18: The azimuth-plane radiation pattern of the 5 elements Yagi-Uda
' mounted at the ransmitting station. Maximum forward gain: 10.1dBj as evaluated
by NEC2 [12). -

A ‘This ransmitting acteana is directed along the i iver axis always illuminating the
s centre of the meteoric region (height 95km) at mid-path, The receiving station is not fixed. It
traverses a north-south path along longitude 28° east, varying its Jatitude location from 100km
to 2000km south of the transmitting station. Al3 other settings of the prediction mode] used [13]

are identical to those used in section 3.3. These can be viewed in sppendix D.

[= S
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FIGURE 19; ‘The elevation-plane radiation pattem of the 5 elements Yagi-Uda
mounted at the ransmitting station. Maximum forwsard gain: 10.1dBi as evaluated
by HEC2 [12}.

42 ion Of Traditional Simple Ant

The simplest antenna is possibly the rraditional dipole. In accordance with the theory of images
[53}, a dipole antenna of arbitrary length can be modelled by mounting 2 monopole of half that
length orthogonal fo an infinite perfectly conducting ground plane. This monopole must then
‘e fed at the ground point. The input impedance of 2 monopole is haif that of a twice longer
dipole but their radiation patterns are identical in the hemisphere above the ground. The gain
of the monopole arrangement, however, is 3dBi above that of the dipole in free space, due o

the presence of ground.

Since simple antenn: investi itis prudentto

that one may expect using raditional simple antennas in the meteor scatter environment. For
this purpose, of the hori polarized half- dipoe in free space as well

as the vertically polarized and a 45° skew quarter-wave monopole above an infinite conducting
ground are studied.
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421 adiation patterns of the traditional simple antennas
The radiation] the hori Polarizes half- dipole, the vertically polarized
quarter-wave monopole and the 45° skew quarter-wave monopole are svaluated by NEC2

[12]. These are presented in figures (20), (21), (23) and (24). The orieniatior of the skew
le in the spherical i is such thar its structure’s zenith

q
angle © =45° and azimuth angle ¢ = 90° as shown in figure (22).

FIGURE 20: The azimuth-plane radiation pattern of the half-wave dipole
antensa in free space. Maximum forward gain: 2.16dBi, The clevation-plane
pattem is omitted since it is constant in the ZY-plane for a dipole in free space
oriented along the X-axis.
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FIGURE21: The elevation-plane radiation patiern of the quarter-wave
monopole antenna on a perfectly conducting infinite ground plane. Maximum
forward gain; 5.16dBi. The azimuth-plane pattern is omitted since it is constant.

QUARTER-WAVE MONOPOLE * £

TO TRANSMITTER

Y o

X

EIGURE 22; The orientation of the skew quarter-wave monopole.
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FIGURE 23: The elevation-plane radiation pattern of a 45° skew quarter-wave

B iew-point ¢ = 90°). i forward gain: 4.65dBi.
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FIGURE. 24; The azimuth-plane radiation pattern of 2 45° skew quarter-wave
monopole antenna on a perfectly condocfing infinite ground plane. Maximum
forward gain: 4.650Bi.

‘The maximum fr-ward gain of the skew monopole occurs at 8 =90° while §=0° and
$ =180° respecrively. At =90° and § =270° the gain drops by about 0.3dB. This marginal
drop in gain cannot be easily seen in figure (24).

4.2.2 Results predicted by METEOR for the traditional simple
antennas

Figures (25) and (26) indicate that the optimum orientation of the half-wave dipole is at
right angle to the transmitter-receiver axis while that of the quarter-wave monopole is at
vertical position. The optimum orientation of the skew quarter-wave monopole in the
azimuth-plane is at right angle to the transmitter-receiver axis while its worst orientation is
along that axis.

For duration, asseetin figure (25), the opti i ion forthe half-

dipole is about 1000km. Both, the channel duration and the optimum stations separation
decreases as this antenna is rotated through 90° in the azimuth-plane, The optimum distance
between stations for the quarter-wave monopole is about 600km and chanrel duration is
decreased as the zenith angle by which this antensa is skewed increases.
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i For average waiting time between useful meteors, which is inversely proporional to the
meteoric rate, as shown in figure (26), the optimum station separation for the half-wave -
dipole is about 300km. Both, the number cf useful meteors seen per hour and optimem N
distance between stations o as the through 90° in the azimuth-plane.

‘The optimum station ion for the g is about 500km and the

meteor count is decreased as the zenith angle by which the monopole is skewed increases.

The half wave dipole provide improved connectivity compare to that which is achieved
Figures (20)and (21)i skyregions

are flluminated by the dipole anteana. particularly at short range. As the distance between

stations increases, the higher gain Hluminaion of the ) i greater

regions of sky and would, therefore, be expected to pesform better than indicated in fignres gi
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FIGURE 26: The graphs of useful Meteors per hour Vs. Distance for the o

half-wave dipole and q pole at various oriemtations. Note:
Scaling differences are indicated by symbols on vertical axes.

(25) and (26). However, apart for overail degraded connectivity, the optimum station
separation for the monopole antenna is shorter than that which is indicated for the dipole
antenna.

Nes [54] reports that a vertically polarized wave would suffer a 3-4dB larger loss than a
horizontally polarized one. The aim of this work, however, is not 1o quatify this statement
but rather to examine the overall effect of different illnmination patterns using simaple
antennas. Nevertheless, this may explain the superiarity of the dipole antenna over the
‘monopole for MBC. From a practical view-point, on the other hand, the orientation of the
dipole antenna is very critical in order to achieve optimum performance, while that of the.
monopole is not critical at afl.
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4.3 Evaluation Of A Mobile Square Loop Antenna

For mobile applications, the vertically polarized quarter-wave monopole described above is

deemed to be a suitable anienna configuratior, Many different types of simple antenna

configurations may be designed for mobile applications. However, in order to investigate the
i patterns of antennas, 2 i

(shown in figure 27) of a quarter-wave long sides was simulated. This square loop antenna

complies with the requirements for ruggedness and redaced height. Moreover, its size would

not exceed the roof area of an ordinary truck cabin.

TOP VIEW SIDE VIEW

FIGURE 27: A mobile square loop antenna.

4.3.1 Radiation patterns of the square loop antenna

‘This square loop antenna when placed at & height of 0.25m above and parallel to an infinite
conducting ground plane, has radiation pattern as shown in figures (28) and (29).
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FIGURE 28: The azimuth-plane radiation pattem of the square loop antenna
sliced at zenith angle 8 = 70° as computed by NEC2 [12].

EIGURE, 29: The elevation-plane radiation patiern of the square loop antenna.
Maximum upward gain: 9.5dBi as evaluated by NEC2 [12).
As seen in figure (29), a square Joop antenna which is place parallel at a small height above
ametal truck roof will radiate mostly upwards. The azimuth-plane radiation pattern, shown
in figure (28), is nearly omnidirectional but the direction of the pattern maximum is seen
tilted by about 12° from the Y-axis (azimath angied = 90°). This radiation partern resutted
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from the di ion of the loop (2 I as well as its proximity to the
ground plane. But since the roof s of finite dimensions and in practice will be only slightly
larger than the area occupied by the loup antenna, the radiation pattern of such an antenna
will actually be directed to the sides (zenith angle 6 >490°) as well. As a consequence of
this, the upward gain of the loop antenna will be This sffect

forMBC, as may be deduced from the performance of the half-wave dipole shown in figures
(25) and (26), since greater volume of useful sky will be illuminated. On the other hand,
directing the main beam vertically upward while reducing its height above the ground plane
is desirable in order to reduce the effect of man-mads noise {discussed in section 2.5.3).
However, as outlined in section 2.5.2, decreasing the spacing between the loop antenna and
the ground plane canses a rapid decrease of the structure’s input impedance. The antenna’s
input impedance needs to be matched when coupled to the MBC link. Thus, the height of
the Joop above the ground was established to allow a practical impedance transformation
ratie,

4.3.2 Results predicted by METEOR for the square loop antenna

The performance of this horizontally polarized square loop antenina in the meteor scatter
environment, compared with that of the quarter-wave monopole described above, can be
viewed in figures (30) and (31).
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FIGURE 30: The graphs of Chaninel Duration Vs. Distance for the square loop
and the guarter-wave monopole antennas.

Figures (30) and (31) shows that while the square loop antenna will provide better
comnectivity at short ranges (up to 500km), provided its orientation is optimal, the vertical
quarter-wave . mwonopole on an infinite condueting ground plane will enhance

ications at ranges ing 500km. it should again be noted that in
practice, this ground plane is finite and hence will produce slightly different performance
1o that indicated.

From figures {21) and (29} it is clear that the quarter-wave monopole | - a low teke-off

angle while the square loop is directed vertically upwards from the receiving antenna. The

superiority of the loop antenna over the quarter-wave monopole at short ranges can be

explained by noting that it illuminates a larger portion of the hot spots. As the stations
ioni the quarter- illumi ion of the

sky regions and hence provide better cornectivity.
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FIGURE. 31: The graphs of nseful Meteors per hour V. Distance for the square
loop and the quarter-wave monopole artennas.

‘pattern of this square loop antenna is di ini;

atsky
tation, the effect of i these sky regions by the transmitting antenna. :
with higher gain was examined. For this purpose, the transmitting 5 elements Yagi-Uda *?&
antenna which thus far was directed at the link mid-point (height 95km) was aimed at the .
; link end-poiut (height 95km '
/

quare Joop ). The results, as shown.

in figures (32) and (33), indicate that these two types of illuminati X B
P identical results. It can therefore b concluded that there is no advantage in illuminating the
q end-path when using these astenna. The idea of end-path illumination using differest 3
antennas should, however, be further investigated.
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FIGURE 32; The graphs of Channel Duration V. Distance for the square loop
antonna with the isting Yagi-Uda antenna dluminat id-poiatand
end-point of the link. s
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FIGURE 33; The graphs of useful Meteors per hour Vs, Distance for the square v
with th itting Yagi-Uda illuminating the mid-point
and end-pojnt of the link.

4.4 Evaluation Of A Manpack Long Linear Terminated Wire Antenna

Theval insection3.1 indicates that i '
Temote out-station are the small weight of the set, the small size of the collapsed antenna and
short waiting ti Insection3.3, theil f i1l the hot-spots

with sufficient intensity was established. The main beam take-off angle of a long linear wire oy
antenna can be adjusted by varying its length, Generally, the longer wire produces a smaller
main beam take-off angle. This feature may be used for partial illumination of the hot spots
. located at efther sides of the transmitter-receiver axis. In addition, this lightweight antenna can

} : be realized using a thin flex wire which may rolled into a small bundle. These features make it
attractive for manpack applications. Thus, a 146.5m long linear antenna (shown in figure 34),
serminated by & 2000 resistve load, was simulated. Altshuler [55], who carried out pioneering
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work on resistively loaded wire antennas showed that the insertion of a suitable resistance one
quarter of & wavelength from the end of the monopole effectively terminates the antenna
geometry by its characteristic impedance. Hence a travelling wave: current distribution is
produced between the source and the termination,

[ 198.5m 1511

—am— |

ww's

taed point 2000t resistve foad
(500%)
FIGURE 34: A long linear terminated wire antenna.

4.4.1 Radiation pattern of the long linear terminated wire antenna

Thelength of th tobe 146. i diate with a narrow b

and high gain at about 10° 1o the sides of the transmitter-receiver axis, enabling partial
illumination of the hot spots. At short ranges the antensna was tilted to higher take-off angles
for optimurn illumination. The long wire antenna shown in figore (34), when placed at a
height of 2m above and paraliel 1o an infinite ing ground plane, iation pattern
as indicared in figures (35) and (36}.
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FIGURE 33: The azimuth-plane radiation pattern of the long linear
(terminated) antenna sliced at zenith angle 8 = 80° as computed by NEC2 [12).

FIGURE 36: The elevation-plane radiation pattern of the long Hnear

{terminated) anteana. Maximuam forward gain: 12dBi a5 evaluated by NEC2

123
Radiation patterns will not be presented for the various tilt angles, but are similar to the one
shown above with somewhat increased gain, The correct orientation of this travelling wave
antenna can be achieved by the use of 2 balloon and ropes to control its elevation angle and
direction.
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FIGURE 37: The graphs of Channel Duration Vs. Distance for the long i i
(terminated) wise, 5 elements Yagi-Uda and half-wave dipole antennas.
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4.42 Results predicted by METEOR for the long terminated wire ‘
antenna : '
The performances of this long wire antenna is compared with the 5 elements Yagi-Uda ‘
antenna (pointed to mid-path) and the half-wave dipole described before. These results are
presented in figures (37) and (38).
For channel duration, the optimum stations separation is about 1000km for the long wire.
antenna and about 1300km for the Yagi-Uda antenna. For meteor count (or average waiting
time}, the optimum range is about 1000km for the Jong wire antenna, and about 1100k for
i the Yagi-Uda antenna. Optimum illursisation of the hot spots is difficult to achieve with
the long wire antenna due to ground effects and multiple nuils. Therefore, the curves
preseating the results for the Jong wire antenna are not smooth.
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FIGURE 38: The graphs of useful Meteors per hour Vs, Distance for the long
(termminated) wire, 5 elements Yagi-Uda and half-wave dipole antennas.

H These ly indicate the i f the antenna’s gain and illumination patters.
The Yagi-Uda and the long wire antennas have maxinem forward gains of comparable
magnitade. The main beam produced by the Yagi-Uda antenna, however, is much wider
thax that produced by the long wire antenna. Hence, Iarger portion of useful sky regions can
be ilinminated by the Yagi-Uda antenna which results in improved connectivity. On the
other hand, the half-wave dipole anterna’s beamwidth is comparable to that produced by
the Yagi-Uda antenna, but with much reduced gain. Thus using the dipole antenna resnlis
in poorer connectivity than can be achieved when using the Yagi-Uda and the Jong wire

b

antennas.
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4.5 Summary Of Resuits

The take-off angle required for mid-path illumination at 100km station separation is about 59°.
This angle decreases as the distance between stations increases. The elevation-plane radiation
pattern of the half-wave dipole in free space is constant in the ZY-plane (see figure (20)).
Simitarfy, the azimuth-plane radiation pattern of the vertical monopole is constent at any
elevation angle (see figure (21)). Thus, as seen in figures (20) and (21), at short ranges the
half-wave dipole antenna provides bettor illumination of usefal sky regions than the
quarter-wave monopole antenna. As the station separation increases, the illumination pattern
produced by the monopole antenna will cover a greater portion of nseful sky regions with
improved gain. In fact, using the illumination pattern and gain argument, at large distances the
ornopole antenna would be expected to provide with improved connectivity to that which may
be achieved with the dipole antenna. However, theoretical results (presented in figures (25) and.
(26)) indicate that the half-wave dipele provide with better connectivity at all distances. This
xmay be explained by the effect of antcana polarization on MBC performance. As discussed in
section 2.3 and pointed out in section 4.2.2, a horizontally polarized antenna performs better
than 4 vertically polarized antenna in the meteor scatter environment.

The half-wave dipole antenna, modeiled in free space, was included in this investigation as a
reference antenna. The square loop and the monopole antennas were considered 1o be suitable
for mobile applications. The radiation patters produced by the square loop antenna is directed
vertically upwards, with high gain, to illuminate mainly sky regions above iving station
{as shown in figure (29)). At short ranges (up to 300ke) this loop antenna performs betier than
the half-wave dipole (as can be seen when comparing figures (30) and (31) to (25) and (26)).
As the station separation increases, the connectivity achieved with the square loop antenna is
rapidly degraded below that which may be achieved using a quarter-wave monopale. This is
due to the fact that it iffuminates smaller portions of useful sky regions as the station separation
increases. However, as pointed out before, in practice this loop antenna will ke place above &
finite ing plane, As 2 it is expected to alarger volume of sky
at the expense of reduced upward gain and thereby offer improved connectvity.

As shown in figures (37) and (38), much improved connectivity can he achieved with a long
wire manpack antenna compare 1o that which can be realized using mobile antennas. This is
due o the requirements differences in the value systems (discussed in section 3.1) established
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for the remote mobile and manpack anter w2 systems in texms of priority and weighting, While
for mobile applications the emphasis.i.- o the reduced height, size and the tuggedoess of the

antenna, for manpack applications itis only important to have arugged and small size colldpsed

aatenna.
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5 CONCLUSIONS

In a given point-to-point link, the success of meteor scatter fcation is largely dent on
the antenna system. Thus, base station as well as jon antennas need to i in this
respect. The work presented in this di ion, howsver, i3 only with the

of simple out-station antennas which are suitable for mobil> and manpack spplications.

51 'y Of Findings And Conclusi

£.1.1 Antenrnas for MBC

The basic concepts of MBC, i in chapter 2, undeines the of the role
played by the antenna system in the meteor scatier cavironmest. Directional properties arc
exhibited by the geomemy of the link, the reflsction mechanisms of meteor scatter

jon; and th Frraii detpctis the illumination of certain sky regions.
‘These directional properties relared © loyed. Hence, the
antenna’s polatization, radiation pattern, gain and anitude effects the performance of the
MBC link. To maximize throughput, all regions of sky which contribute o MBC should be.
ifluminated with high gain antennas.

5.1.2 Antenna design considerations

A logical extension was therefore 10 examine the principle factors governing the behaviour
of simple antennas and the effect of noise on the system. The requirement of simple antenna,
systerns inevitably resalts :n MBC systems of degraded performance due to their reduced.
size and cumplexny The onus is thus plao:d on the directional master station to provide

sky ions. The effectof noise on MBC
Iinks is to decrease the number of detecteble 1<ails as well as the vsable signal duration, since
signal duration js determined by the period rluring which the signal-to-noise ratio is above
some predefined limit. Unfortunately, noise cannot be completely eliminated, but its
introdueiion via the anteans’s beam can be reduced.
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Simpie antennas are generally defined in this dissertation as thnse complying with severe
size and complexity limitations. However, a simpls antenna suitable for mobile applications
differs from that which is soitable for a maupack or any other application.

TIn chapter 3, the value systems for the remote environments of interest are formulated. The
value systims enumerate &l that is necessary to ensure best valve for money in terms of
priority and weighting in the antenna design phase. It furnishes a concise specification of
the antenna required for any specific application.

Knowing what sort of antennas are required paves the way for their synthesis, evaluation
and the prediction of their effect on MBC link performance, In chapter 3 the computer aided

antenna analysis tool, NEC2, which is incorp within the MBC predictive model code,
METEOR, is described. These computer based codes, as well as the value systems dcnv:d
for manpack and mobile ications, are nsed as engineeting tools in the i it of

simple out-station antennas for MBC (outlined in chapter 4). But before particular designs
of antennas were appraised in the meteor scatter environment, it was important to establish
the effect of different types of sky illumination schemes on MBC link performance. This
information, as generalized as it may be, is vital for the design of any antenna for MBC.
Hence, a clear categorisation of the link type is fomished in terms of its illumination
capability. )

For this investigation of the relationships between antensa bearnwidth/gain and crientation
to the MBC link performance, idealized radiation patterns were synthesized. These ideal
palternis were used in the simulation of different illumination schemes. Theresults, presented
in chapter 3, support what is already deduced from the theory (in chapter 2) with regard to
the importance of the master station illumination when simple out-station antennas are used.
‘While stmpl ion mobill wmay be of limited direct base
station concentrating its radiated power on those regions of sky which conwibute most 1o
the duty cyele of an MBC link (the "hot spots”) will result in dramatic link improvement.
Best connectivity is achieved when both ends of the link direct their bearns at the hot spots,
but this requires complex antennas at the two ends. For each type of illuminaticn scheme
there is a wade-off between beamwidth (which is relaed to the antenna’s gain) and
throughput, Reducing the antenna’s beamwidth {while increasing its gain) resuits in the
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illuminatioy uF ureduced volume of sky with increased intensity. Up to a certain bearnwidth
(which i link dependeat) this effect improves the throughput. Beyond that point, further
reduction of the bearmwidth will degrads the throughput.

. The indicated optimum master station antenna illumination is not unrealistic since an amay

of 8 Yagi-Uds antennas with 5 clements each produces approximately 21dBi gain. For
networking applications, though, stecrable arrays or other versatile solutions should be
sought. However, antenna desige for master stations is outside the scope of this work.

5.1.3 Simple antennas in the meteor scatter environment

In chapter 4, the electrical performance of simple antennas was evaluated using the NEC2
code. The resulting radiation patterns of these antennas were used to predict, using the
prediction softwars MRTROR, the effect of these simple antennas on MBC link throughput
for station separation 1...ging from 100km 1o 2000kn. Both optimum antenna beaming as
well as worst case beaming was used in this evaluation.

The purpose of this i igation was blish beach: guide for MBC
links using simpl ion antennas with emphasi bile and manpack icati

Th i of MBC link ing three 3t antenna |

in addition to particular designs for mobile and manpack applications. The traditional
anternas chosen were the. balf- dipole, the guarie and a 5 element

Yagi-Uda antennas. For mobile and manpack applications, a square loop and a long wire
antenna was designed and evaluated respectively.

The quarter-wave monopole and the square loop are practical mobile antennas. Theoretical
results indicate that at short ranges {up fo about 500km) the square loop antenna will offsr
improved connectivity. Owing to the inability of the loop antenna to illuminate sufficient
usoful sky regions at larger station ion, the q ypole will enhance
communications. Both antennas, however, are modelled on an infinite conducting ground
plane. In practice, the ground plane is finite and hence slightly different performance 1o that
indicated is expected. The effect of mounting the square loop above a finite conducting
plane (such as the roof of a ruck) will be w0 i, \ruinate a larger volume of sky at the expense
of upward gain. This should effectively improve communications as range increases since
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more sky regions will be iflumi The! afin ing plane on th P |
antenna is to reduce its forward gain and thereby degrade the overall performance of ths :
Tink,

Considerably improved throughput can be achieved with a long wire manpack antenna s
compare 10 that whu:h is attainable using the mobile antennas described. This is due to the i
in indicated in the value ished for remote mobile ;

antenna systems. While for mobil icati phasisis on th

height, size and the ruggedness of the antenna, for manpack use itis only important to have

a llghrwcxghl. rugged and smoall size collapsed antenna, In fact, for manpack applications .

ermust be 1i asit ied on one’s back. Mobile

stations are not constrained by weight and hence their transmit power capability can be

increased to enhance throughput. The improved performance of the manpack antenna thus
compensates for power restrictions on the manpack out-station.

Ny

5.2 Proposal For Further Investigation

The inthisdi ion is limited to th ical investigation of simpk O
i scatter out-station antennas. The theoretical results obtained by performing computer
simulations of physical systems are onty as reliable as their mathematical approximarions,
' coupled with the cunstraints imposed by the numerical imitations, It ig recommended that the

theoretical results obtained bc vahdatcd by measurements. However, in terms of the statement.

of b ion, the effect of different illumination scheme:

on MBC link is i Different illumination schemes may be dictated for
differen: links such as mobil bile, pack: pack, il by station,

pack-10-base station etc, the relative i with these
' schemes for MBC are indicated. In addition, designs of simple antennas can be assessed with
[ reference 10 the bench-mark results presented here.

g Liis ged that sub work will on validation of the theoretical results by
measursments of simple antennas and MBC link performance. Due to the importance of the
master station discussed previously, further work should be carried out on their design and
evaluation. Validation of theoretical results will provide the confidence needed to ensure that
these form a solid base for fusther design. e
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APPENDIX A - THE PROCEDURE OF VALUE ANALYSIS

‘The valw; analysis is performed as shown in figrre (A-1:

MOBILE REMOTE STATION

FUNCTION COMPARISON ToraL

Al Small size of sot [alssic.|DelEF ]G]0

B Ruggednsss of antenna j B 1B, | D11 Bz|B2|Bs]|8

["¢| Reuced siza of antena c | p2]c|Fi[Gi]|4
D! Rectuction in height of antenna D 1Dst Dy Dy} 11

E\| Linit No of antennas to one only E | Fa]l Gs| ?

F | Large messages F | Gzt 4

| G| short waits clz

EIGURE A-1: Relative importance decision making table.

JImportance index:

3 - Much more important

2 - More important

1 - Not much more important
The first entry "B;" indicate that the ruggedness of the antenna is much more important than having
a set of reduced size. In a similar fashion the rest of the table is completed. The aumbers associated
with each letter are then summed across the mairix and entered in the "TOTAL" column cn the
right. These could then be normalized with respect to the highest score, multiplied by a factor of
10 or 100 for convenience, and plotted as shown in figure (A-2}

It can be seen from the plotin figure {A-2) that the reduced height of the antenna, which is the most
important aspect, can be fulfilled by designing a high power system, thereby increasing the total
value of the system. Thtis, of course, would result in a large set. But as indicated, the size of the
‘mobile remote station set is of least importance.

Generally, the designer may use this graph to group the individual aspects into higher order units.
Ordinarily, the resulting unit of lower weighting is that which degrades the worth of the system.
The elimination of aspects within that unit is often possible by implementing functions within a
‘higher weighting unitdifferendly. This iterative process is carried out to enhance the system’s worth,
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Ths ized weight of values to those presented in figure (A-2). Any
desigued system can then be rated on the basis of the individual aspects. The rating of
each functional aspect is the iplication of the ized weight of i of each aspect

by the rating of the implementation of that functional aspect. Clearly, the higher total score of the
compound rating indicates a better design.
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APPENDIX B - THEORY AND IMPLEMENTATIONS OF THE METHOD
OF MOMENTS

The Method of Moments is 2 technique used for the simulation of antennas. This technique, which
solves Maxwell's equations numerically for cylindrical wire structures and surfaces, is reviewed
in {12]. This technique is in general bodies with current distribution, I, as
shown in figure (B-1). Of particular interest is the current distribution along a thin wire as shown
in figure (B-2).

OBSERVATION FOINT
2241

X
FIGURE B-1: General radiating body.
I
a )
P 1
/ / z
/
-L L
e -2— Zu0 Za E
FIGURE B-2: A thin cylindrical wire.
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E Assuming the wire raditis to be much smaller than the implies that current jall L
- B only. At the surface of the conducting wire, the electric field boundary condition states that the

tangential field component is zero. That is:
B +E=0 (B-1) R
where E is the tangential component of the scantered electric field radiated by J, and EL is the

tangensial incident (or & of the electric field due to some source of excitation.
Tt can be shown [56] that Pocklington equation may be written as: 5
4 e (F0@,Z) o (B-2) i
: W2y — 2+ FoE,Z) dZ
| in (Z)( P A peE.zy .
i ‘Where: N
: X(Z) denotes the current. .
a N .
B=wViie is the phase constant.
&(Z,Z) s the free space Green's function given by:
‘o

. ) B-
@(Z.Z)=ﬁe"” ¢ i »

i where R is the distance between the two points (X, Y,Z) and (X', Y, Z) given by :

A+ A-TTH @ ®-4
For simplicity, equation (B-2) may be written as: E
®B-5)

o= 1@k 2uz
“E= ], Z,
The solution obtained for I(Z) is obtained by using the Method of Moments as follows:
a Congider the approximation of the carrent by a series of expansion functions, F,, such that:

1@=315@) ®6 i
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‘where L’s are complex expansion cosfficients.

For simplicity, consider a set of puise functions:
F =1 forZeAZ, ®7)
=0 elsewhere

‘where the wire is divided into N ssgments of length AZ,. Thus on substitution into equation (B-5): L

o x ) o X )

-B={" E(r@x@, 202 &8 :

n &

where m indicates that the integral equation is being enforced at m. Tht....
i y . .
-Ez)=1 | xe.zaz

A
Defining: ) -
@ 7= K207 &1
oz,

Thus:
(B-i1)

B S AVAL R ARATIRE & A4} I

‘Which in general can be writien as:

(B-12)

3
1 SZad=Va

< where:
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Zp =62 Z)

and

Vus-E{Z)
Equation (B-12) has N unknowns. We therefore require N such equations for a solution 1o be
acquired. This can be achieved by enforcing the imegral equation at N points on the wire. This

process is called "Point Matching” which is a special case of the Method of Momeats.
Hence : )

1Ze 3 0 = [V ®-13)
‘Where:

LiZ,2) LEZ.Z) - LiZ.Z)
L2, 7)) LEZnZ) . LEZ.Z)
o d I = : .

i

LEZ,ZY LZWT) - LiZ,Z)

and
~EAZ)
-E4z)
V=
~ExZ)
‘Therefore:
(L] =1Z,.J7 [Vl (®-14)
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‘where:
(%4 is a column vector of generalized currents.

{Z,,.3 is a matrix of generatized impedances.
[V,J is a coluinn vector of generalized voltages.

Clearly, this derivation assumes only a single wirs on the Z-axis, but could be extended to arbitrarily
orientated wires interacting with each other. The special case of Point Matching can be viewed as
arelaxation of the boundary conditions such that it is only satisfied at a specific point. In between

k ly hope that Y it 0 badly violated

is not usefidl.

The more general method is derived by considering the so called "Residual”, R(Z), as:

R(Z)=E+E;

(B-15)

Clearly, we wish R(Z) 1o be zero in order to satisfy boundary conditions. Hence:

r@= £ 1.2+ Em

This equation evaluated at Z = Z, gives the residual R(Z,) at the n* point where it must clearly be

zero. However, 4t other points the residual electric field may not be zero. In the method of weighted
regidvals, the current are found such that R(Z) is forced to be zero in the average sense, by means

of weighted functions W,(Z). ie.:
[w.@r@az=0
m=1...N
Hence, substituting for R(Z), we can write the integral equation as:
e N i L2

[T Sz [ waEmaz=0

a3 it ot
£ we use impulse weighting functions:

W 2)=82-Z)
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B = 34

with pulse testing functions where 8(Z~Z,) are the Dirac-delta functions, then substitution into
equation (3-18) yields:

. -20)
LT =B B

which is the special case of Point Matching as shown above. However, if altematively we define
‘W, 1o be pulse functions:
W,=1 forZe AZ, ®B-21)

=0 elsewhere

with puise testing functions, then we obtain whaz is known as a "Galerkin Method”, i.2.:

X . N @2
Eaf, e[ meuzeo

m=1.N

The Method of Moments is therefore equivalent to the method of weighted residuals and the choice
of expansion and weighting functions ultimately delermines the value of the specific method.

NEC2 utilizes the i integral equation thin wires. NEC2 is is cavried

outusing the "point matching" Method of Moments techrique which uses the Pirac delta functions
as weighting functions and a three term function for test functions. These thvee wirms consist of the
sum of a Sine, Cosine and a constant term. In the Method of Moments computer time 3 proportional
‘to the third power of the number of segments thereby limiting the possible size of structures that
may be analysed.
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APPENDIX C - NUMERICAL MODXLLING CONSTRAINTS AND
LIMITATIONS

“The mathematical modelling of the antenna and its environment is the most imporeant aspect of
simulation where accurate tesults of performance are desired. This together with the constraints
and limitations of the particular method of analysis used, conpled with the computer capabiliies
determines the accuracy of the evatuation.

The Method of Moments, presented in Appendix B, assumes all wires to have a radins which is
much smaller than the wavelengrh. This implies that current flows in the axial direction only since
the Method of Moments does not secount for circulating currents. As a result of this the ratio of
‘wire 1~giuis to wavelength, the ratio of segments length 0 radius and the number of segments per
wavelength are parameters on which some limit is imposed [12).

The effect of mutual interaction berween the antenna and its environment must not be overlonked.
A common environmental effect on antennas, especially at Jower frequencies, is the rarth above
which the structure is erected. Hansen [57] demonstrated the following effect of different ground
p]ane.. on the antennas performance : The effect of power lost into an imperfect carth becomes

the heigh g ishi, about 0.2 bove grovad level.

This finding i in terms of i ouceitiserected

higher than 6.2 wavelength above che earth.

Avother important aspect in antenna modelling, especially for the purpose of complex sucture
simplification, is the effect of the wire ength. It has been demanstated by Fmie [S5] that the
physical length of a wire between discontinuities is retained as long as the auigle between sections
does not exceed a certain limit. The mhd.auon of dus ﬁnﬂmg is illustrated in ﬁgum (C 1) [adxptcd
Zomref, 58}, Figure (C-1)shows was;

results of the extent to which the wire length, rather than the dimensions measuredina smght line,
is the i factor in antenna

For evalnation using the NEC2 code, a wire is defined by its radius and the coordinates of its two
end points. The wire consists of straight segments following its path in a piece-wise linear fashion.
Generally, 2 segment length should be less than 0.1 of 2 wavelength and greater than 0.001 of 2
wavelength at the desired frequency of analysis.
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FIGURE C-1: The graph of antenna resonant wavelength versus the angle with the

vertical, 0.
The Method of Moments technique used considers only current flow in the axial direction on 2
segment. The of th imations i onthe uch that unless

the ratio of wire radius 1o wavelength is much less than 1/(2x), the validity of these approximations
is not necessarily accurate.

The accuracy of the numerical sotation for axial currents is also dependent on the ratio of segment
length to wire radius. This ratio must be greatr ¢ than § in order to achieve errors of less than I
percent, using the standard thin wire kernel, and may be as small as 2, if the extended thin wire
kernel is used.

Segments are treated ag connected when the separation of the'r ends it less than 0.001 times the
length of the shortest segment.
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Maintenance of current continuity across wire junction presents another limitation since antennas
wnh short sections of wire coupled to long ones reanm rxccedmgly large m.\mbar of segments to

Kubina’sruleof thurch egment:
that form a junction, require that these lengths be compamble within a factor of five" [59]. Further
more, the ot of wires joined at a single j: i d 30 ds i jop limitation
in the NEC2 code.

Kubina’s rule of thumb, whick can be viewed in conjunction with figure (C-2), states that the
restriction on the relative lengsh of segments that form a junction is given by:

A1 [(s39)]
5> (Kz} >3
o

FIGURE C-2: Two wire junction.
‘A conducting surface is modelled by weans of multiple, small flat surface patches corresponding
to segments used to model wires. The patches ave specified such that they cover the entire surface
{0 be modelled. The parameters defining a surface patch are the cartesian coordinates of the patch
tenire, the component of the outward directed unit normal vector and the parch area.
For accuracy of results, a minimum of 25 patches per square wavelength of surface area should be
used and the maximum size of an individual patch should not exceed 0.04 square wavelengths.
Since the division of cument berween two overlapping segments or patches is indeterminate,
segments or paiches ay not overlap. :
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Theradius of tapered wires may icallysi ius ch -
segments may decrease accuracy. This ruje particularly applies where the ratio of segment fength

1o radivs is small. <

A i i anetwork i 1 i

‘This constraint is imposed so that voltage drop can be specified as a boundary condition,

Finally, the arder in which the vari d i b ;
for 4 successful tun of the NEC2 code. Generally, the card deck begins with cards containing H

o comments made by the user. These are fonowed by geonictry data cards specifying the geometry 5
ofth and thereafter

for the computation 'of antenna characteristics.

‘The ahove does not attempt to cover all the modelling consiraints which are imposed by the NEC2 7
code but ony to highlight a cross section of them. This is carried out in the hope of conveying the
complexity which is involved with sirncture ing, such that i ion results

may be obtained. numerical ion of the perf of antennas, using the s
Methodof ) ouldber N i

rather than integrated quantities such as efficiency, radiation  pattern or gain [59]. Thisis due 1o the ¢ O
fact that the i mpu( impedance calculation is based on the absolnic value of current at the feed point, :
has a ing effect thus reducing the error. Hen:e, measured results

which compare well with the computed input impedance may serve as a good indication as to the
validity of the numerical mode] eraployed.




APPENDIX D - PREDICTION MODEL SETTINGS FOR MBC LINK o
SIMULATION ¥

The detailed description of the MBC link and the various parametric settings of the prediction
model, METEOR [13], used for the investigation discarded in section 3.3 is 4s follows:

Meteor Scatter Prediction System  Ver 1,10 P.J.Rodman/J.D.Larsen 1987/

1 Rr:RL,Tx:14 Brotosol: TEST
. Distn:TEST,Noise:TEST, Var: nb (gmus)

EBarth Envirenment

533.4 kn
6:30:00
13/12/87  (Day: 329)
10 Jm

~100,0

: 31:00:00 {LST: 11:25:14) 5
Recelvar Direetion from North: ~30,2 deg.
: -26:00:00 ( )
: 2310000 {18T: 11:13:14)
o N: Transmitter Direction from North: 147.2 dag !
01 Offset of Local Sime & on GHT" 2.0 howrs - ;
¥o. of Bx. No. of 7 2




. B
i 2] «
P
L
B (Hn(:or Scatter Prediction Systam  Ver 1,10 P.J.Rodman/J.D.lLarsen 1987/8 27
1, TxiT4 Protocol:TES? &
e DistniTEST, Noise:TEST, Var: b (qmus) : oy
i System Environmant vy
: frasenit Power: 400.0 W 3
i Wavalangth (Fraguescy) : 6.000 m {50.000 MHZ)
Polarisation: Horizontal s
; Ho. of Integration Intervale: 1
Earth shape: Round ;
§ Theory: Maeks and Jamas
| Illuninetion use - 3 y
f o/ Sua/Bvezage: Haximon
| : Polarisation used: as
Eat setting: 0.0k .
! Roight - Lower Limir: 8.0 Jn
| Eaight - Upper Limit: 102.0 ks
Caloulation Gain Beusdary: 20,0 aB .
Calouiats ¥ using it Errer Rate: To {
TUna Orbital/Radiant Distn, o §
. B Mo, of Belght Tnvervals (Lacwmn): 3
. Meteer Scatter Pradiction System  Ver 1.10 P.J.Rodnan/d.D.Larsen 1307/8
A:R1, T A o 1:788T - Q
Distn:TEST, Noise TEST,Var: nD (qmusi . .
Distribution Environment
Zata: §0.00 nsac .
o : Tina Constant I Tina Constant Slepc "
i Ana Geastast Dist, Mauswced Data Fila: <imknovs i
§ Tina Constant Distribution - From: 6.010 !
H Time Constamt Oistribution - To: 9.300 3
i Time Constant Distzibution - Incremant: 0.610 1
Digtn. Messured Data File: <mknown> H
f From: 10,080 km/s i
70,000 ¥n/s {
: ncrament; 2,000 km/s i
 Haight Distn. Maasires Data File: <tnknows> i
. Lt Soight plstributton - ruon: .00 kn e
H: Raight Dystribution - 110,000 kn &
¥ Basgnt Dirtrinetion - Tnsremant: 1,000 km . ]
i
4 »
X B
¢} 9
o L
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Metaor Scitver Prediction System  Ver 1.10 P.J.Rodman/J.D.larsen 1987/8 “

Protocol:EST . .
DistniIEsT, Noise:TEST, Var: D (qmus) .

solse Environment

Systom Baadvicen: 20000 Bz 2
{Predicted). dbm
lﬂ:lim\ln Dul:‘ctn:h Siq'ﬂlllloiln‘ 10.8 &R (abova noi
) 3000 X >
R ltuu (C): 27.0¢C
: 1l
; Syoten ¥eader Loss dB): 0.0 08 :
1 Receiver Hoise Fiqure: 1.9 N
: 210.0 &
B iolaa 'lllq»tlture‘ 0.0 K
% Eavivonmentas otee Fomer -330.0 dm
No, of Ax Neise Sources: o No. of Tx Neise Sources: o
e e e otilole e 2 3

Meteor Scatver Prediction Systew  Ver 1,10 P.J.Rodman/J.D.Larsen 1987/8

1:785T

DistniTEST, Nolse:TEST,var: b (qmus)

Constants A

E e 1.40 ) -
Length of Tr. ** .: Zenith (Its): 15.00 k.
! X {06100) : 4.3E-0001
D: X (18n00): 5.0E40002
i : x2: 5.08-0023 .
F: Redght: 57.0 xm
. : Veloosy/eight Slope: 0.3300
. Velocity/Beight Intexcept: 80.00 ke
H Transition Line D-n.tky (qm: 2.0E400%4 a/2
Hdelpier: 33540008 i
: 5.0 i
: muncmcnc Velocity (Vh): 40.0 Jmtx !
: ka: 0.0
§: Velockty Caleulation: Vh/ve
©0: Velocity/Beight mxezsm.up- Linear
: Temperecaze Conversion fact: 2.40 ;
9: Use Annual Cycle Int e
- 4
5
o
fe
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Meteor Scatter Pradiction System  Ver 1.0 P.J.Rodman/J.D.latsen 1987/8
It 77 ®rotocol: TEST E
Distn:TEST,Noise:TESY,Var: nb (gmus) ’)’
. Constants 8
' : Davies’ Radizat Distn. Big K Multipliur: a.o ¢
: B: Rudle’s Orbital Distn, Big K Mwitiplier: 0.6 g
6.70 D: DAff.Coefz. B:  5.60 ’ .
i 7,50 F: z0.Coeff. B 1.20
P 0.0 dag
Wt : Rudie’s Palta s: 6.0 dag 3
1 I: Rudie’s TL1E {dj: 0.0 dag *
: 7: Rudia’s Orbital Dists. Count Multiplier: 0.0
i 0.0 dag .
i -ve case
! Ro Change g
i ©.00%ps ;
i 0.00%p
H Nona. §
t 0. 0%+0000 i
H X 00006000 !
i Couputation: Rudia’ 5 Orbit I
wf Meteor Scatter Predictic tam Ver 1.10 P.J.Rodman/J.D.Larsen 1987/B \ r
| oystons 155, 2, TA4TE BarcheTESE, Frococol 7557 {o
H Distn TZST,NOA!E TEST, Var: nb (gmus) - *
Constants € v
H Radiant Distribution Multipliers: .
¢ B: Eawkins’ Radiant Distn. Big X Multiplier: 0.0
¢ Initial Radius nfact- Enabled
Trail Pormaticn Effect: Enabled . ¢
H Diffusion Effact: Enabled - o
: Pai m Effect: Disabled :
s Zenith Attraction Cutoff Angle: . 30,0 dag. {
Y Shower Computation: mnu.a H
Showar Big K Multiplier:
Pt 3 Velocisy Mulkiplier: |
i Initial Ratius Effect (Showers): Bisabled 3
a0 Trail Formation Lffact {Showers): Disabled -
Diffusion Bffect {Showers): Disabled E
e3i m Effect (Showers): Disabled
: Ura Zeta or 20:
i H Apart for the geographical Jocation of the stations, the same setings were used for the simulations ]
[y outlined in chapter 4. Lo
z o |
“3 X )
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APPENDIX E - TABULATED RESULTS

Tabulated results for the investigation of the gffect of antenna beancwidth/directivity and

orientation on MBC presented in section 3.3.3:
Type 1 ilfuninarion Type 2 iflumination Type 3 illumination
D M/ bu D Mh DU D M DU

; 5.0 838 340 166 1410 | 521 166 | 5833 | 203.7
:’ 9.5 89.8 366 172 1488 | 542 172 657.3 | 2262

Ib.O 95.8 394 179 1594 | 575 179 7542 | 258.0

106 | 10L1 | 420 186 1683 | 59.7 186 | 8610 { 289.5

112 1055 | 445 193 1808 | 63.3 193 | 9975 | 3315
? 118 109.8 | 471 20.1 1893 | 649 20 | 11432 | 3735
: 125 1113 | 4838 210 | 2029 | 687 210 | 12869 | 4140
’ 133 1115 502 22.1 207.6 | 69.1 22.1 | 14945 ] 4749
] 141 1083 | 502 232 § 2007 | 660 232 {16342 5119

150 | 103.0 | 495 246 1956 | 635 246 | 18583 | 5739

16.1 953 474 262 1805 598 262 | 17980 ) 5427

172 84.7 439 23.1 1619 | 536 281 | 19532 | 6084

186 726 391 306 1145 | 392 306 | 6342 [ 1902

20.1 493 297 341 89.0 304

220 153 139

4.6 4.1 50

28.1 10 15
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i
D = Directivity (dBi). . e
M/h = Meteors per hour. % e
DU = Channel duration (Sec/hr). ) «"}, s
o

Type 1,2 and 3 illuminations are as described in section 3.3.2.

e
b
P
H Lo
‘
|

,
A

Q.
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Tabulawed results for MBC fink performance using simple presented i chapter 4
Results for hal dipole, venical g ind 45° skew g X
(section 4.2.2)
- HWD QWM SWQM
Best ‘Worst Best Best Worst

DIMh|DU M| DUyM|DUIMh| DU | ML| DU
100 § 07 0.1 02 01 0.1 01 02 0.1 02 01

200 § 23 0.5 05 0.1 14 03 13 a3 14 03
300 § 53 15 0 02 34 09 34 o0g 30 038
400 § 79 30 04 0.1 33 13 37 13 31 1l >

500 } 120 { 56 0.3 0.1 44 18 490 17 34 14

600 } 146 | 82 0.3 0.1 38 19 34 17 28 i4

700§ 159 | 107 ] o2 {01 |30 | 1w )26 |15 )22 13 (‘;} ¢
: soo 161 | 126) 01 ) o1 J23 i s 2o | 3|y | o g
' 900 § 152 | 137 184 13|18 | 13| 13| 11 e
{ 1000] 135 | 139 13 {11 |14 | 11fo9 |07 .
1100 121 | 140 12 {10}f11] 0909 | o0s
1200f 88 | 117 07 } 07 f o7 | os) o6 os
1300] 66 | 99 05 ] 06 04| 05) o3 | s '
1400] 45 } 75 63 | 04 o2 | 03 ] o2 03 !

remainder of table on next page...
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HWD QWM SWQM
Best Worst Best Best Worst
D iMn|Dv {Mn{pulmn|ou {Me)oulwvmiou
. 1500] 30 | 55 02 ] 03} o:jo2for]| o2
woe] 19 ) 39 oa | o2 }orfor]or]o
ool 14 | 30 01 | 01
. w0 o7 | 17
' w000] 04 | 11
¢ 2000 02 | 05
Index:

HWD = Half-wave dipole.
QWM = Quarter-wave monopole.

SQWM =45° skew quarter-wave monopole.
Best = Best orientation of anteana.
! ‘Worst = Warst orientation of antenna.

T D = Stations sepavation (km).
M/b =Meteors per hour.
DU = Channel duration “2c/hr).
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“Tabulated results for the square loop antenna presented in section 4.3:

SLOOP (MID-PATH) SLOOP (END-PATE)
Best Warst PRaost ‘Worst
D {mn | pv |mMe | DU {wMm| DU} Mu] DU
00) 27 [ oe f s | o2 fas | oa} 15| 02
200] 48 | 09 | 24 | 04 | as | o9 § 25 | o5
a0 | 63 | 16 | 290 F 07 \ 62 | 15 ] 31 | o7
400 ) 55 | 17 3 20 | o5 | 53 | 16 ) 21 | o5
s ] 48 | 19 § 14| o4 | 48 | 18 | 14 | o4
s | 35 | 15§ 00 [ 03§37 | 16 (a3 | 03
708 26 { t2 fos |02 ] 26| .23 es | 02
o] 18 | 09 4 @3 4 o1 | 18 | 09 | 04 | o1
%07 12 § o6 ) oz | or ] iz | os | o2 | o1
el 0% | 04 08 | 4
20 ) 05 | 03 os | o2
ey a1 | o1 ot | o1
ofex:

ELOOP = Square loop antenna.

MID-PATH = Mid-path illuminatiozs by the Y
END-PATH = End-path illivinucion by the: ¥ ugi-Uda antenna at the other end of the link.
‘Best = Best oriensation of squs lonp antenna.

‘Worst = Worst ovisaiztion of square foop antensia,

D = Stadons sepasation an).
M/h = Metears per hour.
DV = Channel duration (Sec/hr).

i-Uda antenna at the ottier end of the link.
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‘Tabulzted results for the Yagi-Uda and long wire {ferminated) antennas pe }scmed in section 4.4:

LONG-WIRE YAGI-UDA

b Mh by M DU

100 17 03 47 o7
200 43 09 110 22

300 § 132 35 2417 6.7
400 { 280 96 490 151
500 443 171 683 285
600 § 642 2946 912 447
700 { 770 413, | 1118 | 627
800 § 79.8 46.1 1§ 1284 | 811
96 | 856 615 F 1395 ) 983
1000 § 889 763 ] 147.1 ) 1133
1100 § 800 62.6 § 1497 | 1258
1200 | 71.6 607 § 1435 | 1330
1300 § 615 564 1 1340 | 1339
1400 | 493 490 § 1168 | 1274
1500 | 349 376 838 | 1048

remair der #if table ont next page...




S s oas]

LONG-WIRE | YAGI-UDA Zenith-plano radiation patter. of the 5-elemeats Yagi-Uda anienn.
D { Mm | DU JMA| DU . e 11154
ANGLES IRECTIVE
1600 § 184 | 220 1 666 | 869 442 % A 624 e
Theta b Verdcal | Horeonal Tont - 90 - 2 St - aa 352 % 99,39 088 088
1700 | 93 | 120 § 489 | 689 F— = = - - RE . | ] -118.83 . : 90 1189 1699 -16.99 - -
aioad ] B %0 ] -99.32 102 12
1800 | 55 | 75 j 320 | 489 5 P il a% T ] ! . 12836 o - 90 12843 174 174 356 ®
1906 | 22 | 32 | 15 | 322 - ] : 2836 . %0 | o R e 74 360 90 99.31 -146 -146
2000 o3 | 06 | 105 | 188 ‘ 2 i 23 22 : B : -118.83 . ] 0 B 90 -1189 -16.99 1699
Inde: : 2 22 22 2 | 11442 ] d 3 ] 50 11449 1624 1624
LONG-WIRE = Long wire (termiriated) antenna. 2 %0 9949 59 o — : 1 % . f . - — — —
YAGI-UDA = Yagi- Uda antenna. 16 %0 99.64 952 952 P - ] o~ . . - -
;;lsn:;ons separation (km). 20 %0 09.83 . 1534 1534 . -109.42 ) . oy ) - ] -109.48 -14.08 -14.08
=Mersors per hour. ] : -107.75 - ] { 90 -107.81 1288 -12.88
DU = Channel duration (Sec/hr). 24 90 -100.06 -13.11 -13.31 : — % . ! . — — —
i -106.: 9 -106.44. -3k -11.
28 % -100.35 69 692 ] P — o - = = "
% -100.69 289 2.89 ' ] i "
90 101.1 0.04 0.04 1 : -104.27 90 -104.32 948 048
Ao s i ‘ ] s %
% -101.56 211 211 -103.44 o 90 410349 847 847
90 1021 38 38 -102.72 %0 10276 5 a5
-102. ; . -
%0 10272 5.16 516 : -1021 o 50 10213 658 658 ,
% 10344 626 626 ) -101.56 % -101.59 5.68 5.68
atid - : 1 90
; - -101.09 % 10112 481 481
2 =7 e e 3 : 100.69 ad % 10071 396 396
2 b 7.9 2 |- 10035 d 90 100.36 3.16 3.16
% 110638 85 85 B ~10- ™ ~100. 3 3
% 10775 899 899 o 10006 oy %0 10067 24 244
. 99.83 % 99.83 181 181
50 -109.42 .37 937 | o
99.64 90 99.64 132 132
2
% 9949 1 4
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Zenith-plane radistion pattern: of the 5-elements Yagi-Uda anteana,

ANGLES DIRECTIVE GAINS
Theta Pri Vertical Horizontal Total
Degrees Degrees dB a8 dB
0 50 -9931 -146 -146
4 90 -99.33 231 2231
8 90 99.39 -3.69 -3.69
12 950 -9%.49 5.8 -5.9
16 90 -99.64 9.52 952
20 90 -99.83 . -15.34 -1534
24 90 -100.06 -1311 -13.11
2 50 -100.35 -6.92 -692
32 90 -100.69 ~2.89 -2.89
36 90 -101.1 -0.04 -0.04
40 90 -101.56 213 21
44 90 -102.¢ 33 3.8
48 90 -102.712 5.16 516
52 90 -103.44 6.26 6.26
56 90 -104.27 716 T16
60 90 -105.24 79 19
64 90 -106.38 85 85
68 90 -107.75 8.99 8.99
72 %0 -109.42 937 937
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7 % 11154 9.66 9.6
80 % 11442 9.87 987
84 %0 11883 1001 1001
88 90 12836 10.08 10.08
%2 90 -128.36 1008 10.08
9% % 11883 1001 1001
100 %0 11442 087 9.87
104 EY -11154 9.66 9.66
108 9 -109.42 937 937
12 90 -107.75 895 .99
116 % -106.38 85 85
120 90 -105.24 79 79
124 %0 10427 716 716
128 % -103.44 626 626
132 %0 0272 516 516
136 %0 -102.1 38 38
140 90 ~101.56 211 221
144 20 -101.09 -0.04 004
148 % -100.69 -2.89 .2.89
152 90 -100.35 T.692 692
156 90 -100.06 1301 4311
160 %0 -99.83 -15.34 1534
164 %0 90.64 .52 9.52
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168 90 -99.49 59 53

172 90 -94.33 -3.89 -3.69

76 9 -99.33 <231 -231

180 90 -99.31 -1.46 -146

184 %0 -99.32 -1.02 <102

188 90 -99.39 -0.88 -0.88

192 90 -99.49 -1 -1

196 90 -99.64 -132 ~132

200 90 -99.83 -1.81 -1.81
204 90 ~100.07 ~244 244

208 20 -100.36 -3.16 -3.16

H 212 S0 -100.71 -3.96 -396
; 216 90 -101.12 -4.81 -4.81
220 90 -101.59 -5.68 -5.68

24 90 -102.13 -6.58 -6.58

228 90 -10..76 <15 1.5

232 90 -103.49 -8.47 -847

= 236 90 -104.32 -5.48 948
240 50 -105.3 -10.56 -18.56
244 90 -106.44 -11.69 -11.69
248 90 -107.81 -12.88 -12.88
252 90 -109.48 ~14.08 -14.08
256 90 -111.61 -15.23 -15.23
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ok

260 90 -114.49 -1624 -1624
264 90 -118.9 -1699 -16.99
268 S0 -128.43 -174 -17.4
272 90 -128.43 -174 -174
276 90 -1189 -1699 -1699
280 S0 -114.49 -1624 ~16.24
284 50 -111.61 -1523 -15.23
288 90 -109.48 -14.08 -14.08
292 90 -107.81 -12.88 -12.88
296 S0 -106.44. -11.69 -11.69
300 S0 -105.3 -10.56 »10.56—_~1
304 90 -104.32 -9.48 -9.48
308 20 ~103.49 -8.47 -8.47
312 S0 -102.76 -15 <15
316 90 -102.13 -6.58 -6.58
320 90 -101.59 -5.68 -5.68
324 90 -101.12 -4.81 -4.81
328 90 -100.71 -3.96 -396
332 S0 -100.36 -3.16 -3.16
336 90 -100.07 244 <244
340 90 -99.83 -1.81 -181
344 90 -99.64 -132 -1.32
348 9 -99.49 -1 -1
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352 90 -99.39 088 -0.88
356 50 90.32 102 492 :
360 % -99.31 146 146
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® S'p
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Azimuth-plane radiation pattern of the 5-tlements Yagi-Uda antenna.

ANGLES DIRECTIVE GAINS
Theta Phi Vertical | Horizontal Total
Degrees Degrees 4B 4B dB
50 2 -152.07 347 47
%0 3 15223 2605 26,05
%0 10 15413 2304 23,04
%0 14 15722 231 231
% 18 1627 2745 2145
% 2 116653 3324 3324
% 26 159 1882 1882
o 30 15426 1219 1219
% 34 15123 769 260
% 38 -149.12 426 426
9% a2 -147.63 15 15
%0 46 -146.5 077 077
% 50 14593 266 2.66
% 54 14559 426 426
% 58 14556 561 561
9% 62 14585 624 674
% 66 14646 7.67 767
% 70 14745 844 844
% k2 14891 9.04 9.04
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) 78 151,05 95 95
90 82 -154.32 9.83 9.83
% 86 -1602 1002 1002
% 90 999.99 1008 10,08
% 94 -1602 1002 1002
) o8 -154.32 983 283
% 102° 15105 95 95
% 106 14891 em 9.04
) 110 -147.45 8.44 844
%0 114 146.46. 161 7.61
% 118 -145.85 674 574
9% 122 -145.56 561 561
90 126 -145.59 426 426
% 130 -145.93 266 2.66
0 13¢ -146.59 [X:] 077
) 138 .147.63 13 -15
%0 142 -149.12 426 426
% 146 15123 769 .69
% 150 15426 219 -12.19
% 154 159 1882 1882
0 158 -166.53 3324 3320
%0 162 1627 2744 2744
% 166 -157.22 231 231
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SN
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170 -154.13 -23.03 -23.03
90 174 -152.23 -26.05 -26.05
178 -151.07 -3347 -33.47
182 -1504 -26.78 ~26.78
186 -150.12 -20.33 -20.33
190 -150.16 -16.6 -166
194 -~150.46 -14.18 -14.18
198 -150.98 -12.56 -12.56
202 -151.7 -11.47 -11.47
206 -152.59 -10.77 -10.77
210 -153.61 -10.37 -10.37
214 -154.74 -10.19 -10.19
218 -155.95 -10.18 -10.18
222 -157.25 -10.32 -10.32
226 -158.63 ~16.57 -18.57
230 ~180.1 -10.93 -10.93
234 -161.7 -114 -114
238 -163.44 -11.97 -1197
242 -165.38 -12.66 -12.66
246 -167.53 -13.46 -13.46
250 ~169.95 -14.33 -14.33
254 -172.71 ~15.23 -1523
258 -175.94 -16.08 -16.08
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% 262 -180.04 -168 168
%0 265 -186.44 -17.28 -17.28
90 270 -999.99 -17.45 -17.45
£ 274 -18643 -17.28 1728
90 278 -180.04 -168 -16.3
90 282 -175.93 -16.08 1608
%0 286 1727 1523 -1523
9 290 -169.95 -1433 -14.33
90 294 -167.53 1346 -1346
9 298 -165.38 -12.66 -12.66
S0 302 -163.44 -1197 1197
90 306 -161.7 -4 114
20 310 -160.1 -10.93 -10.93
9a 314 -158.63 -1057 -10.57
90 318 -157.25 -10.32 -1032
90 322 -155.95 -10.18 -10.18
90 326 -154.74 -10.19 1019
%0 330 -153.61 -10.37 -1037
90 334 -152.59 -10.77 1077
%0 338 -1517 -11.47 1147
50 342 -15098 -12.56 “12.56
90 346 -150.46 1418 1418
%0 350 -150.16 -166 -166 \
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% 354 -15012 2033 2033 -
%0 358 1504 2678 2678 -
90 362 -151.67 3347 3347
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Azimuth-plane radiation pattern of the half-wave dipole antenna in free space.

ANGLES DIRECTIVE GAINS
Theta Phi Verdcal | Horizomal | Toml
Degress Degrees a B )
90 2 14729 2924 2924
% 6 14731 1968 -19.68
%0 10 14135 1523 1523
% 14 14741 228 1228
% 18 1475 1007 1007
£ 2 14761 33 83
9 26 4176 | . -6l 631
9% 30 14795 554 554
9 34 -148.19 402 442
9 38 14848 343 343
9 2 14883 255 2.5
9 4% 1496 177 177
90 50 14978 107 107
% 54 1504 044 044
% 58 15116 0.11 011
% 23 -152.08 059 0.59
% 66 -153.2 101 101
00 e 1546 136 136
9 74 15639 1.65 165
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% 170 -147.35 -15.23 -15.23
90 174 14731 -19.68 -19.68 o
% 178 14729 2024 2924
9 182 -147.29 -29.24 2924
% 186 14731 -19.68 -19.68
% 190 14735 1523 1523 >
% 104 -147.41 1228 12.28
% 198 1415 1007 -10.07 S
% 202 -147.61 83 83
2 206 -141.76. 681 681
% 210 -141.95 554 -5.54
% 214 14819 442 442 o
) 218 -148.48 343 343
% 2 -148.83 255 255
% 226 14926 177 177
% 20 14978 107 L7
% 234 1504 044 044
~ %0 238 -151.16 011 01t
%0 242 -152.08 059 0.59 P
¢ % 246 -153.2 101 101
% 250 -154.6 136 136
% 254 -156.39 165 163
¢ % 258 15877 187 187
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%0 262 -1622 203 203
% 266 -168.17 213 213
90 270 999.99 216 2.16
%0 274 -168.17 213 213
90 278 -1622% 203 203
90 282 -158.77 187 187
90 286 -156.39 163 1.65
90 290 -1546 136 136
90 294 1532 101 101
%0 208 -152.08 059 059
%0 302 15116 011 011
90 306 -1504 044 044
90 310 -149.78 107 107
[ 314 -149.26 177 177
90 318 -148.83 255 255
90 22 -148.48 343 343
% 326 -148.19 442 442
330 -147.95 -5.54 -5.54
334 -147.76 681 -6.81
338 -147.61 83 83
342 1475 -20.07 -10.07
346 -147.41 -12.28 -12.28
350 -147.35 -15.23 -15.23
Pag=-109-
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90 354 ~147.31 -19.68 -19.68
90 358 -147.29 -2924 -29.24
90 362 -147.29 2524 -29.24
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Zenith-plane radiation pattern of the vertical quarter-wave monopole on a perfectly conducting .

infinite ground plane.
ANGLES DIRECTIVE GAINS A v
Theta Phi Vextical | Horizoatsl Totl
Degrees Degrees B Y B o
) 90 516 -999.99 516 (
88 90 515 -999.99 515 -
86 90 5.13 -999.09 513 A
-84 %0 500 999,99 500 %
-8 % 503 999,99 503
-80 ) 496 999,99 496
78 o0 487 999,99 487
76 30 a7 -995.99 477 o
E 90 465 -999.99 465
) 50 451 -999.99 451
‘ 10 % 436 999,99 436 )
: & 90 419 999.99 419 e
’ 66 % 4 999.99 4 .
i 7 64 %0 32 -999.69 3.8
° -62 % 358 999,99 158
-60 % 334 99999 334
58 % 300 999,99 300
-56 9% 282 999,99 282
54 %0 253 -999.99 2.53
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-52 90 222 -999.99 222
-50 90 1.9 -999.99 18
-48 50 1.56 -999.99 1.56
-46 90 119 -999.99 119
-44 90 081 -999.99 081
-42 90 12 -999.95 04
-40 90 -0.03 -999.99 -0.03
38 90 -049 -999.99 -0.49
-36 %0 -097 -999.99 -0.97
-34 90 -1.48. -999.99 -148
-32 90 -2.02 -999.99 -202
-30 90 -26 -999.99 -2.6
28 90 -3.22 -999.99 -3.22
-26 90 =388 -999.9% -3.88
24 90 -4.6 -999.99 -46
-2z 90 -5.37 -999.99 -5.37
-20 90 -6.22 -999.99 -622
-18 90 -1.15 -999.99 ~7.15
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6 % 1677 -699.99 1677
4 9% 203 -999.99 203
2 %0 2632 -599.99 2632
[) 2 -999.99 -999.99 -999.99
2 % 2632 -999.99 2632
4 % 203 999.99 203
6 %0 1677 -999.99 1677
8 90 1426 -999.99 1426
10 ) 1232 -999.99 1232
12 % 1072, -999.99 -1072
14 ) 937 -999.99 037
16 %0 -8.19 -999.99 -8.19
18 % 415 -999.99 115
20 % 622 -999.95 622
2 % 537 999.99 547
% % 46 -999.99 46
26 90 388 59999 -3.88
28 % 322 -999.99 322
30 9 26 099.99 26
32 % 202 -999.99 262
34 % 148 -999.99 -148
36 % 097 -999.99 097
38 % -0.49 -999.99 -049
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s 90 003 99999 003
a2 90 04 2999.09 04
P %0 081 909,99 081
P % 119 999.99 119
s %0 156 99999 156
50 % 19 999,99 19

52 % 222 999.99 222
54 % 253 999.99 2.53
56 90 282 599,99 2.82
58 % 30, 999.99 309
60 9 334 -999.99 334
& % 358 99999 358
64 % 38 -999.99 38

% % 4 999,99 4

68 %0 419 999.99 419
0 9% 436 999.99 4.36
72 9 451 999,99 451
7 %0 465 999,99 465
76 % 47 -999.99 471
7 90 487 -999.99 481
30 % 496 999,99 496
® % 503 99999 503
8 9 509 999,99 509
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86 50 513 -999.99 513
88 90 515 -599.9% 515
90 90 5.16 -999.99 5.16
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Zenith-plane radiation pattern of the 45° skew g pole on a perfecily
infinite ground plane.
ANGLES " DIRECTIVE GAINS
Theta Phi Vertical Horizontal Total
Degross Degrees 4B a8 dB
-90 [} 4.65 -999.99 4.65
-88 [¢] 4.65 -3191 4.65
-86 0 4.63 -25.89 4.63
84 0 459 2238 46
-82 [ 4.55 -19.9 4.56
-80 0 4.49 -17.9% 4.51
-8 0 441 -1643 445
-6 0 432 -15.13 437
-14 [ 422 <14 429
-12 0 4.11 -13.02 419
70 o 3.98 -12.15 4.08
-68 0 384 -11.38 397
66 0 3.68 -10.68 384
64 ¢ 3.51 -10.05 37
-62 0 332 -$.47 3.55
-60 0 312 -8.94 338
-58 o 29 -8.45 321
-56 0 2.67 -8.01 3.03
-54 0 242 -759 283
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5 0 215 a1 263
50 0 187 656 242
8 o 157 653 219
46 0 124 23 196
a4 0 09 595 )
-42 [ 054 -5.69 147
0 0 015 545 12

38 0 27 52 094
36 0 071 501 0.6
4 0 a8, a8 038
a2 o 168 a6 01

30 0 2m a8 02
28 0 28 43 049
26 0 34 a2 079
24 0 411 407 108
2 0 486 296 137
20 0 567 386 166
a8 0 638 477 194
16 0 6 369 22
14 0 875 a6 245
) 0 1008 355 268
10 0 T 289
8 o 136 | as 306
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-6 0 -16.09 -343 -3.2
-4 0 -19.61 -341 -331
-2 G -25.63 -3.39 -337
0 0 -999.39 -3.39 -339
2 0 -25.63 -339 -3.37
4 0 -19.61 =341 -331
6 0 -16.09 -343 -32
8 0 -13.6 -3.46 -3.06
10 0 -11.66 -35 -2.89
12 ) -10.08. -3.55 -2.68
14 0 -8.75 -3.62 -2.45
16 [ -16 -3.69 22
18 o -6.58 377 -194
20 o -5.67 -3.86 -1.66
22 0 -4.86 -396 -1.37
24 o -4.11 -407 -1.08
26 0 -3.43 -42 -0.79
28 ¢ -28 -4.33 -D.49
30 [ -2.22 -4.43 02
32 o -1.68 -4.64 01

34 o -118 -4.82 038
36 0 071 -5.01 0.66
38 o -0.27 -522 094
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40 0 0.15 ’ -545 121
a2 0 054 -5.69 147
4“4 [ 09 -595 172
46 0 124 -6.23 196
48 0 157 -6.53 219
50 0 1.87 -6.86 242
52 ¢ 215 <721 2.63
54 ¢ 242 -159 283
56 0 267 -8.01 3.03
58 0 29 . -845 321
& 4 312 -8.94 338
62 [ 332 -9.47 355
64 0 351 -10.05 337
66 0 3.68 -10.68 3.84
68 0 3.84 -11.38 397
70 1 398 -1215 4.08
2 0 4.11 -13.02 4.1%
74 2 422 -14 429
76 0 432 -15.13 437
78 0 441 -16.43 445
80 ] 449 -17.99 4.51
82 ¢ 4.55 -19.9 456
84 0 4.59 -22.38 4.6
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4.65
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4.63
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Azimuth-plane radiation patters of the 45” skew i P 2 pefoctly
infinite ground plane.
ANGLES DIRECTIVE GAINS
Theta Phi Vertical ‘Horizontal Total
Degrees Degrees dB [61:3 daB
90 o 4.65 -999.99 4.65
90 2 4.65 -999.99 4.65
%0 4 4.65 -999.99 4.65
%0 6 4.65 -999.9% 4.63
90 8 4.65 -141.98 4.65
50 10 465 -999.99 4.65
90 12 4.64 -145.1 4.64
% 14 4.64 -999.99 4.64
90 16 4.63 -999.99 4.63
50 18 4.63 -145.34 4.63
90 20 462 -138.46 4.62
90 22 4.62 -999.99 462
90 24 4.61 -959.99 4.61
90 26 4.6 -599.99 46
9 28 4.59 -999.99 4.59
90 30 458 -999.99 4.58
96 32 457 -146.34 457
90 34 4.56 -999.99 4.56
90 36 455 -146.75 4.55
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% S 454 -999.99 454
% 40 453 -153.24 453
% 2 452 15351 452
% 24 451 14175 451
% 46 45 15409 45
% 48 4549 -154.42 449
% 50 4.48 -148.74 448
% 52 247 -149.12 447
% 54 446 14855 445
% 56 245 999,99 445
%0 58 444 -156.44 444
% 60 443 -15093 443
% 62 1.4 15147 442
% 64 441 -148.55 441
% 66 44 -158.74 24
% 68 439 -159.46 439
9% 70 438 -15423 438

438 -151.58 438

437 -153.00 437

436 -163.25 436

4.36 -999.99 436

436 -160.11 436

435 -162.04 435
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%0 8 435 99999 435
%0 - 86 435 17406 435
%0 88 435 18007 435
50 90 435 999,99 435
%0 %2 435 18007 435
9 94 435 17406 435
% 9% 435 99999 435
%0 9 435 16204 435
% 100 436 160,11 436
% 102 436. 999.99 436
% 104 436 116325 436
90 106 437 £153.09 437
90 108 438 5158 438
% 10 438 15423 438
90 1z 439 15946 439
% 14 44 15874 44
% 116 441 14855 441
% 118 42 15147 142
9 120 44 14752 443
% 122 544 [156.44 o
% 124 445 15598 145
% 126 446 14855 445
% 128 447 -149.12 a7
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) 130 448 14874 448
) 132 449 590,99 449
) 134 45 14807 45 :
% 136 451 1468 451
9 138 4.52 -153.51 452 Ly
9% 140 453 a2 453 B J
) 142 458 -999.99 454
) 184 455 14675 455 s
% 146 456 999,99 456 )
%0 148 457 14634 457 :
% 150 4.58 -145.16 258
% 152 459 999,99 459 o
% 154 46 -999.99 46 :
% 156 461 -139.67 461
% 158 462 99999 462
% 160 462 14545 4.62
90 162 463 13932 463
% 164 463 999,99 463 J )
% 156 464 -999.99 464 =
90 168 464 1451 464 "
% 170 465 14203 465 P
% m 465 -14198 465 ’

465 999,99 465
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% 176 465 5099 463
%0 178 4.65 14491 465 .
% 180 465 -999.95 465 5
% 182 465 999,99 4.65 :
90 184 465 14493 4.63
% 186 465 14495 465 .
% 188 464 14499 464 (
%0 190 464 -145.04 464 s
%0 192 463 13008 463
9% 194 463. -999.99 4.63
% 196 462 -999.99 462 :
90 198 461 999.99 461 !
90 200 46 -144.48 46
%0 202 459 -151.58 459
% 204 458 -142.68 458
90 206 4.57 -145.83 457
% 208 455 15201 456
90 210 455 -152.18 455
% 212 454 999.99 454
% 214 433 146,53 453
% 216 452 15277 452
%0 218 451 153 451
[ 220 449 4722 449
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90 222 4.48 -147.48 448
% 24 447 15979 447
%0 26 446 -145.06 446
% 28 244 -999.99 a4s
% 230 443 14874 443
% 232 442 999.99 442
% 234 441 999.99 441
50 236 24 15598 44
% 238 439 -149.45 239
%0 240 437, 15695 437
%0 202 436 -145.46 436
"90 244 435 15207 435
% 246 43 15874 434
% 248 434 15343 434
% 250 433 15423 433
% 52 432 -999.99 432
) 254 431 -162.12 431
% 256 431 -999.99 431
% 258 43 -158.55 43
% 260 43 999.99 43
9% 262 429 -168.06 429
9% 264 429 170,54 429
% 266 429 167.07 429
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S0 268 429 ~171.04 429 N
% 270 429 999.99 420 :
% m 429 17004 429
%0 275 429 16707 429
% 276 429 17054 420
% 218 429 -168.06 429
2 280 43 159,14 43
o 282 a3 | s 45
%0 284 431 999.99 431
% 286 431 -162.12 431
% 288 432 -999.99 432
90 290 433 999.99 43 o
90 202 434 999,99 434
%0 204 434 15874 434
%0 296 4.35 152,07 433
90 208 436 -148.46 436
%0 300 437 -15695 437 ‘
- 9 302 439 15042 439 [ ’
i % 304 44 -155.98 44 ‘-
ol 90 306 441 999.99 441 i
i ) 90 308 442 -699.99 442 L.
i 90 310 43 999.99 443 |
] P 9 312 444 -999.99 444
L
ted
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0 314 246 -145.06 445
% 316 447 14777 447
90 318 448 -146.52 448
% 320 449 14122 449
% 322 451 -153 451
90 324 452 -140.73 452
%0 326 453 -146.53 453
£ 328 454 99999 454
% 330 455 -152.18 455
"% 332 456 . -145.99 456
%0 334 457 -151.85 457
% 336 458 15171 458
90 338 459 -151.58 459
% 340 46 999.99 46
5] 342 461 14534 461
9% 344 462 -999.99 462
50 346 463 -145.17 463
90 348 463 14209 463
20 350 464 -999.99 464
90 352 464 -144.99 464
50 354 465 -144.95 465
90 356 465 14493 4.65
%0 -358 465 -999.99 465
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Zenith-plane radiation pattern of the squars loop antenna.

X = S

ANGLES DIRECTIVE GAINS
Theta Phi Verdcal | Horizontsl Total
Degrees Degrees dB dB dB
50 % 999,99 999,99 999,99
89 % 7671 2878 2878
88 % 6473 275 s
87 % 57.69 1923 1923
56 % 5269 1673 1673
85 % 2882 1478 1478
84 90 4566 “13.00 13.19
83 ) 3 1185 1134
82 % 40,69 10,68 -10.68
81 % 3865 965 9.64
80 %0 3683 872 871
e %0 3519 788 287
78 9% 3369 ER 71
7 50 232 .41 639
16 % 3105 575 573
75 %0 2987 513 s12
74 5% 2877 456 454
73 % 2774 401 4
72 %0 2671 35 348
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71 90 -25.86 -3.01 299
-0 90 -24.9% -2.55 -2.53
-69 90 -24.17 211 -2.08
-68 90 -23.39 168 -1.65
-67 90 -22.65 -1.28 -1.25
-65 90 -21.95 -0.89 -0.85
-65 90 -21.27 -0.51 -0.48
-64 90 -20.63 .15 -0.11
-63 90 -20.01 0.19 024
-62 90 -1941. 053 .57
-61 50 ~18.85 0.86 09

-60 90 -183 117 1.22
-59 90 -17.77 1.48 153
-58 90 -17.27 17 183
-57 90 -16.78 206 2.11
-56 90 -16.31 234 24

-55 90 -15.86 261 267
-54 90 -15.42 2.87 293
-53 90 15 3.13 3.19
-52 90 -14.59 337 344
-51 S0 -14.2 362 3.69
-50 920 -13.82 385 392
-49 90 -13.45 4.08 4.16
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a8 % -13.09 43 438 B
47 90 12,75 452 46 ) '
46 2 1242 473 481
45 % 121 494 502
44 % AL79 514 522
43 % 1149 533 542 R
2 ) 1119 552 561 N
- % -1091 57 58
-40 %0 -10.64 5.88 598
) 39 % 1038 606 615
38 % -1013 623 633
37 92 .88 639 649 o
36 ) -9.65 655 6.65
35 % 942 67 681
34 %0 92 635 6.96
ER % 899 7 711
e 9% 878 714 725 -
o 31 %0 858 728 7.39 -
i 30 %0 839 741 752 !
f © 29 % 821 7.54 7.65
- 28 %0 804 7.66 777
? 27 % 7.87 778 7.89
16 -26 % 271 7.89 801
|
=
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-25 90 <155 8 812
-24 90 -7.41 8.1 822
-23 90 727 82 833
222 90 <713 83 842
<21 90 7 8.39 852
20 90 -6.88 8.48 8.61
19 90 -6.77 8.55 §.69
-18 90 -6.66 8.64 871
<17 90 -6.56 872 8.84
-16 50 -6.46 . 879 892
-15 %0 -6.37 885 8.98
-14 90 -6.29 892 905
-13 90 -6.21 8.97 9.1
-12 90 -6.14 9.03 9.16
-11 50 -6.07 9.08 9.21
-10 90 -6.01 912 925
-5 90 -5.95 9.16 229
-8 90 -5.91 92 9.32
-7 90 -5.86 923 9.36
-6 96 -5.83 9.26 9.39
-5 90 -5.19 9.28 942
-4 90 -5.71 9.3 9.44
3 S0 =575 9.32 9.45
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2 90 -5.74 933 9.46
-1 90 35.73 934 9.47
0 90 =572 934 947
1 90 -5.73 9.34 947
2z S0 -5.74 9.33 9.46
3 90 -575 932 9.45
4 50 277 931 9.44
5 90 -58 929 942
6 90 -5.83 9.27 94
7 90 ~5.87 . 9.24 9.37
8 950 -591 921 934
9 9 -5.96 .17 23
10 90 -6.02 9.13 926
11 90 -6.08 909 9.22
12 90 -6,14 9.04 EX ::.“—_
13 90 -6.22 899 12
14 90 63 893 2.06
15 90 -6.38 8.87 9
16 2 -6417 8.81 893
17 90 -6.57 8.74 8.86
18 20 -6.67 8.67 879
19 %0 -678 8.59 871
20 90 -69 851 8.63
Page -133-




e

21 9% 0 s | am
2 % 215 833 | 845
23 90 728 823 | 833
20 2 242 8.03 825 B
25 %0 257 803 815 ‘
2% 9 713 792 804 .
27 % 789 781 792 .
% %0 806 7.69 781 ’
20 % 823 157 7.68
3 % 841, 745 756
31 % 86 752 742 .
n % 88 718 729 ! o
N % 901 7.04 715 s
34 9 22 69 7
35 % 9.44 675 685
36 90 067 659 67
3 % 991 644 654
N 38 % 1015 627 637
39 90 -10.41 6.11 62
« Py %0 1067 593 603
2 % 1094 575 s8s |
2 %0 2122 5.57 566
. 3 % 1151 538 547 ,
A
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44 S0 -11.81 5.19 528
45 90 -12.12 4.99 5.08
45 90 -12.45 479 4.87
47 90 -12.78 458 4.66
43 90 -13.12 436 4.44
49 90 -1348 4.14 421
50 90 -13.85 391 398
51 90 -14.23 3.68 375
52 90 -14.62 3.44 351
53 90 -15.03. 3.19 3.26
54 90 ~15.45 294 3
55 90 -15.89 267 273
56 90 -16.34 241 246
57 90 -16.81 213 2.18
58 90 -17.3 1.84 1.89
39 20 -17.81 155 16
60 90 -18.33 14 1.29
‘ 61 S0 -18.88 0.93 098
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67 90 ~22.69 -12 -L17
68 90 -23.43 -1.6 -1.58
L7 90 -24.21 -2.03 -2

Kl 90 -25.03 -2.47 -2.44
71 90 -259 -293 -291
72 90 -26.81 -3.42 -34
73 90 -27.78 -393 ~391
74 90 -28.81 -447 -4.46
75 50 -29.91 -5.05 -5.03
6 90 -31.09. -5.66 -5.65
77 90 ~32.36 -6.32 -6.31
78 90 -33.73 -7.03 ~7.02
kil 90 -35.23 -7.8 -1.19
80 90 -36.87 -8.63 -8.63
81 90 -38.69 -9.56 -9.55
8z 96 -40.72 -10.59 ~10.59
83 90 -43.03 ~11.76 ~11.76
84 90 -45.7 -13.11 -13.1
85 96 -48.86 -14.69 -14.69
86 90 -52.13 -16.64 -16.64
87 90 -57.73 -19.14 ~19.14
88 90 -64.77 -22.67 -22.66
8¢ %0 -76.81 -23.69 -28.69
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st RS > 7
- 0‘ i
Azimuth-plane radiation patern of the square loop amsenoa sticed at zenith angle 6 =70°. Bl
ANGLES DIRECTIVE GAINS A
Theta Phi Vertical ‘Horizontat Total
Degrees Degrees dB dB dB >,

70 0 994 -16.46 -9.07
0 2 -10 -15.08 -8.83
70 4 -10.07 -13.88 -8.56
i 70 6 -10.15 282 -8.28
0 8 -10.25 -11.88 -7.98

0 10 -10.36 -11.04 -7.68 )
0 12 -10.48 -1028 137
70 4 -10.61 -9.59 “1.06
70 16 -10.76 -8.96 676
70 18 -1092 -8.38 6.46
70 20 111 185 617
70 2 -11.29 -7.36 -3.89
70 24 115 691 -5.62
~ [ 26 1173 65 -536
70 28 1197 611 511
! 7 30 1223 515 -4.87
: S 32 -12.5 5.42 -4.64
: 70 34 128 “5.11 -4.43
: 70 36 -13.12 -4.82 422
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70 38 -13.46 -4.56 -4.03
70 40 -13.83 -4.31 -3.85
70 42 -1422 -4.08 -3.68
70 44 -14.65 -3.87 -3.52
70 48 -15.1 -3.68 -3.37
70 48 -1559 -3.5 -3.24
70 50 -16.12 -3.33 -3.11
70 52 -16.69 <318 -2.99
70 54 -17.31 -3.05 -2.89
70 58 -17.99. =292 279
70 58 -18.73 -2.81 -27
70 60 -19.56 -271 262
0 62 -2047 -2.63 -255
70 64 -2i.51 -2.55 249
70 66 -22.69 -2.48 -2.44
70 68 2407 -243 -24
0 0 -25.71 -2.38 -2.36
™ 72 -27.75 <235 -2.34
70 74 -30.42 -2.33 -232
70 76 -34.29 -231 -2.31
70 78 -41.43 231 -23
70 80 -51.67 -231 -2.31
0 82 -37.55 -2.32 -2.32
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7 84 ~32.39 -235 234
70 86 -29.18 -2.38 -2.37
70 88 -26.86 -2.42 24
70 90 -25.03 241 -2.44
70 92 -23.53 -2.53 ~2.49
70 94 -22.26 -26 -2.55
70 96 -21.17 -2.68 ~2.61
70 98 -20.2 -2.76 -2.69
70 100 -19.34 -2.86 =277
70 102 -18.57 . 297 -2.85
70 104 -17.86 -3.09 -2.95
70 106 -17.22 -322 -3.05
0 108 L“: -3.36 -3.16
70 e -16.08 V -352 -3.28
0 112 -15.59 -3.68 ~341
70 i4 -15.12 -3.86 -3.55
70 116 -14.69 -4.05 -3.69
70 118 -14.28 -4.26 -3.85
70 120 <139 -4.48 -40%
70 122 -13.55 -472 -4.1%
70 124 -13.22 -4.98 -4.37
Ky 126 -12.9 -5.25 457
70 128 -12.61 -5.55 -477
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70 130 1234 -5.87 498
70 132 -12.09 621 521
70 134 -11.85 657 5.44
70 136 -11.62 696 569
70 138 1142 739 594
70 140 1122 185 62
70 142 -11.04 834 -648
70 144 -10.88 838 676
70 145 -10.72 -9.47 704
10 148 1058 -10.11 133
0 150 -10.48 -10.82 -1.62
70 152 -1034 6 791
70 154 1024 1247 82
70 156 -10.14 -13.44 848
70 158 -10.06 -14.54 -8.74
70 160 999 -15.81 898
70 162 -0.94 1727 92
70 164 .89 -1897 9.38
70 166 -9.86 2094 -9.53
70 168 -9.83 -23.08 963
70 170 9.82 2478 9.68
7 172 5.82 -24.85 -9.68
70 174 -9.83 232 9,63
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70 176 -9.85 2105 953
7 78 9.8 -19.04 939
70 180 93 173 22
70 182 9.99 158 -8.97
70 184 -10.05 1451 872
7 186 -10.13 1338 -8.45
70 188 -10.23 -12.38 816 .
7 190 -1033 1149 786
70 192 -1045 -10.60 756
70 194 -10.58. 956 725
7 196 -10.73 93 695
0 198 -10.89 87 -6.65
70 200 -11.06 -8.14 635
70 202 1125 763 607
70 204 1146 .16 579
70 206 -11.68 673 -5.52
70 208 1192 633 527
70 210 -iz17 596 -5.03
70 212 1245 561 -4.79
7 214 1274 529 457
70 216 -13.06 499 436
70 218 134 472 417
70 20 -13.77 446 -3.98
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70 222 -14.16 ~423 -3.81
70 224 ~14.58 -4.01 -3.64
T 226 -15.03 ~3.81 -3.49
70 228 -15.51 -3.62 -3.35
70 230 -16.04 =345 -322
0 232 -16.61 -33 3.1
70 234 -17.23 -3.16 -2.99
70 236 -179 -3.03 -2.89
76 238 -18.64 -291 -28
70 240 -19.46 . -2.81 272
70 242 -20.38 272 -2.65
70 244 -21.41 -2.64 -2.58
70 246 -22.59 -2.57 -2.53
70 248 -23.96 -2.52 249
0 250 -25.59 247 =245
70 252 -27.62 -243 242
70 254 -3026 -241 24
70 256 -34.09 -2.39 -2.39
70 258 -41.09 239 -238
70 260 -5243 -2.39 -2.39
70 262 -37.65 24 24
70 264 -3241 -242 ~242
0 266 -29.17 246 -2.45
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0 268 -26.83 <25 -2.48
70 270 -24.99 -2.55 -253
0 21 -23.49 -2.61 -2.58
70 274 -2222 -2.68 -2.63
70 276 -21.12 =276 27
0 278 -20.15 -2.85 271
70 280 -19.29 295 -2.85
0 282 -18.51 -3.07 -2.84
70 284 -17.81 -3.1% -3.04
70 286 -17.17 -3.32 <215
0 288 -16.58 -3.47 -326
70 290 -16.03 -3.63 -3.39
70 292 -15.53 -3.8 -3.52
70 294 -15.06 -3.98 -3.66
70 256 -14.63 -4.18 -3.81
70 298 -14.22 -4.4 -3.97
70 300 -13.85 -4.63 -4.14
70 302 -13.49 -4.87 -431
0 304 -13.16 -5.14 4.5
70 3066 -12.85 -542 -47
70 308 -12.56 -573 -4.81
0 310 -1229 -6.06 -5.13
70 312 -124 -6.41 -5.36
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7 314 -118 679 56
70 316 -11.58 12 -5.85
70 318 -11.38 -7.64 6.1
70 320 -1118 812 637
70 322 1101 883 -6.65
7 324 -10.84 92 693
70 326 -10.69 981 222
70 328 1055 -10.49 4751
70 330 -10.43 1123 78
70 332 1032 -12.06 809
70 334 -10.21 -1298 837
70 336 -10.12: -14.02 -8.64
70 338 -1005 -152 8,89
70 340 -9.98 -16.57 912
70 342 993 -18.15 932
70 344 -99% 20 9.48
70 346 9.85 2209 9.6
70 348 9.83 2412 0.67
70 350 982 -25.08 9.69
70 352 -9.82 2409 -9.66
70 354 -9.83 2204 -9.58
7 356 9.86 1994 945
70 358 9.89 -18.07 -9.28
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Azimuth. p jatie of the long wis i an‘enna sliced Vi §=80° .
ANGLES DIRECTIVE GAING 5
Thata Phi Vertical Horizontal Total §
Degrees Deggrees dB dB B =
. 80 [) P 5
80 4 -1138 -1138
8 3 343 542
j % 12 391 39 !
! 30 16 1172 1271
f 8 20 26 201 199
| w {2 s 759 75 :
i 8 48 -23.17 241 244 ] !
| o
|




80 6 658 344 172
) 80 275 2.88 582
80 84 926 489 10.61
80 88 113 28 113
20 2 1113 28 113
80 % 926 49 10.61
80 100 275 2.88 5.82
80 104 658 344 REIR
80 108 09 454 5.63
80 12 927, -193 119
80 116 1342 445 -3.93
80 120 933 11 148
80 124 -10.35 144 12
80 128 1222 084 w5 |
80 132 1494 0.64 049
80 136 217 619 607
80 140 25.48 875 -8.66
80 144 1872 074 0671 ¢
80 148 2671 742 736 |
80 152 2337 247 244 ‘
80 156 2083 759 stk
80 160 -26 201 199
80 164 3178 1172 B
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80 168 -32.57 -39 -39

80 172 -35.68 -343 -3.42
80 176 -49.69 -11.38 -11.38
80 180 -162.38 -6 -6

80 184 -42.22 ) -391 -391
80 188 -41.56 531 -93

80 192 -37.47 -8.81 -88

80 196 -31.26 «521 -5.19
80 200 -3591 -11.93 <1191
80 204 -25.74 <751 -7.48
80 208 -30.44 975 9.1
80 212 -28.37 -9.08 -9.03
80 216 -3141 ~13.43 -13.36
80 220 <2531 -8.58 -8.49
8 224 -28.18 -12.67 -12.55
80 228 -35.88 -21.59 -2143
80 232 -30.84 -17.717 -17.56
80 236 -28.33 -16.34 -16.26
80 240 -30.69 -20.26 -19.88
80 244 -34.78 -25.81 ~2529
80 248 -18.39 -11.06 -10.32
80 252 -15.6 -10.16 -9.07
80 256 -15.97 -12.83 -1111
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80 260 -11.86 1172 878 :
80 264° -3.78 815 243
30 268 155 1549 -138
80 2m 155 -15.49 138
80 276 378 -8.15 243 J
80 280 -11.86 1172 878
: 80 284 1597 -12.83 1111
. 80 288 -156 -10.16 007
0 292 -18.39 1126 -10.32
80 296 3478, 25,81 2529 :
'; 80 300 30.69 2026 -19.88 K
80 304 2833 -1654 -1626 K
80 308 -30.84 1.7 1756 b
80 312 -35.88 2159 2143
| 80 216 2818 -12.67 1255
80 320 2532 -8.58 349
80 324 3141 -13.43 -13.36
80 328 2837 -0.08 -0.03
80 332 3044 975 | o7t
80 336 -20.74 251 -7.48 "
i 80 340 3591 -11.93 1191 L
i 80 344 -31.26 521 -5.19
; 80 348 3747 -8.81 88 .
§
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Zenith-plane radiation patiern of the long wire (terminated) antenna.

ANGLES DIRECTIVE GAINS,
Thesa . Phi Verical | Horizontal Total
Degrees Degrees dB dB dB
90 50 -999.99 -999.95 999.99
38 50 2627 14432 2627
86 %0 1436 -138.42 -1436
‘ -84 % 7.69 13526 769
i 32 ) 35 133,58 352
i 80 % 133, 13331 133
! 78 % 141 13496 141
16 % 5.58 -140.44 558
: 74 %0 -19.79 -15578 11979
: 72 % 3.52 1405 352
10 % 242 14029 242
: 68 % 1593 15459 1593
66 % 40 14339 40
-64 90 -3.93 -143.95 -3.93
; ™ 62 90 -11.64 -152.26 -11.64
i o 60 % 221 -143.84 227
58 % 27 16439 27
’ 56 % 82 14396 182
54 % -17.06 -159.63 -17.06
":’ i
i
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5 % 154 14451 154
; 50 % 798 15133 798
48 %0 238 1465 238
45 % 178 14581 178
-4 % 573 115406 973
% % 023 14584 023
40 9% 2.04 -146.92 2.04
38 % 747 152,59 247
-36 ) 0.16 14519 0.16
: 3¢ 90 034 14522 034
32 ) 541 15117 541
30 9% 29 14884 25
28 9% 143 14267 143
= 26 % 14 14486 14
24 % 229 -148.69 229
. 2 % 53 15183 53
! 20 9 027 14692 027
-18 90 241 -14434 241
16 % 265 1442 265
: 14 % 078 -146.15 078
@ 1z % 315 115014 315
> 10 % 428 15134 428
-8 9% 005 147.16 005
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-5 90 277 -144.37 21
-4 90 3.89 -143.27 3.89
2 90 357 -143.61 3.57
[ 90 17 -145.47 171
2 9 203 -149.21 -2.03
4 9% -4.24 -1514 -4.24
6 90 0.26 -146.38 0.26
3 90 3.73 14338 373
10 S0 5.26 -141.79 526
12 90 5.03. -141.97 5.03
14 90 2.56 -144.36 256
16 90 -3.19 ~150.03 <3.19
13 90 -0.66 -14742 -0.66
20 90 4.36 -141.79 4.86
2 90 6.73 -139.8 673
24 90 523 -141.18 523
26 90 =203 -148.29 -2.03
28 90 1.59 -144.51 L59
30 90 727 -138.67 727
32 90 6.85 -138.9 6.85
34 90 271 -148.27 =271
36 90 497 -140.38 497
38 90 8.55 -136.56 8.55
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) % 155 14332 155
2 % 52 -139.41 52

44 50 8.96 13536 896
46 %0 634 | -15036 634
s % 91 1346 o1

50 % e -138.63 472
52 % 7.67 1353 7.61
54 %0 722 -135.36 722
56 90 7.6 134,54 76

58 0 658 . -135.09 6.58
6 % 5.59 13158 959
) %0 -0.68 1413 -0.68
64 %0 1104 12899 1104
66 % 48 13457 48

6 % I3 13266 6

) % 1146 12641 1146
E) % 7.84 120.14 784
7 % 822 14421 2
6 %0 8.89 -125.97 .89
5 % 1175 1218 1175
8 % 1132 120,66 132
2 %0 8.5 12121 285
8 50 453 12304 453
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-2.23
-14.19

-126.29
-132.23
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