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ABSTRACT 

ims report describes the unaings oa. an engineering survey ot the 

L1. S. Naval Radio Station (T), Lualualei, Oahu, T. H.  The investigation 

revealed only a few points where immediate changes seem indicated.  The 

conclusions summarized at the end of the report therefore may be regarded 

for the most part as a guide to long-range planning of installations and 

operations.  The reasons underlying the recommendations are fully ex- 

plained in the body of the report. 

Criteria for the evaluation of the existing installation and pro- 

cedures »crc obtained from a discussion of long-distance propagation 

given at the beginning of the report.  Circuit outage on the point-te- 

point circuits has been examined and much of it can be explained by the 

variations in the sky-wave transmission path with the time of day and the 

seasons of the year.  Ways and means are suggested which may lead to con- 

siderable improvements in circuit reliability. 

Several new designs for broadcast antennas are presented; most of 

these have broadband characteristics.  The use of the suggested antennas 

would therefore not only provide better omnidirectional radiation, but 

would also add greatly to the flexibility of station operation. 

The power gain of the existing rhombic antennas has been computed. 

On the basis of these data it is recommended that these antennas be used 

over more restricted ranges in frequency than is presently the practice. 

Designs for new rhombic antennas have been obtained, and a site plan is 

included showing suggested locations for these antennas. 
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0NF1DENT1AL 

ENGINEERING SURVEY OF 
U. S. NAVAL RADIO STATION (T) 

LUALUALEI, OAHU, T. B. 

CHAPTER   1 

INTRODUCTION 

The U. S. Naval Radio Station (T) at Lualualei, Oabu, T. 11., is one 

of the largest military communication stations in existence today.  Like 

many other long-distance communication stations, it grew from an early 

installation of modest capacity to its present size, where over fifty 

transmitters ranging in power output from (V 5 to 500 kw, may be on the air 

at any one time.  The ultimate extent of this installation could not be 

known at the time of the original planning.  What appears as Dest engi- 

neering practice, in view of the present size of the station, could there- 

fore not be anticipated at the start.  This survey had the purpose of 

determining way.- and means for improving the overall efficiency of the 

installation.  Possible improvements to existing equipments were examined, 

as well as plans for long term changes in equii.."-nt and operational 

practices, wherever these might be found desirable. 

The transmitting station at Lualualei is remarkably sound from an 

engineering po:'.nt-of - view, taking into account the rapid growth to which 

it was subjected.  As a consequence, the changes proposed in this report 

should in most cases be considered as goals-desirable in the long run-but 

not urgently required for immediate improvement i^ the operation of the 

station.  It was found in the course of the survey, however, that in some 

instances better service could be achieved by minor modifications of 

existing equipment or by using this equipment differently from the way it 

is used st presesl. la   those ca**?, »»»rly adoption of the proposals should 

prove advantageous. 
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Tha investigation was carried out along two broad lines.  The first 

of these was an examination of the relation between radic propagation 

factors and the installations and operations of the transrnitting station. 

This study provide0 a basis for judging the performance of existing 

facilities.  It is also a guide to the design of new installations, as 

well as a guide to changes in existing installations and operating 

procedures.  A considerable share of the outages reported for the point- 

to-point circuits can be traced directly to propagation factors, and means 

are suggested whereby greater reliability of the circuits can be achieved. 

The second part of the investigation consisted of an examination of 

the layout of the transmitting station, of the arrangement of transmitters 

within the buildings, of the ground systems, switches, and feeders, and of 

the antenna systems.  Changes in the assignment of circuits to the two main 

transmitter buildings are suggested, which would lead to more effective use 

of the available transmitters and of the land area in the vicinity of the 

buildings.  Proposed alterations of one of the ground system0, should lead 

to a reduction of coupling between transmitters operating in proximity 

to each other.  The use cf Marconi antennas also leads to undesirable 

interaction between circuits.  It is therefore recommended that this type 

of antenna be entirely eliminated except for use at low and medium fre- 

quencies.  The output of the transmitters using Marconi antennas would 

then be fed into coaxial cables which deliver power to antennas suitable 

for use with such feeder systems.  The designs for several such antennas 

are presented.  Some of these must be used at a single frequency while 

others arc suitable for use over a considerable range of frennenrips with- 

out retuning of the antenna-matching system.  A new type of broadcast 

antenna design is suggested for use with the 600-ohm parallel-wire trans- 

mission lines.  This antenna provides good omnidirectional uu>ciag;, z~:'. 

it can be used over a frequency range af 1.5 to 1. 

The limitations of rhombic antennas for the point-to-point circuits 

are discussed.  It is suggested that, wherever practical, existing rhombics 

be used over a more restricted range in frequency than is the present 

practice.  Finally, new rhombic antennas have been designed which should 

give adequate coverage at all frequencies betwee'i 1 and 2d Mc, and for all 

required distance ranges of transmission.  A site plan has been prepared, 

inr.nrnni'n.ting the suggested rhombic design.  Even ll not adopted in this 

form, the plan provides a guide to the most desirable location of antennas 

for the point-to-point circuits, while at the same time leaving more room 

for the installation of broadcast antennas than is now available. 

Chapter 1 2 
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Details of designs for the proposed new rhombic antennas are given 

in Appendix D.  Appendix B gives a description of scatter-sounding equip 

ment that provides a means for determining, instantaneously, the best 

frequency to be used for h-f transmissions over a given path.  The power- 

gain in useful directions of the existing rhombic antennas is shown in 

Appendix C. 

Chapter 1 
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UnAPTEH   2 

DESCRIPTION OF TRANSMITTING STATION 
AND THE SATELLITE INSTALLATIONS 

The Naval Radio Station (T) at Lualualei, Oahu, T. H., comprises the 

main transmitting facilities of the 14th Naval District.  Signals from 

this station must reach almost all points of the Pacific area as well as 

Viashington, C. C.  More than one hundred transmitters having power outputs 

from 0.,5 kw to 500 kw are actively available and, at any given time, over 

half of' these mr>y be transmitting simultaneously over the various circuits. 

Both directional and omnidirectional antenna systems, altogether over a 

hundred in nuuber, are presently installed at Lualualei to handle fre- 

quencies ranging from 15 kc to 24 Mc.  Such a large number of antenna 

systems, suitable for use within the frequency range mentioned, requires 

a considerable land area.  The Lualualei transmitting station rovers an 

area of 1750 acres of which roughly one-third is available for future 

expansion of the installation. 

The general layout of the station is shown in Fig. 1.  Building No. 2 

contains the 500-kw v-l-f transmitter and its standby power generating 

Ckjul,'~"nt.   A i 1  ci' t H C  1  f   IS* £   ~^ d H~ £ *"*"^*io»«-it-t_<»T.Q  » r ** hnn<5*»n  in 

uunuing iio. I   \lw )    ami uuiiuing l«j. CO (.L.U-4J, CXCCJJI. J.OI a lei* instal- 

lations intended for emergency use.  The location of the various antennas, 

poles, and transmission lin^o is also shown in this figure.  The land 

covered by citu station rises gently toward the east and, except for a few 

isolated patches, is suitable for the construction of directive antenna 

systems.  As a transmitting station, the Lualualei location suffers from 

the drawback that the area is almost completely surrounded by the Waianae 

Mountain Range.  These mountains rise to a height of over 4000 ft and, at 

some points, the erect of the range is only three miles distant from the 

station.  Some isolated peaks as high as 850 ft, only a few hundred yards 

away from the boundary, uuiuuicLc iLw »i"g of so-r. tair.c arcur.d *ih"   <*t atmn. 

Figure 2 shows the horizon profile as seen from a point at about the center 

of the station.  The angle shown is that between the horizontal plane and 

the skyline, as a function of azimuthal direction about the point of 
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observation.  In this particular case, the skyline is elevated by angles 

between 5 and 8 degrees in almost all directions about the station, except 

lor a gap toward the southwest.  from points closer to the station boundary, 

angles of elevation ->s large as 13 degrees may be encountered.  Since h-f 

transmissions over long distances make use of low angle sky-waves, desirable 

directions of propagation may be cut off by the mountains.  When determining 

the location cf directive antennas, the sites must be chosen so that the 

transmission paths are unobstructed in the required directions. 

The outgoing signal traffic is divided into thirty-four circuits, 

according to the destination and the type of message transmitted.  For the 

purposes of this report, only t'vo different types of service need be 

distinguished—point-to-point circuits and broadcast circuits.  For the 

former, highly directional antenna systems can be useu, while for the 

latter, uniform coverage in azimuth is required. 

None of the modulating signals for the transmitters "'•e generated at 

the station.  Voice, facsimile, frequency-shift telegraphic signals, and 

other information signals originate, for the most part, at Pearl Harbor 

and are transmitted to Lualualei over a v-h-f link.  Some of the v-h-f 

channels on this link are used for order circuits over which routing and 

other instructions for the handling of the messages are sent.  Instructions 

as to the frequency to be used for transmission over a given circuit are 

given to Lualualei over the same v-h-f link.  At the transmitting station 

the proper aemodulated signal from the v-h-f link modulates a transmitter 

tuner! to the requested frequency.  This transmitter must, of course, de- 

liver its power output to an antenna suitable for this frequency as well as 

for the circuit over which the message its to be transmitted.  Many of the 

transmitters are assigned to specific circuits and frequencies, and are 

therefore connected to the proper antennas over extenaea periods of time. 

They are thus ready to go on the air as soon as the particular circuit and 

irequency are requested. 

As already stated, the bulk of the tranquil"*'— a are installed in three 

buildings.  l.'.c 5'"""' kw v-l-f transmitter (TAWa) is presently on a standby 

status.  It is put into operation for only a few hours every week.  Normally, 

transmissions at these frequencies pre sent out from the v-l-f station at 

Haiku Valley.  Building No. 1 contains the transmitters for the point-to- 

point circuits to the east as we 1' as transmitters for some of the broadcast 

circuits.  Most of the 1-f transmitters are located in this building, since 

Chapter 2 



300-ft towers in its vicinity form suitable supports for the antenna re- 

quired at these frequencies.  A total of 23 transmitters are housed in 

Building No. 1; the terminal equipment for the v-h-f links is located in 

the baserrent.  Building No. 68 is equipped with 6« transmitters; tra;;sr.;is - 

sions for the point-to-point circuits to the south and west, as well as 

many of the broadcast transmissions, emanate from here. 

All the h-f transmitters of power output greater than 5 kw have 

balanced output circuits.  Th'y are fed into 600-ohm balanced parallel 

wire transmission lines and therefore require balanced antenna configu- 

rations.  Most of the lower-powered transmitters, as well as the 1-f and 

m-f transmitters, have unbalanced outputs.  No transmission lines are used 

with these transmitters; the down-1 extl   from the antenna is connected 

directly to the transmitter output terminal. 

Three types of antennas are currently in use at the station.  Marconi 

antennas for the transmitters with unbalanced output have just been 

mentioned.  They consist of a single, preferably vertical, wire of a 

length depending on the output circuit of tho particular transmitter to 

which the antenna is connected and on the frequency range over which it 

is to be used.  The transmitters can usually be loaded into such antennas 

over a considerable band of frequencies.  Rhombic antennas are used on the 

point-to-point circuits.  With these antennas a VSV'R of better than 2:1 

can be maintained on the transmission lines at all frequencies required 

for the circuits.  The radiation patterns, however, are not suitable for 

use of the antennas over the entire fre<;v.tn.-y range.  Balanced antennas 

fnr the broadcast circuit consist of half-wave dipole antennas (doublets), 

or of simple arrays of such dipoles (folded dipoles, and lazy-H antennas). 

These antennas are matched to the transmission line by either short- 

circuited stubs placed across the line near the antennas, in which case 

the antennas are series fed, or by means of the parallel feed arrangement 

known as delta-match.  In either case, the antenna and matching device 

have a narrow frequency-band characteristic.  Such ar.tenna systems can 

therefore be used only at frequencies close to the design frequency.  In 

order to provide a balanced antenna system which correctly terminates a 

600-ohm transmission iine ever a wide band of frequencies, three ter- 

minated folded dipoies are presently being used.  All these antennas will 

hi.   discussed in detail later in this report. 

Some of the transmitters are connected to transmission lines that 

lead directly to the antennas.  Others are connected to switching stations 
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that permit the outputs of ten different transmitters to be connected to 

ten different antenna systems.  These switching stations are located out- 

side of the buildings; two such stations are in operation near Building 

No. 1 and tour are being used at Building No. 68.  The transmission lines 

leading to the antennas are arranged on an arc of a circle.  The lines 

coming from the transmitter are stacked vertically on poles at the center 

of the circle.  Connection is made by means of a short section of trans- 

mission line, cne end of which is permanently connected to the terminals 

at the center poles while the other end can be mechanically linked to the 

required line leading to tne antenna. 

In addition to the transmitting station, there are two satellite 

installations for which Lualualei is responsible; one on Mauna Kapu and 

one at Kolekole Pass.  The direct transmission paths between Pearl Harbor, 

Lualualei, and the receiving station at Wahiawa are obstructed by the 

Waianae Mountains; the receivers and transmitters of the satellite installa- 

tion serve as a relay for the v-h-f links between the stations just 

mentioned. 
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CHAPTER   3 

FHE INFLUENCE OF PROPAGATION FACTORS ON TRANSMITTING STATION 
INSTALLATIONS AND OPERATIONS 

A   GENERAL PICTURE 0*' PROPAGATION BELOW 30 MC 

Since the frequencies of interest in this study lie below 30 Mc, we 

are not concerned to any practical extent with tropospheric propagation 

or space-wave propagation.  The only important mechanisms of propagation 

therefore are the surface wave and the ionospheric or sky wave. 

The surface wave travels along the surface of the ground (or sea) and 

follows the curvature of the earth.  It dies off rather slowly with height 

above the ground and rapidly with depth below the surface.  fhe surface 

wave component is nearly always vertically polarized because the horizontal 

component of the electric field tends to be short-circuited bv the conducting 

earth.  The useful distance range of the surface wave increases with wave- 

length and is greater over sea than over land.  Under the best conditions 

the useful range is limited to a few hundred miles at medium and high fre- 

quencies,  however, at the extreme low end of the spectrum (in the neighbor- 

hood of 15 kc) distance ranges of several thousand miles are obtainable. 

ihe sky wave is propagated to great distances by the ionosphere, which 

can produce essentially complete reflection at various heights between 

roughly 90 and 450 km.  fhe effect of the ionosphere depends primarily on 

the presence of free electrons which are caused to vibrate by the passing 

radio wave.  These moving electrons constitute an electric current which 

re-radiates energy much in the manner of a parasitic antenna.  This re- 

radiated energy then adds to the original wave in such a way as to bend 

the direction of propagation away from regions of increasing electron 

density.  If conditions are suitable, the direction of propagation eventu- 

ally becomes horizontal and the wave is returned to earth.  Fhe higher the 

frequency the greater the electron density required for a given amount of 

bending. 

The vibrating electrons frequently collide with other particles, losing 

all or part of the wave energy they were carrying before collision.  This 
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effect attenuates the wave and may in some cases cause almost total ab- 

sorption of the wave.  Such energy loss takes place in the lowest part 

of the ionosphere (the D-region) and the loss increa?ss with the wave- 

length.  This results from the fact that the velocity, and hence the 

kinetic energy, of the vibrating electrons increases with wavelength. 

At frequencies above about 2 or 3 Mc this type of attenuation, expressed 

in decibels, is inversely proportional to the square of the frequency. 

The earth's magnetic field causes the vibrating electrons to travel 

in curved orbits since the force is at right angles to both the direction 

of electron motion and the direction of the earth's field.  This produces 

a component of current flow net in the same direction as the electric 

field of the exciting wave and hence alters the polarization of the re- 

sultant wave.  The net effect is that there are two "characteristic" waves 

which propagate independently, and exhibit different attenuation rates, 

group velocities, and polarizations.  fhese are frequently termed the 

"ordinary" and "extraordinary" waves.  An important practical result of 

the effect of the earth's field is that either vertically- or horizontally- 

polarized antennas may be used at either transmitter or receiver. 

Most of the important features of h-f propagation can be represented 

by rays traveling from transmitter to receiver by means of one or more re- 

flections from the ionosphere.  Each transmission from earth lu ionosphere 

and back is called a hop.  When the straight line portions of this path 

are extended until they intersect, the resulting path is called the 

Kijuivu leiii   puii'i.  T!.^ height of the apex of the equivalent pat!1, above the 

earth is called the virtual   height of reflection.  The virtual height is 

always greater than the true height of the top of the actual path.  If 

another signal is reflected at vertical incidence from the same actual 

height as the oblique signal, then the frequency of the obliaue signal is 

equal to that of the vert ical - incidence signal multiplied by the secan.. 

of half the apex angle of the equivalent path.  This relation is commonly 

referred to as the secant law.      From this relation it can be seen that the 

more glancing the path the higher the frequency that can be reflected from 

the layer   The highest frequency that can be transmitted over a given path 

at a given time is termed the maximum  usable   frequency   (MUF).  The 

. * » ^^.^w..«-... &  &~.,u..u  «*. «..~~  -~  ~«--   -  - -, ...   __   .  ._ 

operating frequency is increased, the skip distance will increase until 

the shadow of the earth intervenes.  Beyond this point transmission to a 

receiver located on the earth is not possible by means of a single hop. 
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The virtual height can be measured by observing the delay time of a 

pulse reflected at vertical incidence.  To obtain the virtual height, the 

frequency oi the vertical-incidence sounder must be equal to the frequency 

oi the oblique signal divided by the secant of the angle of incidence at 

the ionosphere.  In practice, such sounders are swept through the h-f 

range (^-20 Mc) every half hour or so, yielding plots of virtual height 

vs. frequency.  ihe frequency at which the sounding signal penetrates a 

layer is called the critical   frequency, and is proportional to the square 

ol the maximum electron density.  These basic data constitute a complete 

description of the ionosphere as far as ray paths are concerned.  From 

such data the characteristics of an oblique path whose reflection point 

lies over the sounder can be calculated.  The cyclic nature of ionosphere 

characteristics allows fairly accurate predictions to he mate.  From data 

supplied by about 60 or 70 sounders scattered over the earth's surface, 

the characteristics at any given reflection point are determined by 

interpolation. 

In most sky-wave transmission prob'ams the propagation path can be 

represented by a number of symmetrical hops' i.e. hops in which the angles 

made by the ray at the surface of the earth are equal.  There are then 

five geometrical characteristics of the equivalent path, which can be 

defined.  They are   (1) great-circle distance between transmitter and 

receiver, (2) virtual height of reflection, (3) equivalent path distance 

between transmitter and receiver, (4) angle of departure, and (5) angle 

of incidence at the ionosphere.  A simple sky-wave transmission chart for 

solving any proMem involving these five v&riables is presented in 

Appendix A.  In connection with this study,- the chart was used in de- 

termining the vertical angles discussed below. 

fher? are three principal strala in the ionosphere, called the E, 

Fl, and F2 layers.  The E-layer lies at a height of about 110 km and has 

two components, the normal or regular E-layer, and the abnormal or 

sporadic F.-layer.  The normal component is produced by solar ultra-violet 

light and its critical frequency is essentially in phase with the hour 

angle of the sun.  fhe maximum critical frequency occurs at local noon 

and, depending on thft latitude, usually lies between 2 and 4 Mc.  Refer- 

ence to the sky-wave transmission chart (Appendix A) shows that the 

maximum one-hop distance is about 2200 km.  Kence the highest maximum 

usable frequencies are less than 20 Mc. 
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At unpredictable times the F.-layer produces partial and sometimes 

complete reflection at frequencies considerably in excess of the normal 

E-layer critical frequency.  This phenomenon is called spcradic-E.  Its 

cause is not nnrlf>rst.oorl   Srinradic-F. MIIF's »« hi"h as 80-100 Mc have bee" 

reported, although values of the order of 20-30 Mc are much more common. 

Sporadic-F. is more prevalent in summer than in winter, and frequently 

determines the MUF over a short path (less than 2200 km).  It is highly- 

unpredictable and hence cannot be relied upon for regular transmission. 

The Fl-layer lies at a height of about 200 km and is similar to the 

E-layer in its variations.  Its noon critical frequency lies between 

about 4 and 5 Mc in temperate latitudes.  The maximum one-hop distance 

is about 3000 km.  The Fl-layer disappears at night. 

The F2-layer is dominant in long-distance circuits since it generally 

has the highest MUF.  Its height varies between about 250 and 450 km, 

depending on factors similar to those governing the MUF.  The maximum 

one-hop distance is roughly 4000 km.  F2-layer critical frequencies vary 

from less than 2 Mc to more than 15 Mc, depending on time and place. 

B   USABLE FREQUENCIES AND REQUIRED TRANSMITTER POWERS 

For a given set of conditions there is generally a limited range of 

frequencies that can be used for high-frequency communications.  The upper 

limit is called the maximum usable frequency, as described above, and 

depends on the distance of transmission and the virtual heights and 

electron densities at the points of reflection.  For the usual communi- 

cation systems the MUF is nearly independent of the radiated power and the 

receiver sensitivity, depending almost entirely upon the height and 

electron density of the layer. 

The lower limit of the useful ranj;e, on the other hnnd, depends on 

equipment characteristics as wr.ll e.s the .jropagat ion factors which affect 

the MUF.  The principal reasons for the existence of a lower limit are 

'1)  The attenuation, in db, of a signal reflected by the iono- 
sphere is approximately inversely proportional to the square 
of the frequency. 

(2)  The amount of available  atmospheric noise power is approxi- 
mately inversely proportional to the square uf the frequency. 

By     available " is   meant   the   total   noise   being   produced   on   the   rari.ii  s   surface How   much   of   the 
total   arrives   at   the   receiver   dependa   on   the   propagation   characteristic*   of   tha many  diffe    >nt 
paths   involved. 
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The KUF can be predicted on an average basis for a particular month 

and path by the methods outlined in Ionospheric Radio Propagation, 

together with the Basic Radio Propagation Predictions" issued three months 

in advance.  Such predictions will give a useful indication of the fre- 

quency to use at any particular period of the day.  However, they ere 

limited by the fact that the Ml'F on any particular day may depart ap- 

preciably from the monthly average for that time.  The smaller variations 

's.tiosai   Ssrcsa   of  StiKdi-.rd: ,   lTa<..rK-rir  B.Hin Pr opiji t i on .   Cuculir   4«2.   .I"n>-   2T,   1 94 R 

(Superintendent   of  Documents,   Washington,   D.C. ). 

2 
National   Bureau   of   Standards,   Hasic   Radio   Propagation   Predictions,   Central   Radio   Propagation 

Laboratory,    Series   D. 
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Thus, the signal-to-noise ratio can be expected to increase with 

frequency, the exact relation depending on how much ionospheric absorption 

is present, and on the effect of a change of frequency on the propagation 

of atmospheric noise to the receiver. 

in   general, the frequency that gives the highest signal-to-noise 

ratio is tiie ftftJF.  In practice, the optimum traffic frequency (FOT) is 

taken 15/S below the ML'F to allow for short-time fluctuations in the MUF. 

To illustrate the absorption factor, consider a typical case in which 

the ionospheric absorption at 10 ttie  over the San Francisco-Lualualei path 

is 20 db.  If the frequency were reduced to 5 Mc, the absorption would 

increase by a factor of four, to a total value of 80 db.  This reduction 

in frequency would therefore reduce the signal strength by 60 db for the 

same radiated power.  If the signal level were to be maintained at its 

original level, the radiated power would iiave to be increased by a   factor 

of 10 .  On the other hand, if the frequency were raised to 20 Mc, the 

absorption would be reduced by a factor of one-fourth, to a total value 

of 5 db.  tor the same radiated power, the signal strength would then be 

increased by 15 db.  Or, conversely for the same signal strength, the re- 

quired power would be reduced by a factor of 1/30. 

Fven when the ionospheric absorption is low, as it is at night, the 

lower frequencies require higher powers because of the greater atmospheric 

noise level.  It is therefore important to design the transmitting antenna 

system to provide the highest power gain in the desired direction at the 

lowest freauency to be used, even at the expense of reduced gain at some 

« 
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(in the neighborhood of ±15%) are more or less random, and hence unpre- 

dictable.  Relatively large reductions in MUF (in the vicinity of 50^) 

are caused by ionosphere storms, which can be anticipated to some extent. 

The actual experimental determination oi the MUF at any given time 

can now be carried out rnther easily by means of a new measuring technique 

called scatter-sounding.  This method makes use of pui'-.ss transmitted on 

the frequency of interest.  If reflection from the ionosphere is possible, 

some of the energy is scattered back to the transmitter after reflection 

from the ground at a distance corresponding approximately to the ship 

distance at that frequency.  The skip distance is determined simply by 

measuring the delay time of the leading edge of the back-scatter echo and 

applying a simple conversion factor.  If the skip distance so measured is 

less than the length of the circuit path, then transmission will be possible 

on that frequency.  The details of this technique are giv^n in Apper"'ix I). 

A special problem arises when the transmission path is approximately 

''OOO km long.  This distance is usually considered to be the maximum 

distance for one-hop propagation.  However, under some conditions the one - 

hop mode may not be usable.  It is then necessary to use a higher-order 

mode such as two-hop.  The factors that can cause the maximum useful one- 

hop distance Lo be less than 4000 km are 

(1) Low height of the F2-laver. 

(2) Insufficient antenna response at low vertical angles. 

(3) Obstructions, such as mountains or buildings, which cut off 
low angle radiation. 

In such cases the Ml!F can be determined with sufficient accuracy by 

dividing the transmission path into uniform segments equal in number to 

the number of hops.  The MUF for each segment is determined by the methods 

outlined in NCS Circular 4^2.  The MUF for the entire path is then the 

lowest of the several values so calculated. 

A practical example of a two-hop path of approximately 4000 km 

length is that from Lualualei to San Francisco.  Here the Waianae mountains 

subtend an angle of about 6 degree in the direction of Sar. Frr.r.cisco. 

Reference to the sky-wave transmission chart of Appendix A shows that the 

Sea,    for   example,    the   North  Atlantic   and   No.lh   Pacific   Warning   Service*.   proTiued   by  Central 

Radio   Propagation   Laboratory  of   the   National   Bureau   ol   Standards. 
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equivalent one-hop path with a take-off angle of 6 degrees must have a 

virtual height of 550 km.  Since the virtual height of the F2-layer 

seldom reaches this value, the one-hop mode is cut off by the mountains 

most of the time.  Actually, lower heights than that computed above will 

propagate the one-hop mode because of effects such as diffraction over 

the mountains, bending in the E-layer, and atmospheric refraction.  An 

experimental check on the importance of the. one-hop mode ove. this path 

was undertaken on September 2 and 3, 1953.  Simultaneous recordings of 

NPM at Lualualei (15.65 Mc) and WWVH* (15 00 Mc) were compared with 

scatter soundings made on 17.31 Mc.  The transmission paths from Lualualei 

to San Francisro. and from WWVH to San Francisco are almost identical. 

The one-hop ray path from Lualualei to San Francisco, however, is partially 

obstructed by the Waianae Mountains, while no such obstructions are 

present near WWVH.  The two-hop paths are unobstructed in both cases. 

Signals were received from both stations, not only during times when the 

two-hop mode was active, but also when only the single-hop mode was 

possible.  The data showed that the intensity of the signal from Lualualei, 

relative to that from WWVH, tended to be less on one hop than on two hop, 

indicating that the one-hop mode from NPM is less useful than that from 

WWVH.  A study of several years of recordings of WWV and WWVH or. 15. CO Mc, 

as receiver at the Stanford Radio Propagation Laboratory (near San 

Francisco, California), shows that although the one-hop mode is frequently 

present ever both paths, it is often weaker and more variable in strength 

than the Lwo-hop mode.  It is concluded therefore that although the one- 

hop mode may at times provide adenuate communication, it should not be 

relied ;jpor; for regular r.oinmnnicat 'ons over such paths, particularly when 

the ray path is cut off by mountains or other obstructions. 

I'o illustrate the nature of MUF variations with time of day, the MUF 

for November, 19f>3, for the Lualualei-San Francisco path was computed 

using the CRPL D-Series predictions made three months in advance   A two- 

hop mode was assumed, for the reasons given above.  The MUF is plotted as 

a function of Greenwich Civil Time (GCT) in Fig. 3.  Also plotted is the 

tOf, which is 85% of the MUF.  The ratio of maximum MUF to minimum MUF is 

alnost four ..o one. and it is clear that different frequencies must be used 

at different tii..?° oi day if the effects of ionospheric absorption are to be 

minimized.  A typical schedule for changing frequency is shown in the 

figure, assuming that the available. 

WVYH   ia   a    transmitter   of   the   Kaiionel   Bureau   of  Standards,    located   on   the    Island   of   Haul.   T.H. 
ckich  continuously   transmts   stsndard   tine   and   frequency  signsls   on   frequencies   of   S,   10,   15, 
20, and   25   Mc.      WWV   is   s   aiailar   transmitting:   ststion   locsted   near  Wsshington,   D.C. 
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freaucncies are 4, 6, 10, and 15 Mc   An alternative schedule is shown 

by the dotted line, in which only three frequencies, 4, 6, and If) Mc, are 

used.  The advantage of the three - frequency schedule is that outages 

associated with the mechanics of changing frequency are reduced in number. 

The disadvantage is that the ionospheric absorption will tend to be higher 

during those periods when the frenuency in use is well below the FOT. 

Which of the two schedules would give the better results depends on the 

relative importance of the factors involved and can be discovered only by 

experiment. 

Particular attention should be paid to the dip in the MIJF curve which 

occurs just before sunrise.  This dip is characteristic of most MUF curves 

and requires the use of a lower frequency just before sunrise, than was 

used earlier during the night.  Since the required reduction in frequency 

occurs at a time when the absorption at the east end of the path is starting 

to rise, transmission conditions become very poor at this time.  In actual 

practice there may be a tendency to raise the frequency of transmission 

to avoid the effects of absorption even though the MUF is dropping and 

communications can be maintained only by lowering the frequency. 

Contrasting with the MUF curve for November is Liie curve for June 

1953, which is characteristic of summer conditions (Fig. 4).  Here the 

ratio of maximum MUF to minimum MUF is only 2.  The number of frequency 

changes required each day is therefore smaller.  Furthermore, since the 

number of daylight hours is greater in summer than in winter, the period 

of high daytime Ml'F is proportionately greater.  The lowest frequencies 

are r.ruis useii »   gm«!l«i r.^ i ._•• r.t ag<: of the ti~c i R corner than i 1 winter 

and the transmission difficulties associated with low frequencies are 

correspondingly reduced.  For these reasons long-distance circuits, on 

the average, tend to be more efficient in summer than in winter. 

The curves shown in Figs. 3 and 4 are characteristic of the minimum 

of the sunspot cycle.  At the maximum of the sunspot cycle (the next 

maximum is expected in 1957-58) the MUF s are considerably higher.  For 

example, the daytime value in winter will be increased by roughly 50% 

and the nighttime value by about 15%.  On the other hand, in simmer the 

daytime increase is only about 10%, while the nighttime increase is about 

50%.  These differences vary with the location of the path. 

The most difficult time for transmission, particularly over an east- 

west path, is the sunrise period.  This results from the fact that the 

effects of ionospheric absorption are felt at the east end of the path 
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before   the   MUF   at   the   west   end   of   the    path   lias   had   a   chance   to   rise.      The 

MUF   for   rhe   entire   path   is   therefore   low   at   this   time,   but   the   attenuation 

due   to   losses   in  the   C-region  has   begun  to   increase       The   longer   the  path 
.......       1- .-   '      _ \      ._ L _      1 . 
» C & i.       Ull   C\.tiUII/        CllC        lUlltJCi t 1_  -   . ....'.I        .    f       .. .. 
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hence the more troublesome is the circuit. 

C   USEFUL VERTICAL DIRECTION AS A FUNCTION OF REQUIRED 

COVERAGE AREA 

Fhe vertical angle of transmission for a sky-wave communication 

circuit depends on a number of factors such as the distance between 

transmitter and receiver, the height of the ionospheric reflecting layer, 

and the angle subtended by local obstructions such as mountains.  The 

effects due to local obstructions do not change with time, nor does the 

distance between transmitter and receiver, for point-to-point circuits. 

The distance of transmission does vary, however, throughout a wide range, 

for the broadcast circuits.  The height of reflection in the ionosphere 

also varies through rather wide limits with the time of day, with the 

season, and witli the eleven-year sunspot cycle.  The variation in K-. •yht 

of reflection for the F-layer is in nearly all cases confined witiii. limits 

of 200 to 500 km.  For long distance circuits, that is for distances of 

transmissions greater than 2000 k:r,, reflection normally takes place in the 

F2-layer, and hence ii. is this range of heights with which we must work 

when computing vertical transmission angles.  The following discusoion will 

consider point-to-point and broadcast circuit- separately 

1. KO1NT-T0- t'OINT CIRCUITS 

For a point-to-point circuit the distance of transmission is fixed, 

and for an assumed height of reflection the reauirea angle of departure 

for the radio wave may be obtained from the transmission chart of 

Appendix A.  For a particular assumed height of reflection a number of 

different angles of departure may be obtained, depending on the number 

of hops between the ionosphere and the earth.  For example, consider the 

Lualualei-S«n Francisco path (3880 km)   if reflection is assumed to take 

place at o height of 300 km, the one-hop path requires a takeoff angle of 

0 degrees, the two-hop path requires 12.2 degrees and the three-hop path 

renuires 21.0 degrees.  Thus, some flexibility is permitted in the choice 

of a suitable ueparture angle for a given transmission path,  The very 

lowest angles, near 0 degrees, are ordinarily ruled out by the inability 

of practical antennas to radiate efficiently at such angles.  For the 
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transmitting location at Lualualei, the height of the surrounding moun- 

tains places add?tional restrictions on the use of very low angles.  For 

the Lualualei-San Francisco path, transmissions are limited to angles 

shove 3heut 654 desrecs bccuusn c^" th** intcr,r-*r''*nrr  n*o*x*i*'*>*sis   Hence  xor 

this path the one-hop mode would, in general, not be very useful and 

transmissions are best limited to the higher angles set by the two-and 

three-hop modes. 

In general it is preferable to utilize transmissions which involve 

the smaller number of hops, when other considerations permit.  An in- 

crease in the number of hops results in more absorption of the wave, due 

to the increased length of path in the absorbing region, and due to lower 

freouency of transmission necessitated by the higher angle of departure. 

However, when operating at a sufficiently high frequency, which is 

usually insured by working near the MUF, the change in absorption in going 

from one mode to a mode with the next higher number of hops i« not pro- 

hibitive.  An antenna such as a rhombic cannot be made to provide high- 

beam gain throughout the wide range of vertical angles and at all fre- 

auencies which would be necessitated if a single mode were to be used, 

irrespective of the height of the reflecting layer.  If; for example, tne 

two-hop mode were to be used at all times for the Lualualei-San Francisco 

path, a range of vertical angles from f-   degrees to 20 degrees would be 

required.  If, for the lower heights of reflection, use is made of the 

three-hop mode, the required range of angles can be reduced to lie between 

9 degrees and 19 degrees.  The increased antenna gain, which is made 

possible by the smaller range of angles, offsets the increase in absorption 
I U ..  _,._.. .-  ...I  .1 ^ f_. I-.-.  fko  ^ki.Ao. hr 

taking use of the above considerations, it is possible to tabulate 

a set of useful vertical angles for different distances of transmission. 
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TABLE I 

RANGE OF USEFUL ANGLES OF DEPARTURE FOR 
TRANSMISSION PATHS OF VARIOUS LENGTHS 

LENGTH   OF PATH SUGGESTED RANGE   IN 

VERTICAL ANGLES 

OF DEPARTURE (Lilometers) (Nautical   Miles) 

1500-2500 810-1350 12°-20- 

2500-3500 1350-1900 6°-12° 

3500-450C 1900-2450 9° -19° 

4500 -5500 2450-3000 9°-16° 

5500-6500 3000-35 50 9°-16° 

6500   and  beyond 3550   and beyond 6°   12° 

''hen   dealing   with   probleMS    involving   ionospheric    propagation,    it   is 

more   convenient   to   use   the   kiloaeter   as   the   unit   of   length.      The   ranges 

in   nautical   miles   are   ubta'ned   by   the   following   c cr.Tc r: I cs: 

1 11   mile I.»? 

This   tabulation   is   based  on   average   conditions   and,    as   such,    incorporation 

many   compromises.      When   specific   problems   arise   in   the   design  of   an 

antenna   for   a   point-to-point   circuit,    improved  performance may   at   times 

be   achieved  by   an   analysis   based on   the   principles   outlined   above.      ror 

example,   if   a   circuit   is   to   be   activated   for   a   short  period   of   time,    it 

may   be   iounu   that   the   range   of   variation   of   refxectior,   height   ir,   the 

F-layer   may   be   considerably   smaller   than   the   full   range   allowed   for   in 

the   above   tabulation.      In   this   case,    the   range   in   vertical   angles   may   be 

reduced   and,   as   a   result,    increased   antenna  gain   mcy   be   possible. 

As   a  verification   of   the   design   criteria   for   antenna   systems   for   the 

point-to-point   circuits,    a   series   of   test   transmissions   were   performed 

between   the   transmitter   station   at  Lualualei,   and  Stanford University 

which   is   located   in  the   vicinity  of  San  Francisco,   California.     The 

transmissions   tec!:   place   on   15,665   kc.    and  on   successive   fifteen-minute 

periods   utilized  rhombic   antennas  RA-5   and  RA-6.     These   two   antennas  were 

chosen   because   their   major   lcbe3   iie   at  different   vertical   angles   at   the 

frequency   used   in   the   tests.      The   pattern   of   antenna  RA-5   was   centered 

around   12   degrees,   while   that  of   antenna  RA-6  centered   around  6   degrees. 

Vertical   angle   calculations   show  that   for   average  F-layer  reflection 
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heights, antenna RA-5 radiates efficiently in the right range of vertical 

angles while the pattern of RA-6 ialls below the proper range.  The trans- 

mission tests of November 9 and 10, and of November 24 and 25, confirmed 

these expectations surprisingly well.  The signals received while trans- 

mitting on HA-5 were about 10 db stronger, on the average, than when 

transmitting on RA-6.  Differences as great as 16 db were observed at 

times.  Using the known distance between Lualualei and Stanford, and 

obtaining the height of reflection in the F-layer from the Stanford 

vertical - sounding data, the takeoff angle expected during tnese trans- 

missions was calculated.  Using these calculated takeoff angles and the 

theoretical antenna patterns for the two antennas RA-5 and RA-6, the 

expected difference in received signal strength was obtained.  This 

difference was compared with the measured field strength differences ob- 

served during the transmission tests.  Rather close agreement was found, 

which indicated that the theoretical rhombic antenna patterns were being 

realized at the transmitter location at Lualualei, a result of considerable 

value when designing new antennas. 

2.  BROADCAST CIRCUITS 

tor broadcast circuits, a group of about five frequencies between 

4 and 24 Mc are used simultaneously to cover an area extending from the 

transmitter location out to distances on the order of 4000 km in ail 

azimuth directions.  Ordinarily, it is not possible for any one of these 

frequencies to cover the full range of distances. At the lower frequencies, ionospheric 

absorption and atmospheric noise combine to limit the transmissions to relatively short 

(iicfanooc At"     t- /m    V»i i,Kar     f^o mion^ i*»o t-n«»     el/in    rtipf^nno     liim^o    iieaful      ^nmnini cohi *>T*O     •• rs 

the  longer  distances,   in  the  daytime,   and completely rules out  their use   at   night. 

The   range   of  vertical   angles   to  be  used depends  on   the  height  of  the 

reflecting  layers,   on   the  distances   to  be  covered,   and on  the   frequency 

being  used. 

It   is   found   that   for   frequencies   near   4  Mc,    ground-wave  propagation 

can   be   relied   upon   to  provide   usable   signals   at   all   times  out   to   distances 

of   about   400   km   over   sea   water.      At   that   frequency   and  at   a   distance   of 

400   km   the   surface   wave  may   be   expected  to   be   about   16   db  below  the   free- 

space   vaiue.     On   a   day  of   rather   high   ionospheric   absorption   the   ionospheric 

wave   will   also   be   reduced   about   16   db   below   the   free-space   value   at   a 

distance   of  400   km.      Hence,   nothing  is  gained when  high   angles   are   included 

in  an   attempt   to  obtain  sky-wave   transmission  at   distances   less   than  400  km. 
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For the reflection at the highest K2-layer which is normally encountereu, 

vertical takeoff angles of 55 degrees to 60 degrees are required in order 

for the sky wave to return to earth at 400 km.  During much of the time, 

frequencies near A  Mc will be reflected by the E-layer and much lower 

angles would suffice.  because of greater absorption at 4 f.c, signal 

strength at R Mc .nay frequently be greater at distances immediately beyond 

400 km.  Hence, antennas for 8 Mc should likewise radiate at angles up to 

55 degrees or 60 degrees.  At some times during the year or sunspct cycle, 

8 Mc may aiso be called upon to cover the fuii range of distances out tc 

4000 km and beyond.  As a result, the 8-Mc antenna should include radiation 

down to angles in the vicinity of 10 degrees.  The ground wave at 8 *.c is 

relatively leas important than at 4 Mc. 

At the highest frequencies in the broadcast group (i.e. greater than 

20 Mc), rather well - determined limits may also be set on reauired vertical 

angles.  because of rapid attenuation, the ground wave is unimportant at 

these frequencies.  In addition, the F-layer critical frequency at vertical 

incidence does not aften range co frequencies higher than 7-10 Megacycles. 

This corresponds to skip distances of about 2000 km at 20 Mc   Thus, these 

transmissions would usually be limited to distances greater than 2000 km. 

At 2000 km the one-hop mode would be used, and at 4000 km the two-hop mode 

would prevail.  lience, for frequencies greater than 20 Mc, a limited range 

of vertical angles (8-30 degrees) is suggested and the possibility of some 

antenna gain in the vertical plane is indicates. 

Freouencies near 12 and 16 Mc would normally be used to cover somewhat 
\. _ _ .. . _ .i - _ .. . . .. u . _ » u _ u ; „L _ _ c __.;__  I  ;.. i ji • i ...: i l u _ 

useful for distances out to 4000 km, or greater, at night.  Hence, vertical 

angles between 8 degrees and 45 degrees may be desirable at various times 

during the day, year, or sunspot cycle.  Use will be made of these results 

when deciding on the suitability of radiation patterns of existing and 

proposed broadcast antennas. 
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CHAPTER   U 

OUTAGE LOG ANALYSIS 

Some  of  the   characteristics  of  the Lualualei  outage  log  data  were 

studied  for   the purpose  of  establishing  the primary  causes  of  circuit 

outage.      It  was  not  considered within   the   scope  of   the  contract   tc   per- 

form  a   full-scale   statistical   analysis of   these  data.     However,   some 

reduction of  the   data  was  made   and   the   results  were   studied primarily on 

a   qualitative  basis.     Some   fairly pronounced  trends   appear   and  these   form 

the  basis   for  making  a   tentative   selection of  the  primary  causes of  outage. 

To   get   an overall  picture  of  the  outage   situation,   the  yearly  percent 

outage   for  the  stations   was  compared.      The   results   are  expressed  in   terms 

of  the  percentage of  the  total   time   that   the   circuit   was   shut  down,   and 

are  plotted   as   a   function   of  the  path  distance   in  Fig.   5.      A  straight   line 
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through  the origin  fits   the points  reasonably  well,   indicating  that   the 

total   outage  is   roughly proportional   to  path   distance       The principal 

exceptions   to   this  trend  are  the   circuits   to Midway   and  Kwajalein.      A 

brief   survey  of   the   reasons   listed   for   some   samples   of   thw   outage   data 

suggests   that,   in   the  case of Kwajalein,   the  relatively   low  total  outage 

is   connected  with   the   relatively   low  incidence  of outage  caused  by 
changing   frequency.      It  is understood  that on   this   circuit  a   separate 

transmitter  can  be placed in  service on   the  new   frequency   before   the 

existing one  is  shunt  down.     This  factor may  very wei1  account   tor   the 

low  outage,    although   a   detailed   check  o£  the  operating  procedures   would 

have   to   be made   to  confirm  this   with  certainty.     The  reason   for   the  Midway 

outage  being  higher   than  that   for Kwajalein   is  not   clear.      Cne  possibility 

is   the   fact   that   the   antennas   used on   this   circuit   are   not  of  optimum   de- 

sign   for   the   frequencies   used.      This   causes   the   received   signals   to   be 

weak.      Also,    the   possibility   of   an   unsatisfactory   receiving   installation 

should  not   be   overlooked. 

The   indicated   variation  of   total   outage  with   path   distance,    shown   in 

Fig.    5,    is   interpreted   in   terms  of   two   factors.      The   first   is   the   reduction 

in   field   strength   with  distance,   caused  by   inverse   distance   attenuation 

and   ionospheric   absorption,   which   in   general   will   reduce   the  signal-to- 

noise   ratio.      The   second   factor   is   the   Icr.gth  of   ti">«   during  which  night- 

time   conditions   prevail   over   one   end of   the   path   and  daytime  conditions 

over   the   other   end.      For   example,   consider   an   east-west   path   covering 

a   time   span  of  3   hrs.      For   a   two-hop  path,    the   time   difference   between 

the   point   where   the   ray  passes   through   the   absorbing  D-region   at  one   end 

of  the   path   and   cue  point   of   reflection   in   the.   F2-layer   at   the   other  end 

will   be   about   2  hrs.     Thus,   in   the  morning   the  daytime  absorption  effect 

for   this   mode  will   commence   about   2   hrs   before   the ML'F   for   the  path   starts 

tc   iise.      The   sunset   period   is   less   difficult  in   this   respect   because   the 

ionization   in  the   F2-layer   lags   behind   the   hour   angle   of   the   sun,   whereas 

the   C-region   ionization;    and  hence   the   absorption,   is   very   nearly   in   phase 

with  the  sun's  position 

The   existence   of  a   period   of  poor   transmission   conditions   in   the 

vicinity   of   sunrise   is   weii   known.      Foi   exan.plc,    recordings of   WWV made 

at   Stanford's  Radio Propagation Laboratory on  5,    10, and   15 Mc   show  that 

the  period  when   the   highest   available   relative   field   intensity   is   a 

minimum,   occurs   approximately   at   the  time  of   local   sunrise  at   the midpoint 

of  the  path.     The length of  this period will,   of  course,   increase with path 
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distance in the east-west direction   This effect is of much less impor- 

tance on north-south paths since the local time is more nearly constant 

ovsr such paths. 

A pronounced seasonal trend can be seen in most of the data, the 

average outage tending to be much higher in winter than in summer.  To 

illustrate this variation, the average outages for the months of June and 

July, 1953, and for the months of December, 1952, and January, 1953, were 

computed for each circuit.  The ratio and difference of these quantities 

are listed in Table II below. 

TABLE II 

LUALUALEI OUTAGE DATA 

CIRCUIT 
DISTANCE FROM 

LUALUALEI 

CinriiiT QiIT AGES 
DIFFERENCE 

WINTER AVG. 

SUM*• AVG. 
Suaser   Average Winter   ATorage 

Washington   D  C.(NSS) 7 75 0   km 66   hrs   no 152   bt>   ao 86   hrs/aio 2.3 

Guaa                             (NPN) 6200  KP 52         " 9*         * 42         " l . 5 

Tokyo                        (NDJ) 6200  k> 6* 87 23 1 .4 

K.ajalein              (NDJ) 3950   k« 17 35 18 2.1 

San   Francisco      (NPG) 3 85 0  km 17 79 62 4.6 

Midway                      (NQMi 2200  kt> 50 26 -26 0.52 

With the exception of Midway, the outage in winter is greater than 

that in summer. 

The diurnal variations in outage show a fairly consistent trend, being 

higher at night than during the day, with peeks at sunrise and smaller 

peaks at sunset.  The sumise and sunset peaks ere explained by the fact 

that frequency changes are more numerous during these periods, while the 

general increase at night is explained by the fact that because the 

nighttime frequencies are lower, the noise is greater and at the same time 

antenna gains are down at the lower frequencies.  These two factors com- 

bine to reduce the signal-to noise ratio at night. 

The increase of outage in winter is therefore believed to result 

from the increase in nighttime hours and also froc the wider range of 

frequencies required during winter, as compared with summer.  Thus, fre- 

quency changes are more numerous and the associated outage time is greater. 

The chief reason given in the logs for outage appears to be frequency 
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charge.  Therefore, any scheme which reduces the time lost during a ite- 

quency change should effect, a marked improvement in the overall circuit 

performance.  Or«e means of improvement would he to use two transmitters 

at the time of frequency change, both operating until contact on the new 

frequency is clearly established.  It is understood that this method may 

already be employed on the Kwajalein circuit, which shows the lowest 

average outage of the six circuits studied. 

It is not clear from the log data whether the outage time associated 

with frequency change should be attributed to failure of the propagation 

path at that time or simply to the mechanics of changing frequency.  If 

the first is the case, then the outage n?ght be reduced by using some 

auxiliary method to determine when the frequency should be changed.  One 

particularly easy expedient would be to monitor the broadcast circuits 

over the same path, and determine from the relative readability of the 

available frequencies when the point-to-point circuit should be shifted 

in frequency.  Another method for determining the time to change fre- 

quency is scatter-sounding, described in Appendix 3.  Probably it would 

be helpful in determining the cause of outage associated with frequency 

change to record in the log whether any given outage occurring at the 

tiir.e of frequency change is primarily the result of failure of the trans- 

mission path, or is caused by the mechanics of changing frequency. 

ihe nighttime outage data show a fairly large proportion of outages 

due to atmospheric noise (CRN). Such outages could be reduced by in- 

creasing the signal strength. The antenna usage data indicate that the 

effective radiated power is relatively low at the lower frequencies, the 

antennas having the greatest gain at higher frequencies where high power 

is not so important. It is concluded therefore that the antennas should 

be redesigned to favor the lower frequencies. 
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CHAPTER   5 

DISCUSSION OF STATION LAYOUT AND TRANSMITTER BUILDINGS 

A.  THE LUALUALEI SITE AND THE SATELLITE INSTALLATIONS 

Chapter 2  gave a brief description of the layout and operations of 

the transmitting station.  Here, and in Chapter 6.  the various parts of 

the installation will be examined in detail.  fhe points brought out here, 

together with those discussed in the two previous chapteis, form the basis 

for the recommendations and conclusions summarized at 'he end of the 

report. 

Like many other long-distance radio communication station, the trans- 

mitting station at Lualualei was not planned and constructed in its present 

form, at any one time.  On the contrary, starting with a few active cir- 

cuits, new buildings, transmitters, transmission lines, and antennas were 

added as the need for them arose.  Such a procedure, while largely un- 

avoidable, unfortunate)y ^OPS not lead Co the most efficient use of the 

available land.  At Lualualei, for instance, the office buildings, rness 

hall, living quarters, electric power substation, power transmission lines, 

auxiliary power generating facilities, and many other service installations 

occupy the most desirable area for the location of hi^h-frequency antennas. 

In order to conserve the remaining sreas for antenna construction, ad- 

ditional buildings which might be constructed in the future should, insofar 

as possible, be located neai the station boundary unless the contemplated 

building site is well within the already densely built-up area.  The 

vicinity of the station boundaries nearest to the mountains is generally 

undesirable for t :ie location of directive antenna systems, and, therefore, 

is suitable as service are?.  A site closer to the mountains for the v-l-f 

station would have led to better utilization of available space since the 

proximity of mountains is not an important factor at v-l-f.  The choice of 

the present site was probably dictated, however, by the minimum allowable 

spacing between this installation and those of the Naval Ammunition Depot. 

The number of radiators which must be provided is prescribed by the number 

of circuits served by the station.  The permanent man-made structures to- 

gether with the other features of the terrain limit the maximum possible 
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separation which can be achieved between adjacent antenna systems   As 

will be pointed out presently, this separation will often have to be 

smaller than is desirable for the best operation of the circuits.  In 

spite of these undesirable features the Naval Radio Station at Luaiuaiei 

compares favorably with other such stations, both military and commercial, 

which were inspected in the course of this investigation. 

As explained earlier, the transmitting station consists essentially 

of three separate locations:  the v-l-f station, and Buildings No. 1 end 

No. 68 where the 1-f, m-f, and h-f transmitters are housed.  Little need 

be said about the v-l-f installation.  The antenna system and transmitter 

were designed, erected, and tested as a unit and the installation appears 

to be working satisfactorily at the present time. 

The relay stations for the v-h-f link also require little discussion. 

The installation on Mauna Kapu consists of two separate buildings.  One of 

these contains the receivers and transmitters for the Pearl Harbor- 

Lualualei link, the other for the Wahiawa-rearl Harbor link.  The relay 

station at Kolekole Pass is used for v-h-f communications between Wahiawa 

and Luaiuaiei.  The latter link ia required since keying of the transmitters 

at Luaiuaiei, which are used for ship-to-shore commimirations, takes place 

at the Wahiawa receiving station.  Except for the fact that the antennas 

are not sufficiently protected against corrosion, these relay links have 

operated with a high degree of reliability over a period of many years. 

The chief drawback of the system is the fact that further expansion of 

facilities in the 100-200 Mc range is virtually impossible.  Plans are 

therefore currently in preparation for the installation of microwave links 

as replacements for the v-h-i equipment now in us<;.  The new installation 

will have sufficient capacity to handle the increased traffic which may be 

required in the future. 

Since industrially-generated r-f noise may interfere with the operation 

of the v-h-f links, a brief survey of possible sources of such noise was 

undertaken.  i'he electric-power substation located at the western boundary 

of the Luaiuaiei site was found to be the major source of r-f noise.  Salt 

and dust deposits cr- -"c insulators cause leakage currents to flow over 

the surface of the insulators, and it is these currents that produce the 

noise.  This was confirmed when, after a cleaning of the insulators, the 

noise disappeared.  However, no interference with the reception over the 

v-h-f links has been observed in Lhf> past, and since such noise does not 
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disturb any other functions of the station., the probable reappearance of 

this noise should not hamper operations of the station as long as it is 

utilized only for transmitting. 

B.  FtACIO iRANSf.il Ii'FR Bl'ILniNG (HF,  fBUILDING NO. 1) 

Building No. 1 is the earliest transmitter building at Lualualei. 

It is octagonal in shape, and therefore does not realize the best 

utilization of available space.  Twenty-three transmitters arc presently 

in-tailed on the main deck.  These serve the point-to-point circuits to 

the east as well as a number of the broadcast circuits.  Two of the trans- 

mitters formerly installed at the center of the building have recently 

been moved to spaces nearer the outside walls.  Before this rearrangement, 

three Niarconi antennas for use at 1-f and m-f frequencies passed through 

the cupola at the center of the roof.  ihis resulted in coupling between 

the output circuits of the three transmitters feeling these antennas. 

With the new placement of transmitters, only a single "uiconi antenna 

passes through the cupola, thus reducing by a considerable amount the 

undesirable coupling between circuits.  The layout of equipment in 

Building No. 1, as at this time, is shown in Fig. 6.  Terminal equipment 

fr>r   the v-h-f links is installed in the basement of the building. 

The main point.- to -point circuits for which equipment is now provided 

at Building No. 1, are these to Washington, D.C. and San Francisco.  Both 

of these circuits make use of single-sideband (SSB) multiple channel 

teletype transmissions.  Iwo transmitters (TRF) designed for this type of 

modulation arc available, one for each of the two circuits.  Turing routine 

maintenance, or in case of equipment failure, frequency-shift keying roust 

be used, with a consequent reduction of the number of signal channels 

whirh can be. multiplexed for simultaneous transmission at one carrier fre- 

quency.  The SSB transmitters are rated at 2-kw power output.  A 50-kw power 

amplifier I'TPA) is available for use with the fEF transmitter.  Such 

amplifiers arc new in permanent use on the Washington and Guam circuits. 

Changes in the division of circuits between Building No. 1 and 

Building No. 68 have recently been proposed by the staff of Lualualei. 

It is contemplated to move the Washington circuit from Building No. 1 to 

Building No. 68. and to move the Guam circuit from Building No. ^8 to 

Building No. 1.  iwo additional SSB transmitters which are presently in 

in storage would also be installed in Building No. 1.  One of these would 
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convert the Tokyo circuit to SSLS operation.  The fourth of the SSB trans- 

mitters would be available as a spare for any of the other three circuits 

during maintenance or breakdown of the  normally used transmitters.  A 

single power ampliiler could be cor.r.rrted to any of the four transmitters 

if t.H» need arose. 

While the rearrangement of circuits and transmitters just outlined 

would provide more efficient use of the available SSB equipment it is 

recommended that these plans be modified in a number of respects   Trans- 

mission paths to Washington from antennas located in the vicinity of 

Building No. 68 are intercepted by the mountains.  Terminals lor the cir- 

cuits to the east should therefore remain at Building No. 1   Futhermore, 

Building No. 68 would still contain only one SSB transmitter and power am- 

plifier with no available alternate SSB circuit in case of breakdown. 

Finally, the tying uown of a power amplifier to a single circuit does not make 

the most efficient use of this equipment. 

The contemplated changes do, however, suggest a rearrangement of 

equipments in Building No. 1, which would offer a number of advantages. 

It is proposed that all three SSB transmitters presently in operation as 

well as the two new SSB transmitters now in storage, be installed in this 

building   Tile power amplifier now used for the Guam circuit in Building 

No. 68 would aiso be moved to Building No. 1 together with the TEF trans- 

mitter.  In order to provide room in Building No. 1 for the additional 

power amplifier, one of the TBC transmitters (CP) could be moved to 

Building 68.  Figure 7 shows the floor plan with the proposed changes in 

equipment taVutit.  ui sunnp.ary, ."£i transimtters for tne Washington, San 

Francisco, Tokyo, and Guam circuits would all be located in Building No. 1. 

An additional SSB transmitter would La available fu» service on any of 

these circuits m case of breakdown of the regular equipments.  The two 

power amplifiers would work in conjuctior. with any of the five SSB trans- 

mitter, whenever needed. 

The concentration of all SSB transmitters and circuits in Building 

No. 1 has the following advantages 

(1) By proper scheduling of iMitdowns for routine maintenance, 
a considerable redaction in the outages of the SSB circuits 
could be achieved since a spare SSB transmitter would be 
available. 

(2) None of the powe; amplifiers would be permanently tied to a 
given transmitter as is presently the case for the Guam and 
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Washington circuits, or as would be required were the 
Washington circuit removed to Building No. 68.  The sharing 
of power amplifiers between all possible circuits insures 
the most effective use of the 14-dh power gain which can be 
achieved by these means.  As explained in Chapter 3, it is 
quite possible that the additional power may be more urgently 
needed on a circuit operating at a low frequency over a re- 
latively short range, rather than for transmissions at a 
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higher frequency over longer distances.  If the power ampli- 
fier is permanently made part of a single circuit, it may 
often stand idle or be used in cases where the extra gain 
does not enhance the reliability of the circuit 

C-)  The concentration of the SSB transmitters in one location 
facilitates servicing of this rather specialized equipment. 

(4)  Space is available in the area about Building No. 1, for the 
additional directive antennas required in this relocation of 
circuits   At the same time, removal of point-to-point cir- 
cuits from Building No. 68 would relieve the congestion of 
antennas in the vicinity of this building. 

The antenna for the original 1-f transmitter formerly housed in 

Building No. 1 was suspended from three steel towers.  These 300-ft high 

towers are still standing, although the antenna for which they were in- 

tended has been removed.  The base of the towers forms an equilateral 

triangle with sides equal to 750 ft, and the building is located half-way 

between Towers #2 and #3, as shown in Fig. 1.  These three towers provide 

the only adequate support for antennas ir. the 1-f range, no other supports 

of sufficient height being presently available anywhere else at Lualualei. 

It is therefore recommended that the m-f circuit now operating at a fre- 

quency of 500 kc from Building No. 1 be transferred to Building No. 68 where 

an antenna adequate for this frequency car: be suspended from standard 120-ft 

poles.  If it is desired to retain transmitter D for the 500-kc circuit, it 

should be moved to Building No. 68 and the 1-f transmitter (C) now in this 

building couid then be installed in Building No. 1.  This change is indicated 

in Fig. 7.  It should be noted that the three steel towers will support a 

~axi"u~ of three 1 f antennas   If nerc 1 f circuits arc required additional 

structures of sufficient height should be erected. 

Every transmitter must be provided with a good ground connection, as 

a safety measure for the operating personnel as well as to complete the 

electrical circuit   In practice, a grid of copper wires is buried under the 

building and this grid is continued out to a distance away from the building, 

sufficient for the currents in the wires to have reached negligible values. 

When vertical antennas are used, such as the Marconis, the system of ground 

COuaUL tui'S     is    lequLieu    i ii    Oluri     tO    iuCIcaSc     tjic    aut-criua    cuiCioncy. 

The original 1-f antenna suspended from the towers in the vicinity of 

Huilding No. 1 was provided with a ground system which is believed to be 

still in place   This ground system consists of a parallel grid of No. 10 

B & S gauge copper wires spaced 12-54 ft apart.  The grid covers a triangular 
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area which reaches between 150 and 200 ft beyond the area formed by the 

base of the towers.   According to the drawing just referred to, this 

grid is continuous underneath Building 1 and in its immediate vicinity 

The ground system in the building itself is made up of two parts.  The 

first of these consists of thirteen, 1 x i/R-in. copper straps that extend 

radially outwards from the center of the building to 10 ft beyond the 

building line     A second ground system consisting of similar copper 

straps is laid in the drain trenches in the basement of Building No. 1. 

At the present time, the ground connections from the transmitters are made 

to the straps in the drain trenches.  From the two drawings just mentioned 

is not clear if or how these three ground systems are interconnected, nor 

could this be ascertained during inspection of the site.  Furthermore, 

parts of the ground system may have been changed without recording such 

changes   Inspection of the basement of Riiilding No. 1 revealed only about 

four of the indicated 13 radial conductors  it is not known whether the 

others are buried in the walls or have been removed entirely. 

Apart from the uncertainty of the exact configuration of the ground 

system, the ground connections of the transmitters are unsatisfactory for 

two reasons.  First, the transmitter deck is elevated by roughly 10 ft, 

with respect to the copper grid in the basement to which ground connections 

are made.  Radio-frequency currents flowing between transmitter and ground 

set up fields which induce currents in the grounding straps of other trans- 

mitters.  In other words, the whole transmitter floor is not only physically, 

but electrically above ground level by an appreciable amount as far as r-f 

energy is .-onrerned   Currents from different transmitters, flowing to 

ground in close vicinity to each other, as is the case here, will produce 

strong coupling between the various equipments.  It may be noted that such 

currents from transmitter to ground not only flow when unbalanced output 

circuits are used, hut are also produced by any unbalance in the systems 

using nominally balanced outputs.  lntercoupl ing between equipments is one 

of t'ie chief causes for emissions at spurious frequencies and should there- 

fore be avoided as much as possible, for this as well as other reasons. 

See P. W. Dreeing No. OA Nll-126 Hey 17, 193S, 14th Neral Di.trict. Pearl Harbor, T  H 

"Ground Syeteei for High Freqc-sry >nt*iinij (Bldg. 1). " NRS Lualualei, Onhu, T. H. 

** 
See   Y i  D Drewing  No     118,763,   Mey   27,   1934,   II     S.   Nenel   Radio  Stetios,   Lueluelei,   Oehu, 

T     H.   "Inter—end   High-Frequency   Trenaaitter   Building   Plane 
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The second reason for considering the present ground system within 

Building No. 1 as inadequate is its geometrical structure, which consists 

01 conducting h up» arid straight sections large enough to resonat? at". 

some of the frequencies used for transmission.  This again produces coup- 

ling between transmitters- as well as power loss.  As a solution it is 

suggested that the present ground system within Building No. 1 not be 

used for r f ground connections.  Instead it is proposed that the ceiling 

of the basement be completely covered with copper sheeting or a copper 

screen.  All ground terminals of the transmitters should be connected to 

this sheet instead of making connections to the ground system in the base- 

ment.  The copper sheet, in turn, must be joined to the existing ground 

grid outside the building.  This can be done by utilizing copper straps 

laid out in the same fashion as the radial ground system shown in Y & D 

Drawing No. 118,763.  Connections between these radial conductors and the 

parallel wire grid can be made at any convenient point outside the build- 

ing.  Care should be taken to connect each of the radial conductors to a 

different wire of the grid, to prevent the formation of new large con- 

ducting loops in the ground system. 

In the discussion of the ground system outside of Building No. 1 it 

was assumed that the parallel wire grid is still in place and covers the 

area shown in Drawing No. 0A-N11-126.  From the date of the drawing one 

can conclude that this system of conductors has been buried in the ground 

for at least 17 years   The possibility that much of the system has dis- 

integrated during this time through electrolytic action in the soil must 

not be wverlookcd.  The grour-.J gri^ m?y also have been damaged by exca- 

vations  or plowing in the area   A check should therefore be made to 

ascertain the present status of the exterior ground grid. 

The efficiency of the ground system for use with the 1-f antennas 

can be increased by terminating each of the wires of the grid in ground 

rods which should reach to the permanent water level.   About 180 such 

rods would be required   However, no quantitative method is available to 

estimate the amount of improvement which could be achieved by the use of 

such rods, and since the 1-f coverage appears ^o be satisfactory at the 

present time, the addition of the vertical rods to the ground system does 

not seem to be economically justified. 

E. A. Laport, Radio Antenna   Engineering,   p. 50; McGra* Hill Book Co- lac , 19S2. 
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The next topic which must be considered is that of switching between 

antennas and transmitters.  Switching is required since it is impractical 

to connect each transmitter permanently to =\ given antenna.  The switches 

that have been constructed at Lualualei work in conjunction with the 

balanced transmission lines and antenn?s.  The lines from as many as ten 

transmitters are stacked vertically on an H-frame made of two poles.  This 

frame is at the center of an arc of a circle, and the transmission lines 

to the  antennas terminate at points on this arc.  Lengths of transmission 

lines are used to connect the transmitters to the desired antennas.  The 

links are permanently attached to the lines at the transmitter end of the 

switch, and connection at the antenna end is made by means of a hook and 

eye arrangement.  This type of switch has many advantages:  it is me- 

chanically simple and rugged; a large number of different combinations of 

transmitters and antennas are possible, and, most important, adequate 

spacing of lines can be maintained throughout to prevent, coupling between 

equipments.  The switch suffers from one important disadvantage; a iink 

attached at a higher point of the H-frame cannot readily be moved across 

a link attached at a lower point without disabling the circuit of which 

the lower link forms i part.  From a purely topological point-of-view it 

is possible to pass either over or under intervening links in the switch- 

ing operation ar.d cc avoid interrupting any of the circuits except the one 

which is being switched.  In practice this may be difficult to carry out 

in a manner safe to both personnel and equipment.  The study of a scheme 

whereby all switching could be performed without interruption of other 

circuits seems, however, to be clearly indicated. 

Only two switching stations are now in operation near Building No. 1, 

neither of which is used to capacity.  To implement the changes in circuit 

assignment and transmitter layout in Building No. 1, as described earlier, 

more switching facilities will be needed.  At least one, and preferably 

two, additional ten-position switches should be constructed near the 

northern half of the building.  To make full use of the potential inter- 

changeability of SSB transmitters between the various circuits, means must 

be provided for interconnection of the switches.  The following scheme 

for accompli siting this is suggested (Fig. 6).  Position 10 on the antenna 

side of Switch No. 1 is permanently connected to the lowest position on 

the H-frame of Switch No. 2.  Position 10 on Switch No. 2 is similarly 

connected to the lowest position on the H-frame of Switch No. 3.  This is 

continued to complete the ring around the building.  With the added 
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switching capacity suggested above, a second such ring can be provided 

by connecting Position No. 9 to the second lowest position on the H-frame 

of the adjacent switch and so on.  This arrangement will interfere, by the 

least amount, with the normal operation of each switch. 

The arrangement of transmitters in Building No. 1, as described 

earlier, offfcrs maximum advantages only if every one of the five SSB trans- 

mitters can be used in conjunction with the two power amplifiers.  Ad- 

ditional switches must therefore be installed inside the building.  The 

simplest type of switch for this purpose is the 'Mare Island" switch, one 

of which is presently in use in Building No. 68. 
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C   RADIO TRANSMITTER BUILDING (LU-4) (BUILDING NO. 68) 

The Transmitter Building (LU-4) is both newer and larger than the 

HF-tiuiiding  The major share of the broadcast signals, as well as those 

signals for the point-to-point circuits beamed to the west  are trans- 

mitted from here   The building consists of four wings in the ahape of 

a cross   A large room at the center of the cross houses transmitters as 

well as the control console for the entire building  Fro:" this central 

hall every transmitter within the building can be seen.  Although a total 

of 68 transmitters are housed in Building LU-4, ample clearance is main- 

tained between equipments.  As may be seen from this brief description, 

Building No. 68, in contrast to the Building No. 1, was carefully planned 

for the purpose for which it is used. * 

The layout of equipment is quite similar in each of the four wings nf 

the building.  This provides a considerable amount of flexibility in the 

assignment of transmitters to specific circuits.  Two changes in equipment 

layout which are recommended have already been mentioned.  These consist 

of the removal of the SSB transmitter (FA) and its associated power am- 

plifier (PA) to Building No. 1.  The space made available in the west wing 

by this move is to be filled by the transmitter (CP), for which room would 

no longer be available in the Building No. 1.  The unsuitability of 

Building No  68 for 1-f transmitters has also been discussed.  If use of 

the older transmitter (D) for emergency transmissions at 500 kc is to be 

continued, it should replace transmitters B or C, one of which would be 

removed to Building No  1   Towers of adequate height should be constructed 

in the vicinity of Building No. 68 if it is to be permanently used for the 

housing of 1-f transmitters   No other changes in the equipment layout seem 

indicated, even if the changes in antenna layout to be described later are 

carried through.  Figure 9 shows a possible floor plan of Building No. 68, 

incorporating the changes in transmitter layout just mentioned. 

The north wing of the building contains three banks of five trans- 

mitters each, (TDN). which require special attention   Each bank operates 

from a common power supply, balanced output terminals are provided at 

present, and since the transmitters are physically small in size, the five 

pairs of output terminals are very close to each other.  Coupling between 

the five transmitters in a bank is so close that it is difficult to 

operate all of them simultaneously.  Reference to the equipment instruction 

, manual will show that these transmitters are basically dnsigned for on- 

balanced outputs; an unbalance-to-balance network has been added to give 
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the present configuration   Much of the inter-coupling is undoubtedly due 

not only to the close proximity of the output terminals, but also to the 

residual unbalance in the output circuit. It is therefore recommended 

that the TDN transmitters be converted to unbalanced output configuration. 

The r-f power delivered is only 2 kw so that coaxial cable can be used to 
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feed the required vertical antennas.  Cable with a characteristic imped- 

ance of 70 ohms, such as RG-85A/U is suitable for this purpose. 

Detailed drawings of the ground system for Building LU-4 are avail- 

able.   The exterior grid consists of radial wires spaced 5 degrees apart, 

which extend 265 ft away from the center of the building.  The ground 

system inside the building is made of a rectangular grid of copper straps 

at the same level as the transmitter deck.  The loops of this grid are too 

small to causo serious intercoup i mg between Lransini LLeiss, proviucu goou 

connections are maintained at all joints of the various members of the 

ground grid.  A check for damages to the exterior grid has already been 

started. 

Four ten-position switching stations of the type described above are 

located on the bisectors of the angles formed by the wings of the building, 

two more switching stations have been built but these are not yet in use. 

The capacity of these six switches appears to be adequate to provide the 

required flexibility in the operation of the circuits served hy the 

transmitters in Building LU-4   It is suggested, however, that one of the 

switch positions be used for interconnecting the switches in the manner 

described earlier, so that alternate connections are avaijahle iii case 

of serious breakdown of transmitter equipments. 

P  W  Drawing No. OA-N1' ??«. 19 April 19*4, ' Naral Radio Station Lmliilii, Oahu, T. H  Traaa 

•iiter Building, Plan Ground Grid," Mth Naral District, Pearl Harbor, T. H. 
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CHAPTER   6 

ANTENNAS AiND FEEDER SYSTEMS 

In fulfilling the Navy requirements for antenna systems  a number of 

factors quite aside from purely electromagnetic aspects must be considered 

before the relative merits of possible configurations can be established 

These factors arise because the antenna is an element of a communications 

system and as such must be integrated into the system requirements   If the 

system is complex  then consideration must be given to the multiplicity of 

operational requirements   Specifically, the following items should be 

examined as an aid in making a choice to determine if a particular antenna 

will satisfy a given set of requirements 

(1) Polarization 

(a)  Horizontal 

(fc)  Vertical 

(2) Radiation  pattern  requirements 

(a)     Azimuthal   coverage 

(fc)     Vertical  coverage 

\*>.'      uttiiuwiuiii    ipattciii   uiiu    impetiHiice r 

(c)     Broadband 

(o)  Narrow band 

(4) Impedance lev^l and power capability 

(a)  Balanced feed 

(6)  Unbalanced feed 

(5) Efficiency 

f K •*  c«- „,....•„..„ i „, 

(7)  Cost 

As a consequence of the random polarization of ionospheric waves dm 

to changes in transit, the polarization of the transmitting antenna need 

not je dictated by the characteristics of the remote receiving antennas 
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There are  however  several factors which must be considered when making 

the choice between a vertically or a horizontally polarized radiator. The 

first is the manner in which the radiation pattern characteristic is re 

iated to antenna configuration   This is discussed in some detail in a 

following section   A second factor to be considered is that of achieving 

short range coverage (within several hundred miles) by the effective utili- 

zation of ground wave propagation  Over sea water, which has the best con- 

ductivity afforded by nature  substantial distances can be covered with 

frequencies up to 5 Mc or even higher   This fact has often been utilized 

for inter-island communication and for short distance ship to-shore- 

communication  particularly in harbors and estuaries   In such applications 

vertical polarization gives best results  and the station sites should be 

near the shore to avoid excessive attenuation over land 

The principal difference between antennas utilized for broadcast and 

those used for point to point service lies in the required radiation pattern 

characteristics   While the gain of 10 to 20 c>b that can be achieved through 

the vise of directive arrays in point to point service does not overcome the 

vagaries of the ionosphere in its effect on signal transmission  it may 

often mean the difference between reliable and marginal communication  In 

broadcast applications  where the receiving stations are randomly disposed 

in azimuth and range  such antenna gains are not possible if the general 

coverage requirements are met 

It is well known that the radiation pattern characteristics of a par 

ticular antenna configuration are dependent upon frequency   This imposes 

certain limitations on the bandwidth over which Luc antenna may be used 

Rhombic antennas  for example  have impedance characteristics that are very 

constant over an 8 1 range in frequency  and yet 'ariations in the vertical 

radiation pattern restrict the use of this antenna to bandwidths on the 

order of 21   Similarly  with most other types of antennas  whether hori 

zontai or vertical  pattern degradation imposes band limits on the range of 

operation 

Pattern degradation is in general a relatively slowly varying charac- 

teristic when compared to 1 imitations encountered by the terminal-impedance 

variation   Tt is this latter characteristic that usually differentiates a 

narrow-band antenna from one that is considered broadband   Since the an 

tenna is often physically removed from the transmitter by distances ranging 

from a few wavelengths to mat'ty wavelengths  some form of low- loss transmis 

sion line must be utilized i'oi the feeder system   This line will be an 
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aperiodic system only when it is correctly terminated in its characteristic 

impedance   Thus  if the antenna impedance at the feed point differs from 

the characteristic impedar.ee of the line  standing waves occur with re- 

sulting higher iosses and high potential poinr.s on the line   Furthermore, 

the input impedance to the line seen from the transmitter will no longer be 

the line impedance but will be a function of the mismatch between the an 

tenr.i and line.  If this mismatch is such that, a 2 1 voltage standing wave 

ratio (VSWP.) appears on a 600 ohm line  then the transmitter must be 

capable of matching from 300 to 1200 ohms of resistance, including the re 

actance which is associated with such a load   This is a reasonable lim".t 

to impose on a two wire open line for power levols up to 50 kw. In solid di- 

electric coaxial cables such as RG-20A/U the added losses resulting from 

standing waves limit the power handling capability of the line   Such lines 

are capable of handling 12 5 kw with unity VSWR, while the maximum power 

under conditions of 3 1 VSWR is reduced to the order of 5 kw 

While it is possible to achieve a wide rarige of characteristic im- 

pedances in both balanced and unbalanced transmission lines, it is usually 

at the expense of having to choose complex multiple wire configurations 

The advantage of the inherent simplicity of solid dielectric coaxial lines 

and two-wire open lines usually outweighs the disadvantage of the re- 

stricted impedance ranges they afford   Nominal characteristic impedancec 

of 50 to 70 ohms are common in commercially available solid coaxial cable 

while 600 ohms represents an impedance level that is most common in open 

wire balanced lines with conductor sizes and spacings that are capable of 

handling power levels of up to 50 kw 

The maximum intrinsic bandwidth and efficiency of a system involving 

an antenna and feeder usually occurs when the respective impedances are 

equal and therefore self matching   In many cases it is possible to design 

the antenna for an impedance that will fit a particular feeder impedance 

When this cannot be fully achieved  it is sometimes possible to employ wide 

band coupling circuits between the antenna and line for impedance matching 

In narrow-band applications  it is possible to obtain terminal matching by 

any one of a number of methods   The most common are 

(1) Shunt stub sections 

(2) Tapered transmission lines 

(3) Lumped reactance networks 

(4) Coupled line sections 

(5) Series line sections of proper characteristic impedance 
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While there are numerous methods of accomplishing a balance to- 

unbalance transformation in a feeder line, most of them introduce fre- 

quency selectivity   The obvious ar|vf,nta£e of keepinar the number of 

frequency-selective elements to a mirimum leads to a natural selection of 

balanced feeders fcr balanced antennas, and an unbalanced line for un- 

balanced antennas, whenever possible   The other important factor which 

has been discussed previously is that uf keeping the driving-point imped- 

ance of the antenna matched to the characteristic impedance of the line 

Thus, for balanced antennas it is necessary to keep the driving-point im- 

pedance near 600 ohms, while for unbalanced antennas it should be kept 

near 50 or 70 ohms   (RG-20A/U has a nominal impedance of 50 ohms while 

RG-85A/U is a 70-ohm cable   These cables introduce approximately 1 db of 

attenuation per 100 ft at 10 Mc.) 

In addition to losses imposed by transmission lints and matching de 

vices, losses in the antenna proper must be accounted for in examining 

the system efficiency.  Most resonant h-f antennas, whether broadband or 

narrow band, are inherently highly efficient, i.e  the ratio of power 

radiated to power dissipated i3 high   There are some notable exceptions 

to this, however.  a vertical unbalanced antenna working against a poor 

ground system may induce very high losses in the soil, or an aperiodic 

untenna such as a terminated folded dipole in which lumped resistive 

loading is used to achieve broadband impedance characteristics, may dis- 

sipate mere than 90% of the power in the load while radiating less than 10%. 

The versatility of broadband antennas at radio stations having a large 

number of operating equipments and frequencies hardly needs emphasis  Use 

of these antennas, together with a well-engineered switching system, per 

mits high equipment utilization and flexibility of station operations 

It is unfortunate that to a certain extent the structural complexity 

and cost of h-f antennas is directly related to their bandwidth   Simple 

dipoles pose no great design or installation problems   They are  however 

virtually single frequency radiators   Broadband radiators represent a 

much larger investment in effort, cost, and space than their narrow-band 

counterparts    ihe increased operational efficiency and versatility 

afforded by a wel1-integrated system of both narrow and broadband antennas 

at stations the size of Lualualei certainly justify the investment   With 

larger anA larger traffic volumes to be handled, the compromises employed 

in the past for ec (nomic expediency may no longer be tolerable in the 

future 
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B.  BROADCAST ANTENNAS 

In the preceding chapter  certain factors which influence the choice 

of antenna configurations were discussed.  In this section, specific con- 

figurations will be examined in detail, with respect to their advantages 

and shortcomings.  While it is a little misleading tc place general vaiues 

on the bandwidth of any antenna and feeder system, it is advantageous to 

discuss the narrow and broadband systems separately  No general criterion 

has been established for the bandwidth requirements of a broadband antenna. 

However, there is a weli-defined gap between simple radiators such as half - 

wave dipoles or folded dipoles, and the more complex structures such as 

quadrants or discones.  These latter configurations have bandwidths in 

excess of five times that of the simple structures. 

The geometry of sky waves, has been discussed in detail   From this 

study  certain conclusions were drawn regarding favorable vertical pattern 

requirements with emphasis on providing complete coverage from close range, 

to distances in excess of 4000 kin at all azimuth angles   These conclusions 

must of necessity include all anticipated conditions of the ionosphere 

accounting for epoch of the sunspot cycle  time of year, and time of day 

In nummary, if frequencies of approximately 4, 8. 12, 16, and 20 Mc are 

simultaneously keyed to provide area coverage, we may generalize to the 

following extent: 

(1) Frequencies below 5 Mc using ground-wave coverage 

Distance range   0-400 km 

Vertical polarization   Desired vertical seclui  0°-60° 

(2) Frequencies between 4 and 8 Mc  mainly sky-wave coverage 

Approximate distance range:  several hundred to over 
several thousand km 

Horizontal polarization.  Desired vertical sector, 10°-60c 

(3) Frequencies between 12 and 16 Mc, mainly sky-wave coverage 

Approximate distance range:  1200-4000 km or greater 

Horizontal polarization.  Desired vertical sector, 8°-45° 

(4) Frequencies above 20 Mc. mainly sky-wave coverage 

Approximate distance range   2000-4000 km or greater 

Horizontal polarization  Desired vertical sector, 8°-30°. 

Admittedly ionospheric propagation is extremely complex and generalities 

are not reliable. Ionospheric turbulence wave trapping, refractions and 

ref 1 ei-t ions, and scattering in space and at reflection points on the earth 
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all contribute to unnredictability   However, it can be said that there 

is a sufficient amount of successful engineering experience available to 

justify the specification of desired vertical sectors, and to further 

stipulate that the radiation patterns within these sectors should be 

reasonably uniform and free of deep nulls. 

The coverage requirements in the vertical directions at the various 

frequencies can. of coarse  not be met exactly without going to entirely 

uneconomical antenna structures   In general  vertical radiators less than 

a half-wavelength long provide good patterns for the launching of ground 

waves, and they give adequate coverage at all angles of elevation up to 

about 60 degrees from the horizontal   Such antennas are therefore most 

advantageous at 1-f, m f, and at the lower end of the h f band   Some con- 

trol of the radiation patterns of horizontal antennas can be achieved by 

varying the height above ground at which the antennas are suspended   A 

horizontal doublet, elevated by a half wavelength provides good vertical 

coverage from about 10 to 40 degrees, and adequate vertical coverage up 

to 60 degrees   Increased gain at particular angles can be obtained by 

raising th>^ doublet more than this amount   This is achieved  however  at 

the expense of the breakup of 'che pattern into sharp lobes   A height of 

a hal£•wavelength above ground is therefore the best possible compromise 

1.  NARROW-BAND ANTENNAS 

A.  DEI TA-IIATCH DIPOLE AND STUBBED SERIES-FED DIPOLE 

A series-fed half-wave dipole has a driving point impedance 

which is approximately 70 eh-.is, but. may vary from 60 to 100 ohms depending 

upon the height above ground   Like any resonant circuit, a half wave di- 

pole has a certain natural selectivity   This is. of course, manifested by 

the manner in which the resistance and reactance change with frequency in 

the operating range   The resistance is a much slower varying quantity 

than is the reactance   The fundamental bandwidth ssav be defined as the 

band of frequencies in which the magnitude of reactance does not exceed 

the resistance   It is more convenient  however, to define the bandwidth 

as the range of frequencies in which VSWR does not exceed some prescribed 

value   The selectivity is greatly affected by the conductor size, or rr.ore 

precisely by the ratio of length to diameter of the conductors forming the 

dntenna  As a typical example, the use of No  6 wire for half wave dipoles 

will give a bandwidth of approximately 5% at 4 Mc   Such an. antenna could 

therefore be used only at frequencies within 200 kc of this desi gr. frequency 
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Since the half-wave dipole is s balanced configuration and has a 

terminal impedance less than 100 ohms, some form of impedance transforma 

tion is necessary if it i;s to be driven from a 600 ohm balanced line 

Either of two methods are commonly used   first,, the so-called delta-match 

in which the antenna is shunt fed by fanning the feeders out to points 

equidistant from the center and approximately one-eighth wavelength apart 

for a 600-ohm line   A good match in general requires that final adjust- 

ment be made in actual operation, under reduced power   The disadvantage 

of this system is the critical nature of the dimensions involved, and the 

fact that it limits the operation to a narrow band of frequencies near the 

natural resonance of the antenna.  Furthermore, unless careful adjustment 

is made at the tap points of the antenna  a shunt stub on the transmission 

line ma/ be required to reduce the VSWR to a tolerable value   A second 

method of matching the non resonant line to a half wave dipole is through 

the use of a shunt stub at the appropriate point on the line   Again, final 

trimming must be accomplished by operation at the desired frequency, under 

reduced power   Both of the above systems require a good deal of time and 

effort if reasonable results are to be achieved   In addition, both suffer 

fro!r. the same limitations of being very narrow band devices 

Another limitation inherent in single-wire radiators is that of 

the power-handling capacity   In general  the ptvwer-handling capacity is 

increased by the same methods that are used to increase bandwidth  i.e. 

either increased conductor size or the use of multiple conductor configura- 

tions   Since power limitations are established by corona potentials  any 

reduction in potential gradients through the use of thicker elements per 

mits increased power input 

A final important consideration, and one that is common to all 

balanced half wave horizontally-polarlzed dipoles  is that of the radiation 

pattern characteristics   As previously discussed, the pattern requirements 

for the broadcast application are such that reasonably uniform azitr.uthal 

radiation is desired within a prescribed vertical sector   The limits of 

this conical sector are established by the range of distances to be covered 

and the geometry of the ionosphere   Since the vertical - plane radiation 

characteristics of a horizontal half wave dipole are greatly influenced by 

the height above ground, it is important that this dimen-ioa be optimized 

for each installation   The ground constants have some influence on the 

pattern and field strength, but for these antennas with heights greater 

than 0 2 of a wavelength, the effects are of second order  For all require- 

ments except those in which very low angle radiation is desired, a distance 
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of a half wavelength above ground is almost always optimum   It: is there- 

fore recommended that presently installed dipole type antennas be suspended 

at that height whenever possible   At the lower frequencies  pnlps of suf- 

ficient height may not be available   The height above ground of the an- 

tennas should then be the highest attainable   When wave angles of 5 degrees 

are important, the height may be increased to 0 6 or 0.7 of a wavelength 

However, serious departure from omnidirectivity is coupled with low-angle 

radiation from this type of antenna.  At wave angles of 15 degrees or less, 

very little radiation takes place in horizontal sectors off either end of 

the dipole. 

6.   FOLDED DIPOLES 

The foregoing statements concerning pattern characteristics of 

half-wave dipoles also apply to half wave folded dipoles   The major dif- 

ferences and advantages of the latter are with respect to the ease in 

matching to high-impedance lines  the higher power-handling capability and 

the slightly greater natural bandwidth 

The driving-point impedance of a folded dipole is controllable 

over a relatively wide range by the appropriate selection of the number, 

spacing, and radii of the conductors   The two most common configurations 

are the simple two-wire and three-wire dipoles   These two types are illus- 

trated in Fig. 10.  It is most practical to use equal-radius wires and 

equal spacing.  Using No  6 wire p.iid spacings on the order of 12 to 16 in. 

between elements, the two-wire version has a driving-point impedance of 

approximately 300 ohms, while the three wire dipole has an impedance near 

600 ohms.  Both of these antennas have bandwidths which arc slightly larger 

than single-wire dipoles  first because of their cage equivalence and 

secondly because a direct match is permissible to the feeder line  elimi- 

nating the necessity f>r frequency-selective impedance-matching elements 

The cage equivalent of the folded dipole improves the corona 

characteristics-  Higher power handling capabilities result from the re- 

duced potential gradients 

C.   MARCONI  ANTENNAS 

An end-fed slant or vertical conductor of arbitrary length is 

commoniy referred to as a Marconi antenna   For high-frequency use  its 

chief virtue is the fact that no transmission line is required, so that the 

antenna can radiate power over all those frequencies at which the 
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transmitter output circuit can pro»ide a suitable match The antenna must 

be in proximity to the transmitter, which results in a cluster of antennas 

at the transmitter house In installations where this is the case serious 

intercoupling usually results The effects of intercoupling manifest tncm 

selves by interaction in the tuning of the transmitters, and in the genera- 

tion of spurious signals 

No pattern control is possible with the Marconi antennas since 

they may be used at nearly any frequency  irrespective of physical lengtn 

Furthermore, unless they are used with good ground systems, ground losses 

are high   It is therefore strongly urged that the use of Marconi antennas 

be restricted to 1 f and m f circuits   High frequency transmitters using 
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Marconi antennas at the present time should be converted to coaxial cable 

output.  Antennas suitable for use with such cable are described below. 

d.       LAZY-H ANTENNA 

The lazy-H is one of the simplest broadside arrays. It consists 

of two half-wave dipoles separated a half-wavelength and driven in phase. 

When erected ir? the vertical plane, this antenna gives a concentration of 

energy near the horizon For broadcast applications, it suffers the same 

non-uniform azimuthal coverage as uo the dipole configurations previously 

discussed Other characteristics are similar to those listed for the 

delta-match and series-fed half-wave dipoles 

e    FOLDED UONOPOLE ANTENNA (GROUND-PLANE ANTENNA) 

The folded monopole is an interesting application of u-h-f tech- 

niques applied to h-f antennas   It affords matching to 50-ohm coaxial 

cable and its radiation pattern is omnidirectional in the horizontal plane 

It is inherently a narrow band antenna, and for nominal conductor sizes 

the bandwidth is limited to approximately 4 to 5% 

Structurally, it is a relatively simple device.  Figure 11 illus- 

trates this configuration   A single pole is required to support the verti- 

cal radiator   The length of this pole is approximately a quarter-wavelength 

plus the height of the resonant counterpoise   Four shorter poles, approxi- 

mately 10 ft in length, are required to support each of the four ends of 

the counterpoise wire   The antenna may be fed from 50- to Y0-ohm coaxiai 

cable and it is therefore a suitable replacement for the Marconi antenna 

It can also be used with the TON-type transmitters, if they are reconverted 

to unbalanced outputs as suggested earlier 

2  BROADBAND ANTPNNAS 

a.   DISCONE ANTENNA 

Very-high-frequency and u-h-f techniques have only recently been 

applied to the design of broadband h-f antennas.  The discone is an inter- 

esting example of this application.  The normally solid surfaces of t:i» 

u-h-f configuration have been replaced by wires in the h-f counterpart 

A.   G.   Ksa'ioi**,   "Three  New  Antenna  Type*  and  Their  Application,"   Proc.    IRE,   Vol.   34,   70W-7SW, 

February   1946 
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The Electronic Division of the 9th Region of the Civil Aero- 

nautics Administration in Honolulu, T  H , has a complete d«sign  lor an 

h-f discone   At least one of these structures has been erected in the 

Pacific area and is operating very successfully 

The discone is a vertically polarized radiator which requires 

Tio external erround svstem   A nnrnhnr of nieasv^enients were conducted at 

Stanford Research Institute, on a scale model of a structurally simpler e 

9th  Rejio.  CAA  Dr.wing.   DR-9D-732-1,   DR-9D-732-2,   0B-9D-732-3,   DR-9D-732-4,   DR-9C-732-5 
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version of the discone than the CAA antenna.  The input of this antenna i: 

suitable for connection to a 50-ohm coaxial cable and it can be operated 

over a bandwidth of approximately 4 to 1 with a VSWR of less than 2 to 1. 

Figure 12 shows the VSWR as a function of ireauencv, as measured on a 

/«-scale model. 

a. 
3 
> 

T 

VSWR MEASURED ON 50 OHM LINE 

PASS  eAND 

T T 

14 16 18 20 
FULL SCALE  FREQUENCY-MC 

FIG. 12 
DISCONE ANTENNA 

VSWR AS A FUNCTION OF FREQUENCY 

SO 

Like the vertical dipole, the discone antenna gives an omni- 

directional pattern in the horizontal plane.  Its distinctive character- 

istic, however, is that it may be operated over several octaves without 

substantial changes in the vertical pattern. 

A sketch of the proposed antenna is shown in Fig. 13.  The top 

disc consists of six equally-spaced wires, while the conical part of the 

antenna is made up of twelve slant wires terminated in insulators at a 

level of 12 ft above the ground.  Only four poles are required for the 

suspension of this antenna.  Details of construction may be taken directly 

from the CAA design. 
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b.   OPEN-SLEFVE ANTENNA 

Another very satisfactory scaled version of a u-h- f antenna for h-f 

applications is the open-sleeve antenna shown in Fig. 14.  Again, the h-f 

configuration utilizes a curtain of conductors to simulate the solid sur- 

faces of the u-h-f structure. 
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1     T.    Bolljahn,   "Broad-Band   Anteana,"   Pateat   No     2505751,   iaaued   May   2,    1950;   Stanford 

Heaearch   Institute.    Stanford,    Califoraia 
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The open sleeve is structurally simpler than the tliscor.e and for 

this reason is to be recommended for use at the lower end of the h-f spec- 

trum where physical dimensions of the radiators are large.  The required 

pole construction is e'»««>n in Fig. 15.  A disadvantage of this antenna is 

that it requires a rather extensive radial ground system (Fig. 16). 

iROL'SID  SPIKES '\   I   I 

Fiq.  IS 

POLE  CONSTRUCTION  FOR OPEN  SLEEVE  ANTENNA 
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Measurements conducted on a /j-scale version of this antenna 

indicate that satisfactory impedance characteristics are realized over a 

bandwidth of approximately 3.5 1.  A VSWR of less than 2.B 1 is achieved 

over this bandwidth when the scaled version wos fed from a 72-ohm coaxial 

line, as shown in Fig. 17.  Figure 18 is a photograph of this model.  The 

remotely controlled buried impedance bridge used for the measurements can 

also be seen in the photograph 

Pattern characteristics of this vertically-polarized radiator 

are known to be excellent over f> 2 1 range in frequency at the low end of 

its pass ba"fV however, no measuremencs have been made at the upper end. 

C.   QUADRANT ANTENNA 

The quadrant antenna shown in Fig. 19 has much to offer as a 

versatile efficient h-f radiator, although to date it has received little 

recognition in this country.  It is simple to construct and has excellent 

radiation pattern and impedance characteristics over approximately a 1.5 1 

range in frequency 

The quadrant antenna is a norizontalJy-polarized balanced full- 

wave radiator.  Being a full-wave structure, its driving-point impedance 

is high permitting a relatively easy match to a 600-ohm open-wire trans- 

mission line.  The elements are comprised of four conductors forming a 

cage to provide the required impedance level and to achieve the necessary 

broad banding.  This also enhances the power handling capability of the 

radiator by reducing the potential gradients.  Measurements on a scale 

model of th'S --rtertna   shuweH r.hut increased bandwidth could be obtained by 

means of a simple matching network   This network consists of a quarter- 

wave short- cirevi ited transmission 1 :. ne stub of 600-ohms characteristic 

impedance, placed across the 600-ohm feed line a quarter-wave away from 

the antennn terminals.  The design wavelength for the matching circuit is 

the center frequency of the band over which the antenna is to be used. 

When properly matched ir. this fashion, a bandwidth of 1.5 1 can be obtained, 

for which the antenna matches the 600-ohm transmission line within a VSWH 

of better than 2 to 1 (Fig. 20).  Only five such antennas are therefore re- 

quired for the entire frequency range from 3.16 to 24 Mc.  The frequency 

range and design wavelength for these five antennas are listed in Table III. 

N. Walls,  The Quadrant Aarial:  An Oani- Direct i onal Wide-Band Horiuntal Aerial for Short Wavea," 

iourn-'. of the Inatitute of Electrical Engiaeera, Part III. pp  182-193, Dec  1944 
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UUARTER-WAVE   SHORTED   STUB, ONE  QUARTER 
WAVE   F:<OM  ANTENNA   TERMINALS. 

v«i»    www    WIlSS     fc.1 J»3, . 
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TO 

FIG. 20 

STUBBED-QUADRANT   ANTENNA 
VSWR AS A  FUNCTION OF   FREQUENCY 

A-882-F-4 

TABLE   III 

FREQUENCY RANGE AND DESIGN WAVELENGTH 

FOR QUADRANT ANTENNAS 

DESIGN WAVELENGTH FREQUENCY RANGE 

(feet) (Mc) 

260 3. 16- 4.75 

170 4.75- 7.10 

its 7 . 10-10 7 0 

76 10.70-16.00 

51 16.00-24.00 
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Ihp two half-wave cage elements are oriented to form a right 

angle to improve the radiation pattern characteristics.  When placed a 

half-wavelength above ground at the center of its operating range, this 

antenna is vprv nparly omnidirectional in the horizontal plane at vertical 

wave angles from 5 degrees to 40 degrees. 

The configuration of this antenna is such that four may be 

grouped together in a souare with minimum requirements on the number of 

supporting poles (Fig. 21).  The length of the diagonal of the square 

should be about twice the longest wavelength for which the antennas are to 

m* u TO TRANSMITTER   BLC 

QROUPINQ    OF    i-0UJj_ QUADRANt_ 

ANTENNAS     IN A   SQUARE 
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be used.  Antennas for adjacent frequency bands are placed at opposite 

corners cf che square, insofar as practicable.  In thia fashion, coupling 

between antennas can he made weak enough so that the energy lost uy ab- 

sorption in the adjacent antennas is negligible. 

The quadrant antenna is ideally suited for broadcast applica- 

tions in the high-frequency range.  It is therefore recommended as a re- 

placement for the existing types of doublet antennas. 

d. SLEEVE AND PEDESTAL ANTENNA 

Two interesting antennas have been developed at the U  S  Navy 

Electronics Laboratory at S^n Ciago.  These broadband antennas are verti- 

cally polarized and are designed to work from 50- and 70-ohm cable, re- 

spectively.  Both are capable of operation over approximately a 3 1 range 

in frequency at VSWR's of 3 1 or less. 

It is understood that NEL is preparing reports on these antennas 

and these reports will probably be available from that source. 

e. TERMINATED FOLDED DIPOLE1 

A further variation of the folded dipole that is akin to the 

rhombic antennas is a terminated folded dipole.  In this form a termi- 

nating resistance equal to the characteristic impedance of the feeder is 

employed so that the radiating elements carry traveling waves and not 

standing waves.  The radiation pattern is identical with that of a reso- 

nant dipole and therefore suffers the same limitations; however, tilting 

tends to improve low-angle coverage. 

A somewhat wider bandwidth is obtainable at the expense of 

greatly reduced efficiency.  A curve of efficiency as a function of rela- 

tive operating frequency is given in Fig. 22.  The efficiency was computed, 

using the formulas given by Ta i    It will be noted that the efficiency 

never reaches 50% and is very much lower than that over most of the band. 

The VSWR reaches a value of 3 1 within the frequency ranges suggested by 

the author.  Use of this antenna as a broadband radiator is therefore not 

recommended. 

G  L  Countryman,  An Riperiment»1 All-Band Noadirectionel Transmitting Antenna,' QST, Vo 1  33, 

pp. 54-55, June 1949 

2 C. T. Tai,  Coupled Antennas,  Proc  IRE, Voi  36, pp  487-500, April 1948. 
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It might be noted that, according to the sketches supplied by 

I.ualualei, the folded dipoles constructed there are only half as long as 

required by the df-'ign given in the reference.  Using these shorter di- 

mensions, very low VSWH's should k obtained ov-r nscsst "A   tne o ± fre- 

quency range for which this antenna is being used.  On the other hand, 

the percentage of input power radiated seldom exceeds 5% under these cir- 

cumstances.  If temporary use of these antennas is contemplated their 

length should be adjusted to the proper values.  It is, however, recom- 

mended that the folded, '.ermina'ced dipoles bf. replaced as soon as possible 

by quadrant antennas. 

0.2 c.5 0.4 0.6 0.8        1.0 
LENGTH OF  ANTENNA -WAVELENGTH 

FIG. ?2 

EFFICIENCY OF TERMINATED FOLDED DIPOLE 
A-682-F-9 

3.  Low- AND MEDIUM-FREQUENCY BROADCAST ANTENNAS 

The treatment of tha engineering problems of 1-f and m-f broadcast 

antennas differs considerably from that of h-f antennas.  In the lower 

frequency range, anter.na engineering is principally a problem in circuits 
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and involves obtaining maximum efficiency from an electric?1ly-short 

antenna. 

Low-frequency and m-f antennas are vertically polarited.  The usual 

antenna configurations for operation in this frequency range arc to«er«. 

vertical wires, and top-loaded wires and towers.  Because of the relatively 

large dimensions involved, and because of the greater penetration of the 

soil by these low frequencies, rather extensive ground systems are required 

if reasonable efficiency is to be obtained. 

Three towers of 300-ft height are available at Lualualei for the sus- 

pension of antennas for these frequencies.  The possibility of shunt ex- 

citi ig the towers themselves was considered.  This scheme did not prove to 

be practical, because the various structural members of the towers are iot 

properly bonded electrically, and hence cannot be used to carry r-f currents. 

Three wires used as If and n>-f antennas are pres«*.">tiy suspended from hori- 

zontal wires stretched between the towers.  Improved efficiency can be ob- 

tained by top-loading these antennas. 

No other supports for 1-f antennas are presently aveilable at 

Lualualei.  The 1-f antennas now used at Building No. 68 are highly inef- 

ficient.  Antennas of the Beveridge type are not suitable as transmitting 

antennas except in locations where the ground resistivity is extremely 

large.  fhis precludes their use at the Lualualei site.  It must therefore 

be concluded that, except for the three 1-f antennas already in use at 

Building No. 1. no other such antennas can be installed at the present time. 

In the m-f range, antennas can be suspended from the 120-ft high poles 

available it the site.  Here again top-loading of the antennas will be 

found to be advantageous. 

C   ANTENNAS FOR POINT-TO-POINT CIRCUITS 

As the name implies, point-to-point circuits operate between fixed 

transmitting stations and fixed receiving sites.  Distances over which 

transmissions from Lualualei take place range from 1800 km to 11,000 km. 

High frequencies are used for all the transmissions so that the sig- 

nal travels via the sky wave.  The ionosphere dictates the choice of fre- 

quency, the required power rating of the transmitters, and the best radia- 

tion pattern for the antennas.  These factors were discussed in Chapter 3. 

In this chapter we shall show how far the requirements on the antennas, 

dictated by the ionosphere, are met in the Lualualei installati ion 
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Recommendations are made which will lead to a more effective use of 

existing facilities, and designs and planr, for improved antenna systems 

and H Letter layout of these antennas aie presented. 

One of the main distinctions between the point-to-point circuits and 

the broadcast circuits is the fact that the fixed location of transmitters 

and receivers r ,rmits the use of highly-directional antenna systems  Many 

designs for such antennas have been developed in the past; the most widely 

used type at the present time is the rhombic antenna.  The chief advantages 

of this antenna are its simplicity of construction, its favorable impedance 

characteristic, and the high gain which can be achieved over a considerable 

band of frequencies.  Rhombic antennas are the only kind of high-gain an- 

tenna used at Lualualei, and their continued use is recommended.  Before 

proceeding with the discussion of the Lualualei installations, therefore, 

the characteristics of rhombic antennas must be considered in some detail. 

Rhombic antennas consist of four straight wires arranged in the form 

of a rhombus, or of four systems of wires similarly arranged.  For most h-f 

applications, the antenna is suspended horizontally from four poles at a 

height determined by the desired vertical angle for maximum radiation. The 

aides are usually long, compared to a wavelength, and one of the acute ends 

of the rhombic  is tr   minated in an impedance such that current waves on 

the wires are essentially traveling waves.  Power is delivered to the an- 

tenna from a transmission line connected to the opposite apex. 

fhe most important characteristics of an antenna for th-i present pur- 

poses are its impedance and its radiation pattern.  Let us consider the im- 

pedance first.  A correctly terminated rhombic antenna presents an essen- 

tially constant impedance at its input terminals.  Measurements in the 

frequency range from 7 to 20 Mc on a single-wire rhombic antenna terminated 

in an 815-ohm resistor, showed variations in the resistive component of the 

input impedance f iom a minimum of 660 ohms to a maximum of 830 ohms.   This 

antenna would provide an adequate match for a 600-ohm transmission line 

over this frequency range, the maximum VSWR being about 1.5 1.  A better 

match to a 600-ohm transmission line is obtained by making each leg of the 

rhombus  consist  of two or more wires connected in parallel, the spacing 

between wires being larger at the corners than at the apex.  The character- 

istic impedance is thereby iowered while it is, at the same time, kept more 

E.    Bruce,   A.    C.    Be-k.    L.    P..    Lcv:-y,   "Horizontal   Rhoabic   Antennas,"   Proc.   ol   the   IRE,    Vol      23, 

pp.   2*-27:    January   1S35. 

Chapter 6 67 

v      ..•-*•*< ;,   •. ".   • 



uniform along the length of the antenna.  In practice, the improvement in 

antenna gain achieved by multi-wire construction is only between 0.5 ano 

1.5 db.   Since this additional gain can be achieved at relatively low 

cost, and since other advantages accrue from the use of a  flat" feeder 

system, th«» two- or three-wire construction of rhombics may be prefeiable 

to the single-wire type, especially when the transmitter power output is 

as high as 50 kw.  The further improvement obtained from the use of a 

fourth wire seems entirely negligible.  Avoidance of sharp corners where 

the feeder and termination line attach to the antenna also improves the 

impedance mat'ih of the antenna to the transmission line. 

The terminating impedance of rhombic antennas is usually resistive. 

For the transmitting antennas in which as much as 25 kw may have to be 

dissipated, z   lossy transmission line is commonly used for the termination. 

The eypont-ntial dissipation line described in the Philco training manual 

is a suitable design for this purpose.  By progressively reducing the 

characteristic impedance in an exponential fashion, power dissipation is 

uniformly distributed along the line.  In a line of unifo: m characteristic 

impedance most of the power dissipation occurs at the beginning of the line 

which must therefore be capable of withstanding considerable heating.  fiie 

exponential line described in the Philco manual seems to be based on a de- 

sign by Christiansan.* 

Some trouble in the farm of burnouts had been experienced at Lualualei, 

with more recently constructed dissipation lines-  In order to investigate 

the cause of this failure, an exponential termination line was built at 

Stsnford p-e~<>=*»-rh Institute, with the same stainless steel wire a» that in 

use at Lualualei.  The impedance of this line was found to be highly ve- 

active.  Further checks showed the wire to be of the non-ferromagiiet i c type. 

The surface resistivity of this wire at 10 Mc was found by measurement to 

be 6.2 milliohms.  A sample of the American Iron and Steel Institute No. 410 

stainless steel wire was obtained, for which the surface resistivity was 

measured to be 38 milliohms at 10 Mc. The latter type of wire is ferromagnetic 

S.   A     Schelkuhcff.   H     T     Friaa,    Antmnat     Theory   and Practice,   p     469;   Joho   *'iiey «   Sons;    1952 

2 
Laport,   op-   eit   ,   p.   333. 

Philvu S-rTics, Training Manual on Aptennaa, p. 166; Philco Corporation: 1948. 

*  N  Chriatianaen, "An Exponential Traasati aa i on ' ine Faploying Straight Conduct ora," A. W. A. 

Technical B«»i«w (Auatralia), Vol. 7, pp. 229-241; April 19*7 
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and it is commonly used for the construction of dissipative lines. A more 

than sixfold increase in attenuation is obtainable when using ferromagnetic 

wire instead of non-ferromagnetic wire, or, conversely, a line only one- 

«'-.^h =•: } r-.r-.z-     : ^  rr^;^ r^r1  ** a  ~» .-« —  ««.«..«•- n f    rtft«»A** Ai ©«i r»« fc ien     T t". ran 

therefore be seen that, in practice, it is essential to use ferromagnetic 

stainless steel wire in the construction of dissipation lines. The American 

Iron and Steel Institute Wire No. 410 (United States Steel No. 12) is 

recommended for this purpose.  It was noticed that No. 12 3 & S gauge wire 

was used instead of No. 14 as called for by the design given in the Philco 

manual.  Use of the large- diameter wire reduces the attenuation and may 

also cause appreciable changes in the impedance since the spacing between 

conductors is quite small over some portions of the line.  fo insure that 

the correct terminating impedance is being used, newly constructed rhombic 

antennas or terminations should be checked by measuring the VSWR on the 

transmission line, over the entire frequency rai;ge for which the antenna 

is to be used.  Adjustments of the terminating load may be required in 

order to obtain the best possible impedance ma'.ch. 

It is not difficult in practic* to match a rhombic antenna to a 600- 

ohm transmission line, within a VSWR of better than 1.5 1 over a 6.1 range 

in frequency.  From this point of view alone, such an antenna is a broad- 

band radiator.  When the radiation pattern is considered, however, the 

useful frequency range over which a given rhombic antenna can operate is 

considerably smaller.  Figure 23 illustrates this point.  Out of the curves 

shows the angle of elevation above the horizontal, of the main lobe of the 

radiation pattern of a particular rhombic antenna, as a function of fre- 
* 

'i'i .i -.» t l % j fc : r 
quei'.cy.        me    utuer   curve    gives    cue    auieuua    [juwei    gain       in    tjic    uitebbtua   u i 

the principal lobe, also as a function of frequency.  The artenna (RA-5) 

for which the curve of Fig. 23 has been computed is used for the San 

Francisco circuit.  The angles of departure for this path range from about 

9 to 20 degrees   Depending on the frequency of transmission, the main lobe 

The power gain is here defined with respect to an isotropic radiator   It is given by 

*TTP{B 

°«IO —P] G(d,4>)   = 10 log,,, iHiiL^l 

where 

G(6 ,<t>)   -  power gain of antenna in the direction (@ ,4>)   (in db) 

P{8,£)   ~  poser per unit zolid   ss,-!? radiated in the direction (0,4>) 

P - power input to sntennc it antenna terminals. 

It will be noticed that for the case of th«: rhonbic antenna thia definition of gain take 

account of the paver lost in the teraiination. 
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of the radiation pattern may be 2C degrees or more above the required 

angle, or more than 10 degrees below it.  While the gain in the direction 

of the principal beam remains fairly constant, the gain of the rhombic in 

the required directions may be very small indeed.  In Fig. 24 the s«i" of 

the same rhombic antenna is plotted as a function of frequency for fixed 

directions of propagation.  At a frequency of 6 Mc the gain of the antenna 

is between 8 and 23 db below the maximum achievable gain.  In comparison, 

a horizontal dipol« cut for the required frequency and suspended at the 

proper height above ground, has a power gain of about 7.5 db.  The per- 

formance of \.he   rhombic antenna considered in this illustration may there- 

fore in many cases be very much worse than that of a simple doublet antenna 
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In general, the radiation pattern in the vertical plane limits the useful 

frequency range of rhombic antennas to about 2 1. This fact has been 

pointed out in many places,1 yet it is often overlooked in the actual use 

of ouch antennas. At Luaiualei, rhombic antennas directed at a given 

station are used at any of the frequencies assigned to this circuit, that 

is over a frequency range of as much as 6 1. Satisfactory communications 

may be obtained despite this procedure, at least part of the time because 

of the following reasons 

(1)  The r-f power available from the transmitter may be sufficient 
to make up for the decrease in antenna gain. 

25 p- 
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GAIN   OF   A   RHOMBIC   ANTENNA   IN   FIXED   DIRECTIONS 
AT   DII-'FERENT   FREQUENCIES 

See for instance, F. E  Terman, Radio  Engineers     Handbook,   p  805  McGr»*Hill Booi Co., lac. 

1943 
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(2)  One of the numerous secondary lobes of the antenna pattern 
may launch a signal over transmission paths with a higher 
number of hops.  Such paths, however, usually offer higher 
attenuation than those using a smaller number of hops. 

A considerable share of circuit outage must, however, be atcributed to 

this type of usage of rhombic antennas.  In order to decrease the occur- 

rence of circuit outages it is recommended that the rhombic antennas be 

used over a more restricted range in frequencies than is the current 

practice.  The practical application of this recommendation to the existirg 

rhombic antennas will be discussed below. 

Rhombic antennas are more directive in the horizontal plane than in 

the vertical plane.  Therefore, they should not be used for transmissions 

deviating by more than 5 to 10 degrees from the direction of the major axis 

of the rhombus.  Figure 25 is a typical example of the behavior of the 

radiation pattern in the horizontal plane.  The curves show the gain of the 

rhombic in off-course directions relative to the gain in the forward direc- 

tion, as a function of the length of one of the legs of the antenna.  The 

leg length is given in wavelengths so that this scale is proportional to 

frequency.  At a frequency corresponding to a leg length of 5.5 wavelengths, 

there is a null in the radiation pattern at 10 degrees from the main axis 

of the antenna.  For angles 20 degrees removed from the major axis of the 

rhombic, the null occurs at a lower frequency, corresponding to a leg 

length of 3.5 wavelengths.  The apparent gain in the directions off the 

aide for leg lengths above about 7 wavelengths is due to the fact that the 

main lobe in the forward direction splits into two parts at the correspond- 

ing frequencies.  A rhombic antenna should, of course, never be used at the 

frequencies where this takes place   Figure 25 is presented as an illustra- 

tion only.  Details of the curves depend on the tilt angle of the antenna 

and on the vertical elevation of the principal lobe.  In general, the hori- 

zontal beam width decreases with increasing frequency; this should be borne 

in mind when making use of rhombic antennas for transmissions in directions 

other than that of the maior ax-is. 

Thirty-one rhombic antennas are presently installed at Lualualei. The 

question of how far apart these antennas must be placed in order to pro- 

duce negligible interference is therefore an important one.  Little quanti- 

tative information is availahle as to the minimum allowable a -acing between 

antennas.  Measurements have shown that the radiation patterns of two 

rhombic antennas using a common corner pole are essentially 
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undisturbed.1  In the case just mentioned, the major axes of the two an- 

tenna were almost parallel to each other.  One may infer from this that 

rhombics should be so arranged that the major axes are as nearly parallel 

to each other as possible   The siore closely the legs of two rhombics 

approach to being parallel, the wider should be the spacing between the 

J. DuFour, ''Reception Diagrams of Rhoabic Antennas in • Vertical Plane,*' Tecbniacbe Mi ttei 1 uniren 

der Schaeilerischen Telegraph = nd Telephon Verwaltung, Voi  31, pp  6S-72. March 1, 19S3 
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antennas.  Placing one rhombic antenna directly in the main beam o* another 

should be avoided.  The presence of the Waianai Mountains as well tis   the 

limitations imposed by the existing structures make it impossible to 

strictly adhere to these rules for all the antennas required at Lualualei. 

A final word should be added about the terminating impedance of 

rhombic antennas.  The radiation pattern in the forward direction is very 

little affected by the presence or absence of rhe termination.  Radiation 

in the backward direction, on the other hand, is directly dependent on 

whether or not power is being absorbed at the forward end of the antenna. 

In the absence of a termination, with the apex either open or short- 

circuited, a reflected wave is: set up on the antenna which radiates in the 

backward direction.  To a first approximation, about half of the power is 

in the forward traveling wave and half in the backward traveling wave, 

when no termination is used.  A resistive termination absorbs power for 

the backward traveling wave and therefore reduces the radiation in the 

backward direction only.  Suppression of the back lobe is desirable, how- 

ever, since signals from a high-power ••-? so-Tce over a high-gain antenna 

may cause interference many thousand;; of miles away from the transmitting 

station.  The chances for mutual effects between antennas on the site are 

also greatly increased.  For these reasons, as well ao for proper matching 

of the transmission lines  rhombic antennas should be carefully terminated. 

Let us now consider the rhombic antennas installed at Lualualei, and 

the way in which they are arranged on the site.  There are 31 rhombic an- 

tennas available for transmissions in 21 different directions about Uahu. 

Seven of these are directed to San Francisco or Washington both of which 

lie an the same great-circle path, three are beamed toward Guam, two ti> 

Kawajalein. two to Tutuila  two to Tokyo or Midway  three to Australia, 

two to New Zealand, two to Alaska; and the remaining ones, in various other 

directions mainly to the west   Figure 26 shows the circuits for which 

rhombic antennas are currently available   Frequencies of transmissions 

range from about 6 to 20 Mc.  Over a period of about six to eight years, 

frequencies within the entire range irom 4 to 24 Mc will have to be used 

for transmissions over most of the circuits.  The present practice at 

Lualualei is to use a rhombic facing in the right direction for all fre- 

quencies assigned to a circuit.  This practice is not recommended, since 

tne antenna gam in tue ucsirsu direction w i * 1 oc entirely inadequate at 

some of the frequencies. 
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The existing rhombic antennas can be used much more effectively by 

making a selection on the basis of frequency of transmission.  The radia- 

tion patterns of tlu se rhombies are .shown in Appendix D.  It r^n be seen 

there that for some cf the circuits, pairs of ai'i-^n;--:; are available -hie! 

together, give much mo.e adequate coverage over the required frequency 

range.  Table IV lists various possible combinations of rhombies for tve 

different circuits and the frequency range over which they should be useu 

TABLE IV 

SUGGESTED FREQUENCY RANGES FOR 

EXISTING RHOMBIC ANTENNAS 

CIRCUIT RHOMBIC 

FREQUENCY 

RANGE 

(Mc) 
RHOMBIC 

FnF.OUENCY 
RANGE 

(Mc) 

FREQUENCY RANGE OVER 

WHICH EITHER ANTENNA 

MAY BE PREFERABLE 

(Mc) 

Washington, D. C. RA-1 
HA-3 

4- 12 RA-2 14 - 24 12  14 

RA-6 4- 13 RA-5 17 - 24 13 - 17 

San Francisco RA-1 
RA-3 

4- 9 RA-2 12 - 24 9 - 12 

RA-6 4- Q RA-5 12 - 24 9 - 12 

Guam RA-12 
m-21 

4- 11 RA-18 16 - 24 11 - 16 

Kwajalein RA-10 4- 10 RA-24 14 - 24 10 - 14 

Tutuila RA-22 4- 9 RA-22 14 - 24 9 - 14 

Tokyo RA-19 4- 11 RA-4 
RA-9 
RA-14 

16 - 24 11 - 16 

New Zealand R4-22 4- 11 RA-27 15 - 24 11 - 15 

Broome, Australia RA-10 4- 15 RA-24 18- 24 15 - 18 

For each of the listed pairs there is a region who<.e either say give a 

stronger signal at the receiver   The best antenna for these frequencies 

depends on unknown ionospheric conditions and car. therefore be determined 

by actual trial only   The rhombic antennas not listed in the table usually 

provide insufficient gain at the low end of the frequency range.  Many of 
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the antennas, even some of those listed in the table, were designed for 

transmissions at the geometric mean of the total frequency range, that is 

for use around 10 Mc.  Poor performance can therefors be expected af both 

the lev* e^.d nr\d   the high of the baiid.  From the discussion of Cuapter ~J 

it is seen that antenna gain is especially important for frequencies of 

transmission helow about 10 Mc.  Many of the existing rhombics are there- 

fore ussatisfaefcory for use at- the lower frequencies.  A significant re- 

duction of circuit outages may often be achieved by using rhombic antennas 

designed specifically for the frequencies below 10 Mc.  Designs suitable 

tor this purpose will be discussed presently. 

The selection of rhombic antennas on a frequency basis requires addi- 

tional switching facilities   In some cases simultaneously keyed trans- 

missions take place over the same circuit at two different frequencies. 

This practice is highly advantageous during periods of rapid changes in 

the MUF for the path, such as during dusk and dawn.  Provisions should 

therefore be made to feed both antennas of the rhombic pair from two dif- 

ferent transmitters.  On the other hand, when the transmitting frequency 

is such that either antenna of a complementary pair provides superior gain, 

or when only one transmitter is used at any one time, it is desirable to 

have soms means of rapid switching between the two rhombics.  A vacuum 

type double-pole-double-throw switch can be used here to advantage 

(Appendix E).  fo provide for separate excitation of both antennas, or for 

the rapid changing of the antennas just mentioned, the swit.ching scheme 

shown in Fig. 27 is suggested.  Transmission lines connect each of the two 

rhombic antennas to a position on one of the hand-operated switches.  A 

th?.rd position on the hand- opeialed switch is connecteu to the  pole  of 

the vacuum switch   The two  throw  position of this switch can be con- 

nected by means of removable links to the transmission lines leading to 

the antennas.  Ccr.r.cction of the links can be accomplished by the same 

hook and eye arrangement as that used for the hand-operated switch.  When 

these links are removed, the transmitters can be connected to either an- 

tenna separatelv, or by connecting the transmitter to the double-pole- 

double- throw switch and inserting the two links, rapid switching between 

the two rhombics may be accomplished by means of the relay-operated vacuum 

switch. 

The location of the 31 rhombic antennas now installed at Lualualei is 

shown in Fig. 28.  With the exception »>f the antennas directed to Alaska, 

all rhombics are located so that the most useful transmission paths clear 
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the mountains.  The spacing between antennas is somewhat closer than 

necessary or desirable.  Some imorovement in this situation may be achieved 

by removing all those antennas which will not be put to use within the 

foreseeable future. 

It has been shown above and in Appendix C that many of the presently 

used rhombics do not radiate -x  sufficient amount of power in the required 

direction at all the frequencies which may be used for transmission.  It 

was also pointed out that changes in radiation pattern limit the useful 

bandwidth of rhombic antennas to a frequency range of 2-1.  For best 

coverage at all frequencies between 4 and 24 Mc a minimum of three rhombies 

would therefore be required for each of the circuits.  The multitude of 
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circuits and geographical limitations of the site would make it difficult 

to provide this number of rhombics for every circuit.  A compromise design 

has therefore been prepared in which two antennas are used for each cir- 

cuit:  Part A for th*   lower end of the band, and Part B for the upper end. 

Three such pairs are required to provide satisfactory gain in all desired 

vertical directions   Table V lists the frequency and distance ranges for 

which each antenna is intended.  The range of vertical directions for which 

TABLE V 

PROPOSED RHOMBIC-PAIB DESIGNS 

FREQUENCY BANDS AND DISTANCES OF TRANSMISSION 

PAIR 

No. 

DISTANCES or 
TRANSMISSION 

(kw) 

PART A PART B FREQUENCY RANGE OVER 

WHICH EITHER ANTENNA 

MAY BE PREFERABLE 

(Mc) 
Frequency 
Range (Mc) 

Frequency 
Range (Mc) 

1 1500 - 2500 4.0 - 9.5 12.5 - 24.0 9.5 - 12.5 

3500 - 4500 4.0 - 9.5 14.5 - 24.0 9.5 - 14.5 

4500 - 6500 4.0 - 10.0 13.5 - 24.0 10.0 - 13.5 

3 2500 - 3500 
or 

beyond 6500 

4.0 - 9.0 10.5 - 24.0 9.0 - 10.5 

coverage must be provided when transmitting over a given distance is given 

by Table 1 in Chapter 3.    A detailed discussion of i-licoe antennas will 

be found in Appendix D.  It should be noted here that the use of only two 

rhombics for the entire frequency range necessarily requires some compro- 

mise.  What has been done in the new designs is to provide more gain at 

the lower frequencies where it is most needed.  This entails some reduction 

in gain at frequencies intermediate to those for which the two antennas of 

a pair were designed.  Fhe size of optimum rhombic antennas for use at the 

lowest frequencies in the h-f range becomes entirely excessive.  It was 

assumed heic that the maximum average height above ground at which the an- 

tennas can be suspended is 110 ft, and the maximum length of one leg was 

taken to be 600 ft.  These maximum dimensions limit the power gain which 

can be obtained a^. the low end of the band. 

Figure 29 shows a possible way of arranging these rhombic pairs about 

the two transmitter buildings.  The number of rhombic pairs provided for 
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each circuit corresponds approximately to the number of antennas available 

at the p.-csent time.  "it cannot be determined at this point whether all 

the antennas shown in the figure will actually h.- needed, nor is it known 

whether enough antennas are shown for each of the circuits.  The layout; 

does provide a guide to a more favorable location of rhombic antennas. The 

aim nas been Lu obtain &s much separation between ant.p.nnas as can be 

achieved practicably.  In no case are transmission paths obstructed by the 

mountains.  The length of transmission lines was kept to less than 3500 ft 

in order to avoid excessive power loss in the feeders.  At the same time, 

more room than presently available is provided in the vicinity of the 

transmitter buildings, for the construction of broadcast antennas.  It is 

felt that use of the proposed designs of rhombic pairs located as shewn 

will provide improved communications over the point-to-point circuits, and 

better utilization of the available land area. 

D.  FEEDER SYSTEMS 

With few exceptions, transmission lines, or feeders must be used to 

convey the energy between transmitters and antennas.  The only type of 

feeder used at Lualualei at the present time is the balanced parallel wire 

transmission line.  All transmitters with unbalanced output circuits 

utilize Marconi antennas which are connected directly to the output 

terminal. 

The transmission lines used at. Lualualei consist of two parallel con- 

ductors of No. 6 B & S gauge copper wire spaced 12 in. apart, giving a 

characteristic impedance of 600 ohms.  Considerable variations in spacing 

between the conductors can be tolerated without seriously affecting the 

VSWR uii the line.  This is illustrated in Fig  30 which shows the charac- 

teristic impedance of a two-wire line made of No. 6 wire, as a function of 

line spacing.  If, for instance, the spacing between the conductors of a 

matched 600-ohm line were suddenly reduced from 12 in. to 6 in., beginning 

at some point along the line, the VSWR on the 6-in. line would be changed 

from unity to only 1.16 1.  The VSWR is obtained from 

600 
VSWR  -   *     1.16 , 

525 

where 525 ohms is the characteristic impedance of a two-wire line made with 

No. 6 conductors spaced 6 in. apart, as seen from the curve of Fig. 30. 

Sudden changes in line spacing do, however, produce possible points of 
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corona formation as well as power losses in the form of radiation, and 

should therefore be avoided whenever possible.  Of more importance, because 

it is overlooked more often, is the requirement of keeping the total length 

of the two wires in Lae balanced feeder system exactly equal.   This es- 

pecially should be watched for with the sections of feeder passing from tne 

transmitters to the outside of the building, in the switches, and at bends 

or turns in the line.  Wire loops may be inserted at bends and other criti- 

cal points to insure that both wires remain of equal length, or the plane 

of the line may be turned through 90 degrees before making the turn, and 

brought back to the horizontal for the next straight run. 

Some of the power ueli»ered tc the feeder by the transmitter is dis- 

sipated in the form of ohmic losses in the wire and on conduction through 

the supporting insulators; radiation losses are usually negligible.  The 

attenuation of two-wire line made of copper, including losses through the 

insulators is given by 

i4.4 vf 3 

a     = L   db/1000 ft 

where 

a = attenuation in db per 1000 ft of two wire line 

f = frequency in Mc 

(1 = diameter of conductors in inches 

Z0 = characteristic impedance of line in ohms. 

The attenuation of the 600-ohm line using No. 6 conductors is plotted 

as a function of frequency in Fig. 31.  It will be noted that such a line 

is highly efficient, so that relatively long runs may be tolerated when 

this is required for proper spacing of the antennas   The longest feeder 

length recommended in the layout of antennas discussed below is 3500 ft, 

which corresponds to a line loss of 3 db at 24 Mc.  A loss of that magni- 

tude at this frequency can be tolerated in a transmission link which 

utilizes the ionosphere.  It is obvious, of course, that the feeders should 

not be made longer than strictly required.  Work at Lualualei is now in 

progress to remove unnecessary bends and turns in the feeder system, 

F.   E.   Lutkiu,   R     H     J.   Cary,   G.   N.    Hardiag,   'Wideband   Aerials   and   Tranaiaisai on   Linea   for   2   to 

05 Be/*;"   Jonrnal   of  iht   I.E.E.,   Vol     93,   P*rt   Ilia,   p     552;    19*6. 

2 E.   A.   Laport,   Radio  Anitnna  Engisctnu|,   pp.   395-397;   McGr.f-Hill   Book   Co.,   Inc.;    1952. 

3 Ibid.   p.   f>6. 
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resulting in considerable shortening of the length of some feeders. If the 

line is mismatched at the antenna end, additional losses are introduced. 

For properly terminated rhombic antennas this additional loss is entirely 

negligible; for a line length of 3500 ft and a frequency of 24 Mc the ad- 

ditional loss due to a mismatch corresponding to a VSWR of 2 1 is only 

0.4 db.   In all cases considered here, therefore, the curve of Fig. 31 

may be taken to represent the entire losses introduced by the feeder sys- 

tem.  It has been assumed that the feeders a -e suspended at. a sufficient 

* Beference  Data   for   Bauio  Engineers,   Federal Telephone acd Radio Corporation, p 

J. J. Little < I»ee Co., N. V.; 1949 

329; 
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height from the grfound so that ground losses may be neglected.  A safe 

height between line and ground, for which this assumption holds, is ten 

times the line spacing, that is 10 it for the lines at Lualualei. 

In an installation of the size discussed here, it is inevitable that 

several feeders may run parallel to each other over considerable distances. 

In the past, two or more transmission lines at Lualualei were supported 

close to each other.  This practice not only produces coupling between 

adjacent circuits but also unbalances the feeder systems.  The two wires 

of the feeder then form one side of an unbalanced line, the other side of 

which is formed by the ground.  Losses in the feeder system are thereby 

greatly increased.  During the past months, work has been started at 

Lualualei to rectify this condition.  As a general rule, two-wire balanced 

transmission lines should be spaced apart by at least six tiroes the spacing 

between conductors ot a single pair of lints,  that is 6 ft in the present 

case.  This still permits the use of a single pole anii cross-arm construc- 

tion to support two pairs of lines; additional feeders can be run :r. 

parallel if more elaborate supports are used. 

L'p to this time, no coaxial transmission line systems have been used 

at Lualualei.  If Marconi antennas are to be avoided, such cables will have 

to be used in the future.  Conversion of the TDN transmitter to unbalanced 

outputs -vas recommended earlier 30 that here too, coaxial transmission 

lines will be required.  Fortunately none of the transmitters with un- 

balanced output circuits has a power output larger than 5 kw. This permits 

the use of standard flexible coaxial line?, =s long as the VS»P. is kept 

within reasonable limits.  As discussed in the section on broadcast cir- 

cuits, cables with characteristic impedances of both 50 ohms and 70 ohms 

will be required.  The following types of standard cable are recommended: 

RG-20A/U—characteristic impedance.  50 ohms 

RG-85A/U—characteristic impedance   70 ohms 

Both of these types are armored so that they can be buried directly in the 

ground.  The losses are low for this kind of transmission line, but they 

are approximately three times as large as those of the two-wire balanced 

feeders.  The antennas fed by coaxial cables should therefore be kept as 

F. C. McLean, F. D  Bolt, "The Design and Use of Radio-Frequency Open Wire Trananiaaioa tinea 

and Svitchgear for Broadcaatiag Syateas," Jonrnal of the IEE, Vol. 93 (Part III), pp. 191-210; 

19*t. 

2 
F. C. McLean, el a I. loc     cit. 

Chapier 6 86 

»i*«fc*****^- -u- • .. <   • • 



. • 

close to the transmitters as is practical, while maintaining the required 

separation between antenna systems. The VSWR should be less than 3.1 for 

safe, continuous operation at 5 kw power input. 

A continuous check should be kept on the operation of the feeder 

system.  The only continuous monitoring devices used at the present time 

are r-f ammeters inserted in series with the transmission lines. By using 

one such meter in each leg of the two-wire lines, the transmitters can be 

adjusted for balanced current input to the feeder system.  It was noted, 

however, that in many cases the meters used were too insensitive to give 

a readable indication of r-f line current.  These meters should be re- 

placed with instruments of smaller current range so that the readings fall 

within the more sensitive part of the scale.  A continuous check of the 

VSWR and power input to the coaxial cables is essential to prevent over- 

loading and breakdown.  The 'Micro Match," manufactured by the M. C. Jones 

Electronics Company, 96 North Main St., Bristol, Conn., can be used for 

this purpose.   The same type of instrument is also available for use with 

balanced transmission lines.  Such instruments are available for measuring 

powers up to 50 kw in the h-f range.  Their use for monitoring VSWR and 

power input to the balanced feeders should be seriously considered, al- 

though the existing trolley meters are adequate for this purpose. 

Before uaieg the inatruaent a reading of ' reflected power" ahoald be taken when the traaaaitter 

connected to the tranaaiaaion liae ia cold This will indicate pcaaible croaa coupling between 

the circuit under teat and adjacent circuita 
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CHAPTER   7 

CONCLUSIONS AND RECOMMENDATIONS 

In the preceding chapters the installations and operation of the 

Naval Radio Transmitting Station at Lualualei were critically examined. 

Wherever it was found that improvements could be achieved by changes in 

existing equipment or practices these have been mentioned together with 

reasons leading to the recommendation of such changes 

Before proceeding with a summary of the conclusions and recommen- 

dations, certain general aspects of the investigation, which have been 

brought out in (.his report, should be repeated here.  The station and 

its satellite installations are in perfectly sound operat\ng condition. 

Many of the points raised in this investigation, can therefore be regarded 

as desirable aims to be achieved whenever practical   In general, then, 

this report presents a guide to future planning, rather than a list of 

faults in urgent need of correction. 

Although the choice of frequencies of transmission and the examina- 

tions of the outage logs are not wholly the responsibility of the trans- 

mitting station, they profoundly influence the design and the operations 

of the station.  It was therefore necessary to devote considerable atten- 

tion to these problem:;.  For instance, the careful tuning of a large 

transmitter is time consuming and it would be helpful in reducing outage 

to be able to anticipate changes in transmission frequencies at the 

transmitting station.  The scatter-sounding technique described in 

Appendix B presents a scheme which makes possible a correct choice of 

frequency at the transmitter.  An even simpler method of accompi ir.hing 

this was described at the end of Chapter IV.  This latter scheme would 

consist of monitoring, at the receiving- site, the broadcast transmissions 

sent out from Lualualei at evenly spscsd frequencies throughout the h-f 

band, and thus determining directly the best frequency for the path at 

any given time. 

It might prove helpful in the future to keep a nnn> mmnlote record 

of operations.  Data to be recorded should include the frequency of trans- 

mission, the transmitter and antenna used, and the power output of the 
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transmitter.  If such data were available, together with a more precise 

recording of the reason for circuit outage, additional information on the 

causes for breakdowns could be obtained.  A detailed record of the dimen- 

sions of all antennas, gro • id iiystems, and feeder lines, kept up-to-date 

to include all subsequent changes, should also prove of great value. 

A list of more specific recommendations and conclvs'ins follows. The 

nature   of these will make dear the relative importance and urgency of 

each of the points mentioned. 

RADIO   TRANSMITTER   BUILDING   NO       1(8F) 

(1) It is suggested that all SSB circuits be brought to this 
building in order to make more effective use of the available 
equipment.  fhis rearrangement of equipment would require the' 
instai latioi>. of "Mare Island" type switches within the 
building so that the spare transmitter and the power ampli- 
fiers could be used on any of the circuits involved.  In 
general it will be found that the power amplifiers used with 
the SSB transmitters are most urgently needed for transmis- 
sions at the lower frequencies, regardless of the path length 
of transmission. 

(2) The present facilities in the neighborhood of Building No. 1 
are sufficient for only three active 1ow-frequency circuits. 

(3) The existing ground system within the building should i.r.t be 
for r-f ground connections.  It is recommended that the 
ceiling of the basement be covered with copper sheeting which, 
in turn, should be connected to the external ground grid in 
the proper fashion.  Ground connections from the transmitters 
should be made to this copper sheet. 

(4) fhe external ground system should be examined for existing 
faults and be repaired wherever necessary. 

(5) An increase in switching facilities and increased use of the 
switches should prove advantageous.  In this respect, changes 
in the design of the hand-operated switches might be investi- 
gated, which would make it possible to perform the switching 
operations without interruption of any but the circuit 
directly involved. 

ihe switches should be interconnected in the manner described 
in Chapter VI. 

.•MOJO TRANSKI TTEH   BUILDING   NO       •! S (L U - i j 

(1)  Viithout the erection of additional towers this building is 
not suitable for the housing of 1-f circuits and transmitters. 
Antennas for m-f transmissions can, however, be erected near 
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Building No. 68 so that m-f transmitters may be housed in 
the building. 

(2) The ground system inside the building should be checked to 
insure that the various members of the system -.ve   properly 
bonded.  Faults in the radial grid in the vicinity of the 
building should be repaired. 

(3) Present switching facilities, together with tliusc now uuu.-.i 
construction, appear to be sufficient.  It is suggested that 
the switches be interconnected in order to increase the 
flexibility of operations. 

TRANSMITTERS 

(1) All h-f transmitters presently used with Marconi antennas 
should be converted to coaxial cable output.  Either 50- or 
70-ohm cable may be used with these trar.smiti.ers. 

(2) The TDN-type transmitters should be reconverted to unbalanced 
outputs.  Cable of 70-ohm characteristic impedance should be 
used with these transmitters. 

FEEDER   SYSTEMS 

(1) l'he two-wire balanced t.ransmition lines should be suspended 
at least 10 ft above the ground in order to minimize ground 
losses. 

(2) When running two or more such lines parallel to each other 
they should be spaced at least 6 ft apart to prevent coupling 
between circuits. 

(3.1  When constructing parallel-wire lines it is important that 
i    " t.hf r.n/r, ;idec ;£ iL-o line Lc of exactly e4ual length. 

(4)  ihe following types of standard coaxial cable are capable oi 
j carrying up to 5 kw of r-f power as long as the VSWR is kept 

, to less than 3 1. 

j RA-20A/U—Characteristic Impedance   50 ohms 
' HA-85A/U—Characteristic Impedance   70 ohms 

Both of these cables may be directly buried in the ground. 
i 

• (5)  l'he power input to the coaxial cables and the VSWR should be 
i monitoreci continuously.  The 'Micro Match' can be used for 

this purpose.  ' Micro Matches' are also built for use with 
balanced transmission lines. 

(6)  Whenever new antennas are p* . into service or alterations are 
made on existing antennas, ^.he VSWR on the transmission lines 

| should be checked at several frequencies within the range over 
I   " which the antennas are to be used.  In particular, checks of 

the VSWR should be mide at the extreme ends of the intended 
frequency range. 
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(7)  Rr.di o-frequency ammeters presently inserted at the input ends 
of the two-wire lines are in many cases too insensitive to 
provide readable scale deflections.  These meters should be 
replaced with more sensitive instruments. 

BROADCAST   A.tTENNAS 

(1) Doublet antennas should be suspended at a height of a half- 
wavelength above ground.  "Alien the wavelength is too great 
to make this feasible they should be suspended at the r.sximum 
practical height. 

(2) The quadrant antenna is a much more suitable type of broad- 
cost antenna than any of the doublet antennas now in use. lhe 
gradual replacement of all e>isting types of doublet antennas 
by quadrant antennas is therefore recommended. 

(3) The folded, terminated  doublet antenna is a highly inefficient 
radiate* .  If use of this type of antenna is to be continued 
for the time being, its overall length should be increased to 
one-third wavelength at the lowest frequency for which it is 
intended.  It is recommended, however, that this type of an- 
tenna be replaced by quadrant antennas as soon as possible. 

(4) It is strongly urged that the use of Marconi antennas be dis- 
continued except for use with 1-f and mf circuits.  Clusters 
of these antcr.r.as are responsible for much of the inter- 
coupling of equipments and the consequent emissions at 
spurious frequencies, presently experienced. 

(5) The folded r.ionopole antenna is a suitable replacement for 
some of the Marconi antennas, and for use with the TON trans- 
mitters after reconversion to unbalanced outputs.  This type 
of antenna can he used at the design frequency only, and it 
must be carefully adjusted for minimum VSWR on the transmis- 
sion i ine . 

(6) i'he open-sleeve antenna is recommended as a broadband radia- 
tor for the frequencies from 3 to 10 Mc. 

(7) The simple discone antenna investigated at Stanford Research 
Institute can be used for frequencies between 7 and 28 Mc 
This antenna should be used in preference to the folded mono- 
pole antenna, whenever cost and space permit. 

(8) Vertically-polarized antennas should be separated by no less 
than one wavelength at the lowest frequency at which they 
transmit.  The spacing between horizontally-polarized and 
vertically-polarized antennas is not critical, and it may be 
found convenient to use common poles for such antennas in 
some cases. 
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KH0H5IC   ANTENNAS 

•1)  From the point-of-view of impedance   alone   the rhombic antenna 
can be used over an extremely wide band of frequencies.  In 
practice, the bandwidth is limited by the radiation patterns 
to a 2 1 range in frequencies. 

(2) The rhombic antenna should be properly terminated.  The expo- 
nential dissipation line now used at Lualualei is well suited 
for this purpose.  This line should be constructed of No. 14 
A.W.G. stainless steel wire.  The wire must be ferromagnetic, 
such as .American Iron and Steel Institute stainless wire 
No. 410.  The stainless steel wire presently stocked at 
Lualualei is non-ferromagnetic and should not be used. 

(3) The VSWR on the transmission line leading to the antenna 
should be checked after construction of the antenna or termi- 
nation, and the termination should be adjusted, if necessary, to provide 
the best possible impedance match over the required frequency range. 

(4.1  Fhe two- or three-wire rhombic construction has some advan- 
tages over the single-wire type.  The addition of a fourth 
wire is not necessary. 

(5) Rhombic antennas should be used for transmissions over the 
great circle path to which they point, whenever possible. In 
no case should the transmission path deviate from this 
direction by more than 10 degrees for the lower frequencies 
of transmission, and should deviate even less than that 'mount 
at higher frequencies. 

(6) It is recommended that existing rhombics be selected on the 
basis of frequency of transmission as outlined in Table IV. 
Switching between rhombics is greatly simplified if relay- 

(7) Dimensions for the construction of new rhombic antennas have 
been presented.  These antennas provide higher gain in the 
required directions than the existing rhombics at almost all 
frequencies between 4 and 24 Mc, but especially so at the 
lower frequencies where such increases are most desirable. 

OJ)  The general layout of rhombic antennas given here provides 
better spacing between adjacent antennas and more room for 
the construction of broadcast antennas.  It is therefore sug- 
gested that this plan be followed in new construction or in 
the relocation of existing antennas. 

Modifications and checks of the ground system, the replacement of 

Marconi antennas by antennas connected to the transmitter through coaxial 

cables, and the relocation of the two-wire transmission lin^s wherever they 

run too closely in parallel to each other, should largely eliminate dele- 

terious coupling between different circuits.  In these cases, immediate 
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improvements can be expected when carrying out the recommended changes. 

In general, however, and in common with all systems rtlying on the iono- 

sphere for communications, increases in circuit reliability will not 

necessarily be immediately apparent from the use of systems with more 

favorable overall gain.  The benefits resulting from the recommendations 

made in this report will be found by an analysis of outages over periods 

of months and years.  The day-to-day operations are subject to the 

vagaries of the ionosphere which can produce changes in signal strength 

many orders of magnitude larger than those due to changes in power gain 

of any physically realizable transmitting system.  For h-f transmissions, 

careful choice of the best frequency of transmission and strict adherence 

to best operating practices will usually lead to improvements in circuit 

reliability, many times larger than those achievable by changes to 

existing facilities. 
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APPENDIX   A 

GRAPHICAL SOLUTION OF SKY-WAVE PROBLEMS1 

In radio communication problems involving transmission by means of 

sky waves reflected from the ionosphere it is often necessary to relate: 

(1) great-eircl3 distance between transmitter and recei"0*-, (2) virtual 

height of reflection, (3) equivalent path distance between transmitter 

arid receiver, (4) angle of departure, ami (5) angle of incidence at the 

ionosphere. It is the purpose of this appendix to present a simple graphical 

method whereby these factors can be determined rapidly without recourse 

to the analytical expressions.  If any two factors are given, the other 

three can be found. 

It ia assumed that propagation can be represented by a ray and that 

the characteristics of the actual path of the ray can be represented with 

sufficient, accuracy by the so-called 'equivalent" path, shown in Fig. A-1 

as the lines AB  and BC.      The 

height h' , of the apex B is called 

the virtual height. D  is the 

great circle distance between the 

end-points A   and C.     /3  is the 

angle between AB  and the tangent 

at A, and is called the vertical 

angle or angle of departure, ihe 

ionosphere is assumed to be hori- 

zontally stratified and earth s 

magnetic field effects are neg- 

lected.  Ihe path is therefore 

symmetrical about the mid-point, 

and the angle cf arrival is ecua! 

c.o the angle of departure. 

./*r 

CENTER OF 
EARTH 

RAY-PATH   GEOMETRY 
A-BS2-F-33 

Graphical   computations   are 

facilitated  with   the   aid  of   the 

sky-wave   transmission   chart   shown 

in  Fig.   A-2.      This   is   simply   a 

A     Heiliwell,   "Electronic,"   p.    150      February   1953 
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vertical cross-sect ion cf the earth's atmosphere up to a height of 600 km. 

Great-circle distance D,   on the etorth's surface is given by the lower 

scale ar.fl virtual height H' , by the left-hand scale.  Hie vertical angle 

(i,    is determined by aligning a straight edge with the origin and the mid- 

point of the equivalent path (coordinates h'   and D/'Z)   and reeling the 

upper scale.  The angle of incidence c£c, is interpolated in the family of 

curves of constant </>0 plotted on the chart.  Sac <f>0   is read from the con- 

version chart below the main chart. 

VERTICAL   ANGLE   IN DECRFE* 

•p ,M^r 

3000  MILES 

Inn,! 11,11 

• -Til 
sssssegs 

' • r *' i* * * 'i' * * * *i' *''. i'" ' |'"', I I" "'V "V '"',' ",'' "",'' 1"! 
8 o   -    Sj  M      3   5   2     t     N      3   »    • »     sSt 

Fl<>. A-2 

SKY-WAVE    TRANSMISSION   CHART 

(EARTH    RADIUS - «?«T   KM) 
A-M 

Since there are five basic varinbles (£), f,   h' ,   ji,   and 4>Q > . only two 

of which can be independent, there are ten possible combinations of inde- 

pendent variables.  i"or any given pair of variables, the other three are 

determined from the chart.  The procedure is illustrated in the following 

example for a selected pair of variables (Z) and h   ). 

Problem.     Given a great-circle distance, D,   of 3000 km and a virtual 

height, h' , of 310 km, find ilie vertical angle (i,   and the angle of inci- 

dence <fi0,   at the ionosphere, sec <p0, the path distance P,   and the trans- 

miss ion time t. 

Solution:     Locate the apex of the path at D/2  - 1500 km and h'   = 310 

km on Fig. A-2.  Align straight edge with origin and apex.  Read /3 = 4.5 

degrees on the upper scale.  Read 0O = 72 degrees by interpolating in 

family of curves of constant </>„.  Obtain sec 4>0   = 3.2 from conversion 
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scale.  Obtain P   -   3140 km by measuring distance from origin to apex with 

30-to-the-inch engineer's scale (or use height scale on chait) and multi- 

plying result by 2.  The transmission time t   =   10,470 x   10"6 seconds is 

obtained by dividing the path distance P,   by the speed of light (3 x 10 

km/sec). 

Some of the more important analytical expressions, based on Fig. A-1, 

are given below for reference.  Others can be derived readily. 

*„ 
sin 

tan 
ZP 

D      h' 
1 - cos — + — 

2R       R 

D     180 
[i      =  90 -<£..- —   0    2/?   77 

h' 

— 
COS   (i 

COS 
\2»      TT        P) 

L~-iL 
\» + h' 

cos p\  - 
180 

0 

2-y2^n • h  ) ^1 COS — ! + n  <2 
2.R 77 / 
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APPENDIX   B 

THE DETERMINATION OF OPTIMUM FREQUENCIES OF TKANSMISSION 
BY MEANS OF SCATTER SOUNDING 

Scatter sounding •2•3•*•5 is a new technique for determining the 

geogrpphieal areas tc which ionosphere-propagated transmissions may be 

maintained at any given time and frequency.  It is possible from a single 

location to determine the optimum frequency for tranoir.ission to points in 

the surrounding region out to distances of several thousand miles.  The 

correct frequency varies with time of day, with season, and with sunspot 

cycle in a manner which is never entirely predictable.  It is ordinarily 

desirable to operate near but slightly lower than the MUF for the given 

distance.  Or, stated slightly differently, the optimum frequency is one 

which makes the actual transmission path slightly longer than the skip 

distance.  In the past, the ionosphere has been studied by the use of 

vertical-incidence sounders which study the ionosphere directly over the 

sounder.  The height of reflection as a function of frequency, as deter- 

mined at vertical incidence, may then be manipulated mathematically or 

graphically to yield the skip distance or the MUF at oblique incidence. 

Thii. method of investigation is very successful in determining the aver- 

age behavior of the ionosphere, and data gathered by a iarge number of 

such stations throughout the world foiui the basis for the advance pre- 

dictions of transmission conditions supplied by the CRPI. and other 

A. M. Pcterion, "The Kechanisa of F Layer Propagated Barkacatter Echoea," Journal of Geophysical 

Resesrch, Vol. 56, No. 2, pp. 221-237: 1951. 

2 
"0.   G.   Villard,    Jr.,   and   A.   H.   Petering,  " Scatter-Sounding:   A  Technique   (or   Study   of   the   Iono 

B   'i«ie   at   -   Biaiaaca,"    "Tse-jse-nefcioas   *l   the   I.R.E.   Profeaaional   Gronp   on   Antennas   and   Propa- 

gation, " PGAP- 3,   pp.   140-142. 

3 0. G. Villard, Jr., and A. M. P'jte.'son, " Scstter-Sounding: A Ne* Technique in Ionospheric Re- 

search ," Science, Vol. 116, No. 309'?, {.,>. 221-224; Augnat 19S2. 

0. G. Villard, Jr., and A. M. Peteraoa, "laatantaneous Prediction of ReHio Transaiaaion Paths," 

QSi, Vol. XXXVI, No. 3, pp. 11-20; March 1952. 

5L. C. Kd.arda, " rsii..iicat ion Zone Indicator ." ELECTRONICS. Vol 26. No. 8, pp. 152-155; 

August 1953. 

Appendix B •< 

--•*«<**c**;iSvi, .    an  ;..-.-.,,• •';.:. '....   .*- •„'.-:.. .i..-..:-^. :.,"-•....,.. •• , •:-. .- •    *#*£-.- <•-'•'$.' yrf^V^-•'-•..-v.-.' • 



similar agancies   However, conditions ovtr » particular path and for a 

particular time are found to depart widelv from average conditions. 

Vertica!-incidence sounders have not to date been particularly useful as 

an aid to choosing the right frequency for a particular cime of day 

Scatter sounding, on the other hand, makes use of the sane oblique paths 

which are utilized for communication, and the skip distance is obtained 

by a simple conversion of the observed time delay. 

In scatter sounding an echo is received not from the ionospheric 

layer itself but from distant portions of the earth's surface which have 

been illuminated by energy bent back to earth by the layer.  In briefest 

outline, the method consists of noting the time delay between the trans- 

mission of a short burst of tia..^inittcJ signal ami ulie return of d SPiail 

fraction of its energy scattered back to the transmitter when the outgoing 

signal strikes irregularities on the surface of the earth.  figure B-1 

is a simplified diagram showing how this scattering occurs.  The back- 

scattered energy produces an echo at the transmitter location, which may bs 

-OATHS   WHICH   PENETRATE 

7< 
rfiAMSM/TTE-ft 

BACKXAT7ERING     BT   IRREGULARITIES    AT   EARTH'S   SURFACES 
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detected on a near-by receiver.  A sketch of a typical oscilloscope indi- 

cation (amplitude-1ime, or "A scope ") is shown in Fig  C-2.  From the 

delay time indicatr-.d on the sketch (the interval t.)   the ground distance 

to the scatter source may be obtained by the use of a conversion chart. 

An echo resulting from a second hop is nl.-.n illustrated in this sketch, 

with time delay £,. 

When a rotatable directional antenna is used it is possible to obtai! 

a range-azimuth or pi art-position-indicator (PPI) type of display of those 

areas on the earth's surface which are being strongly illuminated by the 

transmissions at the particular time and frequency.  The HPI display is 

convenient for a study of conditions over a large number of paths   If thf 

primary interest is in a particular path, the A-scope display will ordi- 

narily be satisfactory.  In either case, since ionosphere conditions are 

seldom the same in all directions from a given point of observation  a 

directive antenna is essential in order to avoid ambiguity   If the same 

antenna is used for transmitting and receiving the directivity is ef- 

fective both on transmitting and receiving.  When an omnidirectional 

antenna is used for transmitting, a mure directive receiving antenna will 

n 
TRANSMITTED 

PULSE 

•«WlLww»iii,.*Jw%»Ww^-^w^ 

 T, *f. 

FIRST  SCATTER 

y MULTIPLE- ECHO 
^        FROM    SECOND 

r\ GROUND   BOUNCE 

TIME   MARKERS   ARE    5 *>LUSECONDS    APART 

F!<3     B-2 

SKETCH    ILLUSTRATING    THE   APPEARANCE    OF   SCATTER- 

ECHOES    ON    AN     A-SCOPE 

Fig     B-9 
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he requii=d.  A three-elemer.t Yagi array of the type common in amateur 

radio instal lat LC?,Z   has been found v«ry useful for scatter-sounding pur- 

poses when used for transmitting and .ec-iving.  The PPI photograph of 

Fig. B-3 represents a sample of the scatter-sounding records obtained 

FIG.   B-3 

PLAN-POSITION   DISPLAY   OF   GROUND-SCATTER   ECHOES 

PROPAGATED   BY   BOTH  F   AND   SPORADIC   E-LAYERS 
LOCAL TIME: 1825 
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using a rotatable thrts-c lemcnt Yagi.  In thi.» picture, north is at 

12 o'clock, east at 3 o'clock, etc.  Time-delay circles arc spaced 3.33 ms 

of time delay apart.  The record was made at Stanford University, en a 

frequency near 14 Mc,  At the local time indicated. F2-layer propagation 

to the east h^s failed but is still possible to the north, west, and south. 

The crescent of echoes in these directions represents ground-scattered 

echoes propagated by the F2-layer.  The multiple echoes to the west result 

from additional hops between earth and ionosphere.  The patch of echoes at 

close range to the southeast indicates the presence of a cloud of sporadic-E 

lonization   Though communication via these sporadic E patches is possible, 

they occur at times and with intensity which cannot be predicted. 

SCATTER-SOUNDING EQUIPMENT 

A specially constructed scatter-sounder capable of supplying PPI 

displays at several frequencies in the range between 4 Mc and 24 Mc would 

be a very useful apparatus for continuous monitoring of propagation con- 

ditions in the region surrounding a communication station.  Equipment of 

this type has been designed and operated for nearly two years at Stanford 

University,  for ionospheric research purposes.  On the other hand, scatter 

sounding can be successfully accomplished by relatively minor modification 

of existing ccsanunicaticns equipment.  The apparatus required for scatter 

sounding of the ionosphore is essentially the same as that used for long- 

dirtance communication purposes.  The five major items are:  (1) a trans- 

mitter capable of high-speed keying, (2) a sensitive communications re- 

ww * * w* , \ %»*    ^uibauic aiikcmiaa ,  \ ** / <* ncyci  IUL gcjicrdLL ng uue *ve y i llg im- 

pulses, and (5) an oscilloscope for observing the echoes.  Figure B-4 is 

a block diagram that demonstrates t-Vip interconnection of these components 

to form a complete scatter sounder.  Figure B-5 shows an oscilloscope 

'photograph obtained at Lualualei, using TBC transmitters, rhombic antennas, 

and an SP6G0 receiver.  A strong first-hop echo and a weak second-hop echo 

are present in this photograph.  These scatter soundings were undertaken to 

study t»»e eficCt ci the uiouuLuius WfiLcn surround Lne transmitter sice and 

to indicate the effectiveness of the rhombic terminations. 

' A. M. Peteraoa, _A Scatter-So«>aa*? For The Stedy ol Sporadic Ioaiiatiua ia the Upper Atr.sspkn^c, 

Technical Report No. 1, Septesber 1953. Office of OrJaaBC* Baacarca Contract DA 04-200 0RD-H1. 
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FIG. B-4 

BLOCK   D/AQRAM   OF   COMPLETE   SCATTER SOUNDER 

Transmitter requirements for scatter sounding are relatively modest. 

One or two kilowatts of transmitted power is sufficient for most purposes, 

though higher power may be advisable in the interest of improved reli- 

ability   For simplicity in keying, the transmitter should preferably 

utilize vacuum tube keying circuits.  Experiments at Lualualei indicate 

that the Navy type TBC transmitter meets all of the^o requirements and 

seems to be nearly ideal for scatter sounding without modification. 

Successful keying or "pulsing" may be acoTiplished by using a special 

keyer (to be described later) with the TBC in the d-c keying position. 

Nearly any sensitive communications receiver can be used as a re- 

ceiver for scat.cr sounding purposes.  Somewhat better than the usual 

overload characteristics are necessary in order that the full sensitivity 
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be recovered  quickly, following a transmitted pulse.  The SP-600 receiver 

nas proven satisfactory for these purposes without special mouiiicalion. 

Further desirable features of this receiver are the variable i-f se- 

lectivity (3 to 16 kc) and the availability of a direct output tro" the 

final detector (d-c connection).  Though for most scatter-sounding tests 

the receiver will be run in the narrowest of the regular if bandwidth 

positions (not crystal, since excessive ringing takes place), the avail- 

ability of the wider handwidths nroves useful ir. examining the '.p.tails oi 

the echo.  The direct connection to the detector is usually essential 

B^H  H«l|  HA&       'B      BBi      tPYflB^BflVi  B^BK^BT    JM>     MfcJLdB^ 

SIB^HB1^^B9B^B^HB^HIB! 
B   ^P|                           BB flONE   HO^B 

I TRANSMITTER 1 
1     PUISE      *gg£ 

^^9 

FIG.   B-5 

A    SCOPE    PHOTOGRAPH    OF    SCATTER   ECHOES    OBTAINED 
WITH   STANDARD    COMMUNICATIONS   EQUIPMENT    AT 
LUALUALEI.     FREQUENCY:   16,940   KC.     TIME:   1530  HST, 
24   JULY    i953. 
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since normal headphone or speaker outputs follow amplifiers whose fre- 

quency response is inadequate to pass the scatter-sounding waveforms 

without distortion.  Other types of receivers may require minor modifi- 

cations, such as decreasing the RC time- constant values in the r-f and 

i-f amplifiers (detector filter time constant may also require attention 

in some cases).  The RC product of all circuits which contain capacitors 

that are charged by grid-current flow during transmit tima should be made 

small (HC ~ 200 yua ) .  If this is not done, the capacitors may remain 

charged for long intervals following the transmitted pulse, with resultant 

loss of receiver sensitivities.  'n addition to these modifications, a 

direct connection to the detector output should be made available. 

An oscilloscope is required for examining the output from the re- 

ceiver   Nearly any oscilloscope is satisfactory as long as the sweep 

circuits function well in the 10- to 20-cps region.  The Dumont types 

304H or 304A oscilloscopes have proven very useful for scatter-sounding 

work.  A long-persistence P7 screen is desirable as an aid to viewing 

and study of the echoes. 

The choice of antenna will depend on the purposes for which the 

scatter soundings are being taken   For a point-to-point circuit thj 

best antennas may be the ones actually used for communications.  The 

transmitter might well be fed into its usual antenna, probably a ter- 

minated rhombic, since this tests the path under actual conditions.  For 

receiving, it is possible to use the same antenna by making use of a 

transnit-rec'.ve (Tit) annarat.us.  This sort of ODeration is Drobably 

undesirable for the conditions which exist at a transmitter station such 

as Luaiualei, since a large variety of transmitters and antennas are used. 

If, however, a completely separate installation is contemplated, the use 

of a TR and a common antenna for both transmitting and receiving may be 

advisable.  For point-to-point circuits, an additional antenna of the 

same type as used at the transmitter would make a very satisfactory re- 

ceiving antenna.  If this is not available, a simple directive antenna 

aimed in the proper direction, or even non-directional dipoles, may be 

used   With non-directional receiving antennas, care must be taken to 

properly interpret the echoes, since more possibility exists for echoes 

arising from side or back-lobe radiation at the transmitter antenna to 

be detected. 

For broadcast use., the communications transmitter will normally be 

connected to a non-diiectional antenna.  If a non-directional antenna is 
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also used for receiving, an echo arriving from one direction will mask 

the lack of echo from  another direction.  Consequently, if it is de- 

sirable tc know that a particular area is being illuminated by a broad- 

cast transmission, some form of directive antenna array should be used 

for receiving.  One possibility is a group of rotatable Yagi antennas, 

each tuned to one of the frequencies usea for broadcast purposes. 

Alternatively, a number of broadband directional antennas, such as 

rhombics  can be used to observe the echoes in each of several azimuth 

directions   One form of antenna which has proven effective for this 

purpose is a group of sloping "Vee's" all suspended from a central pole. 

Tv/elve wires, each some 600 ft in length, may be arranged at 30 degrees 

intervals around the central pole with the lower enr sinning off grad- 

ually to ground level.  With this arrangement, a switching box may be 

mounted atop the pole and a single transmission line may be used to feed 

the 12 wires in pairs as Vee antennas.  At the higher frequencies (10 to 

20 Mc), the pairs are formed by connected adjacent wires (30 degrees 

apart) to the transmission line to form the Vee antenna.  At the lower 

frequencies (5 to 10 Mc), pairs are made from wires 60 degrees apart, 

that is by skipping one wire in between the two active wires.  In this 

manner the Vee's can be made to function with more nearly the optimum 

angle between wires at all frequencies.  In each case, this antenna array 

provides for examination of echoes in twelve different directions.  The 

use of this type of antenna array when transmitting on non-directional 

antennas should permit determination of the areas which a paiticular 

broadcast transmission is effectively illuminating at any particular 

time.  It would thus be possible to insure complete coverage of the de- 

sired areas while at the same time permitting the securing of those trans- 

missions at frequencies which were ineffective at a particular time. 

A pulser is required for keying on the transmitter for a short time 

at regular intervals.  This pulser is a sort of electronic "dot wheel." 

Investigations have shown that the optimum length of transmitted impulse 

is 1-2 ms.  The interval of time between pulses is determined by the time 

it takes the most distant echo to return to the transmitter.  A distance 

of 12,000 km is a fairly representative upper limit.  This requires a time 

interval between pulses of 1/12.5 sec, or a pulse repetition rate ,.  ^2.5 

pulses per second. 

Perhaps the simplest form of keyer is the twe-tube circuit illustrated 

in Fig. B-6   This consists of a triggered multivibrator and a cathode 
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33 K £~~° TRANSMITTER 

FIG    B-6 

SIMPLIFIED    PULSED    FOR    SCATTER-SOUNDING 
A- 

follower.  This type of keyer was constructed while the S.R.I, group 

was at Lualualei, and functioned quite satisfactorily during a series 

of scatter-sounding tests   In this unit, a 6J6 tube functions as a 

cathode-coupled multivibrator generating pulses whose duration can be 

varied by means of potentiometer R-3.  The two sections of a 6SN7 

function as a trigger amplifier and a cathode follower, respectively. 

The cathode follower provides the required low output impedance for work- 

ing into keying lines to key the transmitters   The trigger voltage for 

this simple puiser was obtained from the horizontal sawtooth sweep vol- 

tage of a small test oscilloscope by attaching between one of the scope 

plate connections and ground.  These terminals are usually available at 

the back of the oscilloscope.  Capacitor Cl and resistor Rl at the input 

of the puiser comprise a differentiator circuit which forms a short 

trigger pulse at the flyback time of the sawtooth voltage. 

In using this simple puiser, the time interval between pulses is 

set by varying the rate at which the multivibrator is triggered.  Using 

the oscilloscope trigger, this is accomplished by varying the sawtooth 

sweep frequency.  For example, a sweep frequency of 20 cps allows 1 20 

sac = 50 ms between pulses, and 12.5 cps allows 1 12.5 - 90 ms between 

pulses.  Time intervals along the sweep length can be measured by 
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subdividing the osc i.1 lc.;cope ^wen length into equal length segments 

For example, a scale #hich divides the 1/20 sec sv;etp into 5 equal lengths 

yields 1'5 * 1 20 = 10 rns intervals.  Using this technique the time in- 

terval between transmitted pulse and received echo can be measured when 

the receiver output is applied to the vertical deflection plates of the 

osci1 loscope. 

A more complicated form of pulser, though one which is much easier 

to use operationally, is shown in Fig  B- 7.  In this circuit, time-delay 

marks ar»» provided at 5-ms intervals to be used in measuring the time 

delay between transmitted pulse and received echo.  These marks are 

derived from a 200-cps sine-wave oscillator voltage.  The multivibrator 

and cathode follower portion of this unit are the same as that of the 

simple pulser but the trigger voltage is obtained from the 200-cps sine- 

wave source   This is accomplished by the use of a series of Eccles-Jordan 

count-down stages.  In this manner the 5-ms time-delay markers are per- 

manently synchronized with the transmitted key pulse.  The two halves of 

the 12 AU7 tube in the video amplifier .stage amplify the receiver output 

and provide a means for mixing with the time-delay markers.  The synchro- 

nizer pulse output is used to synchronize the oscilloscope sweep to the 

key pulse output   In this unit the key pulse rate is normally set at 

1/16 of 200 cps, or 12.5 sweeps per second.  The interval between pulses 

is 80 ms with sufficient time delay to allow for echoes arriving from 

distances at   far away as 12.000 km (7440 miles).  Switch SI permits the 

pulse rate to be changed to 25 pulses per second and the range interval 

to 6>iw0 km (3720 miles).  This higher rate is sometimes advantageous when 

only short-range echoes are being investigated.  For broadcast use, thic 

shorter range interval would ordinarily be adequate.  The type of indica- 

tion obtained when using this improved synchroi>\ zer-pulser is illustrated 

in Fig. B-2 

ECHO INTERPRETATION 

;V 

Although the details of scatter-echo production are complicated, the 

method of obtaining the MUF or the skip distance by scatter sounding is 

quite straightforward. For simplicity in interpreting the echoes, assume 

that the geometry of Fig. R-8 applies. In this sketch the actual F-layer 

is replaced by a spherical sheet at an average equivalent height, h, above 

the earth. Propagation may be assumed to take place following triangular 

paths such as those illustrated in Fig. B-8, with reflection at height h. 
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FIS.    B-8 

SKETCH     ILLUSTRATING     TRANSMISSION -PATH     GEOMETRY 
A-M2-F-42 

The energy strikes the earth at point C, and some of it is scattered back 

to the transmitter location from this point   Under these conditions the 

ground distance Dj = AC,, can he very simply related to the time delay 

taken to travel over the equivalent triangular path AB.C, and back 

AB2C„ illustrates another possible path.  If all echoes at all time delays 

are assumed tn result from propagation involving this sort of path, with 

reflection at height h  above the earth, curves such as those of Fig. B-9 

can be constructed which will idil; the distar.ee, D, at which the signal 

returns to earth to the tine d'-lay, "", along the equivalent triangular 

path.  For r layer propagation it is; assumed that h   -   300 km, and for 

E-layer propagation h        100 km.  Curves for those two cases are pior-.^J 

in Fig. B-9.  To determine the skip distance, the time delay in milli- 

seconds between the leading ed(.re of the transmitted impulse and the 

leading edge of the returned echo is measured   With the measured value 

of time delay  the corresponding value of skip distance, D, can be read 

from Fig. B-9.  Though approximations are made in using this simplified 

technique, the resulting distance is a very good index of the actual skip 

distance for propagation via the F-layer, provided the measured time 

delay, T;    is greater than about 6 r,is.  This corresponds to a skip distance 

of about 800 km.  For distances shorter than 800 km, the thickness of the 

actual F-layer and its variations in height begin to make corrections to 
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the single method outlined above more important.  As described in Chapter 

4, ground-wave propagation at frequencies near 4 Mc provides communication 

ar all times for distances out to 400 km or more.  Scatter soundings are 

therefore not required for distances less than this.  For distances 

between 400 km and HOC km, when propagation is via the F2-layer, the 

30.C 
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technique outlined in this discussion will ordinarily indicate a satis- 

factory transmits ion frequency, though it will be somewhat, lower than the 

MUF. 

When the scatter echo results from E-layer propagation, the curve 

for h   =   100 in Fig  L>- 9 is used to oonvjrt time-delay to skip distance. 

Echoes of this type produced by a sporadio-E cloud are illustrated on the 

PPI record of Fig  B 2 as a compact C'UBJ of echoes at a short range in 

the southeast   Sporadic-fc echoes normally occ^r as patches of limited 

extent when observed at a given frequency.  The change in echo time-delay 

is much slower with changes of frequency than is the cast for F-layer 

echoes   Sporadic -E echoes ar; found to occur at unpredictable ti^es, with 

echo delays ranging to a maximum of about 15 ms.  This corresponds to dis- 

tances of transmission up to 2200 km.  These characteristics of sporadic- 

E echoes, along with a knowledge of the relatively well behaved r-layer 

echo characteristics, permit a separation of the two typ«ss of scatter 

echoes during times wnen spuiadic-E echoes are present. 

As an illustration of the determination of the skip distance by 

scatter sounding, consider the sketch of Fig. B-2.  In this case the 

echoes can immediately be said to result from F-layer propagati'.'P. since 

the time delay is greater than 15 ms.  Two echoes are shown, which result 

from a first and second hop between earth and ionosphere.  Assume the 

scatter soundings were taken at a frequency f,.  The first hop time delay, 

T'j , is read as 20 ms and the second hop delay as 25 ms .  The skip distances 

are obtained from the chart of Fig  B-9 as 2875 km for the first hop and 

3125 for the second hop   Or, conversely, the frequency, f,, is the MUF for 

a distance of 2R75 km by one-hop F-layer propagation of 6000 km for two hops. 

In order to allow for short-term variations in layer conditions, a fre- 

quency about 10% lower than the MUF would be used for a communication 

circuit . 
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APPENDIX   C 

THE POWER GAIN OF RHOMBIC ANTENNAS INSTALLED AT LIALIALEI 

In Figs  C-l to C-26 the gain of tlie presently installed rhombic 

antennas has been plotted as a function of frequency.  These curves can 

be used to determine whether or not a oarticular antenna is suitable for 

transmission over the circuit at a particular frequency.  The gain is 

given relative to that of an isotropic radiator.  On this scale the gain 

of a horizontal doublet antenna suspended at optimum height, above ground 

is about 7 5 uL   Sev = ial <_ui.ee are giver, for each cf the = "»:»*!*•<»«*. *,,rU 

for a different fixed angle of elevation above the horizontal.  Under most 

ionospheric conditions, the transmission path for a given circuit will 

fall within the range of vertical angles for which gain curves are pre- 

sented   A glance at these figures will show that for many of the circuits, 

different rhombic antennas were designed for different parts of the fre- 

quency range from 4 to 24 Mc.  As an example, Fig. C-l shows the gain of 

rhomoic antennas UA-1 and RA-2, which are used for the Washington circuit. 

It is apparent that HA-2 has very poor gain at frequencies below 6 Mc 

while RA-2 is not suited for transmissions above 19 Mc .  These two antennas 

should therefore be used as a compelementary pair, RA-1 for frequencies 

between 4 and 12 Mc, RA-2   for those between 14 and 24 Mc.  Either antenna 

may be better for use at any given time between frequencies of 12 and 14 

Mc, depending on ionospheric conditions.  Similar pairs of antennas are 

available for some of the other circuits.  These were listed in Table IV. 

The gain of the remaining rhombics is usually small at the low-fre- 

quency end   For instance, at frequencies below about 7 Mc the perfor- 

mance of RA-31, used for the Midway circuit, is poorer than that of 

simple doublet antenna (Fig  C-15).  This may explain some of the e: 

cessive outages experienced on this circuit. 

a 
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GAIN OF RHOMBIC ANTENNAS RA-6, AND RA-5 
FOR WASHINGTON, D.C. CIRCUIT 
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GAIN OF RHOMBIC ANTENNAS RA-6 AND RA-5 
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6AIN OF RHOMBIC ANTENNA RA.-li FOR GUAM CIRCUIT 117 
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GAIN OF  RHOMBIC  ANTENNA RA-8 FOR MANILA CIRCUIT 
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APPENDIX   I) 

DESIGN OF RHOMBIC PAIRS FOB TRANSMISSIONS 
OVER DISTANCES GREATER THAN 1500 KM 

The required coverage in vertical directions for transmissions over 

various distance ranges was discussed in Chapter 3.    Three pairs of 

rhombic antennas were designed which, together, provide adequate power 

gain at all frequencies and in all required vertical directions.  The 

distances and frequencies of transmission for which each antenna is to 

be used are listed in Table V of Chapter 5. 

The following design procedure w&s adopted.  At the extreme ends of 

the frequency range for which the rhombic is to be used, the power gain 

in the most unfavorable vertical direction is to be greater than that ob- 

tainable by the use of a doublet antenna suspended at the optimum height 

above ground.  At the high end of the frequency band the g&?n is lowest 

at the largest angles of elevation relative to the ground, while at the 

!ow end of the range, high-power gains at angles close to the ground are 

most difficult to achieve. 

The 'alignment design method' was -jsed for the high-frequency part 

of the rhombic pair, in preference to the  maximum output design method.' 

The former method provides better broadband characteristics at a slight 

loss in maximum gain. *  Us-; of the same design method for the low- 

frequency part would lead to rhombic antennas oi entirely too iarge di- 

mensions.  It was assumed here that the maximum average height of sus- 

pension is limited to 110 ft and the major axis of the rhombics was kept 

to less than 1100 ft.  The compromise design met.hod described by Bruce, 

Beck, and Lowry  was used to evaluate the best apex angle under the im- 

posed restrictions. 

W. N. Christiansen. ' Dirt:? t ional Patterns oi   Rhasbic Antennae"; AWA Technical ReTiew 

(Australia), Vol  7, pp. 33 S3, Sept  1946 

9 
E  Bruce, A. C. Beck, and l.. R. I.owry, "horuontal Rhoabic Antennas"  Prnc  1BE. Vol  23, 

p. 30; January 1931 
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The design parameters which have tc be determined for each of the 

rhombics are shown in Fig. D-l.  Table D-I lists the dimension of rhombic, 

antennas designed in the wanner just described   It will be noted the low 

frequency antenna of pairs No. 1 and 2 are identical, so that five dif- 

ferent rhombics are sufficient for the entire range of frequencies and 

vertical directions to be covered. 

FIQ    PI 

DESIGN    PARAMETERS   OF   RHOMBIC   ANTENNAS 

The gair. uT these antennas in different vertical directions is shown 

as a function cf frequency in Figs. D-2, D-3, and D 4.  Fhe gain of a 

horizontal dipole suspended at optimum height above ground is also shown 

in these figures to provide an estimate of the improvement that can be 

obtained by the use of rhombic antennas.  The gain of the suggested new 

designs of rhombic antennas should be uumpared with that of the existing 

antenna given m Appendix C.  It wii; be found that Consluerable improve- 

ment has been achieved with the new designs, especially at the low end of 

the frequency range.  On the other hand, it should be remembered that the 

use of only two rhombics for the range from 4 to 24 Mc necessarily requires 

each of the two antennas to operate cer a somewhat wider band than 
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TABLE D I 

DIMENSIONS OF SUGGESTED RHOMBIC-PAIR DESIGNS 

Pair No. I o 

Distance Range of Transmission 
(Nautical miles) 

810 - 
1900 - 2450 

2450 - .1550 1350 - 
beyent 

1900 
3500 

Part No. ft A B A D 

Approximate Frequency Range 
(Mc>* 

4-10 10-24 4-10 10-24 4-10 10-24 

Length of Major Axis 
(M in ft) 

1104 610 1104 856 1070 854 

length of Minor Axis 
(N in ft) 

i68 166 468 198 544 278 

leg Length   (1  in ft) 600 321 600 440 600 450 

Average  Height above Ground 
(H in  ft) 

111 56 111 66 111 83 

Half-Angle at Corner of 
Rhombus   (t/i in degrees) 

i                  — 

67 75 67 77 63 72 

* For details aee Table V of Chapter VI 

desirable.  At some frequeueies therefore, usually between 10 and 15 Mc, 

some of the existing antennas have more gain than the proposed designs 

ihis excess in gain hardly ever uceeus about 5 db , which is r.ot ; cor i; 

defect at frequencies above 10 Mc 
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APPENDIX   E 

TRANSMISSION-LINE SWITCHING 

A weii- engineered transmission line switching system is an important 

requisite in h-f transmitting stations if best utilization of equipment 

and antennas is to be achieved   The frequent changes in working frequency 

over a given circuit during the day, together with changes in traffic ca- 

pacities place, detrands of versatility on the installations   In general, 

the degree of complexity of the switching system increases rapidly v.ith 

increased flexibility; therefore the goal should be one of limited flexi- 

bility which is tailored to meet operational requirements.  Other impor- 

tant considerations which add to the general complexity of switching 

schemes include the requirements for maintenance of regularity in char- 

acteristic impedances of the lines  retaining balance of lines to ground, 

nnd preventing any dead-end sections of line from appearing across active 

circuits. 

Numerous types of switching devices have been developed and are 

currently being used in h-f installations throughout the world.  These 

include both coaxial and balanced, manual and automatic, low and high 

power, and indoor and outdoor types   Certain of the configurations lend 
*- K ~—~ ~ 1 .. ~~     .,.„ 11      C .-1* 4. 1 •-.      •' I i '      *      * 11 ' ...CwC- i . CC     .. ~ * *     *v«.     U^H *. L%.U v *.**«    *****    cue    i^^a i utt AC i     uiatdlldliui) 

Although the stacked-boom switch presently being used at Lualuaiei 

suffers certain severe limitations, such as the inability to switch one 

circuit while others are active, it is electrically sound and mechanically 

simple.  To accomplish the same function automatically using electrically- 

actuated contactors is an extremely complex task involving many switches. 

In general, therefore, automatic switching does not seem to be feasible 

using presentxy   dvaiiduic equiprneFit . 

Three- or four-pole boom-type switches  can be constructed which will 

permit switching of one circuit while others are active, without danger 

t.sport,    op.    cit.      p      437 
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to personnel or equipment.  The actual design of such a structure is be- 

yond the scope of this investigation, but it is recommended tliat this 

type ?.*   "•••! tch ^e f«' ».!,o» investigated for possible sppii cat io.i at 

Lualualei 

Another class of switch, which would find immediate application at 

the station, is the remotely-operated vacuum switch.   These switches are 

physically small but are capable of operation at verj Ingh power iev^is. 

Open-wire and coaxial types are available, and both are capable of remote 

control using either pneumatic or electrical actuation. 

Figure K-l shows the basic single-pole-double- throw open-wire type 

which is capable of operation at a power level of 200 kw.  This type may 

be paired to form a balanced 600-ohm open-wire switch as shown in Fig. E-2. 

The two switches are shown mounted in a waterproof molded Kiberglas housing 

with the appropriate spacirj for 600-ohm open-wire line operation.  A 

smaller double-pole-double-throw switch is shown in Fig. E-3.  Ise of this 

switch would be appropriate at the two- to five-kw level 

Manv of the rpnent developments of vacuum switches have been in the 

coaxial configuration   Figure E-4 shows a pneumatics 1ly- operated high- 

power coaxial switch for 3-in. line.  Others are in development for 

smaller diameter lines and for electrical actuation   At Lualualei, how- 

ever, sufficient flexibility in switching coaxial feeders can usually be 

achieved by the use of simple patch panels. 

Of the switches shown, the balanced 600-ohm doub1e-pole-double-throw 

configuration would lend itself well for remote selection of ;„he paired 

rhombic antennas for the various point-to-point circuits   This was 

discussed in Chapter 6. 

Manufactured   by   Jennings   Radio   Mfg.    Co.,    San   Jose,    California. 
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FIG. E-l 

VACUUM  TYPE   SiNGLE-POLE-DOUBI.E -THROW   SWITCH 
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FiG.   E-2 

SOLENOID ACTUATED  DOUBLE-POLE-DOUBLE-THROW  SWITCH 
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