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This report describes the findings of an engineering survey cf the
U. S. Naval Radio Station (T), Lualualei, Oahu, T. H. The invescigation
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 kody of the report.

Criteria for the evaluation of the existing installation and pro-
cedures were obtained from 2 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 improvemnents in circuit reliability.

Several new designs for broadcast antennas are presented; most of
these have broadband characteristics. The use of the suggested anternas
would therefore not oniy provide beiier omnidirectional radiatien, but

would also add greatly to the flexibility of station operation.

The power gain of the cxisting 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 1is

included showing suggestied locations for these zntennas.
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CONFIDENTIAL

ENGINEERING SURVEY OF
U. S.. NAYAL RADYOC STATION (T)
LUALUALEI, CAHU, T. H.

CHAPTER {

INTRCDUCTION

The U. S. Naval Radio Station (T) at Lualualei, Qabu, T. il., is one
of the largest military communication stations in existence today. Like
many other long-distance communication stations, it grew from an carly
installation of modest capacity to its present size, where cver fafty
transmitters ranging in power output from P.5 to S0P 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 originul planning. Vhat appears as bpest engi-
nccring 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 ways and means for improving the overall efficiency of the
instzllation. Possible improvements to existing sguipments were examined,
as well as plans for long term changes in equip.~nt and cperational

practices, wherever these might be found desirakle.

The transmitting station at lLualualei is remarkably sound from an
engineering point-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 ir the operation of the
station. It was found in the course of the survey, however, that in some
instancz: better scrvice could be achieved by minor modifications of

existing equipment or by using this equipment differently from the way it
i 1. those ca<ss, early adantion of the proposals should

o
r
prove advantageou

w
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The investigation was carried out along two broad lines. The first
of these was an examination of the reiation between radic propagation
factors and the installations and operations of the tramswmitting station.
This study provide< a basis for judging the perfcrmance of existing
facilities. It 1s also a guvide 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 foe the point-
to-point circuits can be traced dircctly ts propagation factors, and means

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

The second part of the investigation consisted of an examinatier of
the iayout of the transmitting station, of the arrangement of tramnsmitters
within the buildings, of the ground systems, switches, and feeders, and of
the antenna systems. Changes in the assignment o{ circuits to the two main
transmitter buildings are suggested, which would lead to more cffective use
of the available transmitters and of the land area in the vicinity of the
buildings. Proposed alterations of one of the ground systems should lead
to a reduction of coupling between transmitters operating in proximity
to each other. The use ¢f 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 tn antennas suitable
for use with such feeder systems. The designs for several such antennas
are presented. Some of these must be used at a simgle frequency while
others arc suitable for use over a considerable range of freanencies with-

out retuning of the antenna-matchin

iy . £ bheonandanaos
nG SYS Eem. S4oncw Lype ©i orgaacasu

antenna design is suggested for use with the 600-ohm parallel-wire trans-
mission lines. This antenna provides good omnidirectilonai vouveragc, and

1t can be used over a frequency range cf 1.5 tc 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 between 4 and 24 Mc, and for all
required distance ranges of transmission. A site plan has been prepared,
incarpavating the suggested rhowbic design. Even 11 not adoptead in this
furm, the plan provides a guide to the most desirable location of antennas
for the pcint-to-poini circuits, while at the same time leaving more room

for the installation of broadcast antennas than i1s 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-{ transmissions over a given path. The power
gain in useful directions of the existing rhowmbic antennas is shown in
Appendix C.

Chapier | 3
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CHAPTER 2

DESCRIPTIGN OF TRANSMITTING STATION
AND THE SATELLITE INST..LLATIGNS

The Naval Rzdiu Station {T) at Lualualei, Oahu, T. H., comprises the
main transmitting facilities of the J4th Navai District. Signals {rom
this station must reach almost all points of the Pacific area as weil as
Vashington, [. C. More than one hundred transmitters having power outputs
from 0.5 kw to SC0 kw are actively available a2nd, at any given time, over
half of these may be trunsmitting simulteneously over the various circuits.
Both directional and cmnidirectional antenna systems, altogether over a
hundered in number, 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 mentioncd, requires

a considerable land area. The Lualualei transmitting station covers an

area of 1730 acres of which roughly one-third is available feor future
expansion of the iastallation.

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

contains the S0M-kw v-1-{f transmitter and its standby power generating

eIy, A1 of eho ] f’ :\..f, and hof tevanemittare are hanced 1n
Tyt ) LY T fTITN 1Ty Y 3 nr 0 (Y11 AN = Lo o L. 2ot
uuxxuxng N0, 1 ') ano DUllIALING NO. VO YLU-%y, t:)(l.'cpt A0 a 1Ew a1 letnl-

lations intended for emergency use. The location of the various antennas,
poles, and transmission lin~n, 1s also shown in this figure. The land
covered by Lhc statiua rises gently toward the east und, except for a few
isolated patches, 1s suvitable for the construction of directive antenna
systems. As a transmitting station, the Lualualei location suffers from
the drawback that the area is almost completeiy surrounded by the Waianae
Movntain Range. These mountains rise to a height of over 4000 it and. at
some points, the crcst of the range is only three miles distant from the
station. Some isolaved peaks as high as 850 ft, only a few hundred yards
away from the boumdary, cumpicic ihe cing of mountaing zround the srarian
Figurc 2 shows the horizoun profile as seen from a point at about the center
of the station. The angle shown is that between the horizontal plane and

1

the skyline, as a fupction o>f azimuthal dircction about the point of

Chapter 2 4
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observation. In this particular case, the skyline is elevated by angles
between 5 and 8 degrees in almost =!! directions about the station, except
for a gap toward the southwest. From points closer to the station boumdary,
angles ~f elevation ns large as 13 degrees may be cncountered. 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, tne 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 twe different types of service need be
Jdistinguished — point-to-point circuits and proadcast circuits. For the
former, highly directional antenna systems can be used, while for the

latter, uniform coverage in azimuth is required.

None of the modulating signals for the transmitters ~rc generated at
the station. Voice, facsimile, f[requency-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
tuned to the requested frequency. This transmitter must, of course, de-
liver its power output to an antenna suitabie for this frequency as well as
for the circuit over which the messag: is to be transmitted. Many of the
crunsmitters are assigned to specific circuits and frequencies, and are
therefore connected to the proper antennas over extenaed periods of time.
They are thus ready to g> on the air as soon as the particular circuit and

trequency are requested.

As already statcd, the bulk of the traus..**~-> are installed in three

buildings. 14z 59% kw v-1-f transmitter (TAWa) is presently on a standby
status. It 1s put into operation for only a few hours esvery week. DNormal!ly,
transmissions at these frequencies are sent out irom the v-1-f station at

llaiku Valley. Building No. 1 contains the transmitters tor the point-to-

point circuits to the east as well as transmitters for some of the broadcast

circuits. lost of the 1-f transmitters are located in this building, since
Chapter 2 7
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300-ft tow:rs in its vicinity form suitable supports for the antenna re-
quired at thes uencies. A total of 23 transmitters are housed 1n
Building No. 1; the terminal equipment for the v-h-f links is located in
the basement. Building No. 68 1s equipped with 6& transmitiers; trausuis-
sions for the point-to-point circuits to the south and west, as well as

many of the broadcast transmissions, emanate from here.

p-g

11

cr

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

W =
H
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utput circuits. They are fed into 600-ohm balanced parallel
wire transmission lines and therefore require balanced antenna configu-
rations. Dlost of the lower-powered transmitters, as well as the 1-f and
m-f transmitters, have unbalanced cutputs. No transmission lines are used
with these transmitters; the down-lead from the antenna 1s connected

directly to the transmitter output terminal.

Three types of antennas sre 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
iengith depending on the output circuit of the 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 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 freqnency range. Balanced antennas
for the broadcast circuit consist of hali-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 fecd arrangement
known as delta-match. In either case, the antenna and matching device
have a narrow frequency-band characteristic. Such antenna 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
€00-ohm transmission iire cver a wide band of irequencies, three tec-
minated folded dipocles are presently being used. All these antennas will

Lo dizcucsed 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

Chapter 2 8
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o that permit the outputs of ten different transmitters to be connected to 1

ten different antenna systems. [hese switching stations are located out-
ldings; two such stations are in operaticn near Duilding

side of the buz
No. 1 and four are being used at Building No. 68. The transmission lines
leading tc the antennas are arrunged on 2n arc of a circle. The lines
coming from the transmitier are stacked vertically on poles at the center
of the circle. Connection is made by means of a shert section of trans-
mission line, one 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 the antenna.

In addition to the tranamitting station, there are two satellite
installations for which Lualualei is responsible; one on Mauna hapu and
one at holekole Pass. The direct transmission paths between Pearl Harbor,

Lualuvalei, and the recriving station at VWahilawa are obstructed by the
g8 Y

N VWaianac Mountains; the receivers and transmitters of the satellite installa-

tion serve as a relay for the v-h-{f links hetween the statiomns just

mentioned.

Chapier 2 9
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CHFAPTER 3

HE INFLUENCE OF PROPAGATION FACTORS ON TRANSMITTING STATION
INSTALLATIONS AND OPERATIONS

=

A GENERAL PICIURE OF PROPAGATION RELGW 30 MC

Since the freguencies 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 prepagation

thereforc are the surface wave and the icnospheric or sky wave.

The surface wave travels aleong the surface of the ground (or sea) and
follows the curvature of the earth. It dies oif rather slowly with height
above the ground and rapidly with depth beiow the surfacze. The surface
wave component is nearly always vertically polarized because the horizoutal
component of the electric field tends to be short-circuited by tihe 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. liowever, at the extreme low cnd of the spectrum (in the neighbor-

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

I'he sky wave 1s propagated to great distances Dy the ionosphere, which
can produce essentially complete reflection at various heights between
rcughly 90 and 450 km. The etfect of the ionosphere depends primarily on
the presence of free electrons which are caused to vibrate hy the passing
radio wave. [hese 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 prcpagation away from regions of increasing electron
density. If conditions are suitable, the direction of propagation eventu-
ally becomes horizontal and the wavc is returned to earth. The higher the
frcquency the greater the slectron density required for a given amount of

bending.

The vibrating electrons frequently collide with ocher 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 increasss 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 fregnencies above about 2 or 3 Mc this type of attenuation, expressed

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

fhe earth’'s magretic field cauvses 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 necit in the same direction as the electric
field of the excitirng wave and hence aiters the polarization of the re-

«

sultant wave. [he net effect is that there are two “characteristic’’ waves
which propagate independently, and exhibit different attenuation rates,

gtoup velocities, and polarizations. [hese 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 he 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. Tach transmission from earth tv ionosphere
and bacli is called a hop. When the straight line portions of this path
are extaznded until they intersect, the resulting path is called the

c
£

s

- T 5
LHE apcA va

cyuivaieni puin., The height o the cguivzlent path shove the
earth 1s 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 obligue signal 1is
equal to that of the vertical-incidence signal multiplied by the secanc

of half rthe 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 freguency that can be transmiited over a given path
at a given time is termed the maximum usable frequency (MUF). The

ancndine >nound distans
ng greound distanc

e ie called the chip dicrance Thue, as the
operating frequency is increased, the skip distance will increase until
the shadow of the earth intervsnes. Beyond this point transmission to a

receiver located on the earth i1s not possible by means of a single hop.
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The virtual height can be measured by obecerving the delay time of a
pulse reflecied at vertical incidence. To obtain the virtual height., the
frequency oi the vertical-incidence sounder must bLe equal to the frequency

e
of the obligque signal divided by the secant of the angle of incidence at

r

the ionosphere. In practice, such scunders are swept through the h-f
range (.-20 Mc) every half hour or so, yielding plots of virtual height
vs. frequency. 1the frequency at which the sounding signal penetrates a
layer is called the ciitical frequency, and is proportional to the square
of the maximum electron density. ‘lThese basic data constitutc z complete
description of the ionosphere as far as ray paths are concerned. From
such data the characteristics of an obligue path whose reflection point
lies over the sounder can be calculated. The cyclic nature of ionosphere
characteristics allows fairly accurate predictions to he maue. From data
supplied by about 60 or 70 sounders scattered over the earth’s surface,
the characteristics at any given reflection point are deiecmined by

interpolation.

In most sky-wave transmission problams the preragation path can be
represented by a number of symmetrical hops: i.c¢. 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. Tley 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 inciuence at the ionospherec. A simple sky-wave transmission chart for
1o anv nrobhlem involving these five variables 1s presented in

Appendix A. In connection with this study, the chart was used 1in de-

i

termining the vertical angles discusscd below.

fThers are three principal strata in the ionosphere, called the E,
Fl1, anu 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 an1 its critical frequency is essentially 1in phase with the hour
angle of the sun. [he maximum critical frequency occurs at local noon
and, depending un the latitndc, vewally 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. Hence the highesi maximuia

usable frequencies are less than 20 Mc.
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At unpredicteble 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 spsradic-E. Its
cause is not understand. Sporadic-F MIF’c ac high as 80-100 Mc have heen
reported, although values of the order of 20-3C M¢c are much more common.
Sporadic-F 1s 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 reiied 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 varics betwecen 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 communiceticns. The upper
limit is called the maximum usable frequency, as described above, and
depends on the distance of transmission and the viriual heights and
electron densities at the pcints 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.

ifhe lower limit of the uscful range, on the other hand, depends on
equiprent characteristics as well zs the siopagation facters 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 irnversely proportional to the square
of the frequency.

* . . .
(2) The amount of available atmospheric noise power is approxi-
mately inversely proportional to ihe squares vl ihe frequency.

*

By “available " is mcant the total noiae being produced on the carvii s surface Hoe much of the
total arrivea at the receiver dependa on the propagation charucteristice of tha manv diffe rnt
paths involved.
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Thus, the signal-to-noise ratio can be expected to increase with
frequency, the exact relation depending cn how much ionospheric absorpticn
is present, and on the effect of a change of frequency on the propagation

oi atmospheric noise to the receiver.

in general, the frequency that gives the highest signal-to-noise
ratio is the MUF. 1In practice, the optimum traffic frequerncy (FOT) is

taken 15% below the MUF to allow for short-time fluctuations in the MUF.

To 1llustrate the absorption factor, consider a typical case in which
the ionospheric absorption at 10 fc over the San Francisco-Lualualei path
1s 2 db. If the frequency were recuced to 5 Mc, the absorpticn 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

ts

same radiated power. If the signal level were to be maintained at 1
fa

T
“uUl

original level, the radiated power would have to be increased Ly a

[«]

of 10®. On the other hand, 1if 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. VYor the same radiated powcr. the signal strength would then he
increased by 15 ab. OUr, conversely for the same signal strength, the re-

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

FEven when the ionosnpheric absorption is low, as it 1s at night  the
lower frequencies require higher powers because of thte 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 frecuency to be used. even at the expense of reduced gain at some
L

The NUF can be predicted on an average basis for a particular month

and path by the methods outlined ir 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-
gquency to use at any particular period of the day. However, they zre
limited by the fact iliat the MUF op anv particular day may depart ap-

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

, Jonasnharic Radino Propagation. Circular 462, June 207, 1948

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

2Nnticnal Bureau of Standards, Dasic Radio Propagation Predictions, Central Radio Propagation

Laboratory, Series D,
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(in the neighborhood of $15%) ure more or less random, and hence unpre-
dictable. Relatively large reductions in MUF (in the vicinity of 50%)

: ; A 1
are caused by ionosphere storms, which can be anticipated to some extent.

[he actual experimental determination oif the MUF at any given time
can now bc carried out rather easily by means of s new measuring techmnique
called scatter-sounding. This method makes usc of puluss transmitted on
the frequency of internst. If reflection from the i1onosphere is possible,
some of the energy 1is scattered back to the transmitter after refiection
from the ground at a distance corresponding approximately to the skip
distance at that freguency. [he skip distance is determined simply by
rmeasuring the delay time of the leading edge of the bacli-scatter echo and
applying a simple conversion factor. If the skip distance so measured 1is
the length of the circuit path, then transmission will be possible

n
on that fregquency. The details of this technique are given in Appendix 3.

A special problem arises when the transmission path is approximately

2000 km long. fhis distance 1s usually considered to be the maximum
distance for orne-hop propagation. However, under some conditions the one-
hop moue may not be usable. It 1s then necessary to use 2 higher-orcer

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

hop distance to be less than 400C 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 radiataion.

In such cases the MUF can be determined with sufficient accuracy by
dividing the transmission path inte uniform segments equal in number to
the numuer of hops. The MUF for each segment is determined by the methods
outlined in NBS Circular 4f2. The MUF for the entirc path is then the

lowest of the several values so calculated.

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

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

b)
"y
o]

an~y
aaci
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subtend an angle of about § degree in the direction of Sa
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©

~
<

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

isee, for example, the North Atlantic and Nosth Pacific Warning Servicea, provided by Central

Radio Propagation Laboratory of the Nutional Bureau of Standards.
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equivalcnt 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 orne-hop mode is cut off by the mountains
most of the time. Actually, lower height. than ihat 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 undertalken on September 2 and 2, 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 frem Lualualei
to San Franciseco, 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 bhoth cases.
Signals were received from both stations, not ouuiy 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,
indicaiing 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 cn 15.60 Mc,
as receivec at the Staniord Radio Propagation Laboratory (near San
Francisco, California), shows that although the one-hop mode is frequently
present cver both paths, it 1s often weaker and more variable 1n strengih
than the Lwo-hop mode. It is concluded therefore that although the one-

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

g

licd for regular communications over sucit paths, particulariy wiean

<

uper
he ray path is cut off by mountains or other obstructions.

cr

To 1llustrate the nature of MUF variations with time of day, the MUF
for November, 1953, {ur the Lualualei-San Francisco path was computed
usiing the CRPL D-Series predictions made three mcnths 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
FOI, which is 85% of the MUF. The ratio of maximum MUF to minimum MUF 1is
almost fanr .o one., and 1t 1s clear that different frequencies must be used
at different viwece o1 day if the effects of ionospheric absorptior are tn be
imized. A typical schedule for changing frequency is shown in the

figure, assuming that the available.

*WAVH is = tranamitter of the National Bureso of Standards, located on the Ialaad of Msui, T.H.,
rhich continucosly tracamita atandsrd time and frequency aignala on freqoeocies of S5, 10, 15,
20,80d 25 Mc. WWY ig a aimilar traocsaitting station locsted ozar Washingtoo, D.C.
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freguencies are 4, €, 10, and 15 Mc An alternative schedule is shown

by the dotted line, in which only thrcc frequencies, 4, 6, and 15 Mc, are
used. The advantage of the three-frequency schedule is that outages
ssociated with the mechanics of changing frequency sre reduced in number.
The disadvantage is that the 1onospheric absorption will tend to be higher
during those periods when the frequency in use is well below the FOT.
Vhich of the two schedules would give the better results depends on the
relative importance of the factors involved and can be discovered oniy by

experiment.

Particuiar attention should be paid to the dip in the MUF 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 earliev during the night. Since the reguired reductior 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 ihe curve for Junc
1953, which is characteristic of summer conditicns (Fig. 4). Here the
ratio of maximun MUF to minimum MUF is only 2. The number of frequency
changes required each day is therefore smaller. Furthermure, since the
number of daylight hours is greater in summer than in winter, the period
of high daytime MUF is proportionately greater. The lowest frequencies
I F

oy peioes .tage >

are LNUS USeu A Sig h

me in cummer than 30 winter
and the transmission difficulties associated with low frequencies are
correspondingly reduced. For these reasons leng-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 svmmer the
daytime increase 1s only about 10%, while the nignttime 1ncrease 1s about

50%. These differences vary with the lucaticn 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 has had a chance to rise. The

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

1
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hence the more troublesome is the circuit.

C. USEFUL VERTICAL DIRECTiON AS A FUNCTION OF REQUIRED
COVERAGE AREA

The vertical angle of transmission for a sky-wave communicztion
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 3cnosphere
also varies through rather wide limits with the time of day, with the
season, and with the eleven-year sunspot cycle. The variation in h-izht

of reflection for the F-layer is in nearly all cases confined withi: limits
of 200 to 500 km. Fnr long distance circvits, that is for distances of
transmissions grezter than 2000 Lm, reflection normally takes place in the
F2-layer, and hence it is this range of heights with which we must work
when computinz vertical transmission angles. The following discussion will

consider point-to-point and broadcast circuit . separately

1. POINT-TO-FOINT LIRCUITS

For a point-to-point circuit the distance of transmission is fixed,
and for an assumeu height of reilection the reaquirea angle of departure
for the radio wave may be obtained from the transmission chart of
Appendix A. For a particvlar assumed height of reflection a number of
different angle: of departure may be obtained, depending on the number
of hops between the ionosphere and the earth. For example., consider the
lualualei-Ssn Francisco path (3880 km) if reflection 1s assumed to take
place at o height of 300 km, the one-hop path requires a takeoff angle of
O degrees, the two-hop path requires 12.2 degrees and the three-hop path
reauires 21.0 degrees. Thus, some flexibility 1s permitted 1in the choice
of a stuitable ueparture angle for a given transmission path. The very
lowest angles, near O degrees, are ordinarily ruled out by the inability

of practical antennas to raciate efficiertly at such angles. For the
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transmitting location at Lualualei, the heighi of the surrounding moun-

el
tains places add’%ional restrictions on the

use of very low angles. For
the Lualualei-San Francisco path, transmissions are limited to angles
sbove about €Y degreces beeause of the intervening mountains. Hence, fur
this path the one-hop mode would, in general, not be very useful and

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

three-hop moues.

In general it is preferahle to utiiize transmissions which involve
the smaller number of hops, when other considerations permit. An in-
crease in the sumber of hops results in more absorntion of the wave, due
to the increased length of path in the absorbing region, and due to lower
frecuency of transmission necessitated by the higher angle of departure.
ilowever, 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 ix 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-
ouencies which would be necessitated if a single mode were to be used,
irrespective of the height of the reflecting layer. If, for exampls, che
two-hop moue were to be used at all times for the Lualualei-San Francisco
path, a range of vertical angles from € degrees to 20 degrees would be
required. 1f, for the lower heights of refiection, use is made oi the
three-hop mode, the reocuired range of angles can be reduced to lie between
9 degrees anu 19 degrees. The increased antenna gain, which is made
possible by the smaller range of angles, offsets the increase in absorption

L_specrailivay, i i sl e e -
LIOUgNT aLduv wWien Tananging %c- %o the :hrﬁC'..C? made,

Making 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 FATHS OF VARICUS LENGTHS

LENGTH oF PatH SuGGESTED RANGE IN
3 VERTICAL ANGLES
(Lilometers) (Nautical Miles) ofF DEPARTURE
1500-2500 £10-1350 12°-20°
2500-3500 1350-1900 £9-12°
3500 -4500 1900 -2450 9°-.19°
4500-5500 2450 -3000 9°-.16°
5500 -€500 3060 -3550 9°.16°
€500 and beyond 3550 and beyond 6° 12°

¥hen dealing with problems i1nvnlving ionospheric propsgation, it iz

more convenicnt to use the kilometer ss the unit of length. The ranges
in nsutical miles are vbiained by ths following converzicn:
1 nau...al mile T 1.28% km.

This tabulation is based on average conditions and, as such, incorporztcs
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. ‘tor
example, 1f a circuit is to be activated for a short period of time, it
may be found that the range of variation of reflection height in the
F-laver may be considerably smaller than the full range allowed for in
the above tubulaticnm. In this zasc, the range in vertical angles may be

o
=
. ; . : . .
reduced and, as a result, increased antenna gain may be possible.

As a verification of the design criteria for antenna systems for the
point-to-point circuits, a series of test transmissiorns were performed
between the transmitter station ai Lualualei, and Stanford University
which 1s l:cated in the vicinity cf San Francisco, Califernia. The
transmissions tcch place eon 15,665 ke, and on successive fifteen-minute
periods utilized rhombic antennas RA-5 and RA-6. ‘lhese two antennas were
chosen because their majcr lcobes lie at different vertical angles at the
frequency used in the tests. The pattcrn 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 eificiently in the right range of vertical
angles while the pattern of RA-% ialls below the proper range. The trans-
mission tests of November ¢ 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 BA-€. Differences as great as 16 db were observea at
times. Using the known distance between Lualualei and Stanford, and
obtaining the height of reflection in the F-layer from the Stanford
vertical-sounuing data, the takeoff angle expected during these irans-
missions was calculuted. 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 obtaiuned. 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, @ result of considerable

value when designing new antennas.

2. DroabcasT CIRCUITS

For broadcast circuits, a group of about five frequencies between
4 and 24 Mc are used simultaneously to cover an area extending from the
transmitter iocation out to distauces on the order of 4000 km in alli
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 atmcspheric noise combine to limit the transmissions to relatively short
distancee. At the hishar fracuencies the clip distance limite neaful commmications to
the longer distances., in the dayiime, 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 bes about 16 db below the free-
space value. On a day of rather high ionospheric absorption the 1onospheric
wave will also be reduced about 16 db below the free-space valve at a

distance of 400 km. lience, 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 F2-layer which is normalily encountereu,
vertical takeoff angles of 55 legrees 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 4 Mc will be reflected by the E-layer and much lower
angies would suffice. Decause of greater absorption at 4 lc, signal
strength at 8 Mc may freguently be greater at distances immediately beyond
400 km. Hence, antennas for 8 Mc¢ should iikewise radiate at angles up to
55 degrees or 60 degrees. At some times during the year or sunspst cycle,

>~
wo

cr

8 Mc may also be called upon to cover the fuii range of distauces ou
4000 km and heyond. As a result, the 8-Mc antenna should include radiation
down to angles in the vicinity of 10 degrees. The ground wave at 8 Me i

relatively less important than at 4 \c.

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. Decause of rapid attenuation, the ground wave is unimportant at
these frequencies. In addition, the F-layer critical frequency at vertical
inciicnce does not 2ften vange 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 Z000 km.
At 2000 km the one-hop mode wouid be used, and at 4000 km the two-hop mode
would prevail. llence, for frecuencies 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 indicatean.

Frequencies near 12 and 16 llc would normally be used to cover somewhat
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useful for distances out to 4000 km, or greater, at night. lence, vertical
angles betweern ® degrees and 45 aegrees may be desirable at various times
during the day, year, or sunspot cycle. Use will be made of these results
when Jeciding on the suitability of radiation patterns of existing and

proposed broadcast antennas.
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CHAPTER 4

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 te 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 gualitative basis. Some fairly pronounced trends appear and these form

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

To get an overall picture of the outage situation, the yearly percent
outage for the stations was compared. [he results are expressed in terms

cuit was shut down, and

4]

of the percentage of the total time that the ci

are plotted as a function of the path distance in Fig.
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. through the srigin fits the points reasonably well, indicating that the
total outage is roughly proportional to path distance The principal
excepiions to this trend are the circuits to Midway and Kwajalein. A
brief survey of the reasons iisted for some samples of the outage data
suggests that, in the case of Lwajalein, the relatively low total outage
is connected with the relatively low incidence of outage caused by
changing freguency. It is understood that on this circuit a separate

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

[2d)

existing one is shunt down. This factor may very well account for the

low outage, although a detailed check of the operating procedures would

P—

have to be made to confirm this witch certainty. The reason for the Midway
outage being higher than thac for Kwajalein is not clear. Cne possibility
i1s the fact that the antennas used on this circuit are not of optimum de-
sign for the frequencies used. This causes che received signals to be
weak. Also, the possibility of an unsatisfactory receiving installation

should not be overlooked.

The indicated variaticn of total outage witl: 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-

a L

noise ratio. The second factor is the lecngeth of time during which night-

3}

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

: over the other ena. TFtor exampie. 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 the point of rcflecticon in the F2-layer at the other end
will be about 2 hrs. Tfhus, in the morning the daytime absorption effect
for this mode will commence about 2 hrs before the MUF for the path starts
tc i1se. [The surnset period is less difficult in this respect because the
ionization in the FZ-layer lags behind the hour angle of the sun, whereas

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

2 with the sun’s positior
The e:istence of a period of poor transmission conditions in the
vicinity of sunrise is well known. FTour exampla, recordings of WWV made
at Stanford’s Radio Propagation Laboratory on 5, 10, and 15 Mc show that

the period when the highest available reiative {ield intemsity is 2
i 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 neariy coastant
ovar such paths.

A pronounced seasonal trend can be seen in most of the data, the
average outage tending to be much Ligher 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 cuantities
are listed in Table II below.

TABLE 11

LUALUALEI OUTAGE DATA

DISTANCE FROM CIRCHIT OTAGES WINTER AVG.
CIRCUIT Bustuniss ~ DIFFERENCE | Symurn AVG.
Summer Aversge | ¥inter Avarsge

Wasbington D C. (NSS) 7750 ke 66 brs 'mo 152 brs’eo 86 brs/mo 2.3
Guam (NPN) 6200 km 52 2 g4 2 L ¥4 = i.8
Tokyo (NDJ) 6200 km 64 " 87 e 23 = 1.4
Kesjalein (NDJ) 3950 km 17 Y 35 2 13 1t 2.1
San Francisco (NPG) 3850 ke 17 g 79 ' 62 = 4.6
Mideay (NQM) 2200 km 50 o 26 " -26 3 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 peaks at sunrise and smaller
peaks at sunset. The suniise and suuset peaks zre 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 frecuencies are lower, the noise is greater and at the same time
antenna gains are down at the lower frequencies. These two factors com-

hine to~ reduce the signal-to.noise ratio at night.

1¢ increase of cutage in winter 1s therefore believed to resuwlt
from the increase in nighttime hours and also from 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 out=ge =ppears to be frequency
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charge. Therefore, any scheme which reduces the time lost durirg a ire-
quency change should effect a marked improvement in the overall circuit

performance. {ne meanrs of improvemsnt would be o use two transmitters

at the time of frequency change, both operating until contact on the aew
frequency is clearly established. It is understood that this method may
alreedy 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 propagatio
path at that time or simply to the mechanics of changing freguency. If
the first is the case, then the outage might be reduced by using some
auxiliary method to determine when the frequency shouid be changed. One
particularly easy expedient would be to monitor the broadcast circuits
over the same path, and determine from the retative readability of the
aveilable frequencies when the point-to-point cixcuit should be shifted
in frequency. Another method for determining the time to change fre-
quency is scatter-sounding, described in Appendix B. Probably it would
be helptul in determining the cause of outage associated with frequency
change to record in the log whether any given outage occurring at the
time of frequency change i1s primariiy the result of failure of the trans-

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

the nighttime outage data show a fairly large proportion of outages
due to atmospheric noise (QRN). 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
aniennas iaving the greatest galn at higher frequencies where high power
is not so important. It is concluded therefore that the antennas should

be redesigncd to favor the lower frequencies.
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CHAPTER 5

DISCUSSION OF STATION LAYOUT AND TRANSMITTER BUILDINGS

A THE LUALUALET SITE AND TRHRE CATELLITE INSTALLATIONS

Chapter 2 gave a brief description of the layout and operations of
the transmitting station. flere, 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 chapters, 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 1ts 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-

avoidablz, unfcrtunaiely does not lead to the most efficient use of the
available land. At Lualualei, for instance, the office buildings, mess
hall, living quarters, electric power substation, power transmission lines,

auxiliary power genmerating facilities, and many other service installations
occupy the most desirable area for the location oif high-frequency antennas.
In order to conserve iLle icmaining arcas for antenna construction, ad-
ditional buildings which might be consiructed in the future should, insofar
as possible, be located neur the station boundary unless the contemplated
building site is weil within the already densely built-up area. The
vicinity of the station boundaries nearest to the mountains is generally
undesirakle for the location of directive antenna systems, and, therefore,
is suitable as service area. A site cioser to the mountains for the v-1-f
station would have led to better utilization of available space since the
proximity oi mountains is not an important factor at v-1-f. 'The choice of
the present site was probably dictated, however, by the minimum allowable
spacing between this installation and those of the Neval Ammunition Depot.
The number of radiators which must be provided is prescribed by the number
of circuits served by the station. The psrmanent 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 adjaceni antenna systems As
wili be pointed out presently, this separation will often have to be
smaller than is desirahle for the best operation of the circuits. In
spite of these undesirable features the Naval Radio Station at Luaiuaiel
compares favorably with other such stations, hoth wilitary and commercial,

which were inspected in the course of this investigation.

As explained earlier, the transmitting station consists essentiaily
the v-1-f station, and Buildings No. 1 and
Little need

hree separate locations:
No. €8 where the 1-f, m-f, and h-f transmitters are housad.
be said about the v-1-f installation. The antenna system and transmitter

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

to be working satisfactorily at the present time.

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

I'he installation on Mauna Kapu consists of two separate buildings. One of
these contains the receivers and transmitters for the Peax! Harbor-
Lualualei link, the other for the Wahiawa-Pearl Harbor link. The relay

station at Lholekole Pass 1s used for v-h-f communicaticns betwsen Wshiawa

and Lualualei. The latter link is required since keying of the transmitters

-
fa

at Lualualei, which are used for ship-to-shore communicatinne, !

Ce

-

TAXCS P

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.
fnhe 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 nreparation for the insialiation of microwave links
as replacements for the v-h-f equipment now in use. Lihe new installatinn
will have sufficient capacity to handle the increased traffic which may be

required in the future.

Since industrially-generated r-f noise may inter{ere with the operation
of the v-h-f links, a brief survey of possible scurces of such noise was

undertaken. the electric-power substation located at the western boundary

Salt
ofs vause leakage currents to flow over

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

w
v sl v tha srossl
and dust depn<iis on the insul

a
cr

the surface of the insulators, snd i1t is these currents that produce the

s
noise. [his was confirmed when, aftcr a cleaning of the insulators, the

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

v-h-f links bhas been observed in the 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.

. RADIO iRANSHITYRR DUILDING (HF) (BUILDING NO. 1)

Duilding MNo. 1 is the earliest transmitter building at Lualualei.

It is octagonal in shape, and therefere does not reaiize the best

u

utilization of availeble spece. Twenty-th y

bow

present
inztalled on the main deck. ‘these serve the poinl-io-point circuits to
the east as well as a number of the broadcast circuits. Two of the trans-
mitters formerly installed at the center cf the building have recently
been moved to spaces nearer the outside walls. DBefore this rearrangement,
three Marconi antennas for use at 1-f and m-f frequencies passed through
the cupola at the center of the roof. 1his resulted in coupling between
the output circuits of the three transmitters fecding these antennas.

With the new placement of transmitters, only a single Macrconi antenna
passes through the cupola, thus reducing by a considerabie amount the
undesirable coupling between circuits. The layout of equipment in
Building No. 1, as at this time, is shown in Fig. 6. Terminai equipment

frr the v-n-{f links 1s installed in the basement of the building.

The main poinf-to-point circuits for which equipment is now provided
at Duilding No. 1, are these to Washington, D.C. and San Francisco. Doth
of these circuits make use of single-sideband (SSD) multiple channel
teletype transmissions. Iwo tcansmitters (TEF) designed for this type of
mouulation arc availablc, one for each of the two circuits. Turing routine
maintenarce, or in case of equipment failure, frequency-shift keying must
be used, with a consequent reduction of the number of signal channels
which can be multiplexed for simultaneous transmission at one carrier fre-
queacy. The SSD transmitters are rated at 2-kw power output. A 50-kw power
amplifier (TPA) 1s available for use with the IEF transmitter. Such

amplifiers are ncw in permanent use on the Washington and Guam circuits.

Changes in the division of circuits between Duilding No. 1 and
BDuilding No. 68 have recently been proposed by the staff of Lualualei.
It is contemplated to move the Washington circuit from 3uilding No. 1 to
Building No. f8, and to move the Guam circuit from Building No. FR te
Building No. 1. <(wu additional SSD transmitters which are presently in

in storage would also be installed in Duilding No. 1. One of these would
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convert the Tokyo circuit to SSB operation. The fourth of the SSB trans-
mitters would be available as a spare for any of the other three ciccuits
during maintenance or breakdown of the normally used tranamitters. A

single power amplitier could be cornarted to any of the four transmitters

1f the necd arose.

While the rearrangement of circuits and transmitters just outlined
would provide more efficient use of the availakle SSB equipment it 1is
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 for 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.
Finaily, thetying down 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, wkich would offer 2 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

Ui

[

T

ding The power amplifier now used for the Guam circuit in Building
No. 68 would alss 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 propused changes in
cyuipment layoui. e summary, 338 trawsmiiiters for the Washington, San
Frarcisco, Tokyo, and Guam circuits would all be located in Building No. 1.

vailable fui sarvice on any of

[

An additional SSB transmitter would Le &
these circuits 1a case of breakdown of the regular equipments. The two
power amplifiers would work in conjuction with any of the five SSB trans-

mitter, whenever needed.

The concentration of all SSB transmitters and circuits in Building

No. 1 has thke following advantages:

(1) By proper scheduling of shutdowns for rcutinz maintenance,
a considerable red.iuction 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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Vashington circuits, or as would be required were the

Washington circuit removed to Building No. 68. The sharing

of power amplifiers between ail possible circuits insures

the most effective use of the 14-dbh power gain which can be

achieved by these means. As explained in Chapter 3, it 1is

quite possible that the zdditional power may be more urgently
- needed on a circuit operating at a low trequency over a re-

latively short range, rather than for transmissions at a

Chapter 5 34



higher frequency over longer distances. If the power ampli-
fier is permanently made pari 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

{3) 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 reguired 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-
tend>d has been removed. The base of the towers forms an equilateral
triangle with zides cgual 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 1s therefore recommended that the m-f circuit now operating at a fre-
gquency of 500 kc from Building No. 1 be transferred to Buildirg No. 68 where
an antenna adequate for this frequency can be suspended from standard 120-ft
poles. If it is desired to retain transmitter D for the 500-kc circuit, 1t
should be moved to Building No. 68 and the 1-f transmitter (C) now in this
building ccuid then be i1nstalled in Building No. 1. This change is indicated

-

in Fig. 7. It should be noted that the three steel towers will support a
: of thn 1 : q
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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 oractice, a grid of copper wires is buried under the
building and this grid 1s 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

g MY eya = s 2 by reveton AN hen Avms Degms hah SR s e el oo e £3s ~
CONAUCLOrsS i1s Tejuired 1it OTaelT L0 1ncréase tineé antenna AX1T1EnTy.
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The original 1-f antenna suspended from the towers in the vicinity of

Building No. 1 was preovided 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 spesced 12-% ft apart. The grid covers atriangular
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area which reaches hetween 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 i1n its immediate vicinity.
The gronnd system in the building itself is made up of two parts. The
first of these consists o thirteen, 1 X 1/R-in. copper straps that extend
radially outwards from the center of the building to 10 ft beyond the
building lire ** A second ground system consisting of similar copper
straps 1is laid in the drain trenches in the basement of Building No. 1.

At the presert 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 i1f or how these three ground systems are interconnected, nor
could this be ascertained during inspection of tke site. Furthermore,
parts of the ground system may have been changed without recording such
changes Inspection of the basement of Bnilding No. 1 revealed only about
four of the indicated 13 radial conductors: it ts not known whether the

others are buried in the walls or havas bcen 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 basemeat to which ground connections
are made. Radio-irequency currents ilowing between transmitter and ground

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

(¢4
b
|78

mitters. In ather werds ie whole transmitter floor is not only physically,

'
but electrically above ground level by an appreciable amount as far as r-f
energy is concerned. (Currents irom different transmitters, flowirg to
ground in close vicinity to cach other, as i1s the case here, will produce
strong coupling between the varicus 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 unbaiance in the systems
us1ing nominally balanced outputs. Intercoupling between equipments 1s one

of the 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. Dreving No. OA-N11-126 May 17, 193S, l4th Naval Dietrict, Peerl Harbor, T H.
“Ground Syates for High Frequency Antennes (Bldg. 1), NRS Lualualei, Oshu, T. H.

s
See Y & D Drawing No. 118,763, May 27, 1934, U. S. Naval Rndio Station, Luslualei, Oahu,

T H “Inter—oend High-Frequency Trenamitter Building Plaas "
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The second reason for considering the present ground system within
Building No. ] as inadeguate 1is its geometrical structure, which consists
: of conducting liups and straight sccticns large enough te resonate at

some of the frequencics 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 tche 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 1t

[s°]

was assumed allel wire grid 1s still in place and covers the

a
area shown in Drewing No. OA-N1i-126. From the date of the drawing one
can conclude that this system of conductors has been buried in the ground
o for at lcast 17 years. The possibility that much of the system has dis-

integratecd during this time through electrolytic action in the soil must

noi be uvverlocksd. The ground d may also have been damaged by exca-
vations or plowing in the area. A check should therefore be made to

a
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 reguired. However, no quantitative method is available to

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

-

5]
L]

such rods, and since the 1-{ coverage to be satisfactory at the

2]

pPS
present timc, the addition of the vertical rods to the ground system does

not seem to be ecconomically justified.

IE. A. Laport, Radio Antenna Engincering. p. 50; McGraw Hill Book Co. Iac ; 1952,
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The next topic which must be considered is that of switching between
antennas and transmiiters. Switching is required since it 1s impractical
to connect each transmitter permanently to a given antenna. The switches
that have been constructed at Lualualei work in conjunction with the
balanced transmission lines and antennss. The lines from as many as ten
transmitters are stacked vertically on an H- fraie made of two poles. This

frame 1s at the center of an arc of a circle, and the transmission lines

to the antennas terminate at s on this arc. Lengths of transmission
iines 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 cof different comhinations of
transmitters and antennas are possible; and, most important, adequate
spacing of lines can be maintained throughout to prevent coupling between
equipmeits. The switch suffers from one important disadvantage; a link
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 . part. From a purely topological point-of-view it
1s possible to pass either cver or under intervening links in the switch-

and -~
peraticn ana c

g interrupting any of the circuits except the one
which 1s being switched. In practice this may be difficult to carry out
in a manner safe to hoth 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 Buildirg No. 1,
neither of which is used to capacity. To impiement the changes in circuit
assignment and transmitter layout in Building No. 1, as described earlier,
more <witching 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 accomplishing this 1s suggested (Fig. 8). 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 =f 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-irame
of tlhc 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 Ne. 1, as described
carlier, offers maximum advantages ouly if every one of the five SSB trans-
mitters ca2n be used in conjunction with the two power amplifiers. Ad-
ditional switches must therefore be installed inside the kuilding. 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-Building The major share of the broadcast signals, as well as those

signals for the point-to-point ciccuits beamed to the west are trans-

mitted from here The building consists of four wings in the shape of
a cross A large room at the center of the cross houses transmitters as
well as the control console for the entire building  From this central

hall every transmitter within the building can be seen. Although 2 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 1s used.

The layout of equipment is quitc similar in each of the four wings of
the building. This provides a considerabie amount of flexibility in the
assignment of transmitters to specific zircuits. Two changes in equipment
layout which are rccommended have already been mentioned. These consist

of the removal of the SSB transmicter (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 cmergency transmissions at 500 kc is to be
continued, 1t should replace transmitters B or C, one of which would be
removed to Duilding 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 1f 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), «hich require special attention. Each bank operates
from a common power supply: balanced ontput terminais a
present, and sincec the transmitters are physically small in size, the five
pairs of output terminals are very close to each other. Coupling between
the five transmitters 1n a bank 1s so close that it is difficult to
operate all of them simultaneously. Reference to the equipment instruction
marnual will show that these transmitters are basically designed for on-

balanced outputs; an urbalance-tc-balance network has been added to give
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the present configuration Much of the inter-coupling 1s undoubtedly due
not only to the close proximity of the output termirals, but also to the
residual unbalarce 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 reguired 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 Builiding LU-4 are avail-
able.” The exterior grid ccnsists of iradial wires spaced 5 degrees apart,
which extend 265 ft awauy 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 cause serious intercoupiing beiween iransmiiiers, provided goo
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

starxted.

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 switcihing stations have been built but these are not yet in use.
The capacity of these six switches appears to be adeguate to provide the
required flexibility in the opcration of the circuits served by the
transmitiers 1in Building LU-4 It is suggested, however, that one ol the
switch positions be used for interconnecting the switches in the munneyx
described earlier, so that alternate connections are avaisahle iu case

of serious breakdown of transmitter equipments.

-
P. W Drawing No. OA-N1V.23% 10 Aprjil 1944, “Nave! Radio Station Lualualei, Oahu, T. H. Trans
mitter Building, Pian Ground Grid,” l4th Naval Diatrict, Pearl Harbor, T. H.
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ANTENNAS AND ZFEEDER SYSTEMS
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Ir fulfilling the Navy requirements for antenna systems a number of
factors gquite 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 anteara

will satisfy a given zet of requirements

(1) Polarization

(a) Horizontal
(b) Vertical

(2) Radiation pattern requirements

(a) Azimuthal coverage

(b) Vertical coverage

—~
(&%)

La) LRIR TR 4 P PR ’ A}
Lanuwiuln tpuvieirn anu wmpecave s
{¢) Broadband
{b) Narrow band
{4) Impedance leval and power capability

(c) Balanced feed
(b) Unbalanced feed

(5) Efficiency
(6) Structural complexity and physical size
(7) Cost

As a consequence of the random polarization of ionospheric waves due
to changes in transit, the polarization of the transmitting antenna need

not .oe dictated by the characteristics of the remote receiving antennas
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There are however several factors which wmust be considered when making
the choice beciween a vertically or a horizontally vpolarized radiator. The
first is the manner in which the radiation patternr characteristic 1is re
lated te antenna configuration This 1s discussed ia some detail in a
following section A second factor t» be considered is that of achieving
short-range coverage (within several hundred miles) by the effective utili-

und wave propagation Over sea water, which has the best con-

o o

vihoatantsal
jee R ey I8 Y

¥ istances 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 estnaries In such applications
vertical polarization gives best results and the station sites should be

near the shore to avcid 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 ¢b that can be =chieved through
the ase 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 s well known that the radiation pattern characteristics of a par
ticular antenna configuration are dependent upon frequency This 1imposes
certaln limitations on the bandwidih over which ithe antéenna may bc uscd
Rhombic antennas for example hav: impedance characteristics that are very
constant over an 8.1 range in frequency and yet variations 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
zontal or vertical pattern degradatiun imposes band limits on the range of

operation
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teristic when compared to limiiuiions eacountcrcd by the terminal.imnedance
variaticn Tt is this latter characteristi
narrow- band antenna from one that is consi
tenna is often physically remcved from the transmitter by distances ranging
from a few wavelengths to many wavelengths some form of low-loss transmis

sion line must be utilized for 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 . i1f the antenna impedance at the feed point differs from
the characteristic impedance of the line, standing waves occur with re-
sulting higher losses and high potential points on ihe line Furthermere,
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-
tenna and line. TIf this mismatch is such that a 2 1 voltage standing wave
ratic (VSWR) 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 asscciated with such a load This is a reasonable limit
to impose on a two wire open iine for power levzls 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 capabl: of handling 12 5 kw with unity VSWR, while the maximum power
under conditions of 3 1 VSWR is reduced to the ordzr of 5 kw

While it is possible to achieve a wide range of characteristic im-
pedances in both balanced and unbalanced transmission lines, it 1is 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 ringes they afford Nominal characteristic impedancec
of 50 to 70 ohms are common in commercially avaiiable 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 1s possible to design
the antenna for ar impedance that will fii a particular feeder impedance
When this cannot be fuliy achieved 1t 1is 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 commen are

(1) Shunt stub sections

(2) Tapered transmission lines
(3) Lumped reactance networks
(4) Coupled line sectioas

(5) Series line sections of prapcr characteristic impedance
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While there are numerous methods of accomplishing a balance-to

e

nbalance transformation in a feeder line, most of them intrcduce fre-
quency selactivity The abvious advantage of keeoing the number of
frequency-selective elements to a mirimum leads to a natural selection of
balan:ei 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 neccssary 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 cf
attenuation per 100 ft at 10 Mc.)

In addition to losses imposed by transmission lines 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 efficieat; i.e the ratio of power
radiated to power dissipated is high.  There are some notable cxceptions

to this, however. a vertical umbalancel antenna working against a poor

untenna such as a terminated folded dipole in which lumped resistive
loading is used to achieve broadband impedance characteristics, may dis-

sipate mcre 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 the increased operational efficiency and versatility
afforded by a well-integrated system of both narrow and broadband antennas
at stations the size of Lualualei certainly justify the investment  With
larger and larger traffic volumes to be handled, the compromises employed
in the past for ec momic expcdiency may no longer be tolerable in the

future
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B. BROADCAST ANTENNAS

In the preceding chapcer 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 edvantageous to
discuss the narrew and broadband systems separately No general criterion
has been estabiished for the bandwidth requirements of a broadktand antenna.
However, there is a well-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 ki 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 cummary, if frequencies of approximately 4, 8 12, 16, and 20 Mc are
simultaneously keyed to providc arcc coverage, we may generalize to the

following extent:

(1) Frequencies below 5 Mc using ground-wave covcra
Distance range 0-400 km

Vertical poiarization. Desired verticai secive 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°.-60°

(3} Frequencies between 12 and 16 Mc. mainly sky-wave coverage
Approximate distance range: 1200-4000 km or greater

. . . . . o o
Horizontal polarization. Desired vertical sector, 8°-45

(4) Fregquencies above 20 Mc. mainly sky-wave coverage
Approximate distance rangs: 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

reflertions, and scattering in space and at reflection points on the earth
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1 contribute to unpredictability. However, it can be said that there
suffi

»e
t

a cient amount of successful enginesring experience available to
Justify the specificatior 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 course not be met exactly witlout 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 anglec 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 £ 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 the doublet more than this amount This is achieved., however at
the evpense of the breakup of the pattern intc sharp lebes. A height of

a half-wavelength above ground is therefore the best possible compromise

1. NarROW-BAND ANTENNAS

a. DELTA-WATCH DIPOLE AND STUBBED SERIES-FED DIPOLE

A series-fed half-wave dipole has a driving point impedance

which 1s approximately 70 rkwus, 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 natuvral sclcctivity 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 may be defined as the
band of frcquencies in which the magnitude of reactance does not exceed
the resistance It is more convenient however, to define the bLuadwidth
as the range of frequencies in which VSWR does not exceed some precscribed
value. The selectivity is greatly affected by the conductor size, or more
precisely by the ratio of length to diameter of the conductors forming the
intenna. 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 design frequency
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Since the half-wave dipole is a balzanced configuration and has a
terminal impedance less than 100 ohms, some form of impedance transforma
tion is necessary if it i3 to be driven from a 600 ohm balanced liue
Fither cf two methcds 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-chm line A good match in general requires that final adjust-

ment be made in actval 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. uniess careful adjustment
1s made at the tap points of the antenna. a shunt stub on the transmission
line may 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 cperation 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

from the same limitations of being very narrow band devices

Another limitaticn inherent in single-wire radi
the powesr-handling capacity In general the puwer-handling capacity is
increased by the same methods that are used to increase bandwidth 1i.e.
either increased conductor size or the use cf multiple cenductor configura-
tions Since power limitations are established by corona potentials any
reduction in potential gradients through the use of thicker eliements per

mits increased power 1input

A final important consideraticn, and one that is common to all
balanced half wave horizontally-polarized dipoles 1is that of the radiation
pattern characteristics As previously discussed. the pattern requirements
for the broadcast application are such that reasorakly uniform azimuthal
radiation is desired within a prescribed vertical sector  The limits of
this conical sector are estahlished by the range of distances to be covered
and the geometry of the ionosphere Since the vertical-piane radiation
characteristics of a horizontal half-wave dipole are greatly influenced by
the height above ground, it is important that this dimencica 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 requnire.

ments except those in which very low angle radiation is desired. a distancec
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ficient hcight may not be availahle 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, scrious departure from omnidirectivity is coupled with low-angle
radiation from this type of anternna. At wave angles of 15 degrees or less,
very little rzdiation 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 naturel bandwidth

The driving-point impedance of a folded dipole is controllable

over a reiativeiy wide range by the appropriate selection nf{ 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 1llus-
trated in Fig. 10. It is most practical to use equal-radius wires and

equal spacing. Using No 6 wire aud spacings on the order of 12 to 16 1in.
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 zrc 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.

. MARCONI ANTENNAS

An end-fed slant or vertical conductor of arbitrary length is
commonly referred to as a Marconi aitenna For high-frequency use its
chief virtue is the fact that no transmission line is reguired, so that the

antenna can radiate power cver all those frequencies at which the
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transmitter output circuit can provide a suitable match  The antenna must
be in proximity to the transmitter, which reauits in a cluster of antennas

at the transmitter house In installaticns whkere this 1s the case serious
Sl
["FYR

3

intercoupling usually results The effects of intercoupling manitest
selves by interaction in the tuning of the transmitters, and in the genera-

tion of sprrious signals

No pattern control is possible with the Marcoui anteanas since
they may be used at nearly any frequency, irrespective of physical length
Furthermore, unless they are used with good ground systems, ground losses
are high 1t is therefcre 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
noin-uniforw 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 MONOPOLE ANTZNNA (GROUND-PLANE ANTENNA)

The folded monopole i1s 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 1s omnidirectional in the horizontal plane
It is inherently a narrov band antenna, and for nominal conductor sizes

the bandwidth is limited to aoproximately 4 to 5%.

Structuraiiy. i¢ is a reiatively simple device. Figure 11 illus-

trates this configuratior. A single pole is required to support the verti-

cal radiator. The length of this pole 1s approximately a quarter-wavelsngih
1=

plus the height of the resonant counterpoise Four shorter poles, aoprox
mately 10 ft in length, are required to support each of the four ends of
the counterpoise wire. The antenna may he fed from 5U- to (0-ohm coaxial
cable and it is therefore a suitable replacement for the Marconi antenna

It can also be used with the TUN-type transmitters, if they are reconverted

to unbalanced outputs as suggested earlier

2. DBROADBAND ANTFNNAS
*
a. DISCONE ANTENNA

Very-high-frequency and u-h-f technigques have only recently been
applicd to the design of broadband h-f antennas. The discone is an inter-
the

tion. The normelly sclid surfaces o

e C SIurilacssE o

4. G. Xandnisn. “"Three Nev Antenna Typea and Their Applicztions,” Proc. IRE, Vol. 34, 70W-75¥W,
February 1946
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The Electronic Division of the Sth Region of the Civil Aero-
. . . . *
nautics Administration in Honolulu, T H . has a complete design for an
h-f discone At least one of these structures has been erected in the

Pacific area and is operatiug very successfully

i
no external ground system A numher of measurements were conducted at
Stanford Research Institute, on a scale model of a structurally simpler

*

9th Region CAA Drawings DR-9D-732-1, DR-9D-732-2, DB-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 is
suitable for connection to a 50-ohm coaxial cable and it can be operated
over a bandwidth of approximately 4 to 1 with 2 VS¥R of less than 2 to 1.
Figure 12 shows the VSWR as a function o7 irequencv, as measured on a
Yia-scale model.

8
\ I ! | i | ! I ] I | | !
7 VSWR MEASURED ON 50 OHM LINE =
el —
s|— =
«
=
0
>
41— —
e PASS BAND >
3| —]
2= e 7
, S S R NN N N N N Rt SR S
4 6 8 10 12 14 16 18 20 22 24 26 28 30
FULL SCALE FREQUENCY-Mc
FIG. 12
DISCONE ANTENNA
VSWR AS A FUNCTION OF FREQUENGCY
A-082-F-6
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
antennz 1s 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 antcanna. Details of construction may be taken directly
from the CAA design.
Chapter 6 54
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*
b. OPEN.SLEEVE ANTENNA

Another very satisfactory scaled version of a u-h-f antennafor h-f
applications is the open-sleeve antenna shown in Fig. 14. Again, the h-f
configuration utilizes a curtain of conductors tLu simujate the solid sur-

faces of the u-h-f structure.

--!;ZIJ

: S o
|, —8 CONDUCTORS EQUALLY SPACED

T

'j 5 EQUAL SPACES AT 118" EAC:

14
!
| 74’
1
: —o 'l -
3 CONDUCTORS
——f——————-—TT —r—x EQUALLY SPACED
28-7"
s ?———-ﬁ —_
'-35 |
LT et
S //1?2,,7,/,/7//////,///
-—/3’-a”a'l~ 138"

FIG, /4
CPEN SLEEVE ANTENNA FOR THE FREQUENCY

RANGE FROM 3 70 10 MC

b A-882-F-23

*
J. T. Bolljahn, ""Broad-Band Antenna,” Patent No. 2505751, issued May 2, 1956; Sctanford

Research Inatitute, Stanford, California
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The open sleeve is structurally simpler than the discone and for
reason is to be recommended for use at the lower end of the h-f spec-
where physical dimensions of the radiators are large. The required

tructicn ig ehown in Fig. 15. A disadvantage of this antenna 1s

»

i

[¢]

it requires a rather extensive radial ground system (Fig. 16).
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Measurements conducted on a /7-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 2.8.1 is achieved
over this bandwidth when the scaled version was 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 a % 1 range in frequency at the low end of

its pass band 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
recogniiion in this country. It 1s simple to construct and has excellent
radiation pattern and impedance characteristics over approximately a 1.5 1

range in frequency

The quadrant antenna 1s a horizontally-polarized balanced full-
wave radiator. Deing a full-wave structure, 1ts driving-point impedance
is high permitting a relatively easy match to a 600-chm 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
modei of thie =ntenna chowed that incrcased bandwidth could be obtained by
means of a simple matching network  This network consists of a guarter-

wave short-circuited transmission !‘ne stub of 600-ohms characteristic
impedance, placed across the 600-ohm feed iine a quarter-wave away from

the antenna terminals. The design wavelength for the matching circuit is
the center frequency of the band over which the antenna isc 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 transm:ssion line within a VSWR
of better than 2 to 1 (Fig. 20). Only five such antennas are therefore re-

quired for the entire freguency range from 3.16 to 24 Mc. The frequency

o

‘range and design wavelength for ihese five antennas are listed in Table III.

N. Wella, "The Quadrant Aerial: An Osni-Directional Wide-Band Horisontal Aerial for Short Wavea,”

Journ.! of the Institute of Electrical Engiaeera, Part 1II, pp 182-193; Dec. 1944
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FIG. 20

STUBBED-QUADRANT ANTENNA

VSWR AS A FUNCTION OF FREQUENCY
A-882-F-4

TABLE 111

FREQUENCY RANGE AND DESIGN WAVELENGTH
FOR QUADRANT ANTENNAS

DEsSIGN WAVELENGTH FREQUENCY RANGF
(feet) (Mc)
260 3.16- 4.75
170 4.75- 7.1
115 7.16-10 70
76 10.70-16.00
51 16.00-24.00
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‘Yhe 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 verv nearly ownidirectional in the horizontal plane at vertical

wave angles from 5 degrees to 40 degrees.

The configuration nf this antenna is such that four may be
grouped together in a scuare with minimum requirements on the number of
supperting poles (Fig. 21). The length of the diagonal of the square

<honld be ahout twice the longest wavelength for which the antennas are to

F1G. 2] TO TRANSMITTER B8LDG.

GROUPING OF FOUK GQUADKRANT

ANTENNAS IN A SQUARE

A-882-F-28
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be used. Antennas for adjacent frequency btands are placed at opposite

corncrs of che square, insclar as practicable. In this fashion, coupling
. s . . ) . -

between antennas can be made weak enough so that the energy lost by ab

sorpcion in the adiacent antennas 1s 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 doubiet antennas.

d. SLEEVE AND PEDESTAL ANTENNA

Two interesting antennas have been developed at the U S Navy
Electronics Laboratory at San Diesgo. These broadband antennas are verti-
cally polarized and are designed to work from 50- and 70-ohm cable, re-
spectively. Both are czpable of operation over approximately a 3 1 range

1

in frequency at VSWR's of 2 1 or less.
It is understood that NEL 1s preparing reports on these antennas
and these reports will probably be available from that source.

e. TERMINATED FOLDED DIPOLEl

A further variation of the folded dipole that is akin to the
rhombic antennas is a terminated folded dipole. 1In this form a termi-
nating resistance equal to the characteristic impedance of the feeder 1s
employed so that the radiating elements carry traveling waves and not
standing waves. The radiation patieru is 1dentical with that of a reso-
nant dipole and therefore suffers the same limitations; however, tilting

tends to improve low-angle coveragec.

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 efficilency was computed

2

using the formules given by Tai. 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

recomme nded.

1 G. L. Countryman, ' An FExperimental All-Band Noadirection:! Tranamitting Antenna,” QST, Vol 33

pp- 54-55, June 1949

2 C. T. Tai, "Coupled Antennas, Proc IRE, Vou. 36, pp 487-500, April 1948.
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It might be noted that, according tc the sketches supplied by

lualualei, the folded dipoles constructed there are only half as long as
required hy the design given in the reference. Using thcse shorter di-
mcnsions, very low VSWH’s should be obtained over most of the 5 1 lre-

quency range for which this antenna is being used. On the other hand,

the percentage of input power radiated seldom exceeds 5% under thesc cir-
cumstances. If temporary use of these antennas is contemplated their
length should be adjusted to the proper values. It is, however, recom-
manded that the folded, .erminated dipoles be replaced as soon as possible

by quadrant antennas.
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EFFICIENCY OF TERMINATED FOLDED DIPOLE
A-882-F-9

3. Low- aND MEDIUM-FREQUENCY BROADCAST ANTENNAS

The treatment of the engineering problems of 1-f and m-f broadcasi.
antennas differs considerably from that of %-f antennas. 1In the lower

frequency range, anterna engineering is principally a problem in circuits
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and involves obtaining maximum efficiency from an electrically-short

antenna.

Low-frequency and m-f aniernas are vertically polarized. The usual
o

115

10

antenna configurations for operatiom in t reguency rangée arc
vertical wires, and top-loaded wires and towers. Becanse of the relatively
large dimensiuns involved, and because of the greater penetration of the

soil by these low frequencies, rather extensive ground systems are required

if r:asonable efficiency is to be obtained.

Three towers of 300-ft height are avaiiable at Lualualei for the sus-
pension of antennas for these frequenciez. fhe possibility of shunt ex-
citiag the towers themselves was considered. This scheme did not prove to
be practical, because the various structura)l members of the towcrs are not
properly bonded electrically, and hence cannot te used tocarryr-fcurrents.
Three wires uzed as 1-f and m-f antennas are presently 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 snvitable as transmitting
antennas except in locations where the ground resistivity is extremely
large. This 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 i1nstalled at the present time.

In the m-f range, antennas can be suspended from the 120-ft high poles
available at the site. Here again top-loading of the antennas wiil be

found to be advantageocus.

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
tranzmissions from Lualualei take place range from 1800 km to 11,000 km.
lligh frequencies are used fer all the transmissions so that the sig-
nal travels via the sky wave. The ionosphere dictates the choice of fre-
guency, the required power rating of the transmitters, and the best radia-
tion pattern for the antennas. These factors were discussed in Chapter 3.
Tn this chapter we shall show how far the requirements on the antenn=s,

dictated by the ionosphere, are met in the Lualualei installation.
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Recommerndacions are made which will lead to a more effective use of
existing facilities, and designs and plan:z fnr improved antenna systems

and a better layout of these antenras aire presented.

One of the main distinctions between the point-to-point circuits and
the broadcast circuits is the fact that the fixed iogation 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 moust widely
used type at the present time is the rhombic antenna. The chief advantages
of this sntenna 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. Fcr most h-f
applications, the antenna is suspended horizontally from four poles at a
height determined hy the desired vertical angle for maximum radiation. The
sides are usually long, compared to a wavelength, and one of the acute ends
of the rhembic. is t< minated in an impedance such that current waves on
the wires are essentially traveling waves. Power 1s delivered to the an-

tenna from a transmission line connected to the opposite apex.

the most 1mportant characteristics of an antenna for ths present pur-

poses are its impedance a2nd its radiation pattern. lLet us consider the im-
pedance first. A correctly terminated rhombic antenna presents an essen-
tially constant impedance at iis input terminals. Measurements in the

frequency range from 7 to 20 Mc on a single-wire rhombic antenna Zerminated
in an 815-ohm resistor, showed variations in the resistive component of the
input impedance from 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 obtaineu by making each leg of the
rhombus censist of two or more wires connected in paraiiel, the spacing
between wires being larger at the corners than at the apex. The character-

istic impedance is thereby lowered while it is, ai the same time, kept more

1 £ Bruce., A. C. Be~k, L. B.

pp. 24-27: Janusry 1935.

iiiontal Rhombic Antennas,” Proc. of the IRE, Vol. 23,
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uniform along the length of the antenna. In practice, the improvement in
antenna gain achieved by multi-wire construction is only between 0.5 and
1.5 db.! Since this additional gain can ke achieved at relatively low
cost, and since other advantages accrue from the use of a "flat’ feede
system, the two- or three-wire construction of rhombics may be prefesable
to the single-wire type, especialiy when the transmitter power output 1s
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 match 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, 2 leossy transmission line is commonly used for the termination.
The evponential dissipation line described in the Philco training manual 3
is a suitable design for this gurpose. 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. f{he
exponential line described in the Philco manual seems to be based on a de-

sign by Christiansen.*

Some trcuble 1n the form of burnouts had been experienced at Lualualei,

with more recently constructed dissipation lines. In order to investigate
se of this failure, an exponential termination line was built at

Stanford RBezearch Tnsritute, with the same stainless steel wire as that in
use at Lnalualei. The impedance of this line was found to be highly ve-
active. Further checks showed the wire to be of the non-ferromagnetic 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

L S. A. Schelkuhoff, H T. Frisa, Antennas: Theory and Practice, p. 469, Joho Wiiey & Sona; 1952.

2 Laport, op. c:t., p. 333.

3 Phileuv Service, Treining Manual on Antannss, p. 166; Philco Corporatior; 1548.

4 N Christiansen, "An Exponential Trenasission 'ine Employing Straight Coaductors,” A. W. A.
Techzicsl Review (Auatralis), Vol. 7, pp. 229-241; Apeil 1947
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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

5 wire instead of non-ferromagnetic wire, or, conversely, a line only onc-
sixth as long is rcguired for s given amount of power dissipatien. It can

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 3teel Institute Wire No. 410 (United States Steel No. 12) 1is
recommended for this purpose. It was noticed that No. 12 B & S gauge wire
was used instead of No. 14 as called for by the design given in the Philco
mznual. Use of the larger diameter wire reduces the attenuation and may
also cause appreciable changes in the impedance since the spacing between
conductors 1is quitc small over some portions of the line. To insure that
the correct terminating impedance is being used, newly constructed rhombic
antennas or terminations should be checked by mezsuring the VSWR on the
transmission line, over the entire frequency range for which the antenna
is to be used. Adjustments of the terminating load may be required 1in

order to obtain the best possible impedance match.

It 1s not difficult in practice 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 anteuna is a broad-
band radiator. When the radiation pattern is considered, however, the
useful frequency range over which 2 given rhombic antenna can operate 1is
considerably smaller. Figure 23 illustrates this point. Ous 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-
quency. The oiher curve gives Lhe auieuna puwer guiu‘ in the diteciien uf
the principal lobe, also as a function of frequency. The artenna (RA-5)
for which the curve of Fig. 23 has becn 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 anm isotropic radiator. It is given by

€6.8) = 10 log, ZEL.E)
t

where
G(6,4) = power gain of antenna i the direction (6,¢) (in db)
P(B,$) - pover per tzi: 30lid sngle rediated in the direction (6,¢)
P = power input to antennd :i antenna terminala.

It will be noticed that for the case of the rhombic antenna this definition of gain takea

account of the power loat in the termination.
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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 im

the required directions may be very small indeed. in Fig. 24 ths gzain of

P

7 .
th: same rhombic antenna is plotted as a function of frequency for fixed
directions of propagation. At a frequency of A Mc the gain of the antenna
is between 8 and 23 db below the maximum achievable gain. In comparison,
a horizontal dipole 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 ihe 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 use ful
frequency range of rhombic antennas to about 2 1. This fact has been

pointed out in wany places,! yet it is often overlouked in the actual use
of such antennas. At Lualuatei, 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 anterna gain.

o T 1 T 1

08 = ANGLE OF ELEVATIGN
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15°
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F1G6. 24

GAIN OF A RHOMBIC ANTENNA IN FIXED DIRECTIONS
AT DIFFERENT FREQUENCIES

4-882-F-2

! See for instsnce, F. E. Terman, Radio Engineers’ Handbook, p. 805, McGraw-Hill Bosk Co., Iuc.

1943.
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(2) One of the numerous secondary lobes of the antenna pattern
may launch & signal over transmission paths with a hlgher
number of hops. Such paths, however, usually offer higher
attenuation than those using a smaller number of hops.

A considerable share of circuit ouatage must, however, be atcrib ted to

this type of usage c¢f rhombic antennas. In order to decrease thac ocfur-
rence of circuit outages it is recommended that the rhombic antennas he
used over a more restricted range in frequencies than is the current
practice. The practical applicaticn of this recommendation to the existirg

rhombic antennas will be discussed below.

Rhombic antennas are more directive in the horizontal piane than in
che 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 typinal example of the behavior cf 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 proportionzl to
frequency. At a frequency corresponding to a leg length of 5.5 wavelengths,
there is a null in the radiation patterr at 10 degrees from the main axis
of the antenna. VFor 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 directicns off the
side for leg lengths above about 7 waveleugths 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 axis.

Thirty-one rhombic antennas are presently installed at Lualualei. The
question of how far apart these artennas must be placed in order to pro-
duce negligible interference is therefore an important one. Little guanti-
tative information is available as to the minimum allowable s .acing between
antennas. Measurcmcnts have shown that the radiation patterns of two

rhombic antennas using a common cormer pole are essentially
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undisturbed.® 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 more clesely the legs of two rhombics

approach to heing parallel, the wider should be the spacing between the

: J. DuFour, “Reception Disgrama of Rhoshic Antennas in s Vertical Piane,” Techanische Mitteilungen

der Schweiszerischen Telegraph =nd Telephon Verwaltung, Vol. 31, pp 65-72. March 1, 1953
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antennas. Fiacing one rhombic antenna directly in the main beam of another
should be avoided. The presence of the Waianai Mountains as well &s the
limitations imposed by the existing structures make it impossible to

svrictly adhere to these rules for all the antennas reaquired at Lualualei.

A final word should be added about the terminating imnedance of
rliombic artennas. The radiation pattern in the forward direction is very
little affected bv the presence or absence of the termination. Radiation
in the backward direction, on the sther 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 haif 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 trzveling wave and therefoure reduces the radiation in the
backward direction only. Suppression of the back lobe is desirable, how-
ever, since signals from a high-power -f so-rce over a high-gain antenna
may cause interference many thousands of miles away from the transmitting
station. The chances for mutual effects between antennas on ihe site are
also greatly increased. For these reasons, as well as for proper matching

of the transmission iines 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 Oahu.
Seven of these are directed to S:n Francisco or Washington both of which
lie on the same great-circle path, three are beamed toward Guam, two tu
Kawajalein, two to Tutuila, two to Tokyo or Midway: three to Australia,

two to New Zealand, two io Alaska; and the rcmaining ones, in various other

directions maiply 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 vears,

frequencies within the entire range irom 4 ito 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
ke ‘ant

) i 2 PO O Wy ) S PR O = s b oo .ll ~
the antenna gdain i wvn€ 4gesire ireCcoidn wi LT Thn

some of the frequencies.
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The existing rhomhic antennas can be used much more effeccively by
making a seiection on the basis of frequency of transmission. The radia-

tion pattcrns of thise rhombies are shown in Appendix D. Tt can he seen
: e ' s s

ma & ebo e o . 5 e coavailalble which
WMC T1 Un€ CiTauits, HDALTS ol ariengay gre dvsiianoe wild »

there

o

hat for
tegether, give much moce adequate coverage over the required frequenay
range. Table IV lists va-ious possible combinations of rhombics for the

g . - - ~ IR . . LAY 1
different circuits and the frequency rangc over which they shouid be useu.

TABLE 1V

SUGGESTED FREQUENCY RANGES FOR
EXISTING RHOMBIC ANTENNAS

r —— . FREQUENCY RANGE OVER
REJUENC FREQUENCY |\ 1cH EITHER ANTENNA
Cirryrt RroMB1C RANGE RuomB1cC RANGE p
(Mc) (Mc) MAY BE PREFERABLE
(M)

Washington, D. C. RA-1 4.12 RA-2 14 - 24 12 - 14

RA-3

RA-€ 4-13 RA-S 17 - 24 13 - 17
San Francisco RA-1 4- 9 RA-2 12 - 24 9 .12

RA-3

RA-6 4- 0 RA-S 12 - 24 9 - 12
Guam RA-12 4-11 RA-18 16 - 24 11 - 16

RA-Z1
Kwa3alein RA-10 4-10 a-24 14 - 24 10 - 14
Tutuila RA-22 4- 9 RA-22 14 - 24 9 - 14
Tokyo RA-19 4-11 RA-4 i6 - 24 11 - 16

RA-G
RA-14

New Zealand RA-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 regicn whi.e either may give a
stronger signal at the receiver The best antenna for these frequencies
depends on unknown 1onospharie conditions and can thercfore be detzriined
by actual trial only The rhombic antennas nut listed in the table usually

orovide insufficient gain at the low end of the frequency range. Many of

Chapter 6 16
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the antennas, even some of those listed in the table, were designed for
transmissions at the geometric imean of the total frequency range, that 1s
for use around 10 Mc. Poor performance can therefore be expected at both
the low and and the high of the band. From ihe discussion of Chapter 3
it is seen that antenna gain is especiaily important for frequencies of
transmission hclow about 10 Mc. Many of the existing rhombics are there-
fore unsatisfactory for use at ihe lower frequencies. A significani re-
duction of circuit outages may often be achievcd by usirg rhombic antennas

designed specifically for the frequencies below 10 Mc. Designs snitable

for 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 tv feed both antennas of the rhombic pair from two dif-
ferent transmitters. On the other hand, when the transmitting frequency
1s 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 soma means of rapid switching between the two rhombics. A vacuum
type double-pole-double-throw switch can be used here to advantage
(Appendix E). [o 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. ‘Iransmission lines connect each-.uf the two
rhombic antennas to a position on one of the hand-operated switches. A
third position on the hand-uperaied switch is connecied 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. Cernsction of the links can be accomplished by the same
hook and eye arrangewent 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 buiween
the two rhombics may be accomplished by means of the reiay-operated vacuum

switch.

‘The location of the 31 rhombic antennas now installed at Lualualei 1is
shown in Fig. 28. With the exception of the antennas directed to Alaska,

all rhombics are located so that the most useful transmission paths clear

Chapter 6 17
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the mountains. The spacing between antennas is somewhat closer than
necessary or desirable. Some improvement inthis situation may be achieved

by removing all those antennas which will not be put to use within the

foreseeable future.

It has besn shown above and in Appendix C that many of the presently

vsed rhombics do not radiate a 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 pattera 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 rhomhies

would therefore be required for each of the circuits. The multitude of

Chapter 6
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circuits and geographical limications of the site would make it difficult
to provide this numbes 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 the lower end of the band. and Part B for the upper end.

Three such pairs are required to provide satisfactory gain in all desired
d [3

ver

[ad

ical dire:

*

tione Table V lists the frequency and distance ranges for

which each antenna is intended. The range of vertical directioas for which

TABLE V

PROPOSED RHOMBIC-PAIR DESIGNS
FREQUENCY BANDS AND BISTANCES OF TRANSMISSION

PaRT A PART B FREQUENCY RANGE OVER
Pa1r ?ISTANCES 95 WHIcH EITMER ANTENNA
No. RAN?MISSION Frequency Frequency MAY BE PREFERABLE
kw) Range (Mc) | Range (Mc) (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
2 4500 - 6500 4.0 - 10.0 13.5-24.0 10.0 - 13.5
3 2500 - 33500 4.0 - 9.0 10.5-24.0 9.0 - 10.5
or
heyend 6500

coverage must be provided when transmitting over a given distance is given

[

by Table f 1in Chapter 3. A detalled discussion oi ihcse antenaas wil
be found in Appendix D. It should be noted here that the use of only twe
rhombics for the entire frequency range necessarily requires some compro-
mise. What has been done in the new designs 1is 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 twn antennas of
a pair were designed. T[he size of optimum rhombic antennas for use at the
lowest frequencies in the h-f range becomes entirely excessive. It was
assumed he:c 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 !imit the power gain which

can be obtained at the low end of the band.

Figure 29 shows a possiblc way of arranging these rhombic pairs about

the two transmitter buvildings. The number of rhembic pairs provided for
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each circuit corresponds approximately to the number of antennas available
at the present time. 1t cannot be determined at this point whether all
Lhe anteinas shown in the figure will actually he needed, ror 1is it known
whether enough antennas are shown for ch of the circuits. The layout
does provide a guide to a more favo ocation of rhombic antennas. The
a1m nas been Lu Obiain &5 much scparation between antennas as can be
achieved practicabiy. In no case are transmission paths obstructed by the
mountains. The lengthk 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 che
transmitter buildings, foir the construction of broadcast anteannas. It 1s
felt that use of the proposed designs of rhombic pairs lncusted as shewn
will provide improved communications over the point-to-point circuits, and

better utilizaticn of the available land arca.

D. FECEDER 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 Marcont antennas which are connected directly to the output

terminal.

The transmission lines used at Lualualel consisi of two parallel con-
duciors 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 ouin the line. This is i1llustrated in Fig. 30 which shows the charac-
teristic impedance of a two-wire line made of No. # wire, as a functior of
line spacing. If, for instance, the spacing between the cenductors of a
matched 600-ohm line were suddenly reduced from 12 in. to 6 in., bcginning
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

606
VSWR = —— = 1.16 ,
325

where 525 ohms is the characteristic impedance of a two-wire line made with
No. 6 conductcrs 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 torm of radiation. and
should therefore be avoided whenever possible. Of more importance, because
it is overiookel more often, is the requirement of keeping the total length
oi the two wires in ithe balanced feeder system exactly equal.l This es-
pecially should be watched for with the sections of feeder passing fromthe
transmitters to the outside of the building, in the switches, and at bends
or turns in the line. Wire loops may be inserted at bhends 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

hrought hack to the horizontal for the next straight run.?

Some of the power delivered 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
attcnuation of two-wire line made of copper, including losses thrsugh the

insulators is given by:

= Voo 3
14.4 vf

a = db/1000 ft

dz,
where
a = attenuation in db per 1000 ft eof two-wire line
f = frequency in Mc
d = diameter of conductors in inches
z, = characteristic impedance of line in ohms.

The attenuation of the 600-ohm line using No. 6 conductors is plotted
as a function of frequcnecy in Fig. 31. It will be noted that such a line
is highly efficienc, 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 1s 3500 ft,
whick corrcsponds 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 chvious, 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,

L F. E. Letkin, R. H. J. Cary, G. N. Harding, “Wideband Aeriala and Tramswission Linaa for 2 te
25 Mc/s;" Journal of iz Y F E., Vol. 93, Part IIla, p 552; 1946.

2 E. A. Laport, Radio Antenna Engineering, pp. 395-397; McGraus-Hill Book Co., Inc.; 1952.

3 rbid; p. 2°6.
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resulting in considerable shortening of the length of some feeders. If the
line 1is 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 VSWH of 2 1 is only

0.4 db.! 1In all cascs 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

. Reference Data for Radio Engineers, Federul Telepbone a2zd Radio Corporation, p. 329;
J. J. Little & lves Co., N. Y., 13i9.
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height from the g bund 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 Lualua.ei.!

In an installation of the size discussed hcre, it is inevitable that
several feeders may run parailel to each ather over considerable distances.
In the past, two or more transmission iines at Lualualei were supported
close to each cther. 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 gronnd. Losses in the feeder system are thereby
greatly increased. During the past months, work has been started at
Lunalualei to rectify this condition. As a general rule, two-wirc balanced
transmiszion lines should be spaceu apurt by at least six times the spacing
between conduntors ot a single pair of lines, 2 that is 6 ft in the present
case. This still permits the use of a single pole and cross-arm construc-
tion to support two pairs of lines; additional feeders zan be run in

parallel if more elaborate supports are used.

Up to this time, uno coaxial transmission line systems have been used
at Lualualei. If Marconi antennas are to be avoided, such cables will have
to be used i1n the future. Conversion of the TDN transmitter to unbalanced
outputs was recommended carlier 3o 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 lines, ac long a2c ths VYSYR is Kept

-

within reaconzble limits. As discvassed in the section on broadcast circ-
cuits, cables with characteristic impedances of botk 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 shculd therefore be kept as

. F. C. Mclaan, F. D Bolt, “The Design and Uss of Redin-Frequency Open Wire Tranamission Linea

and Switchgaar for Broasdcaatisg Syatema,” Jourasl of the IEE, Vol. 93 (Psre III), pp. 191-210;
194¢.

2 F. C. Wciesn, et al;, loc cit.
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close to the transmitters as is practical, while maintaining the required
separation between antenna systems. The YSWR should be less than 3.1 for

safe, continuous operation at 5 kw power iuput.

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 meiter in each ieg 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 morc sensitive part uf 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 Matcii,” 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.

[EET LN TIINE S PO T e P N o SEE G Ve TR e A . .. e " e N

®
Before using the instrumant a reading of " reflected power’

ahoold he taken when the transmitter
connected tc the tranamission lime ia cald This will iadicate posaible croaa coupling heiween

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 Badio Transmitting Station at Lualualei were critically examined.
Vherever 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 this report, should be repeated here. The station and
its satellite installations are in perfectly sound operating coaditiocn.
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 sresents 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-
mictting station, they profoundly influence the design and the operations
of the station. It was therefore necessary to devote considerable atten-
tion to these problemz. For instance, the careful tuning of a large
transmittcr 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 accompiishing
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 eveniy spaced frequencies throughout the h-f
band, and thus determining direztly the best frequency for the path at

any given time.

It might prove helpful in the future to keep a more enmniete record
of operations. Data to be recorded should include the frequency of trans-

mission, the transmitter and antenns used, and the power output of the

Chopter 7 88
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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 fcr breakdowns could be obtained. A detailed record of the dimen-
sions of all anternas, gro-'3d systems, and feeder lines, kept up-to-date

to include all subsequent :hanges, should also prove of great value.

A list of more specific recommendations and cencluwsinns follows. The
nature of these will make clear the relative importance and urgency of

each of the points mentioned.

RADIN TRANSMITTER BUILDING NO. [{iF)

(1) It is suggested that all SSB circuits be brought to ihis
building in order to make more effective use of the available
equipment. T[his rearrangement of equipment would reguire the
installation 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, regardiess of the path length
of transmission.

(2) The prescnt facilities in the neighborhood of Building No. 1
are sufficient for only cthree active low-frequency circuits.

(3) The existing ground system within the buildineg should 1ot be
for r-1f ground connections. [t is recommended that the
cerling of the basement be covered with copper sheeiing 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} The external ground system should be examined for existing
faults and be repaired wherever necessary.
{5) An ircrease in switching facilities and increased use of the

switches should prove advantageous. 1In this respect, changes
in the design ¢f the hand-operated switches might be investi-

operations without interruption of any but the circuit
directly involved.

fhe switches should be interconnected in the manner described
in Chapter VI.

HADIO TRANSMITTER BUILOIAN

F8ILL- %)

(3]
=2
<

(1) Without the erection of additional towers this building is
not suitable for the hcusing of 1-f circuits and transmitters.
Antennas for m-{ iransmissions can, hcwever, be erected near
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(2)

(3)

TRANSNITTERS

(1)

(2)

Building No. 68 so that m-f transmitters may be housed 1in
the building.

The ground system inside the building should be checked to
insure that the various members of the system zve propeily
bonded. Faults in the radial grid in the vicinity of the
building should be repaired.

Present switching facilities, together with thouse now uwader
construction, appear to be sufficient. It 15 suggested that
the switches be 1interconnected in order to increase the
flexibility of operations.

All h-f transmitters presently used with Marconi antennas
should be converted to coaxial cable ocutput. Either 50- or
70-ohm cable may be used with these transmiciers.

The TON-type transmitterz should be reconverted to unbalanced
outputs. Cable of 70-ohm characteristic impedance should be
used with these transmitters.

FEEDER SYSTENS

(1)

(2)

(5)

(6)

2

<

wpter 7

fhe two-wire balanced transmition lines should be suspended
at least 10 ft above the ground in order to mirimize ground
losses.

When running two or more such lines paralle! to cach other
they should be spaced at least 6 ft apart to prevent coupling

S o

between circuils.
When constructin

1t 1s 1important that
the twn =~1dop -

cgual leugin.

fLe following types of standard coaxial cable are capable ot
carrying up to 5 kw of r-f power as long as the VSWR is kept
to less than 3 1.

RA-20A/U — Characteristic Impedance
RA-85A/U — Characteristic Impedance

50 ohms
70 ohms

Both of these cables may be directly buried in the ground.

fhe power input to the coaxial cables and the VSWR should be
monitorec continuously. The “Micro Match™ can be used for
this purpose. ' Micro Matches’ are also huilt for use with
balanced transmission lines.

Whenever new antennas are o~ 1into service or alterations are
made on existing antennas, .he VSWR on the transmission lines
should be checked at several frequencies within the range over
which the antennas are to be used. In particular, checks of
the VSWR should be made at the extreme ends of the intended
frequency range.
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Redic-frequency ammetcrs 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 ANTENNAS

Chapter 7

(1)

(2)

(4)

(5)

(8)

Doublet antenras should be suspended at a height of a half-
wavelength above ground. When the wavelength is too great

to make this feasible they should be suspended at the maximum
practical height.

The guadrant antenna 1s a much more suitable type ¢f broad-
cost antenna than any of the doublet antennas now in use. ‘The
graduval replacement of all e;isting types of doublet antennas
by quadrant antennas is therefore recommended.

The folded, terminated doublet antenna is a highly inefficient
radiatci . 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 1is
intended. It is recommended, however, that this type of an-
tenna be replaced by quadrant antennas as soon as possible

It is strongly urged that the use of Marconi antennas be dis-
contirued excepi for use with 1-f and m-f circuits. Clusters
of these antennas are responsible for much of the inter-
coupling of equipments and the consequent emissions at
spurious frequencies, presently experienced.

The folded monopole antenna is a suitable replacement for
some of the Marconi entennas, and for use with the TDN trans-
mitters after reconversion to unbalanced outputs. This type
of antenna can he used at the design frequency only, and 1t
must be carefully adjusted for minimum VSWR on the transmis-
sion line.

ihe open-sleeve antenna is recommended as a broadband radia-
tor for the frequencies from 3 to 10 Mc.

The simple discone antenra investigated at Stantord Besearch
Insticute can be used for frequencies between 7 and 28 Mc.
This antenna should be used 1n prefererce to the folded mono-
pole antenna, whernever cost and space permit.

Vertically-polarized antennas should be separated by na less
than one wavelength at the lowest frequency at which they
transmit. The spacing between horizontally-polarized and
verticaily-polarized antennas is not critical, and it may be
found convenient to use common poles for such antennas irn
some cases.
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RHONBIC ANTERNNAS

1)

(2)

(3)

(5)

(6)

(7)

\5)

Moditications and checks of the ground systenm,

From the point-of-view of impedance alone the r
can be used over an extremely wide band of frequ:
practice, the bandwidth is limitad by the radia
to a 2 1 range in [reuncncies.

The rhombic antenna should be properly terminated. The expo-
nential dissipation line now used at Lnalualei 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-ferrcmagnetic and should not be used.

The VSWR on the transmission line leading to the antenna
should be checked after construction cf 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.

[he two- or three-wire rhombic construction has scome advan-
tages over the single-wire typc. The addition of a tourth
wire 1s not neccssary.

Rhombic antennas shculd be used for transmissions over the
great circle path to which they peint, 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 amount
at higher frequencies.

It i1s recommended that existing rhombics be selected on the
basis of frequency of transmission as cutlined in Table IV.
Switching between rhombics 1s greatly simplified if relay-

cperated vacuum switches are nused.

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.

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 constructien or in
the relocation of existing antennas.

e replacement of

th
Marconi zntennas by antennas coniected to the transmitter through coaxial

cabies, end the relocation of the two-wire transmission lines wherever they

run too closely in paraliel to each other, should largely eliminate dele-

terious coupling between different circuits. In these cases, immediate

Chapter 7 92
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improvements can be expectcod when carrying out the recommended changes.
In general, however, ard in common with all systems relying 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 ionusphere which can produce changes in signal strangth
many orders of magnitude large:r than those due to changes in power gain
For h-f transmissions,

of any physically realizakls transmitting system.

careful choice of the best frequency of transmission and strict adherence

to best operating practices will nsually lead to improvements in circuit

reliability, many times larger than those achievable by changes to

existing facilities.
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APFENDIX A

GRAPHICAL SOLUTION OF SKY-WAVE PROBLEMS'

In radio communication problems involving transmission by means of
sky waves reflected from the ionosphcre it is oftcn necessary to relate:
{1) great-circl: distance between transmitier 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. It is the purpose of this appendix to present a simple graphical
method whereby these factors can be determined rapidly without recourse
2 to the analytical expressions. If any two factors are given, the other

three can be found.

It is assumed that propagation can be represented by a ray and that
the churacieristics 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 4B and BC. The
height h’', of the apex B is called
the virtual height. D is the
great circle distance between the
end-points 4 and C. B is the
angle betwecen AD and the tangent
at 4, and is calied the vertical
angle or angle of departure. The

ionosphere is assumed to be hori-

zontally <tratified and earth s
R magnetic field effects are neg-
lected. The path is thcrefore
symmetrical about the mid-point,
/ and the angle of arrival is equal

& to the angle of departure.
o CENTER OF

o]
7. . EARTH Graphical computations are
FIG. A-I faciiitated with the aid of the
. RAY~-PATH GEOMETRY sky-wave transmissior chart shown
IaZakead in Fig. A-2. This is simply a
g 1 R. A. Helliwell, “Electronics,” p. 150 February 1953.
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vertical cross-section cf the earth’s atmosphere up to a height of 600 ka.
Great-circle distance D, on thc eurth’s surface is given by the lower
scale and virtual height 7', by the left-hond scale. The vertical angle
£, 1s determined by aligning a straight edge with the origin and the mid-
point of the equivalent path (coordinztes h' and D/Z} and reading the
upper scale. The angle of iuncidence ;. is interpolated in the family of
curves of constant ¢, plotted on the chart. Szc &, is read from the con-

version chart below the main chart.

VERTICAL AMGLE IN DEGAFES

I f
22
DISTANCE IN KM 00 24 .

2 ¢ S 3 g -4 3

s bbbl ]

= 28 a2 % , dw en o288
FIR. A-2

SKY-WAVE TRANSMISSION CHART
LEARTH RADIUS = &X£7 KM)

A-882-F-34

Since there are five basic variables (D, P, R', 3, and ¢b), oniy two
of which can be independent, there are ten possible combinations of inde-
pendent variables. For 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 {D and h').

m and a virtual

=

Problem: (iven a great-circlc distance, D, of 3000
h

of inci-

3]

height, 7', of 310 km, find ivhe vertical angle /2, and the angl
dence ¢,, at the ionosphere, sec ¢,, the path distance P, and the trans-

mission time (.

Solution: Locate the apex of the path at D/2 - 1500 km and A’ = 310
km on Fig. A-2. Align siraight edge with origin and apex. Read 8 =

degrees on the upper scale. Read ¢, = 72 degrees by interpolating in
family of curves of constant ¢,. OCbtain sec ®o = 3.2 from conversion
Appendix A 25
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scale. Obtain P = 3140 km by measuring distance from crigin to apex with
30-to-the-inch enginee~’s scale (or use height scale on chart) and multi-
plyirg result by 2. The transmission time ¢t = 10,470 X 10° 6 seconds is
obtuined 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 Le derived readily.
sini
: 2R
¢, = tan"? ,
1—C('S_D_-.+.h_
2R R
B = 9 D 180
i % 2R 7
cos B
h' = R -1
D 180 Iy
COS Y/ ———
2R 7
B R \
. 27 |cos"! A
D = 2R icw (R P cos ,B) 180"3
/ A D 180\
p = 6‘V6ﬂ(n i h)\l—cosz—R —77—-/-+h2
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APPENDIX B

THE DETERMINATION OF OPTIMUM FREQUENCIES OF TRANSMISSION
BY MEANS OF SCATTER SOUNDING

+2.3.4.5 is a new technique for determining the

Scatter sounding!
geographical areas tc which ionosphere-propagated transmissions may be
maintained at any given time and frequency. It is possible from a single
locarion to determine the optimum frequency for traasmission to points in
ithe surrounding region out to distances of several thousand miles. The
correct frequency varies with time of day, with season, and with sunspot
~nycle in a manner which is never entirely predictable. Iy 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 usc 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.
This msthod of invastigation is very successful in determining the aver-
age behavior of the tonospherc, and data gathered by a large numbar of
such stations thrcughout the world form the basis for the advanve pre-

dictions of transmission conditicns supplied by the CRPL and other

lA. M. Pcterson, ''The Mechaniam of F-Layer Propasgated Ba~kacatter Echoea’* Journal of Geophysical

Research, Yol. 56, No. 2, pp. 221-237: 195l.

20. G. Villard, Jr., and A. M. Peterson, "Scatter-Sounding: A Tachnique for Study of the Iono-

e hwié¢ at & Distancz,” “Teammactiona »f the I.R.E. Professional Growp on Antennsa and Propa-

gation, " PGAP-3, pp. 140-142.

30. G. Villard, Jr., and A. M, Pztecaon, " Scatter-Sonading: A New Tachasique in Ionospheric Re-

search, " Sciencs, Vvol. il6, No. 3090, gp. 221-224; Anguat 1952.

4

"

0. G. Villard, Jr., and A. M. Peteraon, “Instantsacous Prediction of Radio Transwiasion Patha,

QSi, Vol. XXXVI, No. 3, pp. 11-20; March 1952,
5L. C. Edwards, "Cczauaicstion Zoae Imdicator.’ ELECTRONICS, Vol 26, No. 8, pp. 152-155;

Anguat 1953,
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similar agancies Howewver, conditions over a particular path and for a
particular time are found to depart widelv from average ccnditions.
Vertical!-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 same oblique paths
which are utilized for communication, and the skip distance is chktained

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 bert back to earth by the layer. In briefest
outline, the method consists of noting the time delay between the trans-
mission of a shcrt bursi of trawsiittcd sigual and the return of = small
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 be

THS _WHICH PENETRATE
TH HOSPHER

/_7 _-‘-_:_—_\-\"\_
f{/ s ICNOSPHERIC LAYER

i HAIN _WAYE CONTINU-
’,"Hxa‘xm NG QUMWARD

: THE
ENERGY RETURNS TO AT_GROUND |RREGULARAJIES

THE TRANSMITTER
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detected on a near-by receiver. A sketch of a typical oscilloscope indi-
cation (amplitude-time, or “A scope’” ) is shown in Fig. B-2. From the
delay time indicated on the sketch (the interval t;) the ground discancs
to the scatter source may be obtained by the use of a conversion chart,
An echo resulting from a second hop is alss illustrated in this sketch,

with time delay t,.

%hen a rotatable directional antenna is used it s possible to chtain
a range-azimuth or plau-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 freguency. The PPI display 1s
: .. . " ; P
convenient for a study of conditions over a large number cf paths If the

primary interest is in a particular path, the A-scope display will ordi-
narily be satisfactory. 1In either cz2ce, since ionosphere conditions are
scldom the same in all directions from a given point of observation a
direcciv? antenna 1is 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 cmnidirectional

antenna is used for transmitting, a more directive receiving antenna will

TRANSMITTED
" PULSE

- FIRST SCATTER

[t le
HIERTE T8

Gl

L MULTIPLE - ECHEG
n R
F

'/V UM SECOND

¢ 1 m GROUND BOUNCE

, \ yoou
px [ i
AWLMwwlMMWLAWN; Ru_ﬁaidmm*wmmj KmewﬁlwwmdumuJ~mwi

T s T, 7

TIME MARXERS ARF 5 MILLISECONDS APART

T

£IG. B~

N

SKETCH ILLUSTRATING THE APPEARANCE OF SCATTER-
ECHOES ON AN A-SCOPE

A-892-F-36

*See Fig B-9.
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be requizcd. A three-element Yagi array of the type commen in amateur
radio installaticns has been found very useful for scaiier-scunding pur-

poses when used for transmitting and iec-iving. The PPI photograph of

Fig. B-3 represents a sample of the scatter-sounding records ocbtained

PLAN-POSITION DISPLAY OF GROUND-SCATTER ECHOES
PROPAGATED BY BOTH F AND SPORADIC E-LAYERS
LOCAL TIME: 18258
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using 2 rotetable three-clement Yagi. 1n this 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, cn a
frequeacy near 14 Mc, At the local time indicated. F2-layer propagation

to the east has 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
ionization Though communication via these sporadic- E patches is possible,

they occur at times and with intensity which cannot be predicted.

SCATTER-SGUNDING EQUIPMENT

A specially constructed scatter-sounder capahle of supplying PPI
dispiays at several frequencies in the range between 4 Mc and 24 Mc would
be a very useful apparatus for continuous monitoring z2f propagstion ron-
ditions in the region surrounding a communication station. Equipment of
this type has been designed and sperated for nearly two years at Stanford
University,' for ionospheric resea~ck purposes. On the other hand, scatter
sounding can be successfully accomplished by relativeiy minor modification
of existing ccmmunicz:ions cquipment. The apparatus required for scatter
sounding of the ionosphare is ussentially the same as that used for long-
dicstance communication purposes. The five major items are: (1) a trans-

mitter capable of high-speed keying, (2) a sensitive communications re-
- * {aN

{
\
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pulses, and (5) an osc:illoscope for observing the echoes. Figurs B-4 is

a block diagram that Jdemonstrates the intercconnection 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 SP500 receiver. A strong first-hop echo and a weak second-hop echo

)

re present tn this photograph. These scatter soundings were undertaken to

P Ty = = - . - H L4 3 ) by 3 bk - A
study the e f the mouniains which surreund Lhe Lransmiiter sice and

[
to imdicate ihe effectivermess of the rhombic terminations.

'IA. M. Petersoa, A Scatter-Souvader For The Study oi Sporadic Iosmisativa ia the Upper Atrczphare,

Yechaical Report No. 1, September 1953, Office of Oricanci Reaacarch Cowtract DA-04-200-ORD-181.
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Transmitter requirements for scatter sounding ave relatively modest.
One or twdh kilowacts of transmitted power is sufficient for most purposes,
though hicher 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=z requirements and
seems to be nearly ideal for scatter sounding without modification.
Successful keying or “pulsing’ may be acromplished 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
Apperdix B 102
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be recovered quickly, following a transmitted pulse. The SP-A00 receiver

2 . : 0 A
has p.oven sstisfactory for these purposes without special modification.

Further desirable features of this receiver are the variable i-f se-

lectivity (3 to 16 kc) and che availability of a direct output trom the

final detector (d-c connection). Thougt fsr most scatter-sounding tests

the receiver will be run in the narrowest of the regular i-f bandwidth

e y 2 . . . . =~ — ---\ i it .
positions (not crystal, since excessive ringing takes place)}, the avail
ni

ability of the wider hapdwidths provee useful irn examining the details of

the echo.

Appendix B

The direct connection to the detector is usually essential

FIG. B-5

A SCOPE PHOTOGRAPH OF SCATTER IZCHOES OBTAINED
WITH STANDARD COMMUNICATIONS EQUIPMENT AT
LUALUALEI. FREQUENCY: 16, 940 KC. TIME: 1530 HST,
24 JULY i953.



since normal headplione or speaker outputs follew amplifiers whose fre-
quency respsanse 1s inadequate to pass the scatter-sounding waveforms
without distortion. Other types of receivers may require minor rocdifi-
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 ail circuits which contain capacitors
that are charged by grid-current flow during transmit tiie should be made
small (RC X 200 ps). If this is not done, the capacitocs may remain
charged for long intervais following the transmitted pulse, with resultant
£

luss of receiver sensitivities. 'n addition to these modifications, a

direct comnection 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 thke purposes for which th

[+

scatter soundings are being taken. For a point-to-point circuit the
best anteunas imay 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 wuse the same antenna by making use of a
transmit-receive (TR) apparatus. This sort of operation is probably
undesirable for the conditions which exist at a traasmitter station such
as Luaiuvalei, sincc 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
preperly 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 nermally be

connected to a non-directional antenna. If a non-directional antenna 1is

104



. also used for r=ceiving, an echo arrivirg from one direction will mask
tae lack of echo from another direction. Consequently, if it is de-
sirable to 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 aumber of broadband directional antennas, such as
rhombics, can be used to observe the echoes in each of sesveral azimuth
diractions. One form of antenna which has proven effective for this

purpose is a group of sloping “Vee's’ all suspended frem a central pole.
Twelve wires, eéach some 600 ft in length, may be arranged at 30 degrees
intervals around the central pole with the lower en' slnoing off grad-
ualiy to ground level. With this arrangement, a switching box may be
mounted atop tne pcle and a single transmission line may be used to {eed
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 1is by skipping one wire 1n 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 compiete 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 che optimum length of transmitted impulse
is 1-2 ms. The interval of time between pulses is detcrmined by the time
it takes the most distant echo to return tc 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 two-tube circuit illustrated
6.

in Fig. B- This consists of a triggered multivibrator and a cathode
Apperdix B 105
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SIMPLIFIED PULSER FOR SCATTER-SGUNDING

A-882-F-40

follower. Tlhis 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 1
cathode-coupled multivibrator generating pulses whose duration can be
varied by means of potentiometer R-3. The two seccions of a 6SN7
function as a trigger amplifier and a cathode foilcwer, respectively.
The cathode follewer prevides the reguired low output impedance for work-
ing into keying lines to key the transmitters. The trigger voltage for
this simple puiser was obtained from the hcrizontal sawtocth sweep voi-
tage of a small test oscilloszope by attaching between cne 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 pulser comprise a differentiator circuit which forms a short

trigger pulse at the flyback time of the sawtooth voltage.

In using this simple pulser, the time interval between pulses is
set by varying cthe 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
s2c = 50 ms between pulses, and 12.5 ¢cps allows 17i2.5 = 90 ms between

pulses. Time intervals along the sweep length can be measured by
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. subdividing the oscillsscope sweep length into equal length segments.
For example, a scale which divides the 1/20 sec sweep into 5 equal lengths
. vields 175 x 1 20 = 10 ms intervals. Using this technique the time in-
terval between transmitted pulsc 2nd received echo can be measured when
the receiver output is applied to the vertical deflection plates of the
oscilloscope.

A more complicated form of pulser, though one which is much vasier
to vse operationally, is shown in Fig. B-7. 1In this circuit, time-delay
marks are 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. Thc two halves of
the 12 AU7 tube in the video amplifier stage amplify the receiver output
and previde 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 intervul between pulses
is 80 ms with sufficient time delay to allow for echoes arriving from
distances a:z far away as 12.000 km (7440 miles). Switch Sl permits the
pulse rate to be changed to 25 pulses per second and the range interval
to 0UGT km {2720 miles). This higher rate is sometimes advantageous when
only short-range echves are being investigated. For broadcast use, thic
shorter raugc interval would ordinarily be adequate. The typc of indica-
tion obtained when using this improved synchronizer-pulscr is i1llustrated
in Fig. B-2.

ECHO INTERPRETATION

Although the details of scatter-echo production are complicated, the
method of obtaining the MUF or the ckip distance by scatter sounding 1s
quite straightforward. For simplicity in interpreting the echoes, assume
that the geometry of Fig. B-8 applies. 1In this sketch the actual F-layer

. is replaced by a spherical sheet at an average equivalent height, fi, above
the earth. Propagation may be assumed to take place following triangular

ing

paths such as those illustrated in Fig. B-8, with reflection at height h.
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g SURFACE

FiIS. B-8

SKETCH ILLUSTRATING TRANSMISSION-PATH GEOMETRY

A-882-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 cthe
ground distance D; = AC,, can be very simply related to the time delay
taken to travel over the equivaleit triangular path AB;C, and back

AB,C, illustrates another possibie path. If all echoes at all time delays
are assumed tn result from propagation involving this sori of paith, with
reflection at height h above the earth, curves such as those of Fig. B-9
can be consirucied which will ¢

, 2t which the signal

<
returns to earth to the time delay, , aleng the egnivalent triangular
path. Fer F.layer propagation it is assumed that 2 = 300 km, and for
E-layer propagation h - 100 km. Curves for these two cases are ploried

in Fig. B-9. To determine the skip distance, the time delay in milli-
seconds between the leading edge of the transmitted impulse and ihe
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, 7+, is greater than about 6 ms. This corresponds to a skip distance
of about 800 km. ¥or distances shorter than 800 km, the thickness of the

actuai F-layer and its variations in height begin to make corrections to
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technique cutlined in this discussion will ordinarily; indicate a satis-
fatilory transmission frequencv, though 1t will be somewhat lower than the

MUY .

Yhen the scatter echo results from E-layer propagation, the curve
for h = 10C in Fig DB-9 is used to convzrt time-delay to skip distance.
Echoes of this type produced by a sporadic-E cloud are illustrated on the
PPI record of Fig B 2 as =2 compact c ump of echoes at a short range in
the southeast Sporadic-k echoes normally occur as patches of limited
extent when observed at u given frequency. The change in ccho time-delay

ic much siower with changes of frequency than is the case for F-layer

echoes Sporadic -¥ echoes arez found to occur at unpredictable tives, 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 F-layer
echo characteristics, permit a separation of the two typns of scacter

echoes during times wnen spuiadic-E echoes are present.

As an 1llustration of the determination of the skip distance by
scatter sounding, consider the sketch of Fig. B-2. 1In this case the
echoes can immediately be said tc result from F-layer propagati~n since
the time delay 1s greater than 15 ms. TIwo echoes are shown, which result
from a first and second hop between earth and 1onosphere. Assume the
scatter soundings were taken at a frequency f,. The first hop time delay,
Ty, 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

1!

a distance of 2875 km by one-hop F-layer propagation of 6000 km for two hops.

In order to allew for short-term variations in layer conditions, a fre-
gquency about 10% lower than the MUF would be used for a communication

circuit.
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- APPENDIX C

THE POWCR GAIN OF RHOMBIC ANTENNAS INSTALLED AT LUALUALEIX

™.

In Figs £-1 to C-26 the gain of the 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 freguency. The gain 1is
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 db. Several cuives aré given for sach of the anrennac  asch
for a different fixed angle of elevation above the herizontal. Under most
ionospheric cenditions, 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 tliese 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-1 shows the gain of
rhombic antennas i{A-1 and RA-2, which are used for the Washington circuit.
It is apparent that RA-2 has very poor gain at freguencies bhelow 6 Mc
while RA-2 1s not suited for transmissions above 19 Mc. These two antennas
should therefore be used as a compelementary pair, BA-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 conditiorns. Similar pairs of antennas are

available for some of the other circuits. These wzre 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 pocrer than thac of a
simple doublet antenna (Fig. C-15). This may explain some of the ex-

cess1ve outages experienced on this circuit.
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APPENDIX b

DESIGN OF RHOMBIC PAIRS FOR TRANSMISSIONS
OVER DISTANCES GRFATER THAN 1500 KM

The r:quired coverage in vertical directions for transmissions over
various distance ranges was discuszed in Chapter 3. Three pairs of
rhomtic 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 foliowing design procedure was adopted. At ihe exiveme ends of
the frequency vange for which the rhombic 1s 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 gzin is lowest
at the largest angles of elevation relative to the ground, while at the
low end of the range, high-power gains at angles close to the ground are

meet difficult to achieve.

The “alignment design methed’’ was used 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 wouid lead to rhombic antennas of 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 method described by Bruce,
Beck. and Lowry? was used to evaluate the best apex angle under the im-

posed restirictions.

1 W. N. Christisosen, ‘Dircrtional Patterna of Rhumbic Antennae’’, AWA Technica! Review

(Australia), Yol. 7, pp. 32 53, Sept. 1546.

2 E Bruce, A. C. Beck, and L. R. Lowry, "Forizontal Rhombic Antennaa’ Proec. 1RE, Yol. 23,
p. 30; January 1931.
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The desiyn parameters which have tc be determined for each of the
thombics are shown in Fig. D-1. Table D-I lists the dimension of rhombic
antennas designed in the manner just described. It will be noted the low
frequency antenna of pairs No. ! and 2 are identical, so that five dif-
ferent rhombics are sufficient for the entire range of frequencies and

vertical directions to be covered.

Fig. 0-1

DESIGN PARAMETERS OF RHOMSIC ANTENNAS

A-882-F-&8

The gain ol thcse antennas in different vertical directions is shown
as a function cf frequency in Figs. D-2, D-3, and B 4. The gain of a
horizontal dinole 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
desigrs of rhombic antennas should be cumpared with that of the existing
antenna given in Appendix C. It wii! be found ihai cousiderable improve-
meut has been achieved with the new designs, especially at the low end of
the frequency range. On the cther 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 cver a somewhat wider band than

Appendix D 127



TABLE D 1

DIMENSIONS OF SUGGESTED RHOMBIC-PA1R DESIGMS

Pair ido. 1 2 3
Distance Range of Transmissicn 810 - i35C 2450 - 3550 1359 - 1900
(Nautical miles) 1900 - 2450 beyend 3500
Part No. A B A B A I B
Approximate Frequency Range 4.101 10-24 4-101 10-24 4-10] 106-24
(M)
Length of Major Axis 1104 610 1104 856 1070 054
(M in ft)
length of Minor Axvis 168 166 468 198 541 278
(N in ft)
leg Longth (1 in ft) 600 321 600 440 601 450
Average Height aucve Ground 111 56 111 66 111 83
(H in ft) .
Half-Angle at Corner of 67 75 67 77 63 72
fhonbus (Y in degrees} i :
* For detailas see Table V of Chapter VI
desirable. At some [requencies therefore, usually between 10 and 15 Mc,

some of the existing antennas have more gain than the propesed designs.
in1s excess 1n gailn hardiy ever taceeds abuui 5 db, which i3 nct = scricus

defect at frequencies above 10 Mc.

Appendix D 128

=V YN Gy o

CR o _ze



AR BIEUS S

+2%
1 1 I | ] B} ]
8 = ANGLE OF DEPARTURE -
ABOVE HORIZONTAL p 4=9
+20 p—
+15 f—
-]
b4
]
z
3 +i0l— parT 4
= A
w
z
&«
+5 b
HORIZ. |
DOUBLET,
/ #® HORIZONTAL DOUBLET AT OPTIMUM NFIGHT
ABOVE GROUNC, GR AT 110 FEET ABOVE
GROUNO, WHICHEVER IS SMALLER
-5 | l t 1 | | |
a 6 8 10 13 20 30 40
FREQUENCY - Mc
FIGURE D-2
RHOMBIC ANTENNA PAIR NO. |
POWER GAIN AS A FUNCTION OF FREQUENCY
A-882-F-69
Appendix D 129



+20

+15

+10

POWER GAIN - db

"u'i«" FSRRT 13 P Nl

DOUBLET,

1 i T
1 ! i

—
ed

4 = ANGLE OF DEPARTURE
ABOVE HORIZONTAL

PART
<

HORIZ. 1

# HORIZONTAL DOUBLET AT OPTIMUM HEISHT
ABOVE GROUND, OR AT 11G FFETY ABOVE
GROUHD, WHICHEVERN iS5 SMALLER

I | ] |

6 e i0 15 20 30 40

FREQUENCY - Nc¢

FIGURE 0--3

RHOMBIC ANTENNA PAIR NO.2

POWER GAIN AS A SFUNCTION OF FREQUENCY
A-882-F-70

130



POWER GAIN -db

"

+25
! | [ | i Bl
A = ANGLE OF DEPAKTURE ABOVE HORIZONTAL /"’;'(
% HORIZONTAL DOUBLET AT OPTIMUM HEIGHT ’-'-4 \\
ABOVE GROUND,OR AT 110 TEET ABOVE ,’f VAR
soo GROUND. WHICHEVER IS SMALLER L=/ \ ]
>FPART
B3
+15 p— _—
+10 — =
+5 b— p—
HORIZ.
o DOUBLET,
& | | Ll 1 |
4 < 8 10 1S 20 30 40
FREQUENCY -~ Mc
FIGURE D-4
RHOMBIC ANTENNA PAIR NO.3
POWER GAIN AS A FUNCTION OF FREQUENCY
A-882-F-Tt
Appendix D i3l



Ko

APPENDIX E

TRANSMISSTON-LINE SWITCHING

A weil-cngineered transmission line switching system is an important
regquisite in h-f transmitting stations if best utilization of eguipment
and antennas 1s to be achieved. The frequent changes in working frequency
over a given circuit during the day, together with changes in traffic ca-
pacities place derands of versatility on thz installations. In general,
thc degree of complexity of the switching system increases rapidly vwith
increased flexibility; therefure the goal should be one of limited ilexi-
bility which is tailored to meet operational requirements. Other impor-
tant consideratiecns 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,
and preventing any dead-end sections of linc from apoearing across active

clrcuits.

Numerous types of switching devices have been developed and are
currently being used in h-f installations throughout the world. These

irclude both coaxial and talanced, manual and automatic, low and high

a.

power, and indoor and outdoo:r types Certain of the configurations lend

or
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Although the stacked-boom switch presently being used at Lualualei
suffers cecrtain 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 1s an extvemely complex task involving many switches.
In gencral. therefore, automztic switching does not seem to be [easible

ally | g = o1 so 20T it Voo T
Usifig PresSeniiy availitavi€e egquipment.

3]
T

Three- or fcur-pole boom-type switches! can be constructed which will

permit switchingz of one circuit while others are active, without danger

lLlport., op. cit. p 437

™
”
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to personnel or eguipment. The a:tual design of such a structure is be-
yond the scope of this investigation, but it is recowmended that this
type ~° cmitch he i (lor investigoted for possible spplicativa at

Lualualet.

Another class of switch, which would find immediate application at
B o . * . 3
the station, is the remotely-operated vacuum switch. These switches are

physicz1ly small but are capable of operation at very logi power ievels.

and coaxial types are available, and both are capable of remotc

»
\ o
o T
0]
5
>
S
5
G

X
ntrol using either pneumatic or electrical actuation.

Figure k-1 shows the basic single-pole-double-throw open-wire type
which 1s 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 Fiberglas housing
with the appropriate spaciry for 600-ohm open-wire line operation. A
smaller double-pole-double-throw switch is showp in Fig. E-3. [Use of this

switch would be appronriate at the two- to five-kw level.

Many of the rerent developments of vacuum switches have been in the
coaxial conliguration Figure E-4 shows a pneumatically-operated high-
power coaxial switch for 3-in. line. Others are in development for
smaller diameter lines and for electrical actuaticn At Jwalualei. 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 double-pole-double-throw
cenfiguration would lend itself well for remote selection of the paired
rnombic antennas for the varicis point-to-point circuits This was

discussed in Chapter 6.

*
Manufactured by Jennings Radio Mfg. Co., San Jose, California.
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Appendix E

FI1G. E-1!
VACUUM TYPE SINGLE-POLE-DOUBILE-THROW SWITCH
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r-082-F-74

FiG. E-2
SOLENOID ACTUATED DOUBLE-POLE-DOUBLE-THROW SWITCH
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