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NAVELEX 0101, 104

FOREWORD

PURPOSE

This handbook provides an authoritative source of reference data and general tech-
nical information concerning high frequency (HF) antenna systems used in Navy shore
communications facilities.

The information contained in the handbook is not to be considered as the final, detailed
engineering specification for any particular facility or installation project. Rather, the
intent is to present criteria and technical information sufficiently broad in scope to
cover the major considerations for selecting, designing, and installing HF antenna
systems,

SCOPE

The criteria and technical information in this handbook are directly related to HF
antennas and their associated system components. Physical and electrical charac-
teristics of antennas, transmission lines and other system components are covered
along with antenna selection procedures and installation considerations.

The criteria for the planning, installation and checkout of system and equipment in-
stallations at shore communications stations are presented in NAVELEX 0101, 102 —
"Naval Communications Station Design". Discussions concerning radio propagation
paths and site selection criteria are contained in NAVELEX 0101, 103 — "HF Radio
Propagation and Facility Site Selection™. This handook treats these subjects to the
degree necessary for clarity and continuity of subject matter.

JUNE 1970 Foreword
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CHAPTER 1

STANDARDS AND PLANS

1.1 STANDARDS

High frequency (HF) radio antenna systems are used in naval shore communication
installations to support many different types of circuits, including ship/shore/ ship,
broadcast, point-to-point, and ground/ air/ground, These diverse applications require
the use of various numbers and types of antennas at individual shore activities,

Some of the antenna systems are used primarily for the Navy's tactical requirements,
whereas others are dedicated components of the Defense Communications System (DCS),
and some are used alternately on Navy and DCS circuits. In order to provide for this
versatility, a certain degree of standardization is required.

1.1.1 Navy Egg}neering—lnstallation Standards

Although there are detailed standard drawings for many types of antennas, detailed
standards for engineering-installation of Navy antenna systems are not prescribed
since each engineering and/or. installation action is designed to meet specific require-
ments and each is submitted for separate approval, The technical information and
reference data contained in this handbook provide broad guidance for Navy engineering-
installation plans.

1.1.2 DCA Engineering-Installation Standards

Since many of the Navy HF antenna systems support DCS circuits, these systems must
meet the antenna system standardization requirements set forth by the Defense Com-
munications Agency (DCA). The need for communications systems engineering
standards is stated in Chapter I of DCAC 330-175-1 (formerly 175-2A) — "DCS En-
gineering-Installation Standards' as follows:

1.1, 3 Need for DCS Engineering-Installation Standards. Interopera-
bility and uniform high quality performance of all DCS components re«
quires that they be engineered to high universal standards. New re-
quirements may be placed upon segments of DCS facilities formerly
used by a single military service and not originally designated nor
engineered for operation with other systems. These components of
the DCS must be reengineered, where necessary, to meet these
standards so that interoperability and uniform capability will be as-
sured. Engineering of future DCS facilities must conform with

these standards for the same reason,

JUNE 1970 1-1
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1.2 PLANS AND SPECIFICATIONS

The Naval Electronic Systems Command (NAVELEX), or one of its designated field
activities, is responsible for translating operational-communications requirements
into engineering plans and specifications. Such requirements may be identified by any
operational command and forwarded to the appropriate NAVELEX activity.

1.2.1 Detailed Planning

A Base Electronic System Engineering Plan (BESEP) is required for each engineering
and installation action proposed. A BESEP translates a requirement concept into a
statement of resource requirements, and it provides the detailed engineering plan for
meeting the project objectives.

Normally, a BESEP is prepared by the Field Technical Authority (FTA), and is co-
ordinated with the Naval Facilities Engineering Command (NAVFAC) Engineering Field
Division (EFD). However, requirements for changes to existing antenna facilities may
also be made known by an individual station when operational-communications require-
ments exceed the station's capability, or when antenna facilities need to be updated for
other reasons.

Specific details of the content required in a BESEP are contained in NAVELEX
Instruction 11000. 1 — "The Base Electronic System Engineering Plan (BESEP), "'

1.2.2 Implementation of Plans

Upon approval of the BESEP by NAVELEX, detailed specifications and engineering
design are undertaken by the designated FTA or EFD as appropriate,

Normally, the design, procurement, construction, and installation of HF antennas are
accomplished jointly by NAVELEX and NAVFAC. In certain cases however, e.g.,
when antennas require large structural subsystems, design and procurement are
under the cognizance of NAVFAC based on requirements stated by NAVELEX.

1-2 JUNE 1970
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CHAPTER 2
ANTENNA PRINCIPLES

The antenna is a basic component of any electronic system dependent upon free space
as the propagating medium. It serves as the connecting link between free space and
the transmitter or receiver and is, consequently, of primary importance in determin-
ing the performance of the system in which it is used.

Antenna performance is defined in terms of certain characteristics, nearly all of which
are frequency dependent. The basic properties that determine the applications of
antennas will be discussed briefly in this chapter with a more detailed theoretical
treatment left to acknowledged standard texts such as references 24, 25 and 27 listed
in appendix C. '

2.1 CURRENT DISTRIBUTION

Current distribution on antennas is divided into two general classes: standing wave and
traveling wave. Standing-wave distribution is similar to the current distribution along
an open-ended transmission line in which the current amplitude varies sinusoidally
along the length of the line and is zero at the end. Antennas with this type of current
distribution are referred to as resonant antennas.

' Traveling-wave distribution corresponds to the current distribution along a transmission
line terminated in its characteristic impedance. In this case the current is uniform in
amplitude along the line, but the phase changes continuously at the rate of 27 radians

' per wavelength. The traveling-wave type antenna, also known as a nonresonant antenna,

| is always terminated with a resistance in a manner similar to matching the character

- impedance of a transmission line.

2.2 RADIATION PATTERNS, GAIN AND DIRECTIVITY

l’ The radiation pattern of an antenna is of interest as it shows the relative intensity of

" a radiated signal (or the relative sensitivity to a received signal) in various directions

" from an antenna. In other words, a radiation pattern is a representation of the direc-
tivity of the antenna and, as such, it can be used to select a type of antenna that has the
maximum gain in the desired direction, horizontally, vertically, or both. Mathematical
derivations of antenna patterns, and patterns for many of the more common types of
antennas, are given in standard antenna texts.

The gain of an antenna is defined as the ratio of the maximum power density radiated by
the antenna to the maximum power density radiated by a reference antenna when both

. antennas have equal input powers. The directivity of an antenna, which is sometimes
confused with antenna gain, is the ratio of the maximum power density radiated by the
antenna to the average power density radiated by the antenna. The distinction between
the two terms arises from the fact that antenna gain takes account of antenna losses,
whereas directivity does not. Since all antennas have some losses, the directivity of

JUNE 1970 2-1
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an antenna will exceed the antenna gain. The directivity of an antenna, which is
expressed as a ratio, can be obtained from the antenna radiation pattern alone without
consideration of antenna losses or absolute power values.

Rhombic antennas which dissipate portions of the antenna input power in the termination
resistance will have lower gain values than directivity values by an amount approxi-
mately equal to the termination loss. Co-phased dipole arrays have low conductor
losses, and directivity only slightly exceeds the gain for such antennas. However,
antennas may be constructed to have a considerable difference between directivity and
gain. These antennas usually have parallel elements, closely spaced in terms of
wavelength, with out-of-phase currents in adjacent elements. In such antennas large
currents flow in the elements, and conductor losses are quite appreciable unless
large-diameter conductors are used. Both the dipole log-periodic array (LPA) and the
Yagi have high directivity characteristics, and differences of a decibel or more between
directivity and gain for these antennas are not uncommon.

A theoretically perfect isotropic radiator is used as the basic reference antenna for
comparing gain measurements to obtain the gain of a particular antenna. A comparison
of the isotropic radiator with several secondary standards is illustrated in figure 2-1.
Any of the antenna types listed in the figure can be used as practical radiators for model
range work, and for field comparison with other antennas. Usually, the half-wave
dipole is considered the most practical reference antenna since it can be constructed
from materials normally available at most shore activities, and because installation is
relatively simple.

2.3 POLARIZATION

The polarization of the propagated wave is determined initially by the type and arrange-
ment of the transmitting antenna. As a rule, a vertical conductor radiates a vertically
polarized wave, and a horizontal conductor radiates a horizontally polarized wave.
More complex forms, such as circular and elliptical polarization, in which the direc-
tion of maximum voltage rotates in space at the frequency of transmission, are also
possible. These complex waves are generated by special antennas, or may be devel-
oped unintentionally when linearly polarized waves pass through nonuniform media such
as the ionosphere. The wave polarization in free space is always in a plane perpendic-
ular to the direction of propagation. The performance of a receiving antenna is im-
proved if it can be oriented to take advantage of the polarization of the incident wave.

As a consequence of random changing of the polarization of high frequency waves as
they travel through the ionosphere, the polarization of the transmitting antenna need
not be determined by the characteristics of the remote receiving antennas. There are,
however, other factors (discussed in/chapter 3) that must be considered relative to the
choice between a vertically or a horizontally polarized radiator. Where circuit re-
quirements dictate ground-wave propagation, vertically polarized antennas provide the
most effective coverage.

2-2 JUNE 1970
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2.4 IMPEDANCE
The impedance of an antenna is comprised of the following components:
Radiation resistance
Conductor resistive losses
o Reactive storage field
Coupled impedance effects from neaxby conductors

The radiation resistance determines the amount of energy radiated, and the ratio of
the radiation resistance to the radiation resistance plus all other losses determines
the antenna efficiency. Although the radiation resistance and the total impedance can
be calculated, the computations are extremely cumbersome for antennas other than the
most simple types. Such computations are of interest primarily for antenna design.

In practical antenna work, the input impedance specified by the antenna manufacturer
is verified at the time of installation by measurements with an impedance bridge.
Subsequently, input impedance measurements are made to verify performance or to
discover changes in input impedance that indicate the need for corrective maintenance.

The variation of antenna impedance with frequency depends upon the diameters and the
electrical length of the antenna elements. Antennas that have small diameters in
terms of wavelength have larger storage fields (greater reactive component of input
impedance) than do larger diameter antennas. Standing-wave antennas generally exhibit
a greater variation of reactive impedance than do traveling-wave antennas. For
example, a dipole is capacitive for lengths shorter than one-half wavelength, zero at
about a half wavelength, and inductive for lengths between one-half and one wavelength.
The reactance continues to alternate cyclically as the dipole is extended in half-
wavelength segments. Generally, this reactive behavior makes standing-wave antennas
difficult to use at frequencies other than those near resonance where the reactance is
zero. Some techniques have been used, however, to modify the impedance variation
with frequency so as to extend the useful bandwidth of such antennas. For example,
using biconical arms of proper taper for a dipole antenna reduces the reactance and
makes the antenna useful over several octaves.

Traveling-wave antennas such as the rhombic ana terminated vee have relatively con-
stant input impedance compared to standing-wave antennas. For these antennas re-
strictions on the useful frequency range are determined by antenna radiation pattern
changes with frequency rather than by impedance variations.

2.5 BANDWIDTH

A significant characteristic affecting the choice of an antenna for a particular applica-
tion is its bandwidth, the frequency range over which the voltage standing wave ratio
(VSWR) is within acceptable limits and over which the radiation pattern provides the
required performance. The useful frequency range, or bandwidth, of an antenna is
dependent upon the extent of the changes that occur in the input impedance or the radi-
ation pattern as the frequency is varied. Either radiation-pattern or input-impedance
changes can be the controlling factor. For some antennas, rhombics, for example,

2-4 JUNE 1970
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the input impedance is sufficiently constant to match the output impedance of a trans-
mitter over a wide band of frequencies with an acceptable VSWR. Use of this type of
antenna, however, often must be restricted to only a portion of this satisfactory "im-
pedance bandwidth'' because of unacceptable changes in the radiation pattern that occur
as the frequency is changed. On the other hand, some antennas, such as the electri-
cally short dipole or monopole, have essentially unchanging radiation patterns over a
wide range of frequencies but their use is restricted to narrow frequency bands because
the input impedance varies significantly with frequency.

The useful frequency band is determined to some extent by whether the antenna is used
for transmitting or receiving. Input impedance limitations are generally more stringent
for the transmitting case since a mismatch between a transmitter and its antenna may
result in an excessive VSWR which can cause equipment failure. A greater degree of
mismatch often is tolerated in the receiving case since, although signal reception may
be degraded, a mismatch will not cause equipment failure.

2.6 GROUND EFFECTS

The free-space radiation pattern and the impedance of an antenna are modified when the
antenna is placed near ground. The impedance change is small for antennas located at
least one wavelength above ground, but the change becomes greater as the height is
reduced. Since the ground appears as a lossy dielectric at medium and high frequen-
cies, location of the antenna near ground may increase the losses considerably unless
special means, such as ground wires or conductive mats, are used to reduce ground
resistance.

Vertical antennas, which are often located with the antenna feed point at or near the
ground surface, require a system of radial ground wires extending a sufficient distance
from the antenna to provide a low-resistance return path for the ground currents pro-
duced by the induction fields. For most vertical antennas, the length of the radials is
commonly one-quarter wavelength at the lowest design frequency. Additionally, on
some vertical antennas where the fields are intense near the base, a grid-type ground
mat, or screen, is used to increase the effectiveness of the connection to the earth.
Ground plane radials and screens are discussed further in chapter 3.

Horizontal antennas are usually mounted at least a quarter wavelength above ground and
do not require special treatment of the ground to reduce radiation losses.
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CHAPTER 3
HF ANTENNA PERFORMANCE

Antenna performance is controlled or influenced by a number of factors. Orientation,
polarization and radiation pattern must be considered along with ground plane require-
ments, feed systems, siting and separation criteria, real estate requirements, and
ground constants and conductivity. All of these factors must be considered carefully in
order to attain optimum antenna performance in ship/shore/ship, broadcast, ground/
air/ground, and point-to-point HF communications systems.

3.1 ORIENTATION AND POLARIZATION
Orientation and polarization requirements vary with the antenna application, and may be

different for ship/shore/ship, broadcast, ground/air/ground, and point-to-point com-
munications.

3.1.1 Ship/Shore/Ship and Broadcast Communications

Ship/shore/ship and broadcast HF communications requirements are usually fulfilled
by vertically polarized, omnidirectional or sector antennas. Sky-wave propagation is
ineffective, generally, for short-range communications because of skip distance
associated with this mode of transmission. However, at the low end of the HF band,
ground-wave propagation from vertical antennas can be quite reliable within the sky-
wave skip distance and beyond, depending upon the ground constants of the path. Ver-
tically polarized ground waves are particularly effective over sea water, and sub-
stantial distances can be spanned reliably with operating frequencies up to approximately
5 MHz. There are numerous vertically polarized antennas that are suitable for ship/
shore/ship and broadcast HF communications. Those most commonly used for Navy
service are discussed in chapter 4.

Although vertical antennas are used for most ship/shore/ship applications, very long
distances between terminals may be spanned more effectively by sky-wave propagation.
In these circumstances, horizontally polarized antennas such as horizontal LPA's (fixed
azimuth or rotatable) and rhombics are normally used.

3.1.2 Ground/Air/Ground Communications

Omnidirectional, broadband HF antennas are essential for effective ground/air/ground
communications since aircraft operate at varying distances, bearings and elevation
angles from ground terminals, and because numerous and rapid frequency changes are
required to maintain reliable communications as the position of the aircraft changes.

Vertically polarized omnidirectional antennas are generally well suited to the propaga-

tion requirements of ground/air/ground communications. HF sleeve antennas have been
in use for some time in ground/ air/ground systems; however, conical monopoles and
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inverted cones are being installed as programmed replacements for the sleeve antennas
because they possess broader bandwidth characteristics than the sleeve antenna.

A greater degree of reliability for ground terminal reception of relatively low power
aircraft signals, particularly teleprinter or other digital data transmissions, may be
achieved through some type of diversity operation. Unfortunately, the real estate
constraints at the receiving location may make space diversity reception impractical.
Likewise, frequency diversity transmission from aircraft is generally precluded because
of space and equipment limitations in the aircraft. Polarization diversity, however,

can be employed by the ground terminal to provide improved signal reception. This type
of diversity operation is made possible by using omnidirectional, horizontally polarized
antennas in conjunction with vertically polarized antennas. The HF quadrant antenna
illustrated in figure 4-28, is one type of horizontally polarized antenna that possesses
the omnidirectional broadband qualities necessary for use in conjunction with a vertical
antenna in a polarization diversity system.

3.1.3 Point-to-Point Communications

The most commonly used HF antennas for point-to-point communications are horizon-
tally polarized. Usually rhombics and horizontal LPA's are specified since they provide
the necessary bandwidth, gain, directivity and reliability for long-distance communica-
tions. Their relatively low radiation angle and low ground losses make them well suited
to the performance objectives for long distance service. Vertical LPA's are sometimes
used for long-distance point-to-point communications, but satisfactory results in this
application depend upon the use of a ground plane radial system to keep the radiation
angle low.

3.2 ANTENNA RADIATION CHARACTERISTICS

Gain, bandwidth, useful radiation angle and VSWR are major performance factors to be
considered along with orientation and polarization. Radiation characteristics, including
patterns of several types of antennas, are presented in chapter 4. In addition, typical
radiation performance characteristics are included in the Antenna Characteristics
Chart, foldout 5-1,

3.3 ANTENNA GROUND PLANE

A ground plane is required for any ground-mounted antenna if the antenna is fed in a
manner that makes the earth the return path for current flow. An arrangement of wires
comprising a ground plane improves antenna radiation efficiency and provides an im-

proved low-loss path for the return current.

Conical monopoles, discones, inverted cones, sleeves and some vertical LPA's are
typical of the antennas requiring ground planes.

Ground planes can be considered in three basic categories: radial grounds, ground
mats and counterpoises.
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3.3.1 Radial Ground Plane

A radial ground plane is generally considered the most effective grounding configuration
for vertical antennas. It is constructed of radial wires originating from a point at the
base of the antenna as shown in figure 3-1A. In this case 120 equally distributed radial
wires that are at least one-quarter wavelength long at the lowest design frequency are
normally used. When a vertically polarized LPA is used the 120 radials are placed in
the configuration shown in figure 3-1B. The length of the ground radials for the LPA
vary smoothly from at least one-quarter wavelength at the lowest design frequency to
one-quarter wavelength at the highest design frequency.

ANTENNA

120 RADIALS
(ACTUAL)

A. TOP VIEW OF ANTENNA AND
RADIALS LEADING OUTWARD

COPPER STRIP

7

P 0.25 x» AT 30 MHz
0.25 x AT 2 MHz

120 RADIALS (ACTUAL)

B . PLAN VIEW OF TYPICAL GROUND PLANE FOR
VERTICAL LOG PERIODIC ANTENNA

Figure 3-1. HF Antenna Radial Plane Ground Systems
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Ground radial kits are supplied as standard items with some vertical antennas; e. g.,
conical monopoles, inverted cones, and vertical monopole LPA's. General specifica-
tions for ground radial materials and installation are as follows:

a. Ground radial wires should be at least one-quarter wavelength long at the lowest
design frequency of the antenna. The gauge of the radial wires need only be sufficient to
withstand the mechanical stresses of installation. Usually No. 8 or No. 10 AWG
annealed copper-clad steel wire is adequate, To increase the ground plane the lengths of
the radials should be increased rather than the wire cross-sectional area.

b. Ground radials are most effective when installed on the earth's surface. How-
ever, radial wires are normally buried in order to ensure physical protection. The
depth of burial varies with frequency and should conform to the following rules:

(1) Frequency < 9 MHz - burial depth < 6 inches.

(2) Frequency > 9 MHz - burial depth < 3 inches.

c. Where terrain or boundary conditions prohibit the desired radial length, con-
nection of each radial to a ground rod is recommended, provided that the rods can be
driven at least 3 feet into the ground. Ideally, the rods should be set 10 feet into the
earth's surface for maximum effectiveness at most antenna locations. However, the
depth of refusal may be so shallow that even the 3-foot depth is not feasible. If such is
the case, it will probably be necessary to accept something less than an ideal ground
plane.

Peripheral bonding of the radial wires to a closed loop of wire that surrounds the ground
plane is recommended, whether ground rods are used or not. Silver soldering, brazing,
and exothermic welding are acceptable methods of bonding,

When ground rods are not used, the radial wires should be staked as necessary to
ensure physical stability.

d. On installations where location of adjacent antennas can cause ground radials to
cross each other, interference may be generated by non-linear junctions formed where
the radials overlap. If this condition exists, the following alternatives may be followed
as best suited to the particular application:

(1) Bond radials at their crossing points.

(2) Use insulated wire for the radials or insulate the wires at the crossing points.

(3) Substitute a copper mesh ground mat for the radial ground plane. The
dimensions of the mesh mat should be determined on an individual case basis.

(4) Bury the ground radials of the affected antennas at different depfhs at the
intersecting points, keeping the higher frequency antenna's radials nearest the surface.
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3.3.2 Ground Mat

When high antenna-base currents are present, a copper mesh ground mat is required
at the antenna base to further insure against ground system power loss. A typical mat
is 12 feet square and is fabricated from expanded copper or from copper wires bonded
together to form a grid. Installation practices are the same as those specified for
ground radial systems.

a. If a ground mat is used in conjunction with a system of radials, ensure that each
radial is bonded to the mat.

b. In the event that local surface characteristics prohibit mat burial, lay the mat
on the surface and stake it at frequent intervals to prevent shifting.

c. The primary consideration for the gauge of wire or thickness of expanded
copper metal to be used in fabricating the ground mat depends upon the anticipated
mechanical stresses.

3.3.3 Counterpoise

A system of conductors elevated above and insulated from the earth constitutes an
antenna counterpoise which forms a large capacitance with ground. This counterpoise
simulates a ground plane to stabilize antenna impedance. The following considerations
should be observed for effective application of a counterpoise:

a. It must be placed directly under the antenna.

b. It must be scaled in size according to operating frequency. The size must be
adequate to provide capacitance of a value that will have a low reactance at the operating
frequencies, thus minimizing any potential difference between the counterpoise and
ground.

3.4 ANTENNA FEED SYSTEMS

HF antenna feed systems must have low voltage standing-wave ratios and may be
categorized as either balanced or unbalanced.

a. Balanced feed systems are comprised of open-wire parallel lines, with a
nominal impedance of from 300 to 600 ohms, and impedance-matching devices as re-
quired.

b. Unbalanced feed systems are comprised of coaxial cable, with a nominal im-
pedance of 50 ohms, and impedance-matching devices as required.

c. The VSWR should not exceed 1. 1:1, for either a coaxial cable or an open-wire
feed line, over the operating frequency band when the line is terminated in its charac-
teristics impedance.

d. Detailed criteria on HF transmission lines and other antenna associated com-
ponents are contained in chapter 6, and in reference 14.
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3.5 ANTENNA SITING
Factors which must be considered in siting antennas are radiation hazards, environ-

mental factors (topographical and electrical), real estate requirements and ground
constants, '

3.5.1 Radio Frequency (RF) Radiation Hazards

Careful attention must be given to site selection for transmitting antennas with regard
to RF radiation hazards.

a. Hazards of Electromagnetic Radiation to Ordnance (HERO). Siting transmitting
antennas in areas in which ordnance materials are located can create potentially haz-
ardous conditions. Therefore, site approval with regard to ordnance materials is
required in accordance with NAVFAC Instruction 8020.3 — ''Site Approvals for Elec-
tromagnetic Wave Generating and Transmitting Equipment,' 16 February 1968.

b. Hazards to Fuel. The exposure of fuel to RF radiation is a subject of discussion
in NAVORD 3565/NAVAIR 16-1-529 — ""Technical Manual, Radio Frequency Hazards
to Ordnance, Personnel and Fuel," (U), and in NAVELEX 0101,103.

c. Hazards to Personnel. Safe exposure limits for the protection of personnel from
the effects of RF radiation are discussed briefly in chapter 8.

3.5.2 Terrain Considerations

HF antennas should be located on reasonably flat ground. Areas with large concentra-
tions of rock should be avoided since grading and construction problems are magnified
by such terrain, and because non-uniform ground constants are likely to exist because
of the soil dissimilarities.

Antennas should be sited so that obstructions such as buildings, tall metal structures,

and mountains are not in the direction of propagation. The obstruction angle for a
given wavepath must not exceed 5° (3° is preferred).

3.5.3 General Considerations

The following general considerations apply in locating HF antennas:

a. Fixed directional antennas, such as rhombics and LPA's (horizontal and
vertical), should be sited so that their main beam does not radiate through other HF
antenna arrays. This requires that they be located at the antenna park perimeter
nearest the azimuth of the intended direction of transmission or reception.

b. Rotatable log-periodic antennas (RLPA's) should be grouped together where
possible to reduce any detrimental effect that their supporting towers may have on
vertically polarized antennas.
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c. Higher frequency antennas, such as RLPA's and some conical monopoles,
should be located as close as possible to the transmitter or receiver building to mini-
mize coaxial line losses.

d. HF antennas for which spacing requirements are the same should be grouped
together to conserve real estate.

e. In cases where land availability is critical, it is possible to locate a vertically
polarized antenna within the area occupied by a rhombic antenna without sacrificing
performance. In such installations, the vertically polarized antenna should be located
near the center of the rhombic clear of the rhombic curtains, feed pole, and termi-
nating resistance. The rhombic array in which the other antenna is located should have
wood supporting structures, and guy wires should be broken up with insulators. Also
the rhombic should have a lumped termination resistance in lieu of dissipation lines to
afford adequate space for installing the vertical antenna.

3.5.4 Separation From Sources of Interference

Interference from sources of electromagnetic radiation, such as radio and radar trans-
mitters, and noise from electrical devices are of concern in siting HF receiving
antennas. In order to minimize the effects of this interference, receiving antennas
should be sited in accordance with separation distances specified in table 3-1.

3.6 ANTENNA SEPARATION
Separation of HF antennas is an important factor that affects antenna performance. The

criteria for separation are determined by the physical and electrical characteristics of
the antennas and by the antenna application (transmitting or receiving).

3.6.1 Separation Requirements for Antennas of Unlike Function

HF antennas of unlike function (transmitting and receiving) should be separated by a
minimum distance of 15 miles. If this separation is decreased serious degradation of
the receive function may result due to interference created by the transmitters. This
interference can be caused by adjacent-channel operation, harmonics, keying tran-
sients, and parasitic oscillations. Also, cross-modulation products can be generated
in HF preamplifiers and receivers by strong RF fields, even though normal receiving
frequencies are widely separated from the frequencies of such fields. Receiving
antennas should be separated from transmitting antennas in accordance with the criteria
in table 3-1.

3.6.2 Separation Requirements for Antennas of Like Function

The separation distance between any two antennas of like function (all receiving or all
transmitting) can be determined from the following spacing criteria. All distances,
unless otherwise noted, are based on the antennas lowest design frequency. The
larger of the two distances in each case is used as the spacing distance. The points of
measurement are between the reference points listed for each type of antenna (except
rhombics).
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Table 3-1.

Receiving Antenna Separation Distances

SOURCES OF INTERFERENCE

MINIMUM DIST

Hi gh-power transmitter stations:
Very low frequency
Low frequency/high freqUenCy v.eueeeseeeessssceescssnns
Other transmitters not under Navy control ......coee0e..

High-voltage power transmission lines 100 kV or greater

Receiver Station power feeders

Airfields and glide paths:
For general communications ....cececeeeisssoncscccas
For aeronautical receiving at air station ,..............
Teletype and other electromechanical systems:
Low level operation or installed in shielded room ,........
High level operation installed in unshielded room
Large installation (communications center)...... ceven

Small installation (1 to 6 instruments) ......ce0eeeees

Main highways

Habitable areas (beyond limits of restriction) .......eceeeeees
Areas capable of industrialization (beyond limits of
restriction, see Note 2):
Light industry ® 0 0 9 00 P00 0O OO PP O OO SE S SIESOEEPBSO SO OSDS
Heavy industry

00000000000 0000000000000000c00O0OIOGES

Radar inStallation 000000000 0000000000000000000000000080000

Primarypowerplants 0000008000 0000000 000N OLERIOGEOIEEOROETPROOOS

25 mi

15 mi
5 mi (see
Note 1)

2 mi
1000 ft from

nearest Antenna

5 mi
1500 ft
No minimum
2 mi from
nearest Antenna
200 ft from

nearest Antenna

1000 £t

(See Note 3)

5 mi

NOTE 1:
non-Navy transmitter stations:

The following NAVELEX requirements also govern distances to

(a) Signal from non-Navy station shall not exceed 10 millivolts

per meter (field intensity) at Navy site boundary.

(b) Harmonic or spurious radiation from the non-Navy station
shall not exceed 5 microvolts per meter (field intensity) at

the Navy site boundary.

NOTE 2:

The restriction limit is the protective corridor i. e.,that area be-

tween the outer limits of antenna field and the site boundary.

NOTE 3:

Calculate using ""Electromagnetic Prediction Techniques for Naval Air

Stations, '" White Electromagnetics, Inc., Rockville, Md., NObsr 87466.
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a. Rhombics. Rhombics should be separated 250 feet from other types of horizon-
tally polarized antennas. The 250-foot distance is measured from the nearest radiating
element of the rhombic antenna to the reference point listed for the other antenna.
However, rhombics may be located immediately adjacent to other rhombics (including
the sharing of common side and/or rear poles) as long as their radiators do not overlap.

Nesting a higher frequency rhombic inside its lower frequency complement (using a
common rear pole) is permissible, and is encouraged, in order to reduce land require-
ments.

Vertically polarized antennas may be placed inside a rhombic as noted in
paragraph 3.5.3.e.

b. Vee Antennas. Spacing requirements are the same as for rhombics.
c. Horizontal LPA. Space two wavelengths from the main lobe and one wavelength

outside the main lobe, measured from the main supporting structure (midway between
supporting structures for two-tower configurations).

d. Vertical LPA. Spacing requirements are the same as for horizontal LPA's.

e. Rotatable LPA. Space two wavelengths from horizontally polarized antennas.
The separation requirement from a vertically polarized antenna is determined by the
spacing requirement of the vertical antenna. In all cases, spacing must not be less
than 150 feet.

f. Yagi. Space one-half wavelength measured from the center of the nearest
radiating element.

g. Horizontal Doublet. Space one-half wavelength measured from the feed point.

h. Medium Frequency/Low Frequency Long-Wire. Space 500 feet measured from
the feed point.

i. Inverted Cone. Space one wavelength measured from the antenna center.

jo Conical Monopole. Spacing requirements are the same as for inverted cones.

k. Sleeve. Space one wavelength measured from the sleeve element.

1. HF Vertical Radiators. These include vertical doublets and other discrete
frequency antennas with a bandwidth of 10 percent or less at the center design fre-
quency. Space one-half wavelength measured from the supporting structure.

m. Vertical Low Frequency Tower. Space 1000 feet from all HF antennas.

n. Sector Log Periodic. Space two wavelengths measured from the main supporting
structure.

o. Sector Sleeves (90° and 180°). Space two wavelengths measured from the sleeve
element.

p. Selectively Directional Monopole. Space 2 wavelengths measured from each
monopole element.
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3.7 REAL ESTATE REQUIREMENTS

The amount of land necessary for locating individual HF antennas is based on the
following requirements:

a. Directional pattern desired
b. Polarization
c. Operating frequency (antenna size)

Land requirements for most types of HF antennas used in naval shore installations are
tabulated in foldout 5-1. These stated requirements do not take into account antenna
siting and separation criteria, both of which must be considered separately.

3.8 GROUND DIELECTRIC CONSTANTS AND CONDUCTIVITY

The ground dielectric and conductivity of any intended antenna location should be con-
sidered according to individual antenna requirements. As previously discussed in
paragraph 2. 6 the presence of ground affects the various types of antennas in different
ways.

Once the site is selected for an antenna farm, only limited choices are available for
location of individual antennas. Ideally, vertically polarized antennas should be in-
stalled in an area of high ground conductivity to provide a low-loss return path for
ground currents. In actual practice, however, the importance of this is minimized
because vertical antennas are usually constructed over a fabricated ground plane to
ensure impedance stability and a low-loss return current path. Paragraph 3.3 cites
the necessity for ground planes.

Horizontally polarized antennas erected at least one-quarter wavelength above ground
do not require ground treatment to reduce dielectric losses or to stabilize impedance
characteristics. The primary consideration for height of horizontal rhombics above
earth is the useful radiation angle of the antenna, Assuming that the height require-
ment can be met, the other ground requirements can be satisfied if the surface is
level at the antenna location and the ground conductivity is high enough to provide
ground reflection for long-range transmission. An ideal location is one where a body
of water extends for several miles in front of the antenna.

Ground constant values for many diverse types of soil are available in references 26

and 27 of appendix C. An abbreviated general guide for ground conductivity and
dielectric constant is given in table 3-2.
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Table 3-2. Typical Ground Constants

REL DIELECTRIC CONDUCTIVITY
TYPE OF GROUND '~ CONSTANT (MHOS/METER¥)
Sea water 81 4. 64
Good ground. Pastoral land -9
with good soil 20 3x10
Poor ground. Hilly country,
moderate vegetation, urban 3

districts 5 1x10°

*Conductivity in electromagnetic units, emu, is 10'11 times the
conductivity in mhos/meter.
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CHAPTER 4

ANTENNA DESIGN AND CHARACTERISTICS

Many factors must be considered before antennas can be correctly chosen to fulfill the
communications mission requirements.

The physical and electrical characteristics of an antenna, such as radiation pattern, polar-
ization, impedance, gain, directivity and bandwidth will influence the selection. These
characteristics, in turn, must be weighed against land availability and other economic
considerations before final selection is made.

The characteristics of those antennas which are most commonly used in point-to-point,
ship/shore/ship, ground/air/ground, and broadcast communications are presented in
this chapter. The design of HF antennas is accomplished in accordance with NAVELEX
standard plans or other specifications provided by NAVELEX. Detailed design proce-
dures for most HF antennas used in Navy communications systems are also included in
reference 14.

Most HF antennas are obtained from commercial sources rather than being designed and
fabricated by a field activity. Log-periodic, conical monopole, and inverted cone antennas
are typical of this group. In some cases, "off-the-shelf' units which meet the communi-
cations requirements are available. For other applications, however, antennas are de-
signed and fabricated by a manufacturer to meet NAVELEX specifications which take into
account the structural requirements established by NAVFAC.

4.1 HALF-WAVE ANTENNA (DIPOLE/DOUBLET)

The basic half-wave resonant antenna called either a dipole or doublet, is one of the sim-
plest and most fundamental of the radiating systems in common use. Geometrically, this
antenna is a simple linear element which has an electrical length of one-half wavelength.
Normally the radiator is a thin wire, but larger conductors are sometimes used for those
antenna applications which require slightly wider bandwidth or lower input impedance
than that of a thin wire.

The two-and three-wire folded dipole versions of the half-wave antenna (illustrated in
figure 4-1) normally are used for Navy communications service because they provide
greater power handling capability and increased bandwidth. NAVSHIPS Drawings RE-
F2691939, 2691941, 2691942, 2691950, 2691953, 2691956 and 2691982 (formerly BUSHIPS
Drawings RE 66F 2034, 2036, 2037, 2045, 2048, 2051 and 2077, respectively) are stan-
dard plans for these antennas

4.1.1 Physical and Electrical Characteristics

The impedance at the center of the basic half-wave thin wire in free space is approxi-
mately 73 ohms. For antennas of this type installed over earth of average conductivity,
the measured input impedance is likely to lie between 50 and 90 ohms, depending on the
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antenna height above ground. In applications where an unbalanced coaxial transmission
line is preferred, the basic half-wave antenna can provide a close impedance match to
the standard 50-ohm line. At heights above one-quarter wavelength, the input impedance
exhibits a cyclic variation with height, and the mean impedance approaches the free-

space value at great heights.

)

Z;=300Q

Z: FOLDED DIPOLE ANTENNA

==¥=- DOUBLE DOUBLET ANTENNA

Figure 4-1. Dipole and Doublet Antennas
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When RF voltage is impressed across the center feedpoint of the balanced half-wave
antenna, a traveling wave of current moves out toward the end of the driven conductor;
at the end of the conductor, the traveling wave is reflected back toward the feedpoint.
Since the incident and reflected current waves are in phase at the center of a resonant
half-wave antenna, the impedance at the feedpoint is determined by the scalar sum of
incident and reflected waves of current. If more than one path is provided for the
reflection, the reflected current will divide among the paths so that the total of incident
and reflected currents in the branch containing the feedpoint is reduced. The input im-
pedance at resonance of a practical half-wave antenna can, therefore, be increased to
several hundred ohms by arranging other conductors of the same length parallel to the
driven conductor and connected to the driven conductor only at the ends. Spacing of the
individual conductors is held to a very small fraction of a wavelength in order that the
additional conductors function only to alter the impedance characteristics rather than
the radiation pattern of the antenna.

This variation of the simple half-wave antenna is commonly called a folded dipole.

If the basic antenna has only one such additional conductor, the input impedance becomes
approximately 200 to 300 ohms; when the configuration consists of a total of three con-
ductors, the input impedance can be increased to approximately 600 ohms. For trans-
mitting applications where an open-wire transmission line is preferred, the three-con-
ductor configuration provides a close impedance match to the common types of open-
wire line. The procedures for matching doublet antennas to open-wire lines, and for
tuning doublets, are presented in appendix A.

The exact value of input impedance depends upon the spacing between conductors, the
length-to-diameter ratios of the individual conductors, the ratios of conductor spacing
to the conductor diameters, and the electrical constants of the soil over which the
antenna is erected.

Half-wave antennas can be driven at points other than the geometric center, and they
are sometimes fed off-center or at one end. The impedance at the ends (points of cur-
rent null) is quite high, typically 2000 ohms or more. Impedance matching of the trans-
mitter, line, and antenna becomes more difficult and more frequency dependent with
end-fed configurations, so the end-fed arrangement is seldom used.

The maximum power handling capability of the half-wave dipole antenna is limited
generally by the capacity of transmission line used and by corona effects at the ends
of the antenna elements. The radiation efficiency is substantially 100 percent.

Figure 4-1 illustrates each half-wave configuration discussed. The illustration shows
-only horizontally oriented antennas since veritcal orientation results in a structure of
impractical height for frequencies below 5 MHz.

The basic half-wave antenna is often used as the reference antenna in gain calculations
for more complex antennas. However, gain of this antenna itself must be referred to a
more fundamental reference, the isotropic radiator. An evaluation of the gain with ref-
erence to the field intensity produced at a specific point by an isotropic radiator, must
take into account the conductivity and dielectric constant of the reflecting ground, and
the height of the antenna in wavelengths above ground.

The bandwidth of the half-wave antenna is normally limited to 5 percent of the center
design frequency by the allowable impedance variation rather than by pattern variation.
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A variation of the basic half-wave antenna from which increased bandwidth can be
realized involves the use of non-parallel multiple conductors joined at each side of

the feedpoint, and extended to a maximum separation at the ends. When only one such
additional conductor on each side of the feedpoint is utilized, the resulting configura-
tion (illustrated in figure 4-1) is called a double doublet. The additional conductors

are generally one-half the length of the original antenna conductors. A properly de-
signed double doublet will operate with a low VSWR over two narrow bands around the
resonant frequency of each antenna, thereby yielding some increase in frequency cover-
age. The two doublets must not be harmonically related since unwanted radiation can
result from this relationship.

4.1.2 Summary

Assuming an optimum configuration for a given application, the general group of hori-
zontal half-wave antennas can be considered as medium-power, narrow-band, low-
gain, and moderately directive radiators of very simple and inexpensive construction.

4.2 YAGI ANTENNA

The Yagi antenna is an end-fire parasitic array. It is constructed of parallel and co-
planar dipole elements arranged along a line perpendicular to the axes of the dipoles
as illustrated in figure 4-2, Only one dipole element is driven. The others are para-
sitic elements that are coupled to the driven element by currents induced by the field
of the driven element.

4.2.1 Physical and Electrical Characteristics

To obtain directive gain, the phase of currents induced in each element is controlled
by careful adjustment of element spacing and length so that the fields of the driven and
the parasitic elements are additive in one direction. For close element spacings,
which normally correspond with high directive gain, the effect of mutual impedance

is to substantially reduce the antenna input impedance. Typically, the input impedance
at resonance might range from 10 to 60 ohms. Impedance transformation through a
balun or other matching device is usually required to properly terminate the standard
unbalanced 50-ohm transmission line which feeds the antenna. In a parasitic array

the effect of mutual impedance is to lower the value of the radiation resistance rela-
tive to that of a radiator without parasitic elements. In the long Yagi configurations,
radiation resistance is so low that the ohmic losses of the antenna conductors approach
a significant fraction of the radiation resistance. Since radiation resistance is an equiv-
alent resistance which accounts for energy radiated, a small ratio of radiation resis-
tance to conductor ohmic resistance indicates an antenna of poor radiation efficiency.

The radiation pattern, gain, lobe alignment, and front-to-back ratio of a Yagi varies
with array height above ground and the number, length, spacing, and radius of the ele-
ments. A typical Yagi array, designed either for optimum gain or for a particular
front-to-back ratio, operates at a power gain which ranges from 6 to 19 dB. Gener-
ally, Yagi antennas will develop only one significant horizontal-plane minor lobe,
which is the back lobe. Other minor lobes usually can be suppressed more than 20 dB.
Suppression of the back lobe by more than 12 dB is extremely difficult when antenna
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Figure 4-2, Yagi Antenna

parameters are chosen for maximum forward gain without regard to back lobe suppres-

sion. Figure 4-3 illustrates a two-element Yagi radiation pattern (ref. 14).

It is difficult to achieve very low vertical radiation angles at the low end of the HF band
because the antenna height required becomes prohibitive.  For a vertical radiation
angle of 5 degrees the array height must be 2.75 wavelengths. Because of this height
requirement, the designer should first consider other antenna types for vertical radia-

tion angles in the 5 to 10 degree range when the operating frequency is lower than
15 MHz. " -
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The most limiting characteristic of the Yagi antenna is its extremely narrow bandwidth.
Three percent of the center frequency is considered acceptable bandwidth ratio for a
Yagi antenna.

The width of a Yagi array is determined by the lengths of the elements of which it is
composed; the element length is approximately one-half wavelength, the exact length
depending on the desired action (driver, reflector or director) of the element. The
required length of the array depends upon the desired gain and directivity. Typically,
the length of an array might range from 0.3 wavelength for three-element arrays, to

3 wavelengths for arrays consisting of numerous elements. For HF applications,

the maximum practical array length of the Yagi is generally considered to be 2 wave-
lengths. Since the vertical radiation angle depends primarily upon the array height
above ground, required array height ranges between 0.25 and 2.5 wavelengths. At a
frequency of 16 MHz and a vertical radiation angle of 25 degrees, an array height of
approximately 40 feet would be required and a three-element array would be approx-
imately 19 feet long and 32 feet wide. The dipole elements are normally constructed
of tubing rather than wire since the smaller length-to-diameter ratio of the tubing
provides an array Of better gain and bandwidth characteristics. The use of tubing for
the dipole elements also provides sufficient mechanical rigidity for self-support;
consequently the array is often used in applications which require a rotatable antenna.
Yagi arrays of four elements or less are not structurally complicated. Longer arrays,
and arrays for the lower frequencies, where the width of the array exceeds 40 feet,
require elaborate booms and supporting structures.

4.2.2 Summary

The Yagi antenna can be characterized as a narrow-band, medium-power, high-gain,
highly directive radiator of medium-to-high radiation angle, compact size, and low cost.
A typical Yagi array designed either for optimum gain or for a particular front-to-back
ratio presents to the transmission line an impedance ranging from 10 to 60 ohms, and
operates at a power gain which ranges from 6 to 19 dB, depending on the array charac-
teristics. Power handling capability is limited by the feedline, insulators, capacity of
impedance matching device, and corona at the ends of the elements.

4.3 LOGARITHMICALLY PERIODIC ANTENNAS

An antenna arranged so that the electrical length and spacing between successive
elements causes the input impedance and pattern characteristics to be repeated
periodically with the logarithm of the driving frequency is called a log-periodic
antenna (LPA). Both fixed-azimuth and rotatable LPA's are widely used in naval
communications,

4,3.1 Physical and Electrical Characteristics

Three fixed-azimuth antenna configurations which meet the physical conditions required
for frequency independence are shown in figure 4-4. The family of antennas which ex-
hibit a periodic variation of electrical properties with the logarithm of frequency includes
- the dipole array, the trapezoidal outline array, and the vertical monopole array.

JUNE 1970 4-7



NAVELEX 0101, 104

{

—
'at ‘
'

\

i

()
\

P

(GROUND SYSTEM
NOT SHOWN)

LOG-PERIODIC VERTICAL MONOPOLE ANTENNA

Figure 4-4. Log-Periodic Antennas

4-8 JUNE 1970



ANAVLLLDA VLUV L, 1V

The log-periodic horizontal dipole antenna consists of several parallel and linear dipole
elements arranged side-by-side in a plane and energized so as to generate a unidirec-

tional beam in the direction of the shorter elements. This antenna is fed with a balanced
two-wire line entering at the apex and running through the center of the structure, trans-
posed between adjacent elements so that all adjacent elements are fed 180 ° out of phase.

Feeding from an unbalanced line requires the use of a balun, which can be included as
part of the antenna structure.

The log-periodic vertical monopole configuration is similar to the dipole arrange-

ment except that the plane containing the radiating elements is vertical, and the

longest element is approximately one-quarter wavelength at the lower cutoff frequency.
Geometrically, the monopole arrangement is one-half of the dipole system, but in

the monopole arrangement a ground system provides the "image' equivalent of the other
other half-dipoles. A single vertical LPA requires only one tower, and is easier to
install than a horizontal LPA. To reduce earth current losses, however, an artificial
ground system normally is required for almost all vertical-monopole systems. The
AS-2224/FRC is typical of the vertical monopoles in naval service,

Another LPA configuration commonly used is the horizontally polarized trapezoidal
outline. In this configuration, the radiating system consists of two planes of parallel
elements, with the elements in each plane arranged in a repeating trapezoid. One
end of the longest element is connected to the end of the shorter element adjacent to
it; the other end of this adjacent element is connected to the end of the next shorter
adjacent element, and so on down to the apex. This configuration is similar to the
horizontal d1pole antenna. For horizontal polarization, the two planes containing

the elements are arranged so that they join near ground level and extend outward
and upward in two bays, one under the other.

The input impedance of theLPA typically ranges from 100 to 300 ohms (balanced).
LPA's generally are suitable for moderate-to-high power levels, the maximum power
handling capability normally being limited by transmission lines, baluns and coupling
devices. Typical log-periodic systems operate at power levels ranging from 10 to

50 KW average power.

Radiation efficiency for LPA's is substantially 100 percent except for the vertical mono-
pole configuration which normally is installed over a ground system. The efficiency of
the vertical monopole configuration is limited by the ground losses.

The performance of an LPA is very dependent upon the proper choice of physical char-
acteristics for each application. The most fundamental physical characteristic, upon
which all others depend, is the geometric scaling factor, sometimes termed the ''design
ratio." For any particular set of performance limits, the scaling factor determines the
other physical parameters; element length, element spacing, and number of elements.
As is usually the case for antennas operating under the influence of ground reflection,
the height of the array, in wavelengths above ground determines the vertical radiation
angle,

The ground system for the vertical monopole LPA requires from 3 to 5 acres of land in
the immediate vicinity of the antenna. A typical vertical monopole designed to cover a
frequency range of 2 to 30 MHz requires one tower approximately 140 feet high and an
antenna length of approximately 500 feet. The space requirement for a LPA dipole con-
figuration is large if the antenna is to operate near the low end of the HF spectrum.
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A typical dipole LPA for 2,5 to 30 MHz can require from 3 to 5 acres of land when
space for guys is included, Typical tower heights range from 100 to 140 feet,

A typical trapezoidal configuration for a frequency range of 4 to 40 MHz requires two
towers approximately 230 feet in height, and a total land area of approximately 5 acres.

The maximum gain of a log-periodic vertical monopole antenna varies from 6 to 8 dB.
Slightly more gain can be obtained with the dipole configuration which yields typical
maximum values ranging between 8 and 13 dB. The trapezoidal outline configuration

has the highest gain of the group with maximum values up to 16 dB. Figure 4-5 illustrates
that horizontal beamwidths at the minus 3-dB points range from a typical value of 100°
for the vertical monopole configuration, down to 60° for the trapezoidal outline
configuration (ref. 14).

The vertical plane beamwidth for ground-mounted LPA's ranges from 40° for the ver-
tical monopole to 25° for the trapezoidal outline antennas. Radiation patterns for the
types of LPA's discussed are illustrated in figure 4-5 (ref. 14). Since the vertical
angle along which earth-reflected field reinforcement occurs depends upon the
electrical height of the radiatior above earth, it is necessary to slope the log-
periodic configuration in such a manner that the height of the effective aperture
(phase center) is constant when measured in wavelengths. The free-space E- and

H- plane patterns of LPA's are inherently frequency independent. When the

practical antenna is sloped with respect to ground, the horizontal pattern is unaf-
fected, essentially, by earth reflection.

True frequency independence is an LPA can be achieved only under the theoretical con-
ditions of an infinite progression going from elements of infinitesimal length out to ele-
ments of infinite length. In practical circumstances, however, the log-periodic configu-
ration is substantially frequency-independent between upper and lower design-cutoff fre-
quencies.

The high-irequency cutoff is determined largely by the precision to which antenna geom-
etry can be maintained. In the case of the dipole configuration, which must be fed at the
apex, high-frequency cutoff is also limited by practical feedline dimensions. The low fre-
quency cutoff is determined by the feedline dimensions and by the maximum practical
size of the overall configuration since low-frequency cutoff occurs when the longest ele-
ment is slightly more than one-quarter wavelength long; that is, one or two longer ele-
ments must remain active behind the element which is one-quarter wavelength long. Fre-
quency-independent operation above the low-frequency cutoff is possible because antenna
currents decrease rapidly with distance from the apex; thus, a smaller portion of the an-
tenna is utilized as frequency is increased. Bandwidth is limited by the physical limits

to which the antenna is constructed. For antennas of practical physical dimensions,
VSWR can be held below 2:1 for bandwidth ratios of 15:1 or more.

In addition to the basic LPA configurations some more sophisticated variations are in
use in naval communications.
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4,3.2 Sector Log-Periodic Array

This version of a vertically polarized fixed-azimuth LPA consists of four separate an-
tenna curtains supported by a common central tower as shown in figure 4-6. Each of
the four curtains operates independently, providing antennas for a minimum of four .
transmit or receive systems, and a choice of sector coverage. The four curtains are
also capable of radiating a rosette pattern of overlapping sectors for full coverage in
azimuth, as shown by the radiation pattern in figure 4-6, The central supporting tower
is constructed of steel, and may range in height to approximately 250 feet., The length
of each curtain can be up to approximately 250 feet (according to the frequency range).

Land requirements for the antenna including its ground plane (not used in all sector
LPA's) will usually be approximately 4 to 6 acres for a sector LPA covering the full
HF spectrum.

The power handling capability of this type of LPA can be as high as 20 kW average
power with a VSWR no greater than 2:1. A gain greater than 11 dB with respect to
isotropic is possible.

TOWER GUY

180

Figure 4-6, Sector LPA and Horizontal Radiation Pattern
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4.3.3 Rotatable Log-Periodic Antenna

The rotatable LPA (RLPA) possesses essentially the same characteristics as the fixed
LPA, but has a different physical form.

RLPA's commonly are used in ship/shore/ship and in point-to-point communications.
The ability to rotate the array 360 degrees is a distinct advantage when the relative
merits of the fixed and rotatable versions of the LPA are compared.

Widely divergent construction methods are found in RLPA's. Some are constructed
using tubular antenna elements; others utilize wire elements. Figure 4-7 illustrates the
AS-2187/FRC, one type of RLPA in naval ¢communications use. This antenna has wire
elements strung on three aluminum booms of equal length which are spaced equally and
arranged radially about a central hub on top of a tower. The tower is steel, and is ap-
proximately 100 feet high. The frequency range of this RLPA is approximately 6 to

32 MHz, the gain is 12 dB with respect to isotropic, power handling capability is 20 kW
average and VSWR is 2:1 over the frequency range. NAVELEX Drawings RW 66B 450
through 456 provide engineering -installation details for the AS-2187/FRC.

RADIATOR

ALUMINUM

BOOM /

ROTATOR

GUY

TRIANGULAR
STEEL

TOWER BALUN

e
— _ g > TRANSFORMER
. PR e = —— 23/ =
i S P P 212 B t: ~ o

Figure 4-7, Rotatable Log-Periodic Antenna
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4.3.4 Summary

The LPA, in general can be characterized as a medium-power, high-gain, moderately
directive radiating antenna of extremely broad bandwidth. Bandwidths up to 15:1 are®
possible with up to 15 dB power gain. The vertical radiation angle remains relatively
constant over the antenna bandwidth on the fixed azimuth LPA's. '

LPA's are rather complex antenna systems and are relatively expensive. The installation
of LPA's is normally more difficult than for other HF antennas because of the tower
heights and the complexity of suspension of radiating elements and feedlines from the
towers. '

4,4 HF WHIP ANTENNAS

HF whip antennas are vertically polarized omnidirectional monopoles which are electri-
cally characteristic of the general class of vertical radiators. They are used in short-
range ship/shore/ship communications, in transportable communications systems, and
in laboratory and shop installations.

4,4.1 Physical and Electrical Characteristics

Whip antennas used in HF communications are made of tubular metal or fiberglass-
covered metal. They are usually 35 feet in length; however, some models are adjustable
from a length of 12 feet to a maximum length of 35 feet.

Whips are the least efficient of all the commonly used vertically polarized antennas.

Their wide application in Navy HF communications is due primarily to their low cost and
simplicity of installation. Even though it is generally assumed that HF whips are designed
for efficient operation throughout the 2 to 30 MHz range, actual radiation efficiency

is largely dependent upon their operation with associated tuning devices (normally used
with transmitters) and a ground plane, Without an antenna tuning system, whips will
generally have a narrow bandwidth and will also be limited in power-radiating capability.

7 Power ratings of most HF whips range from 1 to 5 kW (PEP) but in some cases stain-
less steel models are used in power applications above 5 kW.

Whips do not present unusual siting or installation problems since they may be readily
located on poles or platforms, on the tops or sides of buildings, or similarly located on
transportable units. Installation instructions provided with the antennas do not always
‘take into consideration proper antenna location or ground plane requirements. A ground
plane of radial wires one-quarter wavelength long at the antennas lowest design frequen-
cy is usually required.

Two models commonly used in HF shore applications are the AT-1022/SR and the
NT 66047. Both antennas meet Navy requirements and are available through normal
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4.4,2 Summary

Although whips are not considered highly efficient antennas, and are unsuitable for many
applications, they provide a compromise choice for receiving and low-to-medium’ power
transmitting installations. Because whips are inexpensive and are easily installed their
use is particularly advantageous where time, cost, and space are critical factors. The
spacing required between tuned whips is not critical if they are operated at sufficiently
different frequencies.

4.5 SLEEVE ANTENNA

The HF sleeve antenna is used primarily as a receiving antenna in Navy COmmuni-
cations. In its basic configuration, the sleeve is broadbanded vertically polarized and
omnidirectional. Consequently, its primary applications are in broadcast, ship/
shore/ship, and ground/air/ground service rather than point-to-point communications.
BUSHIPS Drawing RE 66F 2073, Rev. K., and 2075, Rev. G. are the standard plans for
transmitting and receiving sleeves, respectively.

4.5.1 Physical and Electrical Characteristics

The sleeve antenna illustrated in figure 4-8 consists of two sections: a grounded lower
base section and an upper, ungrounded section. The upper section is of greater length
and smaller diameter than the lower section. The upper section is constructed of multi -
ple vertical wires supported by a wood pole. The wires are joined at the lower and
upper ends, and spaced to a maximum width at the center. The spacing of the upper-
section conductors is varied in a manner which reduces antenna capacitance at the feed-
point. The lower section is a wooden structure with ten parallel wires distributed from
top to bottom on each side. The transmission line is connected through a transformer to
the junction of the base and upper section. The nominal impedance of the sleeve antenna
is 50 ohms. Maximum transmitter power-handling. capability generally is limited to

10 kW (PEP) because of limiting factors imposed by the impedance matching device.

The basic omnidirectional sleeve antenna provides a gain of approximately 2 dB over a
frequency range of 3:1, and presents a VSWR of 3:1, or less , over the frequency range.

The sleeve antenna is installed above a ground radial system consisting of 120 wires
spaced 3° apart and at least one-quarter wavelength long at the lowest design frequency.

The radial wires are connected to the lower grounded section and are electrically com-
mon with the lower section. Due to the requirement for a ground plane, a sleeve antenna
will occupy from 2 to 4 acres of land.

Several variations of the basic omnidirectional sleeve antenna are used in Navy HF com-
munications.

4.5.2 180° Sector Sleeve

- This variation of the basic sleeve is illustrated in figure 4-9. The upper and lower sec-
tions in the 180° sector sleeve are the same as in the basic antenna. The addition of a
director and a reflector provide the directive characteristics. This type of sleeve oper-
ates effectively over a frequency range of 3:1 with a VSWR of 3:1, and provides a gain
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Figure 4-8. Sleeve Antenna

that is approximately 3 dB higher that that of the omnidirectional version. Typical fre-
quency ranges for the 180° sector sleeve are 4 to 12 MHz, and 9 to 27 MHz. BUSHIPS
Drawings RE 66F 2115, Rev. A, and 2116, Rev. A are the standard plans for the 180°
transmitting and receiving sleeves, respectively.

The primary purpose of the director is to prevent the beam from becoming too broad
and splitting at the high end of the frequency range. The director is usually constructed
in the form of a cylinder consisting of 6 wires of the type and size of the antenna element.

The reflector consists of 20 vertical wires, 0.1 inch or larger in diameter, connected to
the ground plane. '

The ground plane required for the 180° sector sleeve is similar to that for the basic
sleeve antenna except the radial wires distributed in the direction of the reflector do not
extend beyond the reflector. They are terminated at the lower end of the reflector and
made electrically common with the reflector wires.
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Figure 4-9, 180° Sector Sleeve Antenna

4,5.3 90° Corner Reflector

The corner reflector variation of the basic sleeve antenna is illustrated in figure 4-10.
Physical differences of this sleeve antenna and the basic omnidirectional and 180° sector
sleeve are readily apparent when figures 4-8, 4-9, and 4-10 are compared.

The 90° corner reflector configuration provides a gain of approximately 5 dB over the
omnidirectional sleeve. Other electrical characteristics, with the exception of beamwidth
and directivity, are essentially the same as the omnidirectional and 180° sector sleeves.
A system of extended ground radials is required for the corner reflector configuration in
order to achieve the gain and front-to-back ratio desired. Generally, the radials are

2.5 wavelengths long at the lowest design frequency. This ground plane is also shown in
figure 4-10.
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4.5.4 Summarz

Sleeve antennas are classified as relatively low-power, broadband, low-angle radiators
of moderately low cost. The basic omnidirectional sleeve exhibits electrical character-
istics very similiar to those of the conical monopole and discone type antennas. Due to
their relatively low power handling capabilities, sleeves are used primarily as receiving
antennas.

4.6 DISCONE ANTENNAS

Discone antennas are vertically polarized, omnidirectional radiatérs that present an
exceptionally uniform impedance over a wide frequency range. These antennas may

or may not be installed with ground radials in the earth. When ground radials are not
installed in the earth the function of the ground plane is served by disc radials located
above the antenna. The type of discone shown in figure 4-11 is an elevated discone that
uses disc radials located above the upper conic surface. Typical vertical radiation
patterns (ref. 14) are illustrated in figure 4-12.

4.6.1 Physical and Electrical Characteristics

Geometrically, the discone antenna is an upright truncated cone topped with a circular
disc that is perpendicular to and symmetrical about the axis of the cone, For HF appli-
cations, the conic surface is formed of appropriately spaced wires, and the disc is usually
formed of radially spaced self-supporting tubing. The coaxial transmission line is con-
nected between the top base of the truncated cone and the center of the horizontal disc.

At the lower end of the HF band, the top disc becomes unwieldy and excessively large;
therefore, it is common to invert the discone configuration for frequencies below approx-
imately 10 MHz.

DISC RADIALS

STANDOFF INSULATORS
FEED POINT

CONE

INSULATORS
CONIC

SLANT
HEIGHT

Figure 4-11. Elevated Discone Antenna
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Maximum power-handling capability of the discone antenna is limited primarily by
spacing of the conic and disc sections, and by the size of the coaxial transmission line.

“The shape and size of the antenna is designed specifically for the required vertical radi-
ation pattern,bandwidth ratio, and input impedance.

The discone antenna has a maximum gain ranging from 2 dB to 5.5 dB above isotropic.
At frequencies more than three octaves above the cutoff frequency, the vertical beam-
width is 50 ° or more, and the vertical radiation pattern has high-angle multiple lobes
of substantial amplitude.

The salient electrical characteristic of the discone is its very broad bandwidth.The VSWR
normally rises above 3:1 only when the operating frequency approaches (s a lower limit)
the frequency at which the antenna slant height is one-quarter wavelength. The rate at
which the VSWR rises when the lower cutoff frequency is approached is determined
primarily by the cone flare angle. The upper limit of the useful bandwidth of the discone
is not limited by VSWR,; if vertical pattern distortion at bandwidth ratios greater than

3:1 can be tolerated, the antenna can be operated at a VSWR of less than 2.5:1 for several
octaves above the cutoff frequency. Discone antennas typically have a nominal impedance
of 50 ohms.

4,6.2 Summary

HF discones are generally classed as medium-power, broadband, omnidirectional
antennas that are relatively expensive. Their application in Navy communications is
rather limited since both the inverted cone and conical monopole are better suited to the
Navy's shore communications needs.

4,7 INVERTED CONE ANTENNA

Inverted cone antennas similar to the one illustrated in figure 4-13, possess many char-
acteristics of discone antennas, in that they are also vertically polarized, omnidirec-
tional, very broadbanded radiators. inverted cones are widely used in Navy HF com-
munications in ship/shore/ship, broadcast, and ground/air/ground applications. Typical

SUPPORTING POLES
’

INSULATORS

INVERTED CONE

WIRE ELEMENTS OF = Q \\

{ Feep  [| RADIAL
1 POINT [} GROUND PLANE

4

Figure 4-13, Inverted Cone Antenna
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antennas in actual use are the AS-2212/FRC (NAVELEX Drawing RW 66B 306),

the AS-2213/FRC (NAVELEX Drawing RW 66B 307), and the AS-2214/FRC (NAVELEX
Drawing RW 66B 308). These antennas are designed for frequency ranges of 2 to

30 MHz, 2.5 to 30 MHz, and 3 to 32 MHz, respectively. Typical radiation patterns of
inverted cones (ref. 14) are shown in figure 4-14.

4.7.1 Physical and Electrical Characteristics

Inverted cone antennas are installed over a ground plane radial system and are supported
by poles as shown in figure 4-13. The equally spaced vertical radiator wires terminate
in a feed-ring assembly located at the lower conic surface where a 50- ohm coaxial trans-
mission line is connected.

The radial ground plane that forms the ground system for inverted cones is typical of the
requirement for vertical ground-mounted antennas. The radial wires are one-quarter
wavelength long at the lowest design frequency, and are spaced 3° apart. Approximately
2 to 4 acres of land are required for the antenna and the ground plane depending on the
design frequency coverage.

Inverted cones typically have gains of from 1 to 5 dB above isotropic over the HF range,
with a VSWR of no greater than 2:1,

The power handling capability of inverted cone antennas is typically 40 kW (average
power).

4,7.2 Summary

HF inverted cones are electrically similar to discone and conical monopole antennas.
They can be characterized as medium-to-high-power omnidirectional radiators of ex-
tremely broad bandwidth. Inverted cones generally are more expensive than other com-
monly used HF omnidirectional vertical antennas.

4.8 CONICAL MONOPOLE ANTENNA

Conical monopoles are used extensively in HF Navy communications. They were developed
to fulfill a need for efficient broadband, vertically polarized, omnidirectional antennas that
are compact in size. Their comparatively short height is a definite asset to be considered
in conjunction with their excellent power handling capabilities and broad bandwidth. Con-
ical monopoles are readily adaptable to ship/shore/ship, broadcast, and ground/air/ground
service. A basic conical monopole configuration is illustrated in figure 4-15. Typical
radiation patterns (ref. 14) are shown in figure 4-16. The AS-2205/FRC, with a fre-
quency range of 7 to 28 MHz, is representative of conical monopoles currently in use.

4.8.1 Physical and Electrical Characteristics

Conical monopoles are in the shape of two truncated cones connected base-to-base. The
basic conical monopole configuration shown in figure 4-15 is composed of equally spaced
wire radiating elements arranged in a circle around an aluminum center-tower. Usually
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the radiating elements are connected at the top and bottom discs. However some conical
monopole configurations, such as the AS-2205/FRC, have the radiating elements terminated
at the waist disc rather than the top disc.

The coaxial transmission line is terminated at the bottom disc in a terminal assembly.
The transmission line is connected directly to the antenna without benefit of an impedance
matching device. Most of these antennas used in transmitting applications are designed
for 40 kW average power operation.

In addition to the wide bandwidth and high power features of conical monopoles, physical
size is a distinct advantage. Supporting towers for 7 to 28 MHz antennas are about
24 feet high.

Conical monopoles require a ground plane radial system similar to that used with invert-
ed cones and some types of discones.

The gain of conical monopoles is usually slightly less than that of discones and inverted
cones, typically —2 to +2 dB. This antenna is very effective for Navy communications,
with a VSWR of up to 2. 5:1.

4.8.2 Summary

Conical monopoles are omnidirectional antennas that are capable of high power operation.
They provide broad bandwidth capability, and are relatively inexpensive to procure and
install. The short supporting structure and direct feed are primary advantages of these
antennas.

4.9 SELECTIVELY DIRECTIONAL MONOPOLE ANTENNA
The latest model of this antenna has been accepted and placed in service for Navy HF

transmitting applications as the AN/FRA-109. It is a high power radiator capable of
operating either omnidirectionally, or directionally, as selected.

4,9.1 Physical and Electrical Characteristics.

The AN/FRA-109 antenna system consists of two separate monopole antennas plus aux-
iliary equipment as shown in figure 4-17,

One monopole (the low-band) covers the 4 to 11 MHz range, while the other monopole
(the high-band) covers the 11 to 30 MHz range. The two antennas are identical in con-
struction except for differences in physical size dictated by frequency. The monopole
is illustrated in figure 4-18.

Both monopole antennas are surrounded by sixteen equally spaced reflectors which can
be activated to direct the transmitted signal into a wide or narrow beam in any of the
eight compass bearings (N, NE, E, SE, S, SW, W, NW). A single reflector consists of

six lengths of copper tubing mounted end-to-end and separated by five pneumatic switches
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Figure 4-18, Low- and High- Band Monopole Antenna

- as shown in figure 4-19. Air pressure from a compressor controls a movable contact
within each of the switches. The contact is held open by a spring. When air is intro-
duced into a reflector, the air pressure overcomes the spring tension, and the switch con-
tacts close, thereby activating the reflector. By decreasing the air pressure, the switches
open, and the reflector is deactivated, The reflector control units located in the trans-
mitter building establish the directional and beamwidth characteristics of the antenna by
activating groups of reflectors selectively. The beamwidth is established by the number
of reflectors activated and the direction of radiation is determined by the physical loca-
tion of the activated reflectors in relation to the monopole antenna. If all the reflectors
are deactivated, the antenna radiates omnidirectionally. The reflector assemblies are
mounted on wood poles attached by standoff insulators as shown in figure 4-19, The
reflectors for both high- and low-band are identical except for length,

Both monopoles require separate ground plane systems of wire radials. The radials are
welded to a perimeter bonding-wire which is connected to ground rods. The diameter of
the low-band ground plane configuration is 246 feet; the high-band is 90 feet in diameter.
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Figure 4-19, Individual Low- and High-Band Reflectors

The power handling capability of the AN/FRA-109 system is 300 kW average power over
the 4 to 30 MHz frequency range.

Directive gain for the system is not less than 4.5 dB in the omnidirectional mode, and not
less than 8.5 dB and 9.5 dB in the wide (180°) and narrow (45°) directive modes, respec-
tively.

The monopoles are fed with 50-ohm coaxial transmission lines. VSWR is 2:1 or less
throughout the design frequency range.

4,9.2 Summary

The selectively directional monopole system may be characterized as a complex, high-
power, broadband vertically polarized HF transmitting antenna which provides either
omnidirectional or selected directional radiation as desired. From 5 to 8 acres of land
are required for siting. These antennas are expensive in comparison with other HF
vertical radiators.
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4.10 HORIZONTAL RHOMBIC ANTENNAS

Horizontal rhombic antennas are the most commonly used antennas for point-to-point
HF naval communications.

In its basic configuration, a rhombic is composed of four long horizontal conductors
or legs, arranged in the shape of a rhombus. One apex of the rhombus is connected to
a transmission line. The opposite apex is normally connected to a termination resis-
tance in order to make the antenna unidirectional and nonresonant.

4.10.1 Physical and Electrical Characteristics

The characteristic impedance appearing at the apexes of the fundamental rhombic con-
figuration is moderately variable with frequency, with a mean value of approximately

800 ohms. For maximum suppression of backward radiation, the value of the terminat -
ing resistance should exactly match the characteristic impedance appearing at the apex.
However, this characteristic impedance exceeds that which would match a 50- or 600- ohm
transmission line. The antenna characteristic impedance (and consequently, the antenna
input impedance) can be lowered and made almost constant over a frequency range of
better than 2:1 when the antenna legs are constructed of properly spaced multiple
conductors. Such multiple conductor construction is illustrated in figure 4-20 which is

a sketch of the three-wire non-resonant horizontal rhombic. The spacing between these
conductors increases from zero at the apexes to a maximum of several feet at the side
poles, so that radiator capacitance varies in a manner which maintains constant imped -
ance along the length of the antenna. A nominal 600-ohm input impedance can be obtained
in this manner.

¢ MAIN LOBE

/:AAJOR AXIS
, HORIZONTAL

—

DISSIPATION LINE

H= HEIGHT OF ANTENNA

ABOVE GROUND

¢= TILT ANGLE

0= LEG LENGTH OF
ONE SIDE

VERTICAL RADIATION
ANGLE

g
L}

Figure 4-20. Non-Resonant Horizontal Three-Wire Rhombic

4-38 ‘ JUNE 1970



NAVELEX 0101, 104

When the rhombic is terminated in its characteristic impedance, the rhombic and its
associated components does not have the high voltage standing waves typical of resonant
antennas and the overall power gain of the rhombic remains relatively high because of
the increased directivity afforded by the termination. Average radiation efficiency of a
rhombic terminated in its characteristic impedance is approximately 67 percent.

The radiation pattern and power gain of a rhombic antenna vary widely, not only with
frequency but also with physical shape and dimensions. Physical data and performance
characteristics of the rhombic antenna, therefore, generally include the height of the
antenna above ground level, the tilt angle (one-half the interior obtuse angles at the
side poles), the leg length of one of the four sides and the vertical radiation angle

as shown in figure 4-20.

Since the rhombic is a system of long-wire radiators which depends upon radiated

wave interaction for its gain and directivity, the physical size of the antenna is large.

The rhombic generally requires more land than any other commonly used HF antenna,
usually between 5 and 15 acres of level ground. The rhombic develops its maximum
directivity and lowest radiation angle when its length and height are large in terms of
wavelength. Maximum power gain of the rhombic antenna typically ranges from 8.0 dB

to 23.0 dB depending on the operating frequency and physical characteristics. The hori-
zontal beamwidth varies somewhat with frequency, and the vertical beamwidth is dependent
upon the height of the antenna in wavelengths above ground. Figure 4-21 illustrates
typical vertical radiation patterns (ref. 14) calculated for a rhombic design.

Where propagation conditions and path length require very high vertical radiation angles
at the low end of the HF spectrum, design of a rhombic antenna to operate at an acceptable
power gain with adequate side lobe suppression is difficult, At very low radiation angles
at the high end of the HF spectrum, a rhombic antenna becomes excessively directive in
the vertical plane, thus providing a circuit extremely vulnerable to ionospheric layer
variations. Consequently, other antenna types should be considered where the trans-
mission path requires vertical radiation angles below 3° and above 35°.

Since the vertical radiation angle and vertical directivity vary considerably with frequency,
it is apparent that a single antenna is not likely to maintain a satisfactory power gain or
lobe orientation over the entire HF spectrum. Consequently, it is normal to cover the
major portion of the spectrum with two or three rhombic antennas of different dimensions.
The calculated vertical-plane main-lobe patterns for four rhombic antenna example
designs, shown in figure 4-21, illustrate the manner in which vertical directivity and rad-
iation angle vary with antenna geometry and operating frequency. In the figure, maximum
antenna gain is referred to 0 dB at the optimum radiation angle and frequency.

The nominal bandwidth of the horizontal rhombic antenna is usually greater than 2:1.
Although a properly terminated rhombic antenna presents to the transmission line an
input impedance which is virtually insensitive to frequency variations up to 5:1, the useful
bandwidth is limited by the allowable radiation pattern variation and minimum minor-lobe
suppression.

For frequency variations appreciably greater than 2:1, the sidelobe suppression, lobe
alignment, and directivity deteriorate rapidly., The horizontal patterns of figure 4-22
(ref. 14) calculated for a low-band rhombic antenna, illustrate the effects of operation

of a rhombic antenna beyond the nominal 2:1 bandwidth, This particular antenna was
designed for operation from 4.5 to 9.0 MHz at vertical radiation angles ranging from 10°
to 30°, Horizontal patterns are shown for operation from 1.5 MHz below to 3 MHz above
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the design bandwidth. Within the design bandwidth, the poorest sidelobe suppression
occurs at 9 MHz; at this frequency, the main lobe exhibits a maximum gain of 13.4 dB at
a vertical angle of 10°, while the largest sidelobe at any vertical angle occurs also at

10° with a gain of 6 dB, which is 7.4 dB below the main lobe. At the high end of the design
bandwidth, the main lobe diminishes rapidly with increasing vertical angle while sidelobes
remain relatively constant. To properly evaluate sidelobe suppression, it is necessary to
compare the maximum values of the main and the largest minor lobe at each frequency of
interest and at whatever vertical angle each occurs.
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