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ABSTRACT

Radio direction finding is discussed with particular attention
to the Adcock antenna at HF. Consideration is broadly given to the im-
portant equipment parameters and to the problems presented by radio
propagation. The basics of radio location are also discussed. An ex-
tensive history of radio direction finding in the first half of the
twentieth century is presented along with a discussion of modern appli-
cations.

The simplest Adcock antenna is composed of two closely spaced
dipoles or monopoles whose signals are differenced. It is shown to have
many advantages over electrically small loop antennas for long distance
direction finding and can be used with manual or automatic systems.

Adcock antenna design information and calculated patterns in the
horizontal and vertical planes are presented. Site and ground plane im-
perfections are discussed. Finally, a specific design with active

elements and remote null depth adjustment is given.

xi



CHAPTER 1
INTRODUCTION

Radio direction finding (RDF) is almost as old as radio communi-
cations itself, During the latter part of the first decade of this
century experimentation with directive antennas for 'wireless telegraphy"
led to the realization that certain properties of these antennas, in
particular the very sharp nulls sometimes in evidence, could be used to
determine the direction of arrival of a wave. This principle in combi-
nation with the rising use of radio for maritime communications led to
the development of radio direction finding as the first electronic aid
to navigation.

Today radio direction finding is an important alternative navi-
gational aid, it being the simplest and cheapest of an array of maritime
navigational aids. The increased use of emergency beacons on both air
and sea craft has made RDF an important part of search and rescue
operations. RDF is still one of the tools used for frequency management
and surveillance. Finally, RDF is still used as a research tool for
studies of atmospherics and propagation.

The general goal of this thesis is to present radio direction
finding from a practical, engineering perspective, first by discussing
the overall subject, its history, and some applications, and then
narrowing the focus to one aspect in particular.

1
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Chapter 2 discusses the salient features of basic radio direction
finding. Topics include the important parameters used in RDF, radio
location fundamentals, and a discussion of the propagation considerations
important to RDF equipment design. The chapter concludes with an over-
view of the dominant RDF schemes.

Chapter 3 delves into the history and applications of radio
direction finding from its first use for navigation to present day
applications. Particular emphasis is given to the World War II period
when an explosion of development occurred in this field.

With the stage thus set a detailed discussion of the Adcock
antenna is then entered into. The Adcock is composed of two closely
spaced dipoles or monopoles whose signals are differenced. An in-
herently narrow aperture antenna, the Adcock has a number of advantages
over the electrically small loop antenna. Chapter 4 concentrates on its
terminal point impedance, patterns, and other important characteristics.
Chapter 5 describes two actual Adcock designs, the first being a military
surplus antenna conveniently available, and the second being a hypo-
thetical H-Adcock for the upper end of fhe HF band. Wideband, active

antenna elements are prescribed for this second Adcock.



CHAPTER 2

BASIC RADIO DIRECTION FINDING

Radio direction finding (RDF) is the determination of the arrival
angle or direction of an electromagnetic wave (Gething, 1978, p. 2). It
is important to differentiate between this and the direction of the
source or transmitter. A wave leaving a transmitter and traveling to a
particular receiving site may be thought of as following some sort of
path. The path taken may or may not be the most direct path, but may
involve reflections from the ionosphere or from objects such as mountains
or buildings. Furthermore, the electromagnetic wave may be as simple as
a single frequency continuous wave (CW) signal, or a signal with some
sort of modulation, or a pulsed signal, or the electromagnetic radiation
from some naturally occurring phenomena such as lightning or perhaps the
radiation from heated clouds of hydrogen in deep space.

A basic radio direction finder (RDF) consists of an antenna or
array of antennas, a receiver of some sort, suitable processing of the
received signal if necessary, and some form of display or indicating
device. The antenna may be as simple as an electrically small loop
antenna, possibly handheld, or it may be a large fixed array of many
dipoles or monopoles, depending on its purpose. The receiver may be a
straightforward communications type or a specially designed multichannel
receiver. With simple systems no further processing may be required.

3
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Relative signal strength may in some cases be determined by ear or with
a\simple signal strength meter of some sort. More complicated systems
may use a cbmputer to rapidly analyze the received data and provide some
sort of specialized display.

The objective is to obtain, by measurement of the incoming wave-
front(s), sufficient information to determine the direction of arrival.
As a first approximation it is useful to assume a plane wavefront propa-
gating along a single, straight ray path directly from the source,
although this is seldom the case in reality. Indeed, RDF development
has been motivated in large part by the need to resolve the complexities
introduced by non-ideal propagétion.

The null characteristics of some sort of antenna are frequently
used for RDF. By knowing where in the pattern a null occurs, the antenna
may be turned until the received signal is eliminated or "nulled.'" Some
method is usually required to resolve the ambiguity caused by multiple
nulls. This is usually done by comparing the responses of two antennas
whose patterns are well known. When summed, the resulting pattern will
be distorted in a predictable manner. Alternately, two identical
antennas, situated so that the nulls of one overlap the peaks of the
other, may be used simultaneously. Bearings can be determined by com-
paring the relative amplitudes of the signals produced by each antenna.

Antennas with desirable characteristics for RDF are designed so
that currents induced in different portions of the antenna can be made
to add for certain azimuths and subtract (null) for others. This idea

can be carried further for RDF purposes by constructing an array of



simple antennas, each of which samples different parts of the wave-
front(s). ‘Either amplitude, phase, or both may be compared in order to
derive bearing information.

It is often thought that the development of a radio direction
finder (also abbreviated RDF) is essentially the development of an
antenna or antenna array. This is not always the case. An antenna is
required, to be sure, but the processing of the signals thus received

also requires close examination.

Some Important Parameters

In the design or evaluation of radio direction finding systems
or equipment there are a number of parameters of particular importance,
sometimes used as relative figures of merit. They are generally
borrowed from antenna and communications equipment design and given some

special meaning when referring to RDF.

Aperture

Aperture is a térm generally used to compare antenna size to a
wavelength at the frequency of operation. Kraus (1950, pp. 42-52)
defined "effective aperture' as the ratio of power absorbed (by a

receiving antenna) to the power denéity of the incident plane wave, i.e.:

A =3 (2.1)
where:

W = Watts

P = Watts per sq. meter.
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Under ideal conditions of maximum power transfer and zero antenna
losses this becomes the maximum effective aperture or "effective area'
Aem’ and Kraus has shown that this can be expressed in terms of incident

power density P, radiation resistance of the antenna Rr’ and the induced

voltage V thusly:

V2
Aem = 7PR (2.2)
T
For example, for a short dipole (i.e.: length much, much less

than a wavelength) the effective aperture is approximately 0.119 A2,
where ) is wavelength, (Note that this is independent of the length of
the dipole, as long as it is "short'" as defined above.)

It is also sometimes appropriate to talk about aperture
efficiency as the ratio of the effective area to the physical aperture
of the antenna. However, whereas effective area is well defined,
physical aperture is not. One way to define physical aperture is as
the cross sectional area of the antenna, thus it may be a function of
antenna orientation. In any case, the concept of aperture is more
easily visualized at UHF or above where antennas (such as a horn
antenna) have recognizable apertures. At lower frequencies, antennas
are often constructed of thin, linear elements and aperture becomes
somewhat intangible.

Radio direction finders are often referred to as being ''wide"
or 'narrow" aperture. Gething (1978, p. 2) defines "wide aperture" as

a system which samples the arriving wavefront over a wavelength or more.



This does not necessarily mean that the antenna elements are of
comparable size to a wavelength. The elements themselves could be short
dipoles combined into a large array. Conversely, '"narrow aperture"
RDF's typically sample the wavefront over a few tenths of a wavelength
or less (such as a simple loop antenna).

In general wide aperture RDF systems are not only larger than
narrow aperture systems but also more costly and more complicated.
However they generally handle distorted wavefronts better because of
their larger sampling area. This disadvantage of narrow aperture
systems can be reduced by time averaging the indicated bearings, since
the fluctuations in bearings due to multiple component wavefronts tend

to have an average bearing quite close to true.

Accuracy

The accuracy of a radio direction finder is in general the
difference between the indicated and true bearings of a source. Usually
expressed in terms of azimuthal plus or minus error in degrees, it is a
measure of the uncertainty with which a bearing is known. Marine RDF's,
such as might be used on small boats, can provide accuracies on the
order of + 2 degrees, when properly calibrated and under good conditions.
However it is not unusual for inaccuracies up to £ 10 degrees or more to
be found.

Watson and Wright (1971, p. 128) define bearing error as the
algebraic sum of four components:

1. Inherent (RDF) instrument inaccuracies.

2. Local site errors (such as a non-homogeneous ground).
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3. Distant site errors (such as reradiation from relatively distant
structures).
4. Various propagation errors (wave interference, polarization

errors, etc.).

Instrumental errors tend to be consistent for each RDF. Further-
more, these and local site errors can be measured using a test source of
known bearing under conditions where dista;t site errors and propagation
effects can be neglected. From these data an RDF deviation chart or
table of known error can be produced which can then be used to correct
subsequent bearings. Of course, if a computer is used to process the
bearings for recording, analysis, or display, the appropriate corrections
could be performed by the software.

If the bearing is to be numerically displayed, it is important
to have a display precision that exceeds the best accuracy of the RDF so
that the method of display does not limit the overall accuracy. Of
course, this puts an additional responsibility on the user not to mis-
interpret the additional display precision as instrument accuracy. This
can be an important consideration where one is designing equipment for
an "appliance' market, such as recreational boating.

It may be useful to briefly examine the consequences of azimuthal
uncertainty on radial error. Figure 1 shows a simple construction where
an RDF at A is taking a bearing on a transmitter at C. The angle 8 is
the uncertainty in azimuth for the RDF. It can be readily seen that the

total radial error thus incurred is:



Figure 1. Simplified radial error construction for small
bearing uncertainties. ’
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E_ = 2dTan {2 (2.3)
T 2 :

where:
d = distance to transmitter (line AC)

Er has same units as d.

An error of less than %% is incurred if the uncertainty angle is
smaller than 10 degrees and the tangent is approximated by its argument,
i.e.:

E =~ od (0 expressed in radians) (2.4)

Figure 2 is a plot of the normalized error computed by dividing
Eq. (2.3) by d for uncertainties of less than 20 degrees, showing its
linearity. Although not really very profound, it does suggest an easy
to remember rule for visualizing the meaning behind some quoted bearing
accuracy. A bearing uncertainty of 10 degrees is roughly equivalent to
a 17.5 km uncertainty at 100 km (or 17.5 miles at 100 miles). For a 1l
degree uncertainty in bearing the radial uncertainty is simply 1.75 km

at 100 km distance.

Sensitivity

The sensitivity of a receiver is usually specified as its ability
to detect weak signals with a prescribed signal to noise ratio (Pappenfus,
Bruene, and Schoenike 1964, p. 340). Any modulation that may exist is of
no use to the RDF and thus it may Se possible to use a narrow bandwidth
receiver which rejects the modulation sidebands and accepts only the

carrier, thus optimizing the signal to noise ratio and enhancing
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Normalized radial error vs. bearing uncertainty.
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sensitivity. The limiting bandwidth would then be primarily determined
by the frequency stability of the source and the receiver.

The accuracy of an RDF is roughly proportional to the available
signal strength, and thus good sensitivity allows the RDF to maintain
good bearing accuracy with small signals. For an amplitude sensitive
or null type RDF (such as a small loop and a receiver) the sensitivity
is usually specified as the minimum signal strength required for a 20 db
signal to noise ratio at the maximum of the RDF antenna pattern. The
null is "blurred" for small signals since it may result in the signal
strength dropping below the noise before null is reached. However, the
null point can be inferred from equal signal strength points each side
of null.

Phase sensitive RDF's usually use an FM-type receiver which
removes amplitude variations in some kind of limiting amplifier. The
sensitivity here can be specified as the point where the signal strength

drops below the limiting threshold.

Radio Location Basics

The bearing provided by a radio direction finder on a noncoopera-
tive source provides angular information only and not distance. Thus to
determine the position of a transmitter (or alternately, the position of
a receiver) requires at least two bearings, preferably from widely
separated points. The uncertainty with which the resulting location can
then be known is a function of the cumulative errors introduced by the
radio direction finder(s) used, environmental effects such as propagation

or local imperfections at any of the points in question, and of the
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plotting system used to finally determine position. It is beyond the
scope of this paper to give an extensive discussion of the treatment of
cumulative errors and their reduction, however an appreciation of the
general problems encountered is necessary for the design of RDF equip-
ment and for general completeness.

Figure 3 shows a simplified plotting of the location C on the
basis of azimuthal bearings taken by an RDF at point C on two noncoopera-
tive transmitters at A and B (these transmitters could be simple beacons,
for instance). Angles a and B are typically both referred to north whgn
a location on the surface of the earth is considered. For simplicity, a
simple cartesian system is also assumed. This approximation is valid for
distances up to 150 km. Beyond that on the surface of the earth one
must consider great circle paths. The effect of elevation differences
is also being ignored.

Best plotting accuracy is obtained when the difference between
the two angles is on the order of 60 to 120 degrees. If the two beacons
chosen were close together such that the resulting difference angle was
very small, significant plotting errors could be incurred. A similar
situation would occur if the two beacons had nearly reciprocal bearings.

The situation could, of course, be inverted, such that RDF
stations could be located at points A and B and the source located at C.
The same plotting error considerations apply. However, if this were a .
situation such as that possibly encountered near a coastline where A and
B were coastal RDF stations rather than beacons and a ship were at C, a

slight improvement in accuracy over the inverse might be possible due to



Figure 3.

- NORTH

Simplified radiolocation of a point from
two bearings.
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equipment differences. The reasons are not totally technical, but may
be economic as well. Shore based stations equipped for RDF tend to
have more resources, i.e., better quality equipment. This particular
controversy has raged back and forth, and was particularly heated in
the first half of this century when RDF was the primar& electronic aid
to navigation.. On a technical basis alone it makes no difference. In
practice today the shore points tend to be beacons and the RDF equip-
ment is aboard the ship, at least for navigation purposes.

The cumulative errors can be reduced if more than two points are
used. Figure 4 shows a hypothetical plot of three RDF stations providing
bearings on a single fixed source. Again north is used as a reference
direction. Stations at A, B and C will each have some small error which
results in the non-convergence of the bearing lines on a plotting map.
Obviously a visual estimate of the true location of the transmitter can
be made roughly coincident with the center of inscribed area, but it
must be recognized that the true location need not even be within this
area due to uncertainties in each bearing.

Statistical methods may be used with great utility here to
quantify location error. 1In general the uncertainty in location will be
inversely proportional to the number of (good) bearings available.
Statistical methods as applied to RDF were discussed in some detail by
Stansfield (1947} and later by Gething (1978, pp. 260-287). Gething
refers to a '"best point estimate" (BPE) which is surrounded by a region

of high probability, typically 90%. It is important that any known



Figure 4.

Hypothetical plot of bearings from three RDF stations
on a single fixed transmitter.
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errors in the RDF equipment or due to nearby site imperfections be in-
vestigated and removed if possible before including the bearings in such
a statistical analysis.

Over 150 km on the surface of the earth one must consider great
circle paths when plotting RDF bearings. This is most easily done with
a special map called a gnomonic projection where all straight lines are
conveniently great circles. Unfortunately distortions caused by this
projection limit it to areas on the order of 8000 square km of the
earth's surface (Watson and Wright 1971, p. 186). An additioﬁal conse-
quence of great circle paths is that bearings referenced to true north
of two points on the same path will be different (except at the equator)

since these paths do not intersect longitudinal lines at the same angles.

Radio Propagation Considerations

It is generally not appropriate to ignore the effects of propaga-
tion on a radio signal when designing a radio direction finder. To
assume that the electromagnetic wave being received is polarized simply
and arriving by a single ray path directly from the source is a useful
aid in the initial understanding of an RDF system, but such is in-
frequently the true case. Atmospheric (and particularly ionospheric)
effects, imperfect and widely varying surface characteristics, and man-
made structures can all combine to severely distort a radio wavefront
such that the arriving signal may have many components from various
directions and almost any polarization, irrespective of how ''cleanly" it

may have originated.
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Propagation characteristics vary widely, particularly those
related to the ionosphere. The radio characteristics of the ionosphere
are due to solar radiation, and the sun is a variable star. Propagation
characteristics vary with frequency, diurnally, seasonally, and with
latitude. Bearings taken on sky waves vary both randomly and systemati-
cally. At HF and below, incoming wavefronts are primarily either ground
waves, sky waves, or a random phase combination. RDF design may be
based on an ability to discriminate between these waves on the basis of
polarization or some other characteristic., Bearings with known large
errors (i.e.: '"wild" bearings) may simply be discarded in favor of
bearings with small errors.

A general proportionality exists between the ability of an RDF
to handle (i.e.: resolve) multi-component wavefronts and its performance.
'Ideally each ray path should be individually characterized. Wide aper-
ture systems are capable of resolving the complexities introduced by
propagation better than narrow aperture schemes. However, one must
apply broad engineering judgment to the design of any instrument in-
cluding an RDF. It may not always be necessary to precisely resolve a
multi-component wavefront for all applications. More cost effective
solutions may exist, such as the ability to recognize the strongest ray

at any given moment and then to time average many bearings.

Polarization and Skywave Propagation
Unless otherwise specified the orientation of the E-field vector

determines the polarization of a propagating wave. The polarization may
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be linear, elliptical (where the vectors are rotating in a plane parallel
to the direction of propagation), or some arbitrary combination of both.
Unpolarized waﬁes exist if the combination is random in phase and magni-
tude, although the precise assignment of this definition may be compli-
cated by situations where two or more plane waves arrive from different
angles.

When the earth is used as a reference, linear polarization may
be further segregated into being either vertical or horizontal, referring
to the orientation of the electric field vector to the earth. Oblique
polarization results when both vertical and horizontal components exist
simultaneously. For a simple dipole the polarization of transmitted
signals lies in the plane of the dipole. Due to reciprocity the ideal
dipole responds to only like-polarized waves when it is used for
receiving (Watson and Wright 1971, p. 6).

Polarization is not preserved by ionospheric (sky wave) propaga-
tion ét HF and to some extent at MF, where the incident waves enter the
ionosphere and are refracted back towards the earth. The ionosphere is
anisotropic, i.e., it is a plasma in a magnetic field (the earth's) and
its electromagnetic properties have a directional dependence (Davies
1965, p. 94). For example, dielectric characteristics in a plasma are
a function of the movement of free electrons. The portion of an electro-
magnetic wave traveling in an anisotropic medium that is transverse to
the steady magnetic field (i.e.: direction of propagation is normal to
the magnetic field) will cause free electrons to move in helical paths

with axes parallel to the steady magnetic field. A wave propagating
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longitudinally (parallel to magnetic field) where the E-field is perpen-
dicular to the steady magnetic field will not induce the same motion.

Davies (1965, pp. 219-220) has shown that an arbitrarily
polarized plane wave traveling in the ionosphere at HF will be decomposed
into two progressive waves. The "ordinary'" wave will have its E-field
polarized parallel to the steady magnetic field, and the "extraordinary"
wave will have its E-field normal to the field. The losses incurred by
each wave will be different as will their path lengths as they are re-
fracted back towards the earth. Furthermore, each wave will be
elliptically polarized but in opposite directions as it travels through
the medium. The wave emerging from the bottom of the ionosphere will be
a combination of these two waves and will, in general, be elliptically
polarized.

Long range propagation at HF is due to refraction in the F-layer
of the ionosphere. This layer exists at night at about 300 km, but
splits into two layers, the F1 and F2 layers in daytime. The F2 layer,
at 250 to 400 km, is the dominant refractive medium for HF daytime
communications with the Fl largely transparent although some oblique
incidence reflection does occur. The F, Fl’ and F2 layers are highly
variable. Daytime propagation in the MF and low-HF region is eliminated
by absorption in the D-layer (at about 70 km) although some short
distance (léss than 1500 km) communications are possible due to re-
flection from the E-layer (at about 100 km). Both the D and E layers
disappear at night. The D-layer is largely responsible for sky wave

propagation at LF and VLF, where it is reflective.
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Large Sky Wave Errors

The ionosphere is not uniform but is instead a very dynamic
medium. Irregularities can produce propagation along paths that are
divergent from great circle paths, although at very long distances the
azimuthal variations from such divergent paths tend to narrow. Irregu-
larities at the layer boundaries can cause scattering of highly oblique
(nearly parallel) waves at frequencies near and above the maximum
usable frequency (MUF). These paths produce signals that may, although
usually weak, produce '"wild" bearings with large differences from the
average (Ross 1975), or may contribute to fading by wave interference
with a signal from another path.

Bearings on sky waves at HF can have both random and systematic
errors. Time averages of a large number of bearings can remove random
errors that cause rapid azimuth fluctuations. Slow fluctuations may
dictate time averaging that is impractically long, however, and errors
here can be large. Jones, Kantarizis, and Morgan (1975) were able to
measure wavelike traveling ionospheric disturbances (TID's) that are
believed to be the cause of slowly changing bearing errors. Using a
Doppler, multi-station sounding technique, wave velocities of 76 to 186
m/sec were measured with quasiwavelengths of about 200 km. It was
concluded that medium scale TID's were responsible for bearing fluctua-
tions on the order of 20 min for paths of about 250 km.

Ross (1975) suggested that "wild'" bearings (those with errors
exceeding three times the expected standard deviation or about 10 degrees)

could be treated in a systematic way if information about prevailing
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ionospheric conditions was available. Bearings can be discarded if it
can be determined that they are misidentified, i.e., good bearings on
the wrong signal. This is usually the case if the signal strength is
good and steady. If propagation conditions are unambiguously favorable
then the bearing should be accepted, regardless of the apparent error.
If conditions are uncertain then the bearing should be weighted in
accordance with the degree of ionospheric instability. Bearings taken
when propagation conditions indicate that no normal ray path exists
should be discarded, since scattering is highly probable. Rejection of

a bearing solely on the basis of apparent error was discouraged.

Ground Waves

RDF bearings derived from ground waves are highly desirable
since they propagate over great circle paths and thus the errors evident
with divergent sky waves are avoided. Ground wave propagation occurs
largely at MF and below, where antenna height above ground is typically
small compared to a wavelength. Transmission path losses over land and
sea water are virtually identical at 10 kHz but increase with frequency,
with losses over land increasing faster. At VLF, intensity at short
ranges is inversely proportional to distance, not the square of distance,
since propagation is largely cylindrical and not sphericai.

The polarization of ground waves is vertical, with some tilting
due to refraction in the lower atmosphere where the dielectric constant
gradually decreases with height. Some additional bending is due to

diffraction of the ground wave at the earth's surface (Norton 1941).
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Since there can be no potential gradient along a perfectly conducting
surface, there can be no horizontally polarized components (Watson and
Wright 1971, p. 8). Horizontally polarized waves will propagate over
the earth's surface, but not well, and are significantly attenuated over
sea water where the surface conductivity is higher than over land.
Tilting of the vertically polarized ground wave will produce a hori-
zontally polarized component which is rapidly attenuated. Ground wave
losses also occur due to diffraction of energy away from the ground.
Curves of ground wave transmission loss vs. distance for frequencies in
the MF region and below were given by Norton (1959), and for frequencies
up to 10 MHz over sea water, low conductivity eafth, and high copducti-
vity earth by Saveskie (1980, pp. 15-19).

The medium and low frequencies have long been used for radio
navigation due to their good ground wave propagation characteristics.
Schroeder (1967, p. 80) has reported that radio beacons in the 285-325
KHz band are effective up to 160 km and can be found along almost any
coastline in the world. LORAN-A (LOng Range Aid to Navigation), a hyper-
bolic, pulsed system sometimes referred to as an "inverse" RDF, reported-
ly had a daytime ground wave range of 1500 km (Schroeder 1967, p. 81) in
the 1.8-2.0 MHz band, although its reliability at this range is question-

able.

Fading and Multiple Reflections
Fading of a radio signal may be due to either the diversion of
energy away from the receiving site due to propagation effects, such as

slow changes in the ionosphere, or by the momentary cancellation that
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can occur when two roughly equal strength signals from different paths
arrive at the same point at or nearly 180 degrees out of phase with one
another. For slow ionospheric fading it may be possible for a manually
operated RDF to obtain a bearing between fades.

Rapid fading is usually due to multiple path cancellations and
is particularly evident when in motion and at VHF and above. Multiple
strong reflections from buildings and other structures in an urban
environment, or from natural objects such as mountains or even trees in
a rural environment, can produce a random assortment of reflections
from almost any direction. Standing wave patterns may be set up such
that periodic nulls can be found as one moves through such an environ-
ment. These things can make the location of a transmitter with RDF

extremely difficult and usually quite frustrating.

Some Special Effects

Terman (1943, p. 872) has described a source of RDF error that
occurs in situations where a bearing is being taken roughly parallel to
a coastline or mountain range. The signal arriving at a receiver under
these conditions tends to be bent such that the bearing is displaced
laterally from the true bearing. With regard to a coastline Terman has
attributed this to the higher attenuation of a gréund wave over land
than over water, causing a shifting of the wavefront. According to
Terman bearings taken within 10 to 15 degrees of a coastline should be
distrusted, especially if the transmitter is far away.

With regard to mountainous areas, Terman (1943, p. 872) goes on

to say that, in a similar manner, ground wave attenuation along a valley
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is less than that from ridgeline to ridgeline, thus signals will appear
to arrive from the direction of a valley even though the transmitter may
not be in that direction.

A refraction effect is seen at VHF and above where the decreasing
atmospheric density with altitude causes a wave to be bent slightly such
that ranges exceeding line of sight are found. The increased range here
can be approximated by assuming that the earth's radius is 4/3 its
actual value (Watson and Wright 1971, p. 11).

Another effect that can be quite troublesome to RDF especially
aboard ship is the absorption and reradiation of signals from nearby
conductors. This produces an effect similar to elliptical polarization
due to the relative phase lags of the reradiated signals. In some cases
compensation loops, lines, or other structures can be erected in such a
way that their reradiated fields tend to cancel those of the original
structures. When this problem is encountered at a fixed land based RDF
it is often lumped together with other distortions produced by natural

features or buildings and called '"site effects'" or "site errors."

Optimum RDF Design

With an appreciation of the path distortions to a radio wave
caused by propagation it is possible to suggest design features of a
radio direction finder for optimum performance.

Sky waves may be discriminated against to some extent by choosing
an antenna or antenna array that responds to vertically polarized waves

only. As was said previously, vertically polarized ground waves travel
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directly from their source and thus are preferable to sky waves at short
and intermediate distances. An ideal vertically polarized antenna will
not respond to the horizontal components of a sky wave. For example,

a loop antenna will respond equally well to horizontally and vertically
polarized waves, and so is subject to sky wave contamination. An ideal
Adcock antenna (as is discuésed later) responds only to vertically
polarized waves and thus has a measure of immunity against sky waves.
The sky wave also travels by a longer path and thus experiences
a delay relative to the ground wave. A gated, fast RDF can be made to

recognize the initial ground wave and then reject the later arriving sky

.wave. This principle is used in LORAN receivers where the signals are

pulsed at the source. Krider, Noégle, and Uman (1976) have also used
this technique successfully in the design of a direction finder‘for
lightning strikes.

Antenna pattern shaping to reduce the response of an RDF to rays
with a high vertical angle is desirable. Ideally an azimuth type RDF at
the surface of the earth should respond only to waves arriving from the
horizén, as is the case with ground waves or sky waves at very long
distances (where the shallow angle of incidence to the ionésphere reduces
azimuthal variation at the RDF). Furthermore, if foreknowledge of the
approximate azimuth is available and 360 degree response is thus not
required, patterns restricted in an ézimuth (beam antennas) can be used
to reject extraneous signals and noise arriving from undesired directions.

Waves traveling via tortous paths can also be rejected on the

basis of signal strength. Ross (1975) has pointed out that strong,
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steady signals are more likely to be traveling directly from their
sources than weak or unstable signals. Weak signals with rapid, shallow
fading‘or random fluttering are most likely to be scattered and have
wide bearing deviationms.

Finally, the inclusion of some sort of real time data prqcessing,
either with a microprocessor, or perhaps a small dedicated minicomputer,
can provide cértain flexibilities that will significantly improve RDF
performance. A table of correction factors for repeatable site or hard-
ware errors can be kept in memory and then used to correct bearings as
they are taken. In the past this was done manually with a table or
graph of known errors at a given frequency, however a computer can do
this much more efficiently. Statistical algorithms can also be applied
to sets of bearings in real time. Cost effective control of both simple
and complex functions are possible with computer control (i.e.: push
buttons are cheaper than rotary switches). In addition, with such
control and the ability to modify data before display, automatic cali-
bration of certain system parameters which may vary with time and
temperature (such as overall receiver gain, for instance) can be imple-

mented periodically under software control.

An Overview of Dominant Systems

The development of RDF equipment has been the subject of signifi-
cant effort for most of this century with a peak in development during
World War II. Equipment for maritime RDF use has seen the greatest

growth, generally using the directional properties of a small loop
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antenna or its modern equivalent, the ferrite loopstick. The Adcock
antenna, which basically consists of two dipoles or monopoles close
spaced and fed in phase opposition, was long ago found to be superior
to the simple loop for fixed land based applications. It was also
found that the fields sensed by a pair of perpendicular small loops or
Adcock antennas could be reproduced remotely and '‘re-sensed" by a
goniometer, which has also provided a means of automatic direction
finding. RDF systems sensitive to the phase differences produced in an
array of antennas also have been shown (Hopkins and Bramley, 1953) to
produce bearings with narrower variations than comparable Adcock systems,
although the Adcock handled interfering signals better. Finally, where
high precision is desired, size constraints are not severely limited,
and higher financial resources are available, detailed analysis of both
the amplitude and phase of the signals from an array of antennas (i.e.:

wavefront analysis) can be performed.

Figure-of-eight Pattern

The most widely used RDF antenna pattern is the figure-of-eight
or cosine pattern. It is characterized by two sharp nulls and two broad
lobes, as shown in Figure 5. Manual direction finding makes use of the
two nulls, since they are much sharper than the lobes.

The ideal form of the pattern equation is:
E = ECos ¢ (2.5)

where Eo is the maximum value of the E-field for the two lobes. The

phase of the E-field in the left half plane will be negative (i.e.: 180



Figure 5.

Generalized figure-of-eight or cosine antenna pattern.
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degrees, where ¢ is between 90 and 270 degrees) as is signified by the
minus sign in the left lobe of the figure.

This pattern is sometimes expressed as a sine rather than a
cosine function of angle. This in effect rotates the pattern of Figure
5 by 90 degrees, but it is otherwise the same. The figure-of-eight
pattern is produced by various antennas, including the dipole, small
loop, and Adcéck. Variations from the ideal case produce patterns that

are usually either more oblate or prolate forms of Figure 5.

Dipoles

The electrically short dipole (length much less than a wavelength)
is useful in itself and as an artifice in the derivation of patterns for
larger structures which can be considered as made up of many short di-
poles. Figure 6a shows a short dipole with length L and transmission
line T. 1Ideally the transmission line is balanced and does not radiate,
therefore it can be ignored.

The effective length, Le’ is a function of current distribution.
With end loading a short dipole can approach the ideal, where the current

\

is uniform throughout its length, as shown in Figure 6b. Without end
loading the current at the ends must be zero, while the current at the
center is at a maximum for lengths of half a wavelength or less. In
general, effective length is (Jasik 1961, p. 3):

L/2
L, = Tl- J I1(z) dz (2.6)
° Tu2
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Figure 6. Short dipole with different current distributions.

(a) Short dipole.
(b) Distribution with end loading.
(c) Distribution without end loading.
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where: I(z) = current distribution along element
Io = current at center of dipole
L = actual dipole length.

For electrically thin antennas on the order of a wavelength I(z)
will be sinusoidal, while for electrically short dipoles without end
loading the current distribution is very nearly linear from the center to
the ends as shown in Figure 6c. The effective length equals the physical
length for short dipoles with uniform current distributions as in Figure
6b, or half the physical length for distributions such as in Figure éc.

Using the method of retarded potentials Kraus (1950, pp. 127-
135) has shown that the far fields of an electrically short dipole with
a diameter much less than its length and uniform current along its

entire length are, in free space or air:

By = H, =Hy =0 (2.7)
- J60m L Sin 6 .
Ee —_— I exp[j (wt-Br)] (2.8)
Hoo 0 (2.9)
¢ 1207 ’
where:
L = dipole length
r = Distance to far field point P
Io = current peak value

wavelength
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Figure 7 shows the coordinate configuration. The Er component exists in
the near field but varies as 1/r? and thus is of no consequence in the
far field.

Equation (2.8) was restated by Jasik (1961, p. 3) as:

j601rLeIo Sin o
Ee = = exp(-jBr) (2.10)

by assuming the current to always be sinusoidally time varying at a
constant frequency and by generalizing length to effective length as in
Eq. (2.6). Effective length Le is still assumed éo be << A.

It should now be noted from Eq. (2.10) that the pattern of a
short dipole will be a function of 6 alone in the far field, and that
two nulls occur off each end of the dipole (the z-axis, where 6 is zero
or 180 degrees). Figure 8 shows the far field patterns in three
dimensions.

| For antennas longer than about % wavelength the phase term cannot
be neglected in the computation of the pattern. The method here is to
represent the longer antenna as an infinite set of infinitesimally
short dipoles and to integrate the fields over_ the entire length. When

this is done the far electric field becomes (Jasik 1961, p. 4):

j60 Ioexp(-jsr) Cos (%%-Cos e) - Cos (%;)
o - T Sin 6

E (2.11)



DIPOLE

Figure 7. Coordinate system for an electrically short dipole at
the origin.
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(a) (b)

Y
X

(c)

Figure 8. Far field patterns of electrically short dipole of Figure 7.

(a) y-z plane.
(b) x-z plane.
{(c) x-y plane.
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The effect will be for the lobes to become more prolate (more
directive) up to a length of about % wavelength. At 5/8 wavelength
additional lobes will appear. Nulls will still exist off each end, but
with a length of 5/8 wavelength a total of 6 nulls exist. Figure 9
illustrates the pattern evolution as the length of the dipole becomes a
significant portion of a wavelength. Sinusoidal current distribution
is assumed.

As an RDF antenna a single dipole is serviceable but far from
ideal. Since the pattern in the x-y plane of Figure 7 is omnidirectional,
it must be used with the z-axis parallel to the plane from which RDF
bearings are desired, i.e., the dipole must be oriented parallel to the
earth. Reciprocity will allow the dipole to be used for receiving as
well as transmitting (the patterns will be the same). Unfortunately
this configuration results in the dipole being horizontally poiarized
and thus it will respond largely to sky waves. Dipole lengths of 5/8
wavelength or more may not be useful for direction finding if a single
dipole is used due to the multiple lobe and null pattern. Arrays of
dipoles are used for direction finding, but usually vertically polarized,
where the pattern of any single dipole is omnidirectional. The phase and
amplitude of the signals from each dipole are usually combined in such a

way that a desirable pattern is obtained.

Electrically Small Loop Antennas
The electrically small loop antenna is the most frequently used

RDF antenna. As shown in Figure 10a, it is a small loop of a thin
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Figure 9. Radiation patterns for three lengths in the y-z plane for a
thin, linear dipole.

(a) 1/2 wavelength,

(b) 1 wavelength.
(¢} 1 1/4 wavelength.

R<<A

(b)

(a)

Figure 10. Electrically small loop and magnetic dipole.

(a) Simplified small loop.
(b) Small loop coordinates and magnetic dipole.



38
conductor with a radius much less than a wavelength (1/5 wavelength or
less) and uniform, in-phase current. It is fed by a transmission line
T which is assumed to be ideal and non-radiating and therefore can be
neglected. A small loop is often thought of as analogous to a magnetic
dipole with a ficticious magnetic current Im, as shown in Figure 10b.

Computation of the fields with this analogy was given by Kraus
(1950, pp. 157-160). The method is to first establish the equivalency
of the small loop and the magnetic dipole by equating the moments of

each. This results in the following relationship:

Ide = izﬁﬁgfiﬁi (2.12)
where:

Im = ficticious magnetic current

Ld = mag. dipole length

I = loop current {(uniform in-phase)
A = loop area
A = wavelength

The currents are often expressed in retarded form, thus the
retarded vector potential for the magnetic current can be formulated and
the electric field obtained. This method is analogous to the method
previously outlined for computing the fields of a small dipole. 1In the

far field where r is large the electric field is approximately:

LdIm Sin 6 i
E¢ = — (c_r) e)q?J (wt-BT) (2.13)
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where:
c = speed of light
B = phase constant
r = distance to far field test point
w = 2nf

Equation (2.13) applies for r much greater than Ld and Ld much
smaller than a wavelength. Assuming a large r and sinusoidal time-
varying current (neglecting the exp(jwt) term), and substituting Im from

(2.12) into (2.13), the far fields of an electrically small loop become:

120n210A exp (-jBr)

B, = 7 Sin 6 (2.14)

TrAI0 exp(-jBr)

He = 2 Sin @6 - (2.15)

The far field E-field pattern is a function of 6 alone, aé for
the dipole. Figure 11 shows the pattern in three axes, and it can be
seen that nulls exist perpendicular to the plane of the loop. For RDF
the loop is used with the loop plane‘perpendicular to the plane on which
bearings are to be obtained. In manual operation the loop is turned
until the received signal is nulled, thus indicating an arrival angle in
the direction of one of the two nulls,

Determination of which null is the true one (sensing) is usually
accomplished by combining the signal from the loop with that of a
vertical monopole or dipole (a ''sense' antenna) such that the resulting

pattern is predictably distorted. Slight rotation of the loop will then
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Figure 11. Far field patterns of the ideal electrically small loop in

three axes.

(a) y-z plane.
(b) x-z plane.
(c) x-y plane
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cause the signal strength to rise in one direction and fall in the other.
The significant difference here between Eq. (2.14) and (2.10) is the
existence of a j-term in (2.10) and not in (2.14)}. Thus it is apparent
that the fields of a dipole and those of a small loop are in phase
quadrature for in-phase currents. Sense is‘usually accomplished by
bringing the voltages produced by a small loop into phase with a vertical
senée antenna.in.a phase shift network and then combining them such that
their maximum voltages are equal. The result is shown in Figure 12.

The pattern of a small loop was derived on the basis that the
current was uniform and in-phase in the loop. Unbalancing of the loop
due to unequal stray capacitances between the loop parts and nearby
structures can lead to non-uniform currents that result in skewed or
blurred nulls. Symmetrically shielding the loop as shown in Figure 13
controls stray capacitance by insuring that the capacitanée from the
loop to ground is everywhere equal. A break in the shield directly
opposite the feed point is required so that the shield does not become
a shorted turn and thus completely shield the loop from the fields it
was designed to detect. Capacitance may also be added from each side of
the transmission line to ground which can then be adjusted for further
balancing. Design of the network coupling the loop transmission line
to the receiver to maintain balance with respect to ground has been the
subject of significant effort, and in particular the design of symmetri-
cal transformers (Struszynski and Marshall, 1947).

| The output voltage of a small loop can be increased by increasing

the number of turns in the loop. However, this also increases the loop
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Figure 12. The combination of a loop and monopole sense antennas
produces a cardiod pattern.
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Figure 13. A shielded, balanced, electrically small loop antenna.
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impedance and decreases the self resonant frequency of the loop. In
practice the number of turns is chosen to approximately match the input
impedance of the receiver or coupling network.

Small coils wound on ferrite or powdered iron cylindrical cores
(loopsticks) of high permeability can also be used for radio direction
finding. Typical core lengths are 50-200 mm (2-7% in) with 13 mm (% in)
diameters. Pérmeabilities of 125-800 are used. The core increases flux
density, inductance, and Q, with induced voltage being proportional to
permeability. A short tuned coil is often used with a second untuned
"pick-up" coil for coupling to the receiver. Displacement of the tuned
coil from the rod center will increase Q but has little effect on
sensitivity (Richardson, 1961). Antennas of this type are very effective

in small, portable AM radios.

Adcock Antennas

The development during World War I of the Adcock antenna (Adcock,
1919) was stimulated by the need for an RDF antenna that was not as
sensitive to sky waves as is the small loop. Examination of Figure 10b
and Eq. (2.15) shows that the small loop is ideally only sensitive to
the H-normal field, i.e., the antenna output is a function of the area
linked by the magnetic flux. Any free space traveling plane wave
impinging on an ideal small loop antenna from any direction other than
exactly perpendicular with the plane of the loop will have an H-normal
component. Thus the electrically small loop will respond to horizontally
as well as vertically polarized waves. Furthermore, waves arriving at

angles above (or below) the line perpendicular to the loop plane (i.e.:
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high-angle sky wéves) will also generate a response. Small loop antennas
are particularly troublesome at HF, where sky waves may arrive from
almost any vertical angle and have any polarization.

The Adcock antenna is composed of two dipoles or monopoles,
spaced a small fraction of a wavelength apart, and fed in phase oppo-
sition (i.e.: the voltages induced in the elements are differenced).
The elements ére usually vertical, and the feedlines well shielded, thus
ideally the antenna responds only to vertically polarized signals. As
will be shown, the pattern is figure-of-eight in the horizontal plane,
with the two nulls existing perpendicular to the plane containing the
two antenna elements. Figure 14a shows the '"elevated-H" Adcock which
uses two dipoles, and Figure 14b shows the '"buried-U" type with two
monopoles. Other configurations exist which are variations on one of
these two.

A conceptual evolution between the loop antenna and the Adcock
is illustrated by Figure 15. Kraus (1950, p. 156) has shown that an
electrically small circular loop antenna may be replaced by an equivalent
square loop if the areas are identical. The square loop may then be
viewed as four short dipoles with uniform currents as shown. When
oriented so that the loop plane is perpendicular to the earth, the two
vertical sides (dipoles) will respond to vertically polarized waves and
the two horizontal sides will respond to horizontally polarized waves.
Since only vertical polarization is desired, the two horizontal dipoles

are discarded leaving only the two vertical dipoles, which now must be
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Figure 14. Examples of Adcock antennas.

(a) H-Adcock.
(b) Buried-U Adcock.
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Conceptual evolution of an electrically small
loop into an H-Adcock.
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fed so that their currents are uniform but in phase opposition as shown.
This is accomplished by using crossed feedlines, as for the H-Adcock.

For direction finding the Adcock antenna is used with the
dipoles or monopoles oriented vertically. In the horizontal plane the
pattern may then be computed by viewing the two antenna elements as
isotropic'point sources with identical amplitudes but opposite phase,
each spaced sdme distance d/2 from the origin, as shown in Figure 16.
Sinusoidal time varying signals are assumed, and reciprocity will permit
the same pattern to be valid for both receiving and transmitting.

After the method shown by Kraus (1950, pp. 57-62), the E-field
in the far field is the sum of the fields of each element. Each element's
pattern will be omnidirectional but the relative displacement of each
element will produce a relative phase shift for each field at a large
distance. Taking this and the initial 180 degree phase difference into

account, the total field is:

E = E exp(+jy/2) - Eo exp(-jy/2) (2.16)
where:

Eo = single source field

Yy = dr Cos ¢
and

dr = E%i , distance in Radians

= 2"dk
d. = distance in wavelengths.



Figure 16. Two isotropic point sources of equal amplitude and
opposite phase equi-spaced from the origin.
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Rewriting, and using Euler's equations:

m
n

. exp (+jv/2) - exp(-jv/2)
2JE, ( 2j )

d
. . s , T
ZJE0 Sin /2 = ZJEO Sin (7?-Cos ¢>

]

2on Sin(ndA Cos ¢) (2.17)

The maximum field occurs when ¢ = zero, i.e.:

Emax = ZJEO Sln(wdx)

Normalizing:

Sin(wdA Cos ¢)
E = = - (2.18)
n Emax Sln(wdk)

Equation (2.18) is for the far field pattern of the two point
sources as described. Brown (1937) showed that for spacings of 5/8
wavelength or less a figure-of-eight pattern resulted, becoming less
oblate (eaéh lobe more circular) with decreasing spacing. For a one
wavelength spacing a four lobed (and four null) pattern results.

A more detailed examination of this pattern and of the Adcock
antenna is the subject of the latter chapters of this thesis, however
for the purpose of this chapter it is sufficient to note that the two
lobes of the figure-of-eight pattern produced by close spacing are in
line with the two antenna elements, and the two nulls are broadside (per-
pendicular to the plane of the elements). Furthermore, recalling the

pattern of a short dipole (Figure 8), it is apparent that the ideal
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Adcock will not respond to waves arriving directly from above (end-on
to the antenna elements) and thus will have a limited response to waves
arriving from high vertical angles.

In practice, the feedlines connecting the antenna elements are
horizontal, and will respond to horizontally polarized sky waves from
any vertical angle unless they are properly protected. The buried-U
Adcock shie1d§ the feedlines under a ground screen and also possibly an
actual layer of earth. In the H-Adcock the feedlines are balanced,
parallel, and shielded from the dipoles to the receiver continuously.
Even so these methods are not perfect. In practice the ideal can only
be approached with significant effort.

The pattern was computed on the basis that the currents in each
element were equal in amplitude and of opposite phase. Failure in
maintaining the balance between the two elements either through feed-
line unbalance or unequal stray coupling between the elements and ground
will result in pattern distortion in the same way as with the small loop.
However, the Adcock cannot be shielded in the same manner as the loop,
and must be used in situations where stray coupling can be well con-
trolled. It is for this reason that Adcocks have been used at fixed,
land based RDF sites predominantly, while the small loop has been more
popular aboard ship.

In summary, the Adcock antenna is superior to the electrically
small loop with regard to its relative insensitivity to sky waves on
the basis of both polarization and high vertical angles of arrival. It

is simple in principle, producing the desired figure-of-eight pattern,
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although implementation is complicated by the need to shield the feed-
lines extremely well, and to maintain an equal balance between the

signals produced by each antenna element.

Analog Automatic Direction Finding

Automatic direction finders (ADF) can be classed in one of three
categories. Analog schemes use the far field pattern characteristics of
one or more antennas to resolve wavefront arrival angles. Phase-type
ADF's exploit phase differences between two or more antennas while
largely ignoring amplitude differences. Wavefront analysis attempts to
reconstruct the wavefront to resolve individual rays by measuring both
amplitude and phase differences in an array of antennas, and thus is
the most general type.

Obviously the rapidity with which a bearing can be produced by
an RDF is especially important with signals of short duration, or for
situations where a great number of different bearings are required in a
short time. The first schemes merely automated manual RDF techniques,
however it‘is desirable to remove or reduce mechanical motion in the
interest of reliability and cost. During the 1930's and 1940's a
popular ADF used a servo motor controlled small loop antenna in a control
loop that automatically sought a null. A panel mounted azimuth indicator
displayed the loop's orientation. These instruments (called ''radio
compasses'') provided rapid direction finding with a minimum of operator
intervention, and were very popular in aircraft (Bond 1944, pp. 185-205).

Two antennas producing figure-of-eight patterns can be mounted

orthogonally such that the lobes of one overlap the nulls of the other.
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The signal strengths of each are then considered separately. In the
ideal case the lobes of the antennas will be true circles, i.e., one
antenna will have a cosine pattern while the other will be a sine
pattern, as shown in Figure 17. Bearing resolution is performed by -
computing the arctangent of the ratio of the signal_strengths from each
antenna. Deviations of the patterns from true cosine or sine forms
(lobes becomerblate or somewhat elliptical) produce quadrantal errors
that are zero at multiples of 45 degrees and maximum at angles halfway
between these multiples (i.e.: 22.5, 67.5, 112.5, etc.).

This scheme was first developed by Watson-Watt and Herd (1926)
for the radiolocaéion of thunderstorms from the VLF (10 kHz) radiation
produced by lightning. Figure 18 shows the general approach. The
signals from a pair of crossed loops were amplified by a pair of identi-
cal amplifiers which drove the perpendicular axes of a cathode ray tube
(CRT). The CRT performed the analog arctangent conversion and displayed
the bearing. A modern version using the same principle was described by
Krider and Noggle (1975) and is presently in use for lightning research
at the University of Arizona and elsewhere. The same scheme has been
used at higher frequencies as a conventional RDF where the twin ampli-
fiers are replaced by a twin channel receiver. This is very similar
to the amplitude comparison monopulse RADAR tracking technique described
by Rhodes (1959).

An alternative to the twin channel receiver is the use of a
single receiver with a bandwidth wide enough to accept two adjacent

signals simultaneously. Here the signals from two loops or Adcocks are
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A = Cos ¢
B = Sin ¢
Bearing =

X -1( B
Tan (K)

Tan

-1 { Sin ¢
Cos ¢)

Figure 17. Direction finding with orthogonal figure-of-eight patterns.
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Figure 18. Dual channel automatic direction finder of the Watson-Watt

and Herd type.
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mixed separately with two local oscillators closely adjacent in fre-
quency. This can be done in place of the first mixer of the receiver or
prior to it, where the two LO's are thén at audio frequencies. The two
signals are separated again at the output of the receiver, thus avoiding
difficulties in maintaining the balance between the two channels of a
twin channel receiver (Buddenbom, 1941).

A variation'on this approach (developed by E. Bellini and A. Tosi
in 1909) uses a special device called a goniometer and a single receiver.
The free space fields seen by a pair of crossed small loops or Adcock
antennas can be reproduced on a smaller and more convenient scale. An
inductive goniometer is essentially a small, shielded box containing two
perpendicular loops or coils. The signals from the antennas are fed to
these coils, either directly or after some preamplification to improve
sensitivity. A third coil on a rotating shaft is introduced as a sense
element to probe the fields produced by the other two coils, which re-
produce the free space fields precisely if the goniometer has been care-
fully constructed. Azimuth bearings can then be obtained from the
orientation of the third coil. Capacitive goniometers also exist, and
are essentially large rotary switches that connect signals capacitively
rather than conductively (the contacts never touch, but instead form
capacitors in the 100 pf range). The goniometer rotor may be rotated
manually or by a small motor in either case. Goniometers permit large,
fixed arrays to be used remotely from the associated receiver.

Crossed loop or crossed Adcock ADF's are inherently narrow

aperture instruments, i.e., they sample the arriving wavefront over a
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fraction of a wavelength. The Wullenweber direction finder is a popular
wide aperture instrument which enjoys a significant advantage over
narrow aperture systems with regard to local site errors.

The Wullenweber was first developed in Germany during WWII
(Crampton 1947, pp. 134-136). It is essentially a circular phased array
of 40 to 60 elements, usually vertically polarized, arranged at equal
intervals on é large circle. A special goniometer located at the center
is used to select about 1/3 of the elements, combining them after
appropriate phase delays such that they are equivalent to a broadside
linear array. Such an array has a narrow beamwidth main lobe, which may
be rotated over 360 degrees by rotating the goniometer. For direction
finding the main lobe is split into two closely adjacent lobes by sub-
tracting the combined signals of the elements on one side of beam center
from the other. The very sharp null between them can produce bearing
resolutions on the order of 1 degree or less. The Wullenweber is

typically used at HF (Luther, 1981).

Phase Measurement Systems

Rapid fading due to multiple path propagation can probably be
credited for the dominant use of frequency modulation (FM) for land
mobile communications above 30 MHz. For an acceptable signal to noise
ratio it is only necessary to maintain a signal level above the re-
ceiver's threshold. The FM capture effect will cause the receiver to
ignore all but the strongest signal on its input frequency. FM is thus

relatively immune to rapid fading while the quality of received
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amplitude modulated (or single sideband) signals will be severely de-
graded under the same circumstances.

In a similar manner, radio direction finding at these frequencies
from a mobile RDF facility or of a mobile transmitter is seldom done
effectively with amplitude sensitive equipment. It is usually better to
use equipment that is largely immune to amplitude variation but instead
respdnsive primarily to phase differences. Typically here some sort of
spatial array is employed where each element can be considered to be a
wavefront probe. Direction finding is then accomplished by processing
the received signals from each probe such that their phase differences
are examined while their amplitude differences are ignored. Earp and
Godfrey (1947) described one such system which used a circular array of
8 monopoles. Each monopole was selected in turn, one at a time, in a
cyciical manner. A single FM receiver was used. The switched array
thus imposed a stepped phase modulation on the incoming signal which
appeared (after filtering) as a sine wave output from the FM receiver.
Comparison of the phase of this sine wave to the cyclical rotation
provided a measure of azimuth.

This sort of technique does not totally solve the problem of
multiple path propagation and fading, however tests have shown (Hopkins
and Bramley, 1953) that the spread of bearings is significantly less than
that produced by a conventional amplitude sensitive radio direction
finder. However, the amplitude sensitive instrument has been found to
give better results in the presence of interfering signals. This factor

may thus make amplitude sensitive RDF systems the better choice at HF
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and below where interference tends to be a more significant problemn,
while phase sensitive RDF systems may be the best choice at VHF and
above, especially if they are to be used in connection with land mobile

services.

Wavefront Analysis

The most general form of radio direction finding is that employ-
ing wavefront analysis. The basic principle is the attempt to charac-
terize the incoming wavefronts by sampling in phase and amplitude over
a wide area. Multichannel receivers are used, where each channel pre-
serves the relative phases and amplitudes of the samples. The data are
then converted into a digital form where the analysis proceeds in a
digital computer. At any given moment sufficient data are taken to de-
fine directions of arrival of multiple rays. As propagation changes
these ray paths, further analysis over time can be employed to reduce
the errors incurred.

The volume of data obtained can be quite large. Gething (1978,
p. 175) has shown that the number of wavefront samples (or number of
antenna elements and receiver channels) must equal or exceed twice the
number of incident ray paths. Each channel produces two pieces of
information, amplitude and phase, and the data are continually changing.

In a recent paper, Lai and Dyson (1981) have examined a plane
wave approach to determining both azimuth and elevation of several waves
simultaneously, as applied to a system of horizontal arrays. Methods
for solution of the set of equations obtained from a single array

relating the amplitude and phase measurements of each element of the
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array to the multiray interference field were given. The interference
field was assumed to be made up of m-plane waves, thus the number of
elements is given by ﬁ2=2m. The mathematical approach used is easily
adaptable to a computer.

Experimental results were also obtained by these authors with an
array of 17 crossed loop antennas arranged along two sides of an equi-
lateral triangle. Each antenna was connected for circular polarization,
and a switched 7 channel receiver was used to obtain phase and amplitude
information. Results indicated that either single or multiray waves
could be resolved with such a system quickly.

Obviously the improved performance of such a system is not
obtainable without increased cost and complexity over simpler, narrow
aperture schemes. It would also seem that it would not lend itself very
well to portable or mobile operation. However, with the trend toward
including some sort of computing power in almost any instrument or
appliance at relatively low cost, parts of the theory of wavefront
analysis could probably be included in simpler, more versatile RDF

equipment.



CHAPTER 3
HISTORY AND APPLICATIONS

Developments in radio direction finding have been driven by
three primary applications over the years. The first is navigation or
traffic control (marine or air). Secondly is the gathering of informa-
tion from radio transmissions for either intelligence purposes or
spectrum management. Thirdly is the use of RDF for search and rescue
of aircraft, ships or boats in distress.

The early users of radio were able to perform direction finding
by using manually rotated loop antennas in conjunction with their early
communications receivers. Although the equipment was crude its utility
as an aid to navigation, especially during bad weather, was readily
apparent. Development of the Bellini-Tosi radiogoniometer in 1909
allowed RDF to be done with large fixed antennas. Adcock's development
of a replacement for the loop antenna in 1919 improved the accuracy of
RDF with its relative immunity to sky waves. Vacuum tube preamplifiers
improved sensitivity. The development of the radio compass, a servo
controlled rotating loop automatic direction finder, reduced the need
for operator interaction and thus made RDF a popular navigational aid
for aircraft.

During WWII superior electronic aids to navigation such as Radar
and LORAN were developed. The importance of RDF in this area has

58
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" diminished since the 1940's, however RDF has maintained a role as an
alternative, lower cost navigational aid. RDF work during WWII was
largely stimulated by the need for good intelligence about enemy ship
and submarine movements. Faster and more accurate equipment was de-
veloped using fixed, crossed loops or Adcock antennas, multichannel
receivers, and instantaneous azimuth displays.

Moderﬁ applications for RDF include spectrum surveillance, search
and rescue (SAR), and as a general research tool. Of these, search and
rescue has seen the greatest growth due to the increased use of emergency
beacons on ships, boats, and aircraft. The trend is clearly toward

further automation, simplified operation, compactness, and low cost.

Early Radio Direction Finding and Navigation

Radio direction finding today is only one of an array of naviga-
tional aids available to the master of a ship or boat or the pilot of an
airplane. Sophisticated modern navigational systems using some form of
RADAR, radio transponders, or multiple cooperative transmitters (i.e.:
LORAN) have virtually replaced pure RDF for almost all forms of naviga-
tion or location. Even in the early days of radio it was recognized as
an aid to navigation only (Smith, 1948), most useful for relatively short
ranges, and severely limited at night due to propagation effects. RDF
was and is useful for navigating into a general area, but some other

technique (visual is usually preferred) must be used close in.

Early Marine Navigation
One of the earliest documented uses of radio direction finding

at sea was a scheme developed by J. Stone in 1905 where two vertical
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wires on separate masts were placed on a ship. The signals produced
were fed through an "inductive subtractor" to a receiver. The system
thus produced was similar to later Adcock antennas with a "figure 8"
pattern and two sharp nulls perpendicular to a line connecting the
masts. The US Navy did some experimentation with this system but found
the need to move the ship to get a fix to be a severe detriment (Archer
1938, p. 126)!

During WWI the US Navy established several '"Radiocompass"
stations on shore. Bearings on ships at sea could be taken and the
results radioed to the ship. The British Admiralty also had extensive
(for its time) monitoring facilities with RDF capébility that was used
to track German airships as well as ships on the sea (Dunlap 1927, pp.
67-68). The Royal Navy also had ship borne RDF capability, largely
fixed or manually turned loop antennas (Dunlap 1927, pp. 154-5).
Bellini-Tosi systems were also used with triangular, fixed perpendicular
loops, although decreased sensitivity often resulted with smaller loops
(Archer 1938, p. 126).

The first use of radio direction finding in the US Coast Guard
was in 1919 during the International Ice Patrol in the North Atlantic.
Here the cutter ANDROSCOGGIN was being relieved on station by the cutter
TALLAPOOSA. The ANDROSCOGGIN's electrician (radioman) improvised a loop
antenna which he rotated by hand so that the two ships could be brought
close enough to make visual contact (Willoughby 1957, p. 146).

For a time after WWI there was a debate as to whether RDF capa-

bility was best employed by ships using fixed, shore based beacon
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stations, or by shore based RDF networks obtaining radiolocations of
ships at sea and then radioing their locations to them (Archer 1938, p.
127). 1In theory, it makes no difference which way RDF is employed, the
results are the same (Terman 1943, p. 872). In practice RDF capabili-
ties differ due to equipment suitability. Systems using crossed Adcock
antennas were found to be quite superior to crossed loops due to their
relative immuﬁity to polarization effects, but they were quite im-
practical for use aboard ship, at least at medium and low frequencies

where the bulk of maritime radio work was done at the time.

Marine Applications, 1920's Through 1940

The first lighthouse radio beacon in the U.S. was established
in 1921, and many others followed. (By the end of WWII the USCG had 190
beacons on the continental US coasts, Puerto Rico, Alaska, and Hawaii.)
Shore based RDF installations also increased during this period, to
include some 60 stations organized into 5 networks. Each network was
interconﬂected by teletype, telephone, or radio links, and all were
primarily HF (3-30 MHz) direction finders.

From 1925 on, RDF equipment was being regularly installed on USCG
vessels. By the conclusion of a modernization program in 1934, over 125
vessels of various sizes were equipped with new RDF equipment. During
this period the impetus seems to have been the Coast Guard's anti-
smuggling efforts, and, in particular, efforts to curb "rumrunners."
Most of these smugglers were well financed and had the best radio equip-

ment available at the time. This game of cat and mouse required that
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the Coast Guard also have good equipment, and be clever as well. For
example, they even developed a small, portable RDF disguised in a
standard leather suitcase for use in public places (Willoughby, 1957).

By 1927 the US Coast Guard held the major responsibility for
coastal maritime communications in the U.S. This included extensive
RDF capability on land and aboard Coast Guard vessels, and the establish-
ment and running of a network of coastal beacons. Managed by the Coast
Guard's Operations Section, these networks were eventually extended into
the North Atlantic and the Pacific.

The British Admiralty was also developing ship and shore based
RDF equipment for the Royal Navy during this time. The onset of WWII
greatly increased the tempo of this work. Although much of this work
was kept secret the British decided in 1940 (Stevenson 1976, p. 143 and
p. 106) to share their most important secrets, including their RDF
developments, with the U.S. This transfer of information was handled
in part by the secret mission of a special envoy, Sir Henry Tizard, in
August of 1940. Other information was transferred through a very secret
"British Security Coordination'" group in New York. This group was set
up by the British with the primary purpose of coordinating covert
American assistance to the British. The British were facing the very
real possibility at that time of a German invasion, and wanted to insure
that these secrets did not fall into enemy hands.

New British RDF development was then largely concerned with HF
and above. On land RDF stations were genérally fixed, four antenna

crossed-Adcock designs with a radiogoniometer and either aural null
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detection or some sort of automatic DF with a CRT display. Standard
deviation errors of 2.5 degrees were reported by Crampton (1947, p. 133).
The Royal Navy was using either fixed or rotatable loop arrangements, as
on U.S. ships at the time, and were restricted to medium and low fre-
quencies where resonances and reflections from the ship itself were less

of a problem (Crampton 1947, p. 136).

Early Air Navigation and Control

By 1931 radio direction finding equipment was standard on all
U.S. Coast Guard aircraft. Here it was used to take bearings on shore
stations for navigational purposes and as guidance to ships at sea
requesting assistance (Willoughby 1957, p. 144). During the 1930's
inland radio beacons for primarily aircraft navigation were also es-
tablished, and were still considered to be short range (on a global
scale). Typically expected errors were on the order of 2 degrees under
favorable conditions (Hobbs 1974, p. 207 and pp. 228-9).

A development that dramatically increased the popularity of RDF
on aircraft was the availability of automatic RDF equipment that freed
the pilot from having to make extensive adjustments. One such device,
from the Bendix Radio Company, automatically turned a small loop to the
direction of maximum null. A simple servo-controlled display in the
cockpit indicated the direction of the null (Smith 1948, p. 5). The
RCA-Sperry Mark I Automatic Direction Finder was also used extensively
at the time and was of similar construction. It could function as an

automatic or manual RDF as well as a standard receiver. Both devices
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were designed for use in the 200-1500 KHz range with either navigation
beacons or broadcast stations (Bond 1944, p. 185).

Automatic RDF equipment for fixed use was also being developed
at this time. Budenbom (1941) described a scheme using a pair of
crossed-Adcock antennas and one additional antenna for ambiguity resolu-
tion, all vertically polarized. Sensitivity was good since the signals
from each anténna were preamplified before being applied to the receiver.
This system operated over 2-7 MHz, was azimuth indicating only, and
could be operated remotely from the antenna site. Instant display of
bearing occurred on a CRT, thus only a second or two of transmission was

required.

Special Applications During WWII

The development of RDF equipment for the gathering of intelli-
gence was of critical importance during World War II. It was not only
important to intercept and decode enemy radio transmissions, but also
to learn where they were coming from. This was particularly important
to the Allied anti-submarine campaign in the Atlantic. When France fell,
the British were able to carry on the war only because of a continuous
stream of war material and other goods from North America and other
parts of the world. To win, the Germans realized that they had to cut
these supply lines, and the U-boat was their most effective weapon in
this effort.

Covert paramilitary operations came into their own during WWII.
Extensive networks of British agents and local partisan groups operated

throughout Europe, where HF radio was used to coordinate these activities.
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German agents were also sent to England and North America. Counter-
insurgency and counterintelligence relied heavily on radio direction
finding.

The element that drove RDF developments in thig period was the
extensive use of radio, particularly at HF, in all aspects of warfare
at a level never before seen. Compact, easy to use communications equip-
ment was easiiy constructed in large quantities for submarines, aircraft,
or covert operations. Electronic weapons and their countermeasures were

developed at a pace never before seen.

Anti-submarine Warfare in the North Atlantic

The U-boat or German Submarine was the single most devastating
threat that the British, and later the Americans, faced in the first
years of World War II. Its effectiveness was underestimated by all,
including the German war planners, at the beginning. No other weapon
could destroy so much war material, collected together in the holds of
virtually helpless cargo vessels, for so little cost. The British were
totally dependent on shipping to provide them with the necessary material
to continue the war. The Royal Navy was able to maintain control over
the surface in the Atlantic and North Sea, but below the surface was
another matter. German U-boats sank over 13.5 million gross tons in
WWII of which over 90% were in the Atlantic or adjacent waters (Frank,
1955).

The dominant conception until 1974 was that the Allies had de-

feated the U-boats (1) by the development of RADAR, SONAR (or ASDIC as
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it was called by the British, short for Allied Anti-Submarine Detection
Invéstigation Committee), extremely good HF direction finding, and other
new technical developments, (2) by employing special convoy and anti-
submarine tactics, and (3) by a tremendous cargo ship building program
in the U.S. RADAR and SONAR are rightfully credited with being in-
valuable during actual engagements between U-boats and surface Naval
forces or airéraft. However they were less useful in locating U-boats
at long range or in following their movements. Here credit had largely
gone to radio direction finding at HF, where the bulk of the radio
traffic between the U-boats and the German Admiralty occurred.

This concept was promoted by articles published in popular/
technical magazines of the time. Read (1944) discussed the role of the
Radio Intelligence Division of the FCC (phased out after WWII) as being
primarily one of HF direction finding with particular regard to targets
at sea. Markus (1946) described an incident where a U-boat had been
pursued and finally destroyed by a Task Group that relied entirely on
HF/DF bearings. In an excellent book describing the U-boat war from
the German side, Frank (1955) credits RADAR, SONAR, and HF/DF as being
decisive. From the German side it appeared that Allied anti-submarine
capabilities grew gradually from virtually nothing to the point where
U-boats were being attacked within hours of having left their home ports.

In 1974 it became public knowledge that the British had the
capability during WWII of reading almost all German codes. Winterbotham
(1974), one of the "insiders'" at the time, gave full credit for defeating

the U-boats to this capability, in conjunction with radio direction
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finding. He called Ultra (the code name for this code.breaking capa-
bility) the "hub of the battle of the Atlantic," and it is easy now to
see why this is so. Intelligence is a game of putting together a story
from diverse pieces of information. RDF provided one piece of the U-
boat story, along with actual sightings, with Ultra providing the rest.
The Germans had full confidence in their codes and ciphers. They had
credited othef factors, HF/DF being one of them, as expiaining Allied
insight into their U-boat operations.

The Allies went to extraordinary measures to protect the secret
of Ultra, both during WWII and for almost 30 years after. One of the
best ways to protect a secret is to wrap another secret around it. If
an enemy penetrates the first secret, he may stop there, thinking he has
the whole answer. This is exactly what happened here. It is not the
opinion of this author that the extensive RDF dévelopment that occurred
during WWII was solely a cover for the use of Ultra in long-range tracking
of U-boats, but rather that it was a convenient cover. Good RDF capa-
bility was needed in any case, and would have been even more important
if the Germans had found out about Ultra. However, for the purpose of
this thesis, it is important to conclude that RDF was an important member
of an array of intelligence tools, and not the central one with regard

to the U-boat war.

Counterintelligence
By WWII covert intelligence and sabotage operations had advanced
on both sides to the point where individuals or teams operating in target

countries often used small disguised radio transceivers to communicate
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with their controllers. In the case of German agents in England, RDF
techniques were sometimes used to locate German transmissions, but in
most cases other techniques sufficed. The German agents were often
"turned" and then used as channels for carefully selected misinformation.
Here they became part of elaborate British deception schemes (Brown,
1975, p. 60).

The Bfitish, for their part (and later the Americans), sent a
great number of specially trained agents into occupied Europe. Often
operated as teams or "circuits,'" communications was provided by certain
specially trained members with special radio transceivers. Most widely
used was the "B mark II," a 20 watt, fixed tuned (crystal) transmitter/
receiver built into an ordinary suitcase about 2.3 meters (2 ft) long
and weighing about 14 kg (about 30 1bs). Its portability proved to be
a great asset. Those operators who lived the longest were those who
transmitted seldom and from different locations each time. German RDF
teams were found to be numerous, mobile, and very efficient (Foot 1966,

pp. 102-106).

Aircraft RDF during WWII

By the beginning of WWII some form of RDF equipment was being
carried on all U.S. and British heavy and medium military aircraft. The
automatic RDF equipment developed in the U.S. eventually found its way
onto British aircraft as well, replacing the manually rotated loop equip-
ment used previously. The Germans, for their part, used similar equipment
but replaced the loop antenna with smaller antennas composed of solenoidal

coils wound on powdered iron cores (an early equivalent of today's
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"loopstick"). The performance of these iron cored loops were comparable
to regular loops but permitted a more streamlined design (Williams 1947,
p. 261).

Networks of simple 300 watt MF ground beacons were constructed.
Williams (1947) further reported that accuracies of 2 degrees were
typical and the useful range was almoét 1000 km (600 miles) in daytime.

Ground based RDF networks specifically for aircraft control were
also established. A good example of this was the SCR-291 developed for
use by the U.S. Army Airways Communications System. Operating in the
" 2-10 MHz region, it was a crossed Adcock affair with a motor driven
mechanical goniometer and automatic direction display on a CRT with
manual sense determination. In true Army style it was considered
"portable" (23 chests and crates), and was used in networks with each
RDF station placed as nearly as possible on the corners of squares 1000
km on a side. Stations were linked by radio or wire. Pilots could re-
quest bearings on their voice transmissions and receive them from network
control stations (Twist, 1944).

The growfh of aircraft communications in the 100-150 MHz area
during WWII led to the development df RDF equipment for VHF. Designs
found useful at HF were scaled to VHF where the 4-monopole Adcock
antennas were replaced by 4-dipole "elevated-H" Adcock antennas. Elabo-
rate narrow beam rotatable antennas were also uged. The propagation
effects that plagued lower frequencies were not in evidence at VHF
primarily due to the transparency of the ionosphere, but '"site effects"

became quite significant, thus elevated, clear sites were preferred.
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VHF/DF was found to be quite useful in the Battle of Britain for
directing RAF fighters back to their bases after an engagement, and for
providing approximéte fixes on aircraft about to ditch (Smith 1948, pp.
25-28).

The limitations of RDF and the need for high accuracy radio-
navigation aids provided the stimulus for development of active radar-
like systems with names like Gee, Consol, and Decca (and LORAN,
previously mentioned) which used cooperative transmitters, i.e., trans-
mitters whose transmissions were specifically designed for active
participation in the navigation system of which they were a part and not
merely as passive beacons. For instance, the Gee system was designed as
a precision navigational aid for Allied bombers on missions over occupied
Europe during WWII. Operating in the 50-85 MHz band, this system used a
chain of three or more pulse transmitters operating in a master-slave
arrangement (similar to LORAN). Location was determined by measuring
differences in arrival times between pulses. Gee became operational in
March 1942, and provided the required higher accuracy where pure radio

direction finding could not (Smith 1948, pp. 34-50).

Modern Applications

World War II was the first major conflict where electronic
weapons were used extensively. With the lifting after that war of much
of the secrecy that had enveloped the explosion in wartime development,
the scientists and engineers who took part in those efforts saw that
their work could be applied to a wide range of civilian applications.

However, civilian applications are markedly different from military ones
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in spite of similarities. For a technology to survive and grow it must
not only demonstrate its utility but also its cost effectiveness with
respect to other approaches.

Those who worked with RDF during WWII saw abundant post-war
applications in both aircraft and maritime navigation. Development did
continue along these lines. The commutated antenna phase measuring
technique of Earp and Godfrey (1947) evolved into a practical air traffic
control aid at VHF and UHF (Earp and Cooper-Jones, 1961). However, RDF |
has never again had the dominant electronic aid to navigation role that
it enjoyed prior to WWII. Developments in Radar, LORAN, and other
technologies have eclipsed pure RDF, at least for navigation. RDF was
not abandoned, but rather became an important alternative due to its
significantly lower costs. This is a niche it is likely to retain.

Intelligence uses remain, although they are not discussed here.
The extent to which RDF is used for this purpose is unknown to this
author. RDF is an important tool for (non-intelligence) frequency

management however, and for atmospheric research.

Frequency Management

The Federal Communications Commission (FCC) is responsible for
the management of the radio spectrum as a public domain in accordance
with the Communications Act of 1934, as amended. Surveillance of the
radio spectrum is thus required, and radio direction finding plays a
part in that surveillance.

As related by Read (1944), the FCC's activities were much more

ambitious during WWII than they are today. At that time a Radio
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Intelligence Division maintained 12 primary monitoring stations in the
U.S. with 32 secondary satellite stations. Each was linked by wire or
radio to one of three Radio Intelligence Centers, where they were
operated as networks for RDF purposes. Equipment for RDF included state
of the art superheterodyne communications receivers and huge elevated-H
Adcock antennas, vertically polarized, with 6 meter (20 ft) long dipole
elements and 6 meter spacing. Bearings were obtained by manual rotation.

The intelligence activities of these stations were phased out
after WWII. Today a network of 13 monitoring stations operated by the
FCC's Field Operations Bureau monitor the entire radio frequency band.
All stations are linked to the Monitoring Branch Control Center in
Washington, D.C. Today the FCC is the only civilian agency equipped for
long range HF/DF. Each monitoring station not only has fixed RDF
capability but also has mobile capability for monitoring and RDF at VHF
and UHF. |

The FCC's long range DF capability is provided by either an
Adcock-type RDF or a Wullenweber array covering the frequency range of
approximately 300 KHz to 45 MHz., Referred to as a ''type W," the Wullen-
weber now in use at monitoring stations uses a circular array of 60
vertical antennas at 6 degree intervals on a circle 138 meters (443 ft)
in diameter. A capacitive goniometer at the center of the array forms
either single or split lobe patterns that may be rotated through 360
degrees manually or at a rate of 72 rpm for automatic direction finding.
Sensitivity for a 1 degree bearing resolution is typically 1 uv/m at 30

MHz and 10 uv/m at 1 MHz. In the single lobe mode the half power
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beamwidth‘is 10 degrees at 30 MHz and 60 degrees at 2 MHz. Split lobe
bearing resolution is 1 degree of less (Luther, 1981).

The FCC also has mobile automatic direction finding capability
over a range of approximately 0.5 to 500 MHz. The antemnas are in-
conspicuously flush mounted in the roof of an ordinary looking vehicle.
Four cardiod patterns in quadrature are produced by the antenna, which
are sequentiaily sampled by the associated compact electronics. The
resulting phase modulation is processed to produce the bearing on a 120
segment circular plasma-type display mounted in the dashboard. The
vehicle's battery provides all necessary power.

Private industry has also taken an interest in radio surveillance,
partly because of new, more stringent electromagnetic compatibility
(i.e.: spurious radiation) requirements on all electrical or electronic
equipment, and partly due to the potential for industrial espionage.

The IBM Corporation in Tucson maintains two EMC labs, one of which is
mobile. The mobile lab is equipped with modern spectrum analyzers and
data processing equipment. Any portion of the radio spectrum may be
surveyed automatically for frequency, amplitude, and modulation of any
sources within range. Data may be analyzed and displayed in almost any
format. Direction finding capability is provided by a rotating yagi

antenna.

Search and Rescue
Since the early 1970's automatically actuated emergency beacons
have been used in increasing numbers on both commercial and private

ships, boats, and aircraft. In some cases, such as civil aircraft, they
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are required by the licensing authorities, and in some cases they are
merely recommended. These beacons transmit a continuous signal modulated
by a distinctive tone on either 121.5 MHz or 243.0 MHz or both. They are
designed for either manual or automatic actuation, such as by an ex-
cessive shock for aircraft beacons (i.e.: a crash). In aircraft they
are known as Emergency Locator Beacons (ELT). For marine use they are
called Emergeﬁcy Position Indicating Radio Beacons (EPIRB). Both are
essentially the same, differing only in their means of automatic activa-
tion. The cost for a typical marine EPIRB may range from $200 to $450,
and they are widely available.

The USCG has responsibility for maritime safety and distress
communications in the U.S. coastal areas and for other areas for which
the U.S. has search and rescue (SAR) responsibility by international
agreement. The USAF, through its Civil Air Patrol (CAP), has a similar
responsibility over land in the U.S., in cooperation with local authori-
ties, such as local Sheriff's departments or other police organizations.
Both the USCG and the CAP have RDF capability on these beacon fre-
quencies.

In both cases aircraft are used initially to locate the disaster
site and to advise ground search teams or surface craft. RDF equipment
aboard these aircraft must then by necessity be compact and easy to use.
This is most frequently accomplished with a two element monopole or di-
pole array where each element is electrically switched at an audio or
sub-audio rate. The phase modulation thus imposed on the received signal

is compared to the switching signal to produce a simple homing-type
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indication. Precise bearing information is not produced, rather a simple
panel meter suffices as a relative right-left homing indicator.

In many cases, such as in bad weather, the aircraft may not
attempt to visually locate the disaster site, but may use some sort of
special procedure to identify the most probable location while flying at
very high altitude. One such procedure involves flying thrée separate
paths over thé estimated site homing on the beacon each time. The
second path is 90 degrees to the left of the first, and the third is 135
degrees to the left of the second. The points are noted in each path
where the RDF indicated that the aircraft was directly over the site
(the "ADF needle swing' points). When plotted on a map, perpendiculars
to the flight paths are drawn at these points, which define an equi-
lateral triangle of highest probability.

Occasionally the Coast Guard may be called on to render as-
sistance to ships at sea whose location must be determined on the basis
of their HF transmissions at long range. The USCG no longer maintains
an HF/DF capability, but instead calls on the FCC monitoring stations
for assistance. The once extensive Bfitish MF and HF shore-based RDF
capability has been closed down, however the Scandinavian countries and
Germany maintain RDF capability on the 2182 KHz international calling

and distress frequency (Parker, 1972).

Marine Navigational RDF Today
Although radio direction finding equipment is still required on

all ships over 1600 tons (Schroeder 1961, p. 54 and Parker, 1972) it is
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not the preferred electronic aid to navigation. Hyperbolic, pulsed
systems such as LORAN-C and OMEGA are clearly more accurate and have
virtually world-wide coverage (LORAN-C covers the most used shipping
lanes). A wide variety of RADAR equipment is also available, and world-
wide navigation via satellite (NAVSTAR-GPS) is becoming a reality. How-
ever, MF and LF beacons are still maintained throughout the world, and
are still the most economic aid to navigation.

RDF equipment for use on small craft typically constitutes a
single unit comprised of a straightforward superheterodyne receiver
capable of receiving signals in the 150 KHz to 3 MHz band and a loop-
stick type antenna. The loopstick is mounted in a plastic rotating
holder on top of the receiver with a 360 degree azimuth scale included.
A telescoping vertical antenna is also mounted in the same box for sense
determination.

Table 1 compares the relative prices of the different classes of
electronic navigation aids available to the small boat owner. As can be
seen, the average price of an RDF is significantly less than the average
price of more precise or longer range navigational aids. Thus RDF is
more attractive to the low end recreational boater who may never travel
out of sight of land as well as an attractive alternative for the more
expensive boat owner who may occasionally travel far out to sea.

This argument also applies to some extent to the commercial
fishing boat or cargo ship owner who is operating with a narrow profit
margin. Again, RDF is the most cost effective navigational aid. If

the precision and range of LORAN-C or OMEGA is not required, there is



Table 1. Survey of small craft marine navigation electronic aids.
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System Dollar Range Avg § 7 UniégurveyﬁdManuf.
Manual.RDF $ 220 - 695 $ 442 15 9
LORAN-C 1295 - 5390 2604 17 12
Small RADAR 2850 - 5995 3863 9 4
Satellite

(NAVSTAR) 6950 - 8900 7925 2 2
OMEGA - 2250 1 1

Note: Information derived from various current marine equipment

catalogs available to the recreation and small boat market.

used were list prices.

All prices
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little to justify the purchase and installation of such equipment.
RADAR equipment is useful for short range navigation and collision

avoidance and is frequently found on small craft as well as large.

Lightning Research

Radio direction finding in the area of 10 KHz has been a useful
tool in the study‘of lightning since the 1920's. The automatic RDF of
Watson-Watt and Herd (1926)'was specifically designed to locate thunder-
storms from the short bursts of VLF radio energy produced by lightning.
As previously discussed in Chapter 2, this scheme used two crossed loops
with balanced, vacuum tube amplifiers driving perpendicular axes of a
CRT. The CRT produces an analog computation and display of the arc-
tangent of the ratio of the signals received by the orthogonal loop
antennas.,

A modern version of this system was described by Krider, Noggle,
and Uman (1976) which used two channels of an antenna-amplifier-integrator
combination previously described by Krider and Noggle (1975). Here the
voltages from a pair of perpendicular shielded loop antennas were
amplified by high quality, wideband operational amplifiers (Burr-Brown
3400B) at the antennas. The signals were sent over a pair of balanced
transmission lines to differencing integrators. The output voltages of
these integrators are proportional to the magnetic flux density incident
on the loops and the cosines of the angles between the loop planes and

lightning discharge. For each of the two channels this relationship is:

V = KB Cos ¢ ‘ (3.1)
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where:
V = Integrator output voltage,
B = Mag. Flux Density (Wb m %),
K = A constant incorporating amplifier gain, antenna area,
and integration constant,
Angle between loop plane and lightining.

-
n

The loop antennas used are, of course, sensitive to both hori-
zontally and vertically polarized wavefronts. Here it was desired to
investigate cloud to ground lightning, which is predominantly vertically
polarized. To minimize the polarization errors inherent in the loops
standard track-and-hold circuits wefe used to gate the integrator out-
puts before they were applied to the x-y inputs of the oscilloscope. In
this way only the initial ground wave portion of the lightning discharges
were displayed. This system was found to be particularly insensitive to
intracloud discharges due to this gating.

Krider, Noggle, and Uman (1976) have said that this crossed loop
scheme, with gating, was effective for discharges as close as a few
kilometers and as a far as 100 km or more and realized a bearing resolu-
tion on the order of 1 or 2 degrees.

Another technique that has been successfully demonstrated is a
timé of arrival (TOA) scheme operating at VHF. Cianos, Oetzel, and
Pierce (1972) described a two station TQA/DF based on a principle given
by Oetzel and Pierce (1969) that makes use of the VHF properties of
lightning discharges. Thousands of VHF impulses with separations on the

order of 50-100 microsec are produced by each discharge. Here two
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stations separated by 122 m (400 ft) were used. Receivers at each
station consisted of 1.8 m vertical monopole antennas with amplifiers
centered at 30 MHz with bandwidths of 10 MHz. The video outputs of each
receiver were used to start individual time interval counters with 10
ns resolution. Both counters were stopped 1.4 microsec after the first
pulse was received at either station. A general purpose minicomputer
was then used to subtract the counter times and derive the arrival angle
from these data. The two stations used gave an ambiguity error of 180
degrees, and azimuth errors were caused by elevation components in the
arriving wavefronts, but a third station could be used to resolve the
errors. Error due to the 10 ns resolution of the counters contributed
less than about 1 degree of bearing error. Accurate bearings on
lightning discharges within 160 km (100 miles) were demonstrated. Real
time data processing was a distinct advantage, since known instrumenta-
tion errors could be easily removed from the data.

Krider et al. (1976) pointed out that this TOA technique is
sensitive to all sources of VHF noise, including intracloud discharges.
Insensitivity to polarization errors due to multiple path propagation is

comparable to the crossed loop VLF system, with gating.



CHAPTER 4
A CLOSE EXAMINATION OF THE ADCOCK ANTENNA

The Adcock antenna is the dominant narrow aperture RDF antenna
for fixed location use at HF. Its pattern can be made very nearly an
ideal cosine, and it has adequate sensitivity. With careful attention
to feedline shielding and balancing it is highly insensitive to hori-
zontally polarized waves. For wideband use the feedpoint impedance
varies widely, however the radiation resistance is generally very small
for small dimensions compared to a wavelength. Wideband operation can
be accomplished by non-resonant operation of the antenna and feedline.

Previous chapters have provided a framework from which a dis-
cussion of the Adcock antenna in particular can proceed. The most
important characteristics of the ideal Adcock are its pattern and verti-
cal polarization, and the optimization of these characteristics receives
the most attention in this chapter. The terminal point impedance of the
elements is of less importance, but cannot be neglected, and is thus also
discussed. The proper installation of a grounding system for the U-
Adcock, and brief discussions of feedlines and sensitivity are also
included.

Far field pattern plots are much more illustrative than the far
E-field equations alone, however manual calculation and plotting of these
patterns is quite tedious and time consuming. Therefore, a desk top

81
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computer and associated plotter were used to produce the patterns shown

in this chapter. The software used is discussed in Appendix B.

Element Terminal Point
Impedance Considerations

The Adcock antenna is most often used as a wideband HF direction
finding antenna, typically operating over one or.two octaves. Over this
sort of bandwidth the terminal point impedance of each element will vary
widely due to a variety of factors such as element length and spacing,
and the particular characteristics of the ground where the RDF station
is located. The system design must successfully contend with these
impedance variations without degrading the polarization, pattern, and
sensitivity characteristics of the Adcock.

Each element of a two element Adcock array has some equivalent
terminal point output impedance which is equal to the feedpoint impedance
of each element that would be seen by a transmitter driving the same
terminals. This impedance is a function of the self-impedance of each
element and the mutual impedance of the two elements, and of the elements
and any other nearby objects.

When used for transmitting it is usually desired to provide a
conjugate match between the transmitter and the antenna for maximum power
transfer. When the antenna is not inherently matched some form of
passive network is usually employed to remove the reactive part of the
terminal impedance and transform the real part to the desired value,
usually 50 ohms. These networks can also be used to match an Adcock
antenna to a receiver, however they usually do not operate over a very

wide bandwidth without retuning.
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If wide bandwidth without tuning is required then some other
technique must be employed. One scheme is to use a wideband, high input
impedance, low noise.amplifier between the antenna and the receiver. A
simple Thevinin equivalent circuit composed of a voltage source and
series impedance can usually be used to model an antenna. The input
impedance of the amplifier is chosen so that it is much greater than the
largest magnifude of the antenna's impedance, and thus variations in
this impedance can be ignored. Further discussion of this technique
will occur later in this thesis.

From a design standpoint, it is probably not too useful to dwell
on the terminal point impedance problem when designing a wideband Adcock
RDF. The antenna design should optimize pattern and vertical polariza-
tion characteristics first, while still providing adequate sensitivity.
Terminal point impedance stabilization, per se, is of lesser importance.
However, a knowledge of the general behavior of this impedance and the
factors that affect it is useful. A discussion of these factors follows.
It is assumed that the Adcock elements are thin, linear dipoles or mono-
poles, with the dipoles being center fed and the monopoles end fed
(typically at the "ground' or lower end). Liberal use of the reciprocity
theorem will be made when its use simplifies the discussion. The effect
of a finite or imperfect ground below the antenna will also be discussed
briefly. An ideal monopole mounted above an infinite, perfectly con-
ducting, flat ground plane will have a terminal point impedance at its
base that is 1/2 that of a balanced dipole with the same half-length,
fed at its center. Unfortunately such perfection cannot be achieved in

practice.
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Self or Radiation Resistance

Each element of an Adcock array has a radiation resistance which
is the real part of the element's self-impedance in free space with any
’ ohmic losses being neglected. It is also assumed that there is no
coupling to other objects. A number of methods for calculating the
self-impedance of simple dipoles has been given by Elliot (1981, pp. 297-
321). Howevef, one of fhe simplest techniques for calculating the
radiation resistance of thin, linear dipoles in free space has been
given by Kraus (1950, pp. 136-137 and pp. 143-148), wheré the general
procedure was first to determine the total radiated power by integrating
the far field power density over a large sphere. This power was then
equated to Ier, where I is the dipole RMS current and R. is the radi-
ation resistance (neglecting any losses). Rr is then solved for.

In terms of the far magnetic field, the total radiated power for
a thin, linear, lossless dipole in free space is:

2n w
W=z f J |Hy|® v2 sine do dp 4.1)
o0

where

N
n

Free space impedance =~ 377 ohms

=}
i

0 Mag. field component (see Eqs. 2.8, 2.9, and 2.11)

H
"

sphere radius (and r -+ «)

The dipole orientation was given in Figure 7. For the case of
an electrically short ideal dipole in free space, Eqs. (2.8) and (2.9)

can be used to determine HQ' (This assumes Hﬂ is proportional to Sin6.)



85

When integrated, Eq. (4.1) becomes:

8212 LZ
= 2o >
W Zo 197 (4.2)
where

Io = peak antenna current

L = dipole length

S _ 2w
B =

Equating (4.2) to Ier, substituting 120w for Z , then solving for R

and simplifying:

R. =~ 80m2 L§ (4.3)

where

(see Eq. 2.6)

The dipole length LA is the effective length expressed in wave-
lengths, and Eq. (4.3) is only valid for electrically short dipoles.
Equation (4.3) was also given by Jasik (1961, p. 11). A plot of Rr Vs
LA using Eq. (4.3) is shown in Figure 19. As can be seen there, the
radiation resistance of electrically short dipoles is very small. For
example, if LA =‘1/10, Rr = 7.90 ohms. It is thus especially important
to minimize resistive losses in these short antennas in order to maximize
sensitivity.

For longer dipoles the same general method can be applied to

determine Rr’ Equation (4.1) is still valid under the same ideal con-

ditions, however Hﬂ must be determined from Eq. (2.11) and not (2.8).
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Figure 19. Radiation resistance of a short, ideal dipole in free
space.
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Dividing (2.11) by 1207 (the free-space impedance) and recalling that

BL/2 = 7wL,, the far magnetic field for a symmetrical, thin, linear dipole

A’

in free space is:

on exp(-jBr) Cos(nLACose) - Cos(nLA)

H¢ = 27r Siné (4.4)

Inserting this into (4.1), solving for the total radiated power,

equating this to Ier and solving for Rr:

2
T [Cos(ﬂLACose) - Cos(nLA)]
R_ = 60 J SThe de - (4.5)
0

T

Evaluation of Eq. (4.5) for Rr can be done by a computer using
Simpson's rule (Southworth and Deleeuw 1965, pp. 371-373). When this
is done for a 1/2 wavelength dipole the radiation resistance is found to
be 73 ohms. An ideal 1/4 wavelength long monopole over an infinite,
flat, perfectly conducting ground plane would have a radiation resistance
at its basg of half this, or about 36.5 ohms.

In Eq. (4.5), the calculation assumes that the feedpoint is at a
current maximum, which will be the case at the center of a dipole for
lengths < 1/2 wavelength. For center fed dipoles of longer lengths the
feedpoint may not be at the current maximum point, but at some distance
x away from the nearest maximum. In this case, the center point radia-
tion will be (Kraus 1950, p. 148):

R
T

R1 = CosZBx (4.6)
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where
R1 = center point rad. resistance
B8 = 2u/A
X = distance to nearest current maximum

This equation predicts that R1 will go to infinity when x = A/4.
In reality it will simply be very large, because real dipoles are not
infinitesimally thin and the minimum current will not be exactly zero.
This was verified by measurements made by Brown and Woodward (1945, p.
259) of the feedpoint impedances of monopoles over an extensive ground
plane for various ratios 6f length to diameter and with antenna lengths
of 2/3 wavelength and less. For very thin monopoles (diameter of .00l
times length) a peak of 1050 ohms was seen at a length of 0.486 wave-
lengths, which should correspond to 0.972 wavelengths and 2100 ohms for
a dipole. The radiation resistance falls off rapidly on each side of
this peak. For a A/4 long monopole, the radiation resistance measured
was slightly under 40 ohms, which would indicate a half wavelength dipole
resistance of under 80 ohms. This agrees generally with the 73 ohms

predicted by Eq. (4.5).

Self-Reactance

Determination of the self-reactance or the imaginary part of the
self-impedance is much more complicated than for the radiation resis-
tanée. The close electro-magnetic fields primarily govern the self-
reactance, and it is therefore much more dependent on the particular

structure in use. Brown and Woodward (1945) have shown that the
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terminal conditions for an antenna also affect the terminal point im-
pedance. Various analytical techniques for determining the self-
reactance have been devised for certain idealizations, however, in the
final analysis, if precise knowledge of self-reactance is required, then
direct measurement is probably the best technique.

Aﬁ equation for the total impedance of a center fed dipole was
given by Tai t1961, p. 2) after Carter (1932). The result of this
technique, which is only valid for dipoles of 1/2 wavelength or less,
is that the reactance should be about +j43 ohms at 1/2 wavelength, then
rapidly becoming more capacitive as the dipole's length decreases. For

very thin, electrically short dipoles, the self-reactance becomes

approximately:
_ . 120 L
XS = -] ?TL_)\ (!Z.n —a- -1) (4.7)
where
LA = length in wavelengths
L = dipole length
a = dipole radius

Brown and Woodward (1945) also measured the self-reactance of
monopoles of varying diameters and lengths. Their data show an anti-
resonance at approximately 0.47 wavelength (corresponding to about 0.94
wavelength for a dipole) with capacitive reactance above this point and
inductive reactance just below. For a diameter of .001 times length the
peak inductive reactance occurred with about +j640 ohms (or +j1280 ohms

for a dipole), decreasing rapidly to zero (i.e.: resonance) for an
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electrical length of about 0.236 wavelength (0.472 wavelength for a
dipole). At exactly 1/4 wavelength the measured reactance was about
+j25 ohms. Below resonance rapidly increasing capacitive reactance was
found, with -j800 ohms existing for the same thin monopole but at a
length of 0.097 wavelength.

The result of all this with regard to wideband Adcock antenna
design for RDF purposes is that if 6ne wishes to operate with dipole
lengths on the order of one wavelength one must contend with the very
high self-impedance at antiresonance. Increasing the diameter of the
elements has the effect of decreasing their , and shifting the anti-
resonant peak of both the self-resistance and self-reactance toward zero
and toward shorter lengths. However this has the effect of worsening
the approximation of the Adcock in the x-y plane to two isotropic point
sources and disturbing the pattern and thus is being avoided here. At
very short lengths the self-impedance becomes almost totally capacitive,
and loss resistance becomes increasingly important, since the self-
resistance becomes very small.

The curves of measured radiation resistance and self-reactance
for simple monopoles made by Brown and Woodward (1945) have been re-
produced elsewhere (Tai 1961, pp. 4-5). Such empirically obtained data
are adequate for determining the general behavior of the self-impedance
of dipoles and monopoles to be used in a wideband Adcock antenna. It
can be seen from these curves that the antiresonance phenomena of dipoles
on the order of one wavelength long or of monopoles above an ideal ground
plane and about half that length should be avoided if possible due to the

high values and wide variations of self-impedance to be expected.
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Setting the element lengths somewhat less than this at the highest fre-
quency of interest (perhaps 3/4 wavelength for a dipole) may be wise

from this perspective.

Mutual Impedance

Coupling between elements (or between the elements and other
objects) is another factor contributing to terminal point impedance
variations in a wideband Adcock array. The two elements are coupled in
a manner analogous to the primary and secondary coils in a transformer.
Specifically, the antenna currents and terminal voltages of two closely

"spaced, coupled dipoles can be described by (Jasik 1961, pp. 11-12}:

Vl = Ilz11 + 12212 (4.8a)

V2 = 11221 + 12222 (4.8b)
where

Vl, V2 = dipole terminal voltages

Il’ I2 = antenna currents

le, 222 = self-impedances

212, 221 = mutual impedances

The two elements are assumed to be identical in the Adcock

antenna. This results in the simplifications:
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The feedpoint impedances are functions of each element's

terminal point voltage and element current, i.e.:

\' I
z, = Tl‘= Z_ + 2 z (4.9a)
1 1
Vv I
2 1
2, ==—=2 + = 1Z (4.9L)
2 I2 S 12 m

Since the currents are equal in magnitude but opposite in phase,

the current ratios in (4.9) both equal -1.0, and if Z1 = 72, = 2., then:

2 T’

2 =7 -3 (4.10)

The terminal point impedance of an Adcock antenna made up of two
dipoles and with no other influences is thus the difference between the
self and mutual impedances of the dipoles. As previously stated, if
monopoles over an ideal, flat, infinite, perfectly conducting ground
plane are used instead of dipoles in free space then ZT is half that for
an array with dipoles of the same half length.

The self-impedance ZS of a single dipole or monopole has been
discussed. Equations for the mutual impedance of two closely spaced
parallel dipoles of any length have been given by Kraus (1950, p. 268)
after Brown and King (1934). These equations for the mutual resistance
and mutual reactance are quite lengthy and will not be reproduced here.
For monopoles above a ground plane the situation is further complicated
by the conductivity of the ground and the size and construction of the

ground screen. In any case, these complications can usually be resolved
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at least for narrow band cases by the use of appropriate tuning networks.
For wideband operation, however, the terminal point impedance will vary
significantly for any given Adcock array.

The case of an Adcock-type antenna with half wavelength long
dipoles was of particular interest to Kraus (1940), as previously
mentioned. With regard to mutual impedance, Kraus (1950, p. 266) pro-
duced a graphldescribing the mutual impedance for spacings of 2 wave-
lengths and less, showing that both the mutual reactance and the mutual
resistance oscillated between positive and negative values, tending
toward zero as the separation increased. Thus it should be noted that
ZT is not necessarily less than Zs as a quick look at Eq. (4.10) might
imply. In fact, from Kraus' data, the magnitude of the input impedance
of each dipole for this special case of half wavelength long elements is
about 112 ohms with a phase angle of almost 40 degrees for a spacing of
1/2 wavelength (Kraus 1950, p. 291). This is significantly more than
the self-impedance of a single half wavelength long dipole.

Impedance Variations with Imperfect
Ground Planes

A further source of variation of driving point impedance is the
particular characteristics of the ground below the antenna. An infinite
and perfectly conducting ground plane situation can only be approached in
practice, especially at HF or below where practical limitations on ground
plane radial lengths or ground screen diameters usually exist. Ground
screen size generally affects monopole impedance more significantly than

it affects ground wave field strength (Wait 1956). These impedance
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variations are negligibly small only for very large ground planes. For
instance, a 1/4 wavelength long monopole above a finite ground plane will
experience impedance variations in excess of 1 ohm until the ground
plane diameter exceeds about 10 wavelengths (Tai 1961, p. 22). Wideband
Adcock antenna arrays must contend with this additional source of
terminal point impedance variation.

An exéellent empirical study of monopole impedance variation
with ground plane size was done by Meier and Summers (1949). Monopoles
with specific lengths from .163 to .529 wavelengths over circular and
square ground planes from 1.22 to 6 wavelengths were investigated. In
all cases the variations in both the self-resistance and self-reactance
were found to be damped oscillatory as the ground plane size was in-
creased. For example, the self-resistance of a resonant monopole was
found to vary between extremes of 33 and 43 ohms, or * 13%. Although
damped, the oscillatory variations were found to still be within * 5%
at a diameter of 6 wavelengths. When the circular ground planes were
replaced by square ones the impedance was found to vary in a similar
manner, but with about half as much variation for squares of 6 wave-
length side dimensions compared to circular ground planes of the same
diameter. However, impedance variations were found to be significantly
greater than for circular planes when the side lengths and circular
diaméters were less than 2.5 wavelengths.

An analytical technique which produces results in good agreement
with data of Meiers and Summers (1949) was developed by Awadalla and

Maclean (1978). Here a model was devised which accounts for the
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impedance variations on the basis of reflection and diffraction of
radiated fields at the edge of finite ground planes located in free
space. The monopole was divided up into N equal segments and the self
and mutual impedances of each segment and its image below a pe¥fect1y
conducting, infinite ground plane were formulated. An impedance com-
ponent proportional to the incident, ieflected, and diffracted fields
from the edge.of a finite ground plane was then derived and added to the
elements of the impedance matrix for the case of an infinite ground
plane. The terminal point impedance was then determined from the re-
sulting’matrix. This method was used on both circular and square ground
planes and monopole sizes as were used by Meier and Summers (1949) and
found to be in close agreement with their measurements. This analytical
technique was further able to show even wider variations for ground
planes less than a wavelength in diameter. In both cases the results
with regard to wideband operation of monopoles were the same. That is,
wide variations of terminal point impedance can be expected even when
ground planes many wavelengths in diameter are used.

Both these studies assumed finite ground planes in free space.
In most cases, however, a fixed RDF station is located on a large, flat
area where a wire screen or radial system is used on or just below the
surface of a somewhat less than perfect ground. The general idea then is
to make the overall ground plane more nearly perfect, or at least uni-
form, near the monopoles where the current density in the ground tends -
to be highest (Wait and Pope 1954, pp. 188-190), and to make a good, low

resistance electrical connection to the earth itself., If possible, of
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course, the site should be chosen for uniformly high ground conducti-
vity.

Abbott (1952) described a procedure for designing a cost ef-
fective radial buried wire ground system for optimum éfficiency. The
primary application was to broadcast and LF transmitting installations
where most of the generated RF power is usually dissipated by ground
losses. Wait‘and Pope (1954) employed an approximate method for calcﬁ-
lating the input impedance of a vertical antenna with a radial wire
ground screen on an imperfect ground. In a later paper, Wait and Pope
(1955) extended this work to short verticals with top loading. These
papers were included in a more general treatment of antennas above the
earth by Wait (1969a). 1In a recent paper, Metwally and Mahmoud (1981)
derived exact solutions for the input impedance of short vertical
electric and magnetic dipoles over a lossy earth with no ground screen.

The general technique used by Wait (1969a) and Wait and Pope
(1954) was to characterize the self-impedance of a vertical monopole
above a lossy ground as the sum of the self-impedance of the monopole
over a perfectly conducting, infinite ground and an "incremental im-
pedance, " AZt, which represented the difference between the perfect and
imperfect ground plane self-impedances. The real part of the incremental
impedance, ARt’ represented a loss component due to the imperfect ground
plane. From the perspective of RDF antenna design, this component re-
presents a loss in sensitivity, and thus should be minimized if possible.
Curves given by Wait and Pope (1954, pp. 185-187) of ARt vs ground screen

radius show that ARt of a 1/4 wavelength monopole should fall off rapidly
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as the screen diameter is increased until the diameter reaches about 1/3
of a wavelength. For larger screens ARt should not decrease appreciably,
and may even show a slightly oscillating characteristic. Increasing the
number of radial wires should decrease the value of ARt where it flattens
out at larger screen radii. For wideband use, the implication thus is
that a minimum screen radius of about 1/3 wavelength or more at the
lowest frequeﬁcy of operation and with a large number of radials (100 to
150 or more) is desirable from the standpoint of minimizing ARt' The
value of ARt showed very little dependence on wire size.

An approximate expression for the change in terminal point im-
pedance of an infinitesimally short electric dipole perpendicularly
oriented to the earth but some distance above it was derived analytically
by Wait (1969a, p. 393). Argand plots for the resistive and reactive
changes expected were given for various magnitudes of complex refractive
index and dipole heights. They show that for heights greater than about
1/3 wavelength the resistive and reactive changes with respect to the
dipoles radiation resistance in free space should be less than * 20%.
This implies that the bottom tips of a wideband H-Adcock should probably
be no closer to the earth than this at the lowest frequency of interest
to keep changes in the element's terminal point impedance small over its
operating range due to ground proximity.

Metwally and Mahmoud (1981, p. 186) have shown that the expression
derived by Wait (1969a, p. 393) can be thought of as an approximation of
their exact solution for the input impedance of a short dipole under

these conditions. Their Argand plots of reactive and resistive changes
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do not have the same resolution as those of Wait (1969a, pp. 395-397)
but tend to support the 1/3 wavelength minimum separation idea. However,
this should not be considered as a firm rule, since larger separations
are desirable to obtain better low angle radiation in the x-z plane, and
this will certainly reduce terminal point impedance variations due to

ground proximity even further.

Total Pattern of an H-Adcock

The total pattern for a simple H-Adcock is free space can be
computed using the method of pattern multiplication (Wolff 1966, pp. 241-
243) which assumes that the two elements are identical. The H-Adcock
antenna, as was shown in Figure 14a, is an array of two center fed di-
poles connected in phase opposition and spaced some distance d apart.

The balanced feedline can be viewed as two very close spaced dipoles, or
as a dipole with a negative image. In either case the radiation from
each half of the feedline will ideally cancel, the feedline will not
radiate, and thus does not enter into the pattern calculation. The
currents in each dipole are assumed to be of equal magnitude. By the
principle of pattern multiplication the total pattern in three dimensions
is then the product of the patterns of one dipole located at the origin
and an array polynomial representing the far field pattern of a similar

array of isotropic point sources, as shown in Figure 20.

Isotropic Point Source Pattern
Figure 20a shows two isotropic, oppositely phased point sources
located along the x-axis of a three dimensional coordinate system. The

sources are equispaced from the origin and from each other at a distance
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Figure 20. The pattern for an H-Adcock can be obtained by pattern multi-

plication. :

(a) Isotropic, oppositely phased sources.
(b) Single dipole at phase center.
(¢) Simplified H-Adcock antenna.
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d, which is identical to the spacing of the H-Adcock elements. The
amplitudes of the sources are of identical magnitude.
This situation was treated previously (Chapter 2) where the E-

field in the x-y plane was given by (2.17):

E = Zon Sin(ﬂdA-Cosﬂ) (2.17)
where

Eo = single source field

dA = d/A, the spacing in wavelengths

In the x-y plane 6 = 90.degrees everywhere, and @ varies from
zero to 360 degrees. In the x-z plane @ is everywhere zero or 180
degrees and the pattern is a function of 6 instead. Since 8 is refer-
enced to the z-axis and not to the x-axis, the pattern in the x-z plane
is:

Ei = iZJEo Sln(ndk Sinb) (4.11)

Therefore the far field three dimensional E-field pattern is

described by:

Ei = 2on Sin(ndx Cosp Sin8) (4.12)

In the y-z plane, @ is either 90 or 270 degrees and the E-field
is zero in the far field, as expected. Thus the pattern has two lobes
oriented along the x-axis with a null everywhere in the y-z plane.

Equation (4.12) can be simplified thusly:

E. = E

i 1 Sin(wdA Cos@ Sin8) (4.13)
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where

El = 2JE°

Single Dipole Pattern
The pattern of a single dipole at the origin as in Figure 20b

was also treated briefly in Chapter 2 and was described by Figure 7 and
Eq. (2.10) for an electrically short dipole and by Eq. (2.11) for a non-
electrically short dipole. 1In both cases the dipoles were assumed to be
electrically thin and terms that varied as 1/r? or 1/r3 were disregarded
since they are of no consequence iﬁ the far field. For the purposes of
pattern computation these equations can be further simplified. For

short dipoles, Eq. (2.10) becomes:

Eqq = E, Sino (4.14)

where
j601TLeIo exp(-jBr)

EZ - TA

For longer dipoles, Eq. (2.11) becomes:

Cos( %; Cos6) - Cos( %%)

= E (4.15)

Egq = E Sin ©

where
j6OIo exp (-jBr)

ES T

H-Adcock with Electrically Short Dipoles
For an H-Adcock antenna with electrically short dipole elements

the total three dimensional pattern can be obtained by multiplying Egs.
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(4.13) and (4.14) thusly:

Ey = E; Egq

[E1 Sin(ndA Cosf Sine)][E2 Sing]

E4 Sing Sin(ﬂdx CosP Sin8) (4.16)

where

The pattern in three dimensions for any element spacing is given
by (4.16). The pattern may be described by plotting the two dimensional
patterns in the three principle planes of Figure 20. It should be
evident that the pattern in the y-z plane will be zero since @ = 90 or
270 degrees everywhere in the plane, and this pattern need not be
plotted. Specific cases involving certain spacings will now be considered.
Short Dipoles and Spacings of
< 1/10 Wavelength

For spacings of 1/10 wavelength or less (i.e., dA< 0.10) the
function reductions given in Appendix A can be used to simplify the
patterns significantly. The maximum of (4.16) occurs when @ = zero and

8 = 90 degrees, i.e.:

Ex max = Eg Sin(nd,) (4.17)
Normalizing:
E Sin® Sin(md, Cosf Sinb)
Exn © E A - Sin(wg ) (4.18)
A,max A
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Considering the x-y plane first, 6 = 90 degrees, and Eq. (4.18) becomes:

Sin(ndx Cos@)
E —

An Sin(nd,) (4.19a)

~ Cos @ ' (4.19b)

For the x-z plane, @ = 0 or 180 degrees, and Eq. (4.8) becomes

(for positive:x):
Siné Sin(ndA Sin@)

Fan = T STn(rd,) (4.20a)
~ Sin? @ (4.20b)
and for negative x (where @ = 180 degrees):
Siné Sin(ndx Sin®)
Ban =~ TTSIn(ra) (4.21a)
~ - Sin? o (4.21b)

These patterns are shown in Figures 2la and 21d.
Short Dipoles and Spacings of
> 1/10 Wavelength

As dA increases the pattern distorts from the limiting pattern
at € 1/10 wavelength. The two lobes in the x-y and x-z planes become
more oblate up to a spacing of about 5/8 wavelength. Above 5/8 wave-
length the pattern shows evidence of more than two lobes. At one wave-
length the pattern has 4 lobes and multiple nulls.

Equations (4.19a), (4.20a), and (4.21a) are valid normalizations

for spacings dl=£1/2 wavelength, where Sin(ndx) € 1.0, and were used to
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Figure 21. H-Adcock patterns for electrically short dipoles using Egs.
(4.1%a), (4.20a), (4.21a).

(a,d) Spacing = 1/10 A.
(b,e) Spacing = 1/4 A.
(c,f) Spacing = 1/2 A.
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plot the patterns in the x-y and x-z planes for spacings of 1/4 and 1/2
wavelength. These patterns are shown in Figure 21.
Beyond 1/2 wavelength the maximum value of Eq. (4.16) no longer

occurs at the x-axis but at some other position such that:

(ndA CosP Sin®) = 1 (4.22)

Thus:

EA,max = E4 for dA > 1/2 (4.23)

and when normalized Eq. (4.16) becomes:

Ean = Sin6 Sin(md, Cosp Sineg) (4.24)

In the x-y plane, 6 = 90 degrees, and (4.24) reduces to:

EAn = Sln(ndA CosP) (4.25)

In the x-z plane, @ = zero for the +x half and 180 degrees in the -x

half, as before, and Eq. (4.24) becomes:

E

An C + Siné Sln(ndA Sing) | 4 (4.26)

Equations (4.25) and (4.26) were used to compute and plot the
patterns for spacings of 5/8, 3/4, and 1 wavelength in the same manner
as Figure 21, and are shown in Figure 22. Note that the pattern Eq.
(4.16) was normalized first then reduced to either the x-y or x-z planes.
This is the reason why the x-z plane patterns do not reach the unit

circle while the x-y plane patterns do. Recall that these are
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Figure 22. H-Adcock patterns for electrically short dipoles using Egs.
(4.25) and (4.26).

(a,d) Spacing = 5/8 A
(b,e) Spacing = 3/4 A
{(c,f) Spacing = 1.0 A
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two-dimensional plots of the intersections of three-dimensional surfaces
with two of the three principle planes, and that the far field is every-

where zero in the y-z plane.

H-Adcock with Non-Electrically Short Dipoles

When the dipoles of an H-Adcock antenna are not electrically
short, Eq. (4.15) must be used instead of (4.14) in formulating the
three dimensional far field pattern equation. The precise minimum length
for "non-electrically short" is not definitive. Kraus (1950, p. 127)
defines an electrically short dipole as having a length much less than a
wavelength, which implies < 1/10 wavelength. Jasik (1961, p. 3) puts the
boundary at an overall length of about 1/4 wavelength. For the purposes
of this thesis the boundary will be taken as 1/10 wavelength for dipoles
with end loading and 1/4 wavelength without. Thus the current distri-
bution will be, at least, very nearly linear if not uniform for electri-
cally short dipoles and sinusoidal otherwise.

First noting that:

@) - ok, .27

where

Ly

dipole length in wavelengths

and again using the method of pattern multiplication, Eqs. (4.13) and
(4.15) are multiplied to form the three dimensional far E-field pattern

equation:
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tm
1

Cos(wLACose)-Cos(wLA)
Sin @

A [El Sin(ndA CosP Sing)] [E3

Cos(wLACose)—Cos(nLA)
5 Sin @

= E Sin(ndACos¢Sin6) (4.28)

where

Equation (4.28) is valid for any spacing or dipole length. bTﬂe
only assumptions made were that the phase difference between the two
elements was exactly 180 degrees, the dipole currents were of equal
magnitude, and the dipoles had vanishingly small diameters.

As before, the first step in examining the behavior of (4.28) is
to reduce the patterns to their principle plane forms. For the y-z
plane, @ = 90 degrees, and the field strength is zero, as was fdund with
the previously. For the x-y plane, 8 = 90 degrees, sin 6 = 1.0, cos 6 =

0, and (4.28) becomes:

EA = [1-Cos(wLA)][Sin(wdA Cos@®) ] (4.29)

In the x-z plane, § = 0, Cos § = 1, then:

Cos(nLACose)-Cos(nLA)
E -

A Sin 6

Sin(ndA Sin8g) (4.30)

In Eq. (4.29) the term 1—Cos(ﬂLA) is a function of dipole length
only and not of . For any given LA it is a constant factor and does
not affect the pattern shape. Its maximum value occurs at LA =1, 3, 5,

etc., and it is zero for LA =2, 4, 6, etc. Therefore, with the
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exception of those points where it goes to zero, the shape of the far
field pattern in the x-y plane is independent of LA for any spacing dl'
The pattern shape is determined by spacing and angle alone, thus it is
valid to approximate the Adcock to two isotropic point sources for the
purposes of computing the far field pattern in the x-y plane, as was
done in Chapter 2. For spacings of 0.1 to 1.0 wavelengths, the x-y
patterns showﬁ in Figures 21 and 22 are valid for any LA'

In the x-z plane the situation is different. Here the pattern

is a function of both L., and dA' In general, the pattern becomes more

A
prolate as the dipole length increases and for narrow spacings. For
lengths greater than a wavelength or spacings of the same order thé
pattern breaks into a complicated shape with more than two nulls and
two lobes. Equation (4.30) was used to compute and plot the patterns
for various lengths from 0.1 to 1.25 wavelengths. Figures 23 through
27 show these plots for dipole spacings of 0.1, 0.5, 0.75, 0.875, and

1 wavelength, respectively. All data were normalized prior to plotting

so that the patterns fit within a unit circle. The important factor here

is the pattern shape.

Non-Electrically Short Dipoles and dA=S1/2
For the special case of spacings between dipoles of 1/2 wave-
length or less, the maximum value of (4.28) occurs when 6 = 90 degrees

and 9 = zero, then:

EA,max = E5 [l-Cos(wLA)](Sin(ndA)] (4.31)
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Figure 23. H-Adcock patterns for a spacing of 1/10 wavelength and dipole
lengths of 1/10 to 1 1/4 wavelengths.
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Figure 24. H-Adcock patterns for a spacing of 1/2 wavelength and dipole
lengths of 1/10 to 1 1/4 wavelengths.
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Figure 25. H-Adcock patterns for a spacing of 3/4 wavelength and dipole
lengths of 1/10 to 1 1/4 wavelengths.
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Figure 26. H-Adcock patterns for a spacing of 7/8 wavelength and dipole
- lengths of 1/10 to 1 1/4 wavelengths.
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Figure 27. H-Adcock patterns for a spacing of 1.0 wavelength and dipole
lengths of 1/10 to 1 1/4 wavelengths.
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Normalizing Eq. (4.16):

Ex

EA,max

Cos(wLACose)-Cos(nLA) Sin(ndACos¢Sine)

N [Sin8][1-Cos(nL,)] Sin(nd,) (4.32)

'

Equation-(4.32) is the three-dimensional normalized pattern equation for
non-electrically short dipoles and dipole spacings of 1/2 wavelength or
less for the H-Adcock antenna. Note that in the y-z plane (where § = 90
degrees) EAn is again zero.

As before, Eq. (4.32) can be reduced to the x-y and x-z planes.
In the x-y plane, 6 = 90 degrees, and the left-hand term of (4.32) is
reduced to unity regardless of LA' Thus Eq. (4.32) reduces to Eq.
(4.19a), and it can be again concluded that the pattern in the x-y plane
is not a function of dipole length for spacings of 1/2 wavelength or
less.

In the x-z plane however, the situation is different. Here
P =0, and Cos@ = 1, thus Eq. (4.32) becomes:

Cos(nLACose)-Cos(nLA) Sin(ndASine)

An [STne] [1-Cos (vL,)] STYCEW) (4.33)

Equation (4.33) is valid in the x-z plane for any value of LA
and any dA=S1/2. As shown in Appendix A, the second term in (4.33) can
be approximated to Sin® for very small spacings. For dA <1/10 wave-

length, (4.33) becomes approximately:
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Cos(nLACose)-Cos(nLA)
E =
An 1-Cos(wLA)

(4.34)

If the dipole length is also allowed to shrink, Appendix A also
shows that Eq. (4.34) approximates to Sin2e, which is equivalent to the
short dipole, narrow spacing situation described by Eq. (4.20b), as
expected.

In summary, it has been shown that for an H-Adcock antenna, the
best approximation to the ideal cosine pattern in the x-y plane is ob-
tained with close spacing, preferably 1/10 wavelength or less. If manual
radio direction finding is desired, then a more oblate pattern with
sharper nulls will result with wider spacing, such as 1/2 or 5/8 wave-
length. As the spacing approaches one wavelength, severe pattern dis-
tortions (i.e.: many nulls) make these spacings much less useful for RDF.

With regard to element length, longer sizes (up to one or per-
haps 1.25 wavelength) tend to flatten the pattern in the x-z plane,
without disturbing the x-y plane pattern. More than two lobes occur in
the x-z plane for lengths of 1.25 wavelengths, but they may not be im-
portant due to their relatively small size. A flatter pattern in the
x-z plane will tend to discriminate against waves arriving from high
vertical angles (high above the horizon) which tend to have greater
errors from great circle paths. Longer element lengths then seem to be
preferable to short ones from the standpoint of desirable patterns.
However, as has been previously indicated, dipole lengths on the order
of one wavelength may be difficult to implement due to the very high

terminal point impedance that results near anti-resonance. The best
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alternative is to make the element lengths somewhat less than a full
wavelength long at the highest frequency of interest, such as 3/4 of a

wavelength for instance.

Ground Plane Distortions of U-Adcock Patterns

The U-Adcock antenna is composed of two monopoles, vertically
oriented above a conducting surface or ground plane, rather than two
dipoles as with the H-Adcock. The feed points of the monopoles are
usually at their bases, and the signals from each are cgmbined equally
but in phase opposition. An example of a U-Adcock was shown previously
in Figure 14b.

In the ideal case where the ground plane is infinite, flat, and
of perfect conductivity, the far field pattern of a U-Adcock antenna is
simply the upper half of the pattern of an H-Adcock whose dipoles have
the same half length as the monopoles of the U-Adcock (Tai 1961, p. 21).
This is because a monopole over a perfect ground plane essentially has
an image of itself existing below the ground plane, with the ground
plane having no further effect. In practice however, an ideal ground
plane situation can only be approached. If the ground plane imperfec-
tions are at least symmetrical, then the distortions in the x-y plane
are minimal with regard to pattern shape. The greatest distortions
usually occur in the x-z plane. The behavior of the x-z plane can be
understood by considering the effect of an imperfect ground plane on the
pattern of a single monopole.

For non-ideal ground planes three conditions combine to force

the angle of maximum radiation upward from the horizontal (Elliott 1981,
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pPp. 67-68). Diffraction at the edge of a finite ground plane will cause
the horizontally propagating radiation to be disbursed, reducing the
radiation intensity in that direction. Some of the downward diffracted
energy may be reflected or refracted upward from the earth below, further
enhancing maximum radiation at an angle above the horizontal. Finally,
a ground plane with poor conductivity will tend to attenuate vertically
polarized radiation traveling along the ground plane in the horizontal
direction.

Wait (1969a, pp. 401-405) has analytically considered the situa-
tion of a thin, linear monopole over an imperfect but infinite and flat
ground plane. The earth or "conducting ha}f space'" was characterized by

its complex refractive index N, and Rg(e), the Fresnel reflection coeffi-

1
cient for a plane wave incident at an angle 6 referenced to a perpendicu-
lar through the monopole (i.e., the z-axis). Wait (1969a, p. 403) found

that the far field pattern in the x-z plane could be described by:

P(8) = [exp(jnLACose) - jCos#® Sin(nLA)

1
Siné
- Cos(nLA) + Rg(e) {exp(-jnLACose)
+ jCosé Sin(mL,) - Cos(nLA)}] (4.35)

(The first term here is correctly shown as 1/5in6 rather than Siné as in

the reference.) Rg(e) was related to N1 by:

N? Cos® - VN%-Sin%6
N? Cose + vNZ-SinZe

R () = (4.36)
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and the complex refractive index was given by:

N% = 91tIE)u (4.37)
je w
)
where
o) = earth's conductivity
ey = earth's permittivity
€, = permittivity of air
w = angular frequency = 2nf

Test values for N% used by Wait (1969a) were 4, 25, and 100.
These values are appropriate for various types of soil. Rg(e) was
calculated for these three values of N% and are plotted in Figure 28 for
angles 6 from zero to 90 degrees. The significant point here is that as
© approaches 90 degrees (which corresponds to radiation in the horizontal
directidn), Rg(e) will always approach -1.0 for any finite N%. For a
perfectly conducting ground, Nf equals infinity, and Rg(e) = +1.0 for any
angle 8.

Considering first the case where Rg(e) = -1.0, Eq. (4.35) reduces
to:

2j

P(0) = gzﬁg-[81n(nLACose) - Cos® Sln(nLA)] (4.38)

This equation describes a pattern which equals zero for any LA if 6 = 90
degrees. However, the radiation intensity in the horizontal direction
will not be exactly zero due to 1/r? and 1/r3 terms in the field
equations, previously disregarded because of their very small contribu-

tions in the far field.
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Figure 28. Reflection coefficient Rg(e) vs angle 6 from z-axis for 3
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If the ground were perfectly conducting and Rg(e) = +1.0, Eq.

(4.35) reduces to:

2

P(8) = S o [Cos(nLACose) - Cos(nLA)] (4.39)

which has the same shape as Eq. (4.15), the pattern equation for a non-
electrically short dipole, as previously considered. This is the re-
sult expected for an ideal ground plane.

A ground plane that ig flat and perfectly conducting but finite
will still cause the angle of maximum radiation to occur above the
horizontal. Storer (1952) experimented with this problem with finite
but large ground planes on the order of 6 wavelengths in diameter. The
angle of maximum radiation was found to be about 30-40 degrees above
the horizontal for a monopole of about 1/4 wavelength long, even at this
large ground plane diameter. Tai (1961, p. 24} has given the position

of the maximum lobe with relation to the vertical to be approximately:

. -1 3\
6 =~ Sin [1 - E] (4.40)

where

o,
"

dia. of ground plane

>
i

wavelength at freq. of interest

Although quite illustrative these studies did not consider the
more usual case where the ground plane is composed of a large but finite
radial ground system or wire mesh on, or buried just below, an imperfect

ground. Here the effect of the metallic ground screen is to enhance low
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angle radiation from the monopole. In general this enhancement increases
with increasing ground screen diameter.

Wait (1969b) has'described the surface impedance of the screen
on the ground as being equivalent to the parallel combination of the
ground impedance without the screen and the effective impedance of the
screen alone, in the same manner as parallel impedances in circuit
theory. Herevthe earth was assumed to be a lossless dielectric for
simplicity. The modified surface impedance was given by Wait (1969b)

and by Wait and Spies (1970) as:

YA Z—zig-z—g (4.41)
where

Z = ground impedance for grazing incidence

Zg = Impedance of screen

Preferably the net surface impedance should be as small as
possible so as to not inhibit ground screen currents. For a wire mesh
ground screen where the wire spacing is very small compared to a wave-
length and where ohmic losses can be neglected, Zg is almost entirely

inductive and is given approximately by:
Z = jn_ § (4.42)

where
n. = 1207

o]
fd d
6 ~(—}\-) in (m) for d<<A
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wire radius

[¢]
]

>
ll

wavelength

This equation shows the importance of a large d in minimizing Zg and 27,
Wait and Spies (1970) went on to show that for a ground screen on the
order of 32 wavelengths in diameter and with a dielectric constant of
about 3 for a lossless earth, improvements of from about 12 to 15 db can
be expected in low angle radiation if § is between zero and 0.2. This
result had been determined experimentally by Krause (1967), where field
strength improvements of 7 to 14 db were found for large screens vs no
screen for low angle radiation.

In their formulation Wait and Spies (1970) assumed that the
effect of the reflected wave at the screen edge was negligible. This
was confirmed in a later paper by Hill and Wait (1973b) for large screens.
Such reflections were found to be significant only for small screens.

In the foregoing discussion it was assumed that the ground system
was azimuthally symmetric. That is, any imperfections were the same in
all directions, and pattern distortions were then essentially confined
to the vertical plane with no disturbance to the pattern shape in the
horizontal plane. This situation is highly desirable because horizontal
(x-y) plane distortions translate directly into azimuthal direction
finding error that would be in addition to any inherent errors in the
system.

Azimuthal errors are usually dealt with in one of two ways.
Firstly, the ground system should be made as large and nearly symmetrical

as possible. Secondly, careful measurements of the actual pattern of the
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finished antenna and ground system at various frequencies within the
band of interest should be made with a known test source in the far
field. From these data azimuthal correction curves can be made. Such
curves should be rechecked and possibly redone every time something new

is added to the system.

Practical Ground Systems for U-Adcocks

It has already been stated that a large, flat, uniform, and
highly conductive ground plane under a U-Adcock antenna is very important.
The quality of the ground plane directly affects the antenna's ability
to discriminate against horizontally polarized waves and incoming waves
with high vertical angles relative to the horizon, and to minimize
terminal point impedance variations. In this section practical ground
systems are discussed.

Wire mesh or radial wire ground screens have long been used to
improve the characteristics of the ground under an RDF antenna, and
should obyiously be as extensi?e as possible for optimum performance
(perhaps 5 to 10 wavelengths in diameter, or more). However, at HF and
below, where these sizes become quite large, practical limitations on
ground screen size usually occur.

For a transmitting vertical antenna, the main purpose of a ground
screen is to provide a low loss return path for antenna base currents
induced into the earth around it, thus improving efficiency. For electri-
cally short monopoles the radiation resistance is very small and the loss

resistance can become an appreciable part of the total input resistance
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unless steps are taken to reduce it. The highest currents in the ground
system of a transmitting vertical antenna occur at its base (Wait and
Pope 1954, pp. 187-190), and special attention is usually applied there.

Loss resistances are much more important in an antenna used for
transmitting than for one used exclusively for receiving, because such
losses dissipate valuable power. Ground plane uniformity is much more
important to an RDF receiving antenna like the U-Adcock. A non-uniform
ground plane can distort the incoming wavefront, and distort the antenna's
pattern as well. The pattern of the Adcock was determined under the
assumption that the elements were identical. If the ground plane is not
uniform the images of the elements below the plane will not be identical.
In addition to uniformity the U-Adcock also requires a ground plane that
is highly conductive for feedline shielding.

It is important that all electrical connections in a radial wire
or wire mesh ground screen have high integrity so that time and nature
will not change the screen's electrical characteristics and introduce
non-uniformities. All connections should be soldered, brazed, or welded
to provide gas tight seals. Ground radials should preferably be buried
just below the surface, both to protect them from damage and anyone
walking in the area from injury and also to provide a better electrical
connection to the ground. Ground rods at the bases of the antenna
elements and also perhaps at the middle and edge points of the screen
may prove to be useful.

Some evidence exists for not connecting the radial wires together

in a mesh fashion. A radial wire system will have a smoothly tapered
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effective surface impedance and may enhance low angle radiation (Wait
and Spies 1969). One cause of severe distortion (multiple lobing) of
the pattern of a monopole in the x-z plane is diffraction at a ground
screen edge (Elliott 1981, p. 67; Wait and Spies 1970). A tapered
surface impedance (radial wire) screen will have a less well defined
edge and should produce less diffraction. The number of radials should
also be quite large, with 100 to 150 or more being typical (Hill and
Wait 1973a, p. 84). Of course, a great deal depends on the particular
soil conditions, and flat areas with uniformly high soil conductivity
are still preferred.

The resistance of a driven ground rod or buried wire to a uniform

earth can be approximated by the following relationship (Morrison 1967,

pp. 136-137):

R =2 tn (i‘-D&) (4.43)
where

p = resistivity of earth

2 = rod or wire length

D = rod or wire diameter

The resistivity of the earth can vary considerably from place to
place, but a value of 10,000 ohm-cm is a typical value. Using this
value and Eq. (4.43), Figure 29 was produced showing the variation in
resistance vs ground rod length for two rod diameters. Ground rod

diameter is shown to have little effect.
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An eﬁample of a ground system for RDF use was described by
Watson and Wright (1971, pp. 112-113) after Smith-Rose and Ross (1947)
who used a large copper wire mesh ground screen under a U-Addock intended
for HF service. The mesh wires were supported above the ground on short
wooden pegs and spaced 0.6 meters (2 feet) apart, and were soldered
together at each junction. The whole screen was 30.5 meters (100 feet)
in diameter, and ground rods were used at the center, at half radius
points, and at the edge of the screen. This arrangement has been used
in a commercially built HF U-Adcock radio direction finder (the Marconi
DFG26).

‘The screen was supported above the ground in order to simplify
construction, and to allow the feedlines to be run under the screen with-
out being buried. However, if the whole structure had been buried, the
large number of ground rods used may not have been necessary.

In their original paper, Smith-Rose and Ross (1947) were experi-
menting with this earth mat in the 3-10 MHz range where the overall
diameter was about one wavelength at 10 MHz. Performance was evaluated
on the basis of polarization error. They found that simply using the
earth mat alone, insulated from the ground, was totally insufficient.
Low resistance ground terminations, especially at the periphery, were
required to even approach adequate performance. On a site with low
ground conductivity ground terminations were less effective, but they
found that this could be offset by adding resonant radial wires electri-
cally connected to the ground mat, extended outward and run on the

surface. A total of 108 wires, 36 each of 11, 15, and 25 meter lengths,
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were used. This gave similar performance to a site with good ground
conductivity using the terminated mat alone.

Another large ground screen or mat was used in a US Army Signal
Corps transportable U-Adcock HF RDF as described by Hansel (1948). Here
a square mesh 23 meters (75 feet) on a side was used with 0.46 meter
(18 inch) wire spacing. Reportedly this screen allowed the installation
to be indepenaent of soil constants when the edges were properly
terminated to the ground. In all likelihood, however, this particular
RDF probably performed poorly in areas of poor ground conductivity. Its
chief advantages were portability and ease of operation.

The use of ground screens in areas that already have high soil
conductivity should have little effect on the far field patterns of
simple antennas (Wait 1969a, p. 426). However, as Smith-Rose and Ross
(1947) found, the U-Adcock antenna is highly sensitive to the size and
configuration of the ground screen, and significant reductions in
polarization errors can be realized with large ground screens. In areas
of poor soil conductivity, a large ground screen with additional radials
is virtually a requirement if reasonable RDF performance is to be ex-
pected. An alternative to this is to use an H-Adcock instead. This
was exactly what was done by Budenbom (1941) when using a crossed H-
Adcock in an area of Long Island with sandy, virtually barren soil.

Here a large wooden tower was built to support the four dipoles, each
about 13 meters (42 feét) long, with their lower ends about 6 meters
(20 feet) off the ground. The element separation was about 4.8 meters

(16 feet) between diagonal elements and operation was in the 2-7 MHz
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area. With this arrangement one must still contend with ground losses
and their effect on the antenna's pattern, however, in areas with poor

ground conductivity the H-Adcock may be more suitable than the U-Adcock.

Site Selection Criteria

The site for a fixed radio direction finding station must be
selected with care if good performance is to be expected. Specific soil
characteristics, especially soil conductivity, have significant effects
on the pattern and terminal point impedancés of éDF antennas such as the
Adcock, as has been previously discussed. Terrain variations or nearby
structu?es can also cause severe wavefront distortions, in part due to
multiple path reflections. The result is that a particular signal may
appear to come from more than one direction at the same time or may
appear to waver in direction. Wide aperture RDF attempts to completely
characterize distorted incoming wavefronts, removing much of the distor-
tion with clever processing. However, the Adcock RDF is inherently
narrow aperture, thus it is very important that sufficient attention be
given to site selection.

Large, flat areas with high and uniform soil conductivity are
desirable. Watson and Wright (1971, pp. 111-112) have recommended that
the site be flat to within 1/2 degree in the immediate vicinity of the
antenna, although somewhat less flatness may be tolerable. Nonuniformi-
ties in the soil near the antenna system can distort the incoming wave-
front and unbalance the antenna elements resulting in pattern distortion.
If possible the soil around the antenna should be as uniform and highly

conductive as possible, at least to the effective electromagnetic
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penetration depth at the frequencies of interest. Installation of an
appropriately designed ground screen will reduce site deficiencies,
however the site itself should be selected for its inherent advantages
if possible. Some consideration may also be appropriate with regard to
drainage or snow removal.

Nearby man-made structures will also affect the precision of an
RDF, especialiy if metallic and resonant. Structures or objects 1/2
wavelength long at any frequency of interest should be no closer than
15 wavelengths, however 1/4 wavelength objects can be half that close
(7 wavelengths). Non-resonant structures can be closer if necessary.
Metallic fences should be no closer than about 75 meters (250 feet) while
overhead wires should be kept at least 225 meters (750 feet) away.
Buildings should also be about 200-225 meters or further. Trees or
forested areas should be as far away as possible, although single small
trees could be as close as about 100 meters (300 feet) without detri-
mental effects. If it is necessary to erect some sort of structure
close to the antenna'system, non-metallic materials (such as wood) are
preferred. Nearby disturbances should also be at least symmetrical with
regard to the antenna system if they cannot be removed. Therefore, it
may be desirable to erect additional structures to preserve symmetricity.
For example, if a fence is needed, it would be best for it to be circular
and evérywhere the same distance from the antenna system.

As was previously stated in Chapter 3, the Federal Communications
Commission is heavily involved in world-wide radio direction finding in

the LF through HF bands. Table 2 summarizes their criteria for site
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Table 2. Summary of FCC criteria for RDF site selection.

Terrain should be as nearly level as possible. Any hills, buildings,
or other objects should not project above horizon more than 3
degrees. :

Soil should have the highest conductivity possible, such as agri-
cultural soil. Sandy, rocky, or gravel soils should be avoided.

Lakes or other large bodies of water should be at least one mile
away. Nearby ponds, creeks, or streams should also be avoided.

Existing or potential industrial or congested residential areas
should be at least one mile away.

All weather accessibility by road and electric, water, and telephone
utilities must be available. Adequate housing and other facilities
for personnel should be available within 10 miles.

There must be no nearby, permanent broadcasting or other type radio
transmitters sufficiently powerful to develop a field strength at
the site of more than 10 mV/m.

A basic long range direction finding station will require at least
40 acres, with 80 or more being preferable.

At a multiple facility monitoring station, the specific location of
the direction finder should be given precedence over other structures
or facilities.

Overhead or buried wires, pipes, cables, or other similar items must
be far enough away that they do not affect the RDF's performance.
The RDF monitoring building should be about 180 to 300 meters (600-
1000 ft) from the RDF antenna.
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selection (FCC, 1981). These criteria are the result of many years of
practical experience, and include to some degree\compromises‘between
desirable minimum site standards and the necessity for location of a
monitoring station in a particular area.

Site selection has also been the subject of theoretical study in
connection with LF beacons for use in aircraft navigation. Hill and
Wait (1973c, 1973d) have shown that significant bearing errors would
result if an RDF site was located anywhere on or near a low, flat ridge
as approximated by a semi-elliptic cylinder. These authors investigated
the mutual impedance that would exist between a vertical monopole
operating at LF and a small loop located in the far field and oriented
either perpendicular or parallel to the monopole. The otherwise flat
ground around the ridge and the ridge itself were assumed to be perfectly
conducting. The ratio of the mutual impedances with the loop perpendicu-
lar to the loop parallel had previously been found by Ott and Wait (1973)
to be closely related to bearing error. In particular, the maximum

compass error could be found from:

.Y
|Compass error| < Tan™* 5— (4.44)
i
where
AZ; = change in perp. oriented mutual impedance with and
without ridge
Z, = mutual impedance between monopole and parallel small

loop on a flat plane with no ridge
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Small ridges (compared to a wavelength) were not found to cause large
bearing errors, however large ridges, and in particular those 1/2 wave-
length high and 1.5 wavelengths wide did, unless the monopole was moved
far away from the ridge. Larger bearing errors were predicted if the
monopole was located anywhere on the ridge, with particularly severe
exrors occurring for oblique angles to the ridge if the monopole were

to be located on top of the ridge.

Polarization Problems with Adcocks

The feedlines of a U-Adcock antenna are usually buried under a
layer of earth or kept under an extensive metal ground screen between
their bases and the combining network. This is done to reduce or
eliminate pick-up of horizontally polarized wavefronts by these feed-
lines. Such pick-up can effectively broaden the otherwise sharp nulls
in the pattern. The same problem can also exist for H-Adcocks, although
the balanced nature of the feedlines tends to provide additional dis-
crimination against horizontally polarized signals. Even so, the feed-
lines of an H-Adcock are usually well shielded, with the shield
continuing past the point where the signals from each element are joined
and all the way to the receiver, if possible (see Figure 14a).

Finite ground planes can also result in U-Adcocks being responsive
to horizontally polarized waves. In recent work by Smith and DePrunele
(1981) the azimuthal copolarized radiation from a monopole over square
ground planes from 0.5 to 2.2 wavelengths on a side was measured. The
vertically polarized radiation was found to be essentially constant,

while the horizontally polarized radiation exhibited a complicated
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many-lobed pattern strongly affected by the ground plane size. The
ratio of horizontally to vertically polarized radiation intensity was
not significantly affected by the monopole length, but did vary between
approximately -2 and -11 db for different size squares, with a minimum

found for a side length of about 1.8 wavelengths.

Feedline and Coupling Schemes

Two basic types of Adcock antennas have been discussed here, the
difference being the type of elements used in the array. The H-Adcock
uses a pair of balanced, center fed dipoles, and the U-Adcock uses a
pair of base fed monopoles over a large ground plane. The feedline
design for either type requires that the signals from each element be
combined equally but with 180 degrees of phase difference, i.e., dif-
ferenced. Furthermore, signal pick-up by the feedlines, especially of
horizontally polarized waves, can severely degrade the performance of
any Adcock antenna. As nearly as possible the signal from an Adcock
antenna should be the result of differencing the signals between the
two identical vertical elements alone.

The H-Adcock previously shown in Figure 14a uses a balanced feed-
line continuously shielded from the dipole feed points to the receiver.
The lengths of the lines from each dipole to the center junction point
should be as nearly equal as possible, and their capacitance per unit
length should be identical., If commercially available transmission
line is used then lengths from the same spool are preferred. The
coupling network at the receiver must be specially designed so that it

preserves the balance of the feedline.
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The Buried-U Adcock previously shown in Figure 14b uses two
identical feedlines from the base of each monopole to opposite sides of
a wideband transformer within which signal differencing is accomplished.
The feedlines are buried under a layer of earth or run under a ground
screen in order to shield them from horizontally polarized wavefronts.
In addition, coaxial cable is usually used to provide additional shield-
ing with the Shields connected to ground at the junction point. Large
diameter, high quality coaxial cable should also be used even though the
antenna is for receiving only, in order to reduce losses and to increase
feedline uniformity.

A variation on the U-Adcock is the Balanced U-Adcock shown in
Figure 30 (Watson and Wright 1971, p. 30). Here the feedlines are
balanced, resulting in a further reduction in their response to hori-
zontally polarized waves vs the Buried-U Adcock. Balanced, shielded,
wideband transformers couple the base of each monopole to the feedlines.
Balancing networks between the lower ends of the transformers and ground
make this arrangement similar to the H-Adcock, but at ground level,
where the lower halves of the H-Adcock dipoles are replaced by equiva-
lent lumped-network impedances.

It should be apparent that a great deal depends on the coupling
transformers used in all of these antennas. In all cases at least one
side of the transformers are balanced, i.e., potential difference between
secondary terminals is a constant function of the potential difference
between the primary terminals. Any common mode primary voltages should

not appear in the secondary. In addition, they must be wideband
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transformers and be capable of operating with the widely varying
terminal point impedances of the antenna elements.

The construction of balanced transformers for use in HF radio
direction finders was discussed by Struszynski and Marshall (1947).
They recommended a highly symmetric construction and electrostatic
shielding to reduce capacitive coupling between the primary and secon-
dary which coﬁld otherwise degrade the balance. Capacitance between
the windings and the shield was made as uniform as possible, and the
primary was grounded at a center tap to reduce capacitive currents from
the primary to ground (essentially shorting most of the stray capaci-
tance). Sensitivity to small asymmetries is increased at or near the
resonant frequency of the primary, and thus these transformers should

be operated well below resonance.

Adcock Sensitivity

The two primary assets of the Adcock antenna are its pattern and
its discrimination against horizontally polarized waves, at least so far
as RDF is concerned. Thus design of a particular antenna is usually
made with the goal of optimizing these parameters. However, it may be
useful to briefly examine the factors affecting the Adcock antenna's
sensitivity.

The effective height of any antenna relates the induced voltage,
V, to the incident electric field intensity, E. From Kraus (1950, p.
44):

V="h E (4.45)
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where

he = effective height

The effective height of an Adcock antenna is a function of

element length and spacing, as well as wavelength. From Bond (1944, P

101):

h = 224 - omiLd, (4.46)
where

L = element length

d = element spacing

A = wavelength

(Consistent units must be used, of course.)

It is thus evident that to maximize the induced voltage one must
use the longest length and widest spacing that is practical, consistent
with producing the desired pattern over the desired bandwidth. For this
reason the Adcock antenna is seldom used over more than one or two
octaves, with the design optimized for maximum sensitivity at the highest
frequency of interest consistent with pattern objectives. For manual use
wider spacing may be used resulting in an oblate form of the cosine
pattern in the x-y plane, which may be tolerable or even desirable since
sharper nulls are produced.

It is also interesting to note that the effective height of a
single turn loop is the same as that for an Adcock if the area of the
loop ‘is equal to the product of element length and spacing of the Adcock

(Bond 1944, p. 100). However loops are usually resonated and can have
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multiple turns, both of which will increase the loop's output. This has
contributed to the continued popularity of the loop at MF and below,

where extraordinarily large Adcocks would be required for adequate

sensitivity.



CHAPTER 5
ACTUAL ADCOCK DESIGNS

The previous chapter considered the impact of salient structural
and environmental factors on the performance of the Adcock antenna. 1In
this chapter two specific Adcock arrays are discussed.

The first antenna is an H-Adcock that was purchased at a radio
equipment "flea market.'" Although not well suited to the particular
application envisioned, experimentation with this antenna did prove to
be somewhat illustrative. Then a hypothetical H-Adcock specifically
designed for the upper end of the HF band is described. Limited re-
sources did not permit actual construction of this antenna, however the

system proposed is thought to be entirely feasible.

Some Experiments with a Military Adcock

The availability of a small military surplus H-Adcock provided
the opportunity for some experimentation. Unfortunately these experi-
ments were largely unsuccessful, however, they do give some insight into
the sensitivity and bandwidth limitations of the Adcock, and are thus

reported here.

Description

Table 3 describes the H-Adcock used. It had essentially the
same structure as shown in Figure 1l4a, with the exceptions noted for the
feedline. By Fhe element length and spacing it appeared to have been

141
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Table 3. Description of military surplus H-Adcock.

1) Elements:

Dipoles, original length 40.6 cm (16 in), later changed
to 100 cm (39.4 in) each. Dipoles are solid rods, 40.6
cm (.375 in) in diameter.

2) Element Spacing: 45.7 cm (18 in)

3) Feedline:

4) Mechanical:

From dipole center points to junction point between di-
poles, feedline is a twin center conductor, braided shield
cable similar to RG-57A/U.

From junction point midway between dipoles original twin
conductor feedline was replaced by two identical 147.3 cm
(58 in) long coaxial cables, type RG-58C/U, with identical
BNC connectors on the far end. Shields of all feedline
cables are connected together at the central junction
point.

Structure similar to Figure 14a in Chapter 2. Dipoles
firmly held in place by brackets of some insulating
material (apparently a phenolic material) at ends of
horizontal hollow metal arms attached to central jct.
point. Vertical center post extends about 37.5 cm (14.75
in) from center jct. point parallel to elements. This was
extended another 17 cm (6.75 in) using standard pipe
fittings to a pipe flange. Feedlines are contained within
horiz. arms and vertical post. Flange was mounted on a
vertical wooden post with three support legs and an over-
all height of 66 cm (26 in).

5) Identifying Markings: USN AS-101/APA-24

NXsa-73894 336:CAKS
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designed for VHF frequencies. 1Its spacing of 45.7 cm (18 inches) is
1/10 wavelength at 65.6 MHz or 1/2 wavelength at 328 MHz. A suitable
receiver for thése frequencies was unavailable, so it was decided to
attempt to operate it just below 30 MHz, for which a receiver was avail-
able.

The cable from the center junction between the dipoles to the
receiver had Been cut short and was severely deteriorated when the
antenna was first obtained. No new cable of the original type could be
found, so two separate, identical lengths of standard coaxial cable
were used instead. It was assumed that this substitution would preserve
the balanced nature of the antenna (if properly terminated) and also be
unaffected by the incoming radiation (no pick-up). The antenna was
supported as indicated in item 4 of Table 3 and could be rotated easily

by hand.

Coupling Networks

It_was necessary to convert the balanced antenna output to an
unbalanced, low impedance equivalent source for the receiver. The cir-
cuit of Figure 31 was used with various input and output coupling net-
works, N1 and NZ' Transistor Q1 was a dual gate MOSFET suitable for use
as an RF amplifier at this frequency. A small amount of gain (2-5 db)
was achievable, depending on the particular networks used.

Figure 32 shows the networks tried for Nl' Both are 1:1,

balanced to unbalanced wideband transmission line transformers of a type

discussed by Ruthroff (1959) and were wound on high permeability ferrite
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cores. The third winding of Figure 32b was suggested by Ruthroff as a
path for magnetizing current and should increase the bandwidth of the

device. Figure 33 shows the networks tried for N A 9:1 (impedance)

2t
wideband transformer (Krauss and Allen 1973) is shown in Figure 33a and
a tuned, parallel resonant circuit at 33b. This second circuit was

tried in order to increase the gain of the amplifier.

Results

Facilities were not available for thorough testing of the
anfenna, however the limited testing that was performed immediately
demonstrated two significant problems. The sensitivity at this frequency
was very poor, and the pattern, although generally correct, exhibited
very broad and shallow nulls.

The output from the coupling network was fed into a Kenwood TS-
120S HF transceiver, in which only the receiver was used. This device
was designed for SSB or Morse code communications on various selected
bands within the entire HF range, including 28-30 MHz where these tests
were conducted. The receiver was equipped with an uncalibrated signal
strength meter suitable for relative measurements.

Many signals from stations 2000 km (1250 miles)} or further away
typically exist on these frequencies in the late afternoon, and were
used as signal sources. Various combinations of input and output net-
works were tried, however only the simple two winding input network of
Figure 32a and the resonant output circuit of Figure 33b provided

sufficient sensitivity to begin to hear these signals.



) (a)

FROM Q;

(b)

147

TO
RECEIVER

TO
RECEIVER

Figure 33. Output networks (NZ) used with circuit of Figure 31.

(a) Wideband 9:1 (impedance) transformer.
(b) Parallel resonant transformer for greater gain.
(Ty: 13 turns, #30 wire, T-50-6 Core, with a

2Turn secondary.)
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The reason for the poor sensitivity becomes obvious when the
effective height of this antenna is compared to the effective height of
other simple antennas. Using Eq. (4.46) the effective height of the

Adcock with 40.6 cm (16 inch) elements is:

meters

_ 2m(.406) (.457)
B 10

0.117 m (short elements)

In an attempt to increase the sensitivity the elements were replaced by

longer ones of the same diameter. For 100 cm (39.4 inch) elements he is:

_ 2n(1)(.457)

e 10 = 0.287 m (long elements)

By comparison, the effective height of a 1/2 wavelength dipole at 30 MHz
is about 3.20 meters. Since the effective height is directly propor-
tional to the induced voltage for a given electric field intensity the
effective height of the Adcock can be compared to the height of the di-
pole as though they were voltages, i.e.:

sensitivity gompared = 20 Lo [he,Adcock]

to a 1/2 X dipole 3.20m
The sensitivity of the Adcock with short elements is thus about 28.8 db
below a half wavelength dipole, or 20.9 db below when the longer elements
were used. This Adcock is therefore almost useless for all but the
strongest signals at this frequency.

The apparently broad nulls may in part be due to the lack of

sensitivity, which made locating a null very difficult. However, it is
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probably more indicative of a failure of the input network N1 and the
amplifier to maintain a properly balanced input. They were used here
because of the simplicity of their implémentation. For this particular
antenna an entirely passive network with a properly designed tuned

transformer may have worked better, although it would have required re-

tuning when changing frequency.

Design of an HF Adcock Antenna

When possible, of course, it is preferable to design to specific
requirements from the start rather than trying to adapt something al-
ready existing that may, as in this case, be ill suited to the intended
application. With this in mind a discussion of a hypothetical H-Adcock
antenna design for the upper end of the HF band (maximum frequency fh =
30 MHz) will now be undertaken. Table 4 lists the general goals to be
used in the design. One or two octave operation should be achievable,
thus this qualifies as a wideband array. This design can also be adapted
to a U-Adcock array if the dipoles are replaced by monopoles with the
same half length and an appropriate ground screen is employed (see

Chapter 4).

Element Size and Spacing

The two parameters to be chosen first in an H-Adcock antenna de-
sign are the length of the elements and the spacing between them. In
terms of fractional wavelengths at a particular frequency these quantities

have been previously identified as:
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Table 4. General goals of Adcock RDF antenna design.

Maximum frequency of operation: f,_ = 30 MHz.

h

360 degree azimuthal coverage.

Nearly perfect cosine pattern at f, and below with very deep nulls.

h
Good performance over at least one octave bandwidth with useable
operation.over two octaves.

Maximum effective height (thus maximum sensitivity) consistent with
desired pattern and bandwidth.

High insensitivity to horizontally polarized waves.

Wideband operation without tuning (high immunity to impedance

variations).

50 ohm, unbalanced output to receiver.
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L
L, =5 (5.1)
d
dA =5 (5.2)
where
L = dipole length (meters)

(=W
1}

spacing between elements (meters)

>
n

wavelength

It was also shown By Eqs. (4.45) and (4.46) that the effective height,
and thus also the sensitivity, are functions of the product of element
length and spacing, and these parameters should then be maximized in a
manner consistent with other design goals.

The element length should be chosen so that the anti-resonance
apparent for a single dipole when LA =~ 1.0 does not occur anywhére with-
in the design bandwidth. Furthermore, as was shown in Chapter 4, H-
Adcock antennas with element lengths exceeding one wavelength tend to
exhibit a many lobed pattern in the x-y plane, especially for wide
spacings. As a compromise, LA should then be somewhat less than 1.0 at

the highest frequency of interest. For example:

= 0.75, fh = 30 MHz

Then: A = S §§§_E[§EE = 10 meters

L =0.75A = 7.5 meters

Here the difference between a dipole's electrical length and free space

length is unimportant and has been disregarded.
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The spacing between the elements primarily affects the x-y plane
pattern, as was shown in Figures 21 and 22. If manual rotation and null
location of the Adcock were anticipated then spacings up to about 5/8
wavelength could be used. Such spacings also provide sharper nulls
which are quite useful in manual operation.

For a true cosine pattern over the entire band of interest the
best choice ié to make dA== 0.10 at fh' The pattern will then be almost
perfectly cosinusoidal at fh and below, as was shown in Chapter 4. Then,

if fh = 30 MHz:

d = 0.1x = 1.0 meter

Table 5 shows the values of dA and L, at 30 MHz and other fre-

A
quencies down to two octaves below assuming the element length and
spacing found above. Also shown is the effective height, calcuiated
with Eq. (4.46).

The maximum induced voltage can then be obfained by multiplying
he by the incident electric field as in Eq. (4.45). It is interesting
to note that the voltage that would result at 15 MHz is -6 db relative
to the voltage at 30 MHz, assuming the same field strength. The corre-
sponding induced voltage at 7.5 MHz is -12 db. Thus the frequency
response has the familiar -6 db per octave slope as though the dipole
output were from a high pass filter with its cutoff frequency located
somewhere above 30 MHz. It is conceivable then, that if a flat fre-

quency response were required over some bandwidth, a 1 pole low pass

filter with its cutoff frequency located below the band of interest



Table 5. Relative size vs frequency and effective height for Adcock
design discussed in text.
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Freq (MHz) dA LA he (m)
30 0.100 0.750 4.712
25 .083 .625 3.927
20 . 067 .500 3.142
15 .050 . 375 2.356
12 . 040 .300 1.885
10 . 033 .250 1.571

7.5 .025 .188 1.178
Notes:
1) It is assumed that:
L = 7.5 meters
d = 1.0 meters
2) Equations used:
_L
LA =3 (5.1)
_d
dA = (5.2)
_ 2rnld
he = = (4.46)
A = 3x108 m/sec

Freq.



154
could possibly be used between the antenna and receiver. The resulting
response should then be quite flat.

In selecting the element length and spacing it was assumed that
the effect of element interaction on the pattern was minimal and that
the method of pattern multiplication used in Chapter 4 is valid (see
Figure 20). However it has been pointed out by Wolff (1966, p. 243)
that the pattérn of a single element can change when it is placed in an
array, and in that case all the array elements may not have the same
individual patterns, an assumption that is required by the method of
pattern multiplication. There is undoubtedly some ratio of element
length to spacing where the individual element pattern in the Adcock
array departs from its free space pattern, and the array pattern dis-
torts from that expected by the method of pattern multiplication. This
is a subject not totally resolvable by analysis but requiring experi-
mentation as well, since the idea of using active rather than passive
elements, to be discussed next, also will undoubtedly affect element

interaction with regard to both pattern and impedance.

Overcoming the Impedance Problem

The terminal point impedance of each element in an Adcock array
is a function of many factors, as was explained in Chapter 4. For wide-
band service these impedances will vary widely over the band of interest.
Passive tuning networks could be employed to match the antenna system to
the receiver, however such networks would inconveniently require re-

adjustment every time the frequency was changed.
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A better solution is the use of a wideband, active network or
amplifier. The amplifier must be small and rugged, and is integrated
direétly into the antenna structure at the feedpoint of each element to
avoid losses in the feedline. Referring to Figure 34 the voitage in-
duced into each element is Ve, and Ze represents the complex terminal
point impedance of the element. R, is the input impedance of the inte-

A

gral amplifief. The general idea is to select RA to be very large so
that Ze may be ignored, and the input voltage to the amplifier is then
essentially Ve. If the amplifier has moderate gain, then the loss in-
curred by using an electrically small antenna can also be recovered to
some extent. Adjustable amplifier gain allows the user to precisely
adjust the amplitude distribution of an array of elements, and thereby
"fine tune" the pattern shape. At HF and LF it is possible to build
amplifiers with adequately low noise figure. Broadband amplifiers can
also be built with good linearity, perhaps using power FET's (Oxner
1979), thus enhancing performance in the presence of strong signals.
Integrated amplifiers and antennas or ''active antennas' have
been the subject of work by a number of people. Copeland, Robertson
and Verstraete (1964) investigated the performance of a bipolar tran-
Sistor RF amplifier integrated with a half wavelength long dipole at 146
MHz; When compared to a half wavelength long passive reference dipole,
a gain of +12,5 db was achieved with a virtually identical pattern shape
to that of the dipole. The noise temperature of the amplified antenna
was reportedly equal to the lowest level of cosmic noise temperature

from cold sky regions. An experimental array of four of these active
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Z -O—
+ e
~ RA \')
o
Ve = heE
AMPLIFIER

Figure 34.. Amplifier connected directly to an antenna represented by
voltage source Ve and complex impedance Ze'

RA is the amplifier's input resistance.
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antennas was also assembled with good results. The gains of the ampli-
fiers were individually and remotely adjustable, so the amplitude dis-
tribution and therefore thé beam shape could be remotely adjusted. The
four antenna signals were combined in-phase, but adjustment of the
relative phase too would have allowed even greater pattern control.

The signal to noise ratio of ac;ive monopoles, and particularly
electrically ghort ones, was considered by Radjy and Hansen (1979).

Again referring to Figure 34, the signal at the amplifier input is:

$ = GS, = nbS_ (5.3)

where
G = antenna gain
So = isotropic signal strength
n = antenna circuit efficiency

D = antenna directivity

The noise at the amplifier input is simply kTB, where T is the system

noise temperature given by:

T = nTe + (l-n)To + (FN-l)To (5.4)
where

Te = external noise temp.

To = 290 aegr. K

F, = noise factor of amplifier referred to its input
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The system S/N ratio is then:

where

nDS
S. ° (5.5)
N = kB[nT_ + (Fy-n)T]
k = Boltzmann's constant
= 1.38x10" 23 joule/K
B = bandwidth

This can also be expressed in terms of the ideal S/N and a degradation

factor, ¥:

where

= ==Y (5.6)

Zln

Ten
Y = - (5.7)
Ton + T (Fy-n)

The particular case of electrically short monopoles operating in

the HF band was considered by Radjy and Hansen (1979). Using published

data on external HF noise (CCIR 1964) they found that the S/N performance

of an active, frequency independent (aperiodic) monopole will be several

decibels below external noise limitations even with reasonably low-noise

amplifiers.

Specifically, the S/N degradation was found to be 2 to 5 db

over 3 to 30 MHz for an amplifier with a 5 db noise figure when compared

to an external noise limited system. In short, the performance of an

active dipole or monopole will be less than that for a matched system

{except perhaps for very noisy atmospheric conditions), however it will

be wideband and highly immune to terminal point impedance variations.
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The use of electrically short active antennas in HF and VHF
radio direction finding arrays has been reported by Lindenmeier (1978).
The desire here was for a small, broadband monopole for use in a light
weight, transportable RDF. The smaller elements also had lower coupling
than would have occurred with larger elements due to the smaller re-
radiated field intensities. The monopoles developed were a 2 meter
(6.56 ft) higﬁ version which operated over 0.25-30 MHz and a 20 cm
(7.87 in) high top loaded version for 20-300 MHz. Lindenmeier also
found that greater sensitivity resulted with the HF version if the
amplifier was located at a feedpoint 1 meter above the monopole base
(rather than at the base), apparently due to an increase in the effec-
tive height.

It is beyond the scope of this thesis to discuss particular
amplifier circuits useful for active antennas in detail, however a
general discussion will serve to show the simplicity of the technique.
The circuit used by Lindenmeier (1978) was a simple direct coupled three
stage amplifier made up of an FET source follower followed by a Darling-
ton pair driving a wideband transformer, as shown in Figure 35. The FET
provided.the necessary high input impedance, however no gain control was
included. With a suitably low driving impedance from the last transistor
and an appropriate voltage step-up ratio in the transformer a small
amount of overall voltage gain could be realized. The transformer shown
could also possibly be replaced by a wideband toroidal 'transmission

line" transformer as described by Krauss and Allen (1973).
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RECEIVER

Figure 35,  Simplified circuit of active antenna from Lindenmeier (1978).
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Figure 36 shows another circuit that has many of the desired
features of an amplifier for this application. Resistor R1 is for bias-
ing purposes and can be made quite large since the gate bias current is
virtually zero. Essentially equivalent to the popular cascode circuit,
gate 2 can be used for gain control by adjusting its DC voltage.

This circuit was built with the transistor shown actually being
6 parallel duél-gate MOSFET's (RCA type 40673) thus producing an equi-
valent single transistor with 6 times the Bss of one transistor. For
the MOSFET used Bes = .012 S, thus when driving a 51 ohm load the gain

should be approximately:

v © RL gfs, total

(51)(.012) (6)

3.67 (5.8)

A

v,db = 20 Log (3.67) = 11.5 db

Tﬁe measured gain at 10 MHz was 10.8 db with the gain control
voltage set for maximum gain (about 4 volts), agreeing well with the
value predicted. The frequency response was also quite good as is shown
in Figure 37. The upper -3db point was found to be at about 87 MHz.

The DC current drain, as expected, was quite high (about 62 ma).

Paralleling many FET's and thus obtaining an equivalent tran-
sistor with high 8 permits modest gain to be obtained with relatively
low values of RL’ as was shown above. A high P also produces less

noise. A noise equivalent circuit for a JFET or MOSFET has been given
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Figure 36. Suggested antenna amplifier circuit.

Q1 is actually 6 paralleled transistors.



163

GAIN (db)

0 1 l" ¥ TR LA L} T A L] T Ld ‘

10 20 30 40 50 60 80 100

FREQUENCY (MHz)

Figure 37. Measured gain of multiple MOSFET amplifier of Figure 36
driving a 51 ohm load.



164
by Motchenbacher and Fitchen (1973, p. 30 and pp. 100-103) and is shown
in Figure 38, where En and In are ideal voltage and current noise sources
representing the noise referenced to the input that is produced by the
FET. The FET in the model is then assumed to be noise free. Input
noise is represented by noise generator Et and noisy source resistor Rs'

Noise source En can be obtained from:
E = (4kTBR 2 5.9
= (4KTBR ) (5.9)
. where k, T, and B were given before and Rn is an equivalent noise
resistance given by van der Ziel (1962) to be:

3
R =
n ngs

(5.10)

This value of Rn is valid for frequencies above the 1/f region for the
transistor. Thus En is inversely proportional to the square root of
Bgg> and increasing s will reduce En’ Besides paralleling many FETs,
or perhaps developing a new FET specifically for this purpose (assuming
the facilities are available and desire is sufficient), one can also

operate the FET at or near I g’ where 8 will be highest. However

DS

this requires that V S be zero, and such a bias condition may not be

G
optimum from the standpoint of strong signal performance. It also
should be kept in mind that paralleling many FETs also increases the

effective input capacitance and decreases the net input impedance, both

of which can be detrimental.
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Figure 38. FET noise is represented by noise sources En and I and a
noise free FET. n

(From Motchenbacher and Fitchen, 1973.)
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Balanced amplifiers could possibly be built by using two,

identical amplifiers of one of the types discussed, the inputs of which
could be connected to either side of a dipole for instance. The low
impedance outputs of the two amplifiers could then feed the primary of
a wideband transformer of some kind if balanced to unbalanced operation
were required. (The difficulties experienced with the input networks
of Figure 32 may have been due in part to the unknown but probably re-
active impedance driving their inputs. They would probably have per-
formed better if the above suggested buffering amplifiers had been used

first.)

A Null Adjusting Technique

If the magnitudes of the two signals from the elements of an
Adcock array are not exactly equal when they are combined the two broad-
side nulls will be '"soft," i.e., they will appear to be broad and of
limited depth. The null depth for an Adcock antenna with active
elements can be optimized if the capacity exists for slight adjustment
of the gains of each amplifier.

The effect of unequal magnitudes can be understood by examining
the pattern of two isotropic point sources fed in phase opposition as
was done in Chapter 2 (see Figure 16), however here the magnitudes of
the individual element fields will be assumed to be unequal. Thus, Eq.

(2.16) can be restated as:

E = B, exp(+j¥/2) - E, exp(-j¥/2) (5.11)
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where
El = far E-field for element 1
E2 = far E-field for element 2
Y= dr Cosf) = 2ndACos¢

Using Euler's exponential equations this can be reduced to:

E = (E)-E,) Cos¥/2 + j(E+E,) Siny/2 (5.12)

Letting E1 = E0 and E2 = an, where Eo is the '"single source field"
referred to in Eq. (2.16), and a is the ratio of the fields from each

antenna element, the magnitude of the far E-field can be written as:

1
[E] = E, (1+a2-2aCosy)? (5.13)

The square root term is all that is required to describe the pattern

shape. Thus, expanding the ¥ term, the pattern equation is:

PM@ = [1 + a? - 2aCos(2ndACosﬂ)]% (5.14)
where

a=1.0 (with some small error)

The first thing to notice about this equation is that if a = 1.0 it

reduces to:

1]

p(ﬂ)aél [T +1 - 2Cos(2nd)‘Cos¢)]15

[2 - 2Cos(2ndxCos¢)]% .

2 s - 4Cos2(9/2)]%

2 Siny/2 = 2 Sin(ndACosﬂ) (5.15)
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The resulting pattern shape is identical to that predicted in Eq. (2.17).
Thus for a=1.0 (exactly) this development reduces to the previously dis-
cussed form, as expected.

The pattern plotting program in Appendix B was used to plot the
'patterns for 1/10 and 5/8 wavelength spacings with a=0.90 and a=0.80,
as shown in Figures 39 and 40. For dA = 1/10 the null softening is
quite apparenf, however for dx = 5/8 much less softening occurs. Thus
it can be concluded that the patterns of narrow spaced Adcock antennas
are much more sensitive to magnitude inequality than those of moderately
spaced ones.
. The null depth can be defined as the ratio of the intensity at
zero degrees (at the x-axis) to that at 90 degrees (along the y-axis)
and is most conveniently described in decibels. Figure 41 is a plot of
the‘null depth so defined vs the relative amplitude factor a. Signifi-
cant null depths are thus evidently achievable only if a is very nearly
1.0 (equal magnitudes). However, the difference between a=0.80 and a=1.2
is equivalent to a 3.5 db gain range, thus only a few decibels of adjust-
ment capability should be required in each amplifier to implement this
null adjustment technique. Unfortunately the adjustment itself will
most likely be quite sensitive, requiring a steady hand and a great deal

of attention to thermal stability.

The Complete Antenna
Figure 42 shows the complete H-Adcock antenna suggested herein
minus the support structure. Amplifiers Al and A, at the element feed-

points drive equal length coaxial transmission lines W and WZ that are
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Figure 39. Effect on normalized pattern of unequal magnitude combining
in an ideal Adcock with dx = 1/10.
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(a)

(b)

Figure 40. Effect on normalized pattern of unequal magnitude combining

in an ideal Adcock with dk = 5/8.

(a) a
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Adcock null depth with oppositely phased elements but unequal
magnitudes and 1/10 wavelength spacing.
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Figure 42. Sketch of H-Adcock with active dipole elements.
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connected to a 180 degree combiner. A single coaxial cable (WS) then
runs from the combiner to the receiver. A gain balancing botentiometer
R is shown driving the two gain control lines W4 and WS.

It is very convenient if the two amplifiers can be designed to
drive standard 50 ohm coaxial cable. Firstly, such cable is relatively
inexpensive and easy to obtain, although good quality cable with a
double braided shield or perhaps even a solid shield should be used.
Secondly, standard connectors are widely available. Thirdly, a commer-
cially available, standard 180 degree two-way power combiner/divider or
"hybrid" can be used at C. A typical example is. the Anzac type DH-50
(Adams-Russell Co., Anzac Division, Burlington, Mass.). This device is
specified to operate over 1-50 MHz with 25 db or greater isolation,
€ 0.2 db amplitude balance and € 1.0 degree phase balance. The 1981 cost
was about $90. B

Insensitivity to horizontally polarized radiation is not neces-
sarily degraded when unbalanced coaxial cable is used instead of balanced
cable. Any signals induced in Wl or w2 due to a horizontally polarized
wave will firstly be very small if the integrity of the cable's shield
and connectors are good, but also they will not have the benefit of the
gain provided by A1 and Az. This is another good reason for having at
least a moderate amount of gain in each amplifier.

Phase error is not as easily controiled as was magnitude error.
Phase equalization networks could be applied in the same manner as were

adjustable gain amplifiers but it is unlikely that the equalization would

remain constant over a broad bandwidth. Therefore, a potential phase
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error problem in a wideband Adcock array is best handled by careful
component selection and design.

Each of the amplifiers should be as nearly identical as possible.
Each will undoubtedly introduce some phase shift, but if the phase
shifts are identical they can be ignored. Likewise, the two cables, W1
and W2, should be from the same cable roll and cut to as nearly the saﬁe
length as poséible. The specific length is not particularly important
as long as they are identical. Identical connectors of the same manu-
facture should be installed in the same manner on all cable ends.
Lastly, the combiner é should be carefully selected for the best phase

balance. The two signals from the elements should be combined equally

and with as nearly 180 degree phase difference as possible.



CHAPTER 6
CONCLUDING REMARKS

This thesis has been a study of the origins and development of
radio direction finding with particular emphasis on the Adcock antenna.
To this writer's knowledge, the Adcock is exclusively an RDF antenna,
aithough technically similar antennas designed for both receiving and
transmitting, such as the '""flat-top'" beam described by Kraus (1940),
operate on the same principles.

The three basic RDF methods were discussed. The first, and
oldest, is an amplitude sensitive method that makes use of the pattern
of a single antenna or an array of antennas. The sécond is a phase
differencing technique where the phase differences alone between the
signals produced by an array of simple antennas is used to determine the
wavefront arrival angle. The third is essentially a combination of the
previous two where the incoming wavefront is analyzed in detail by care-
ful measurement of both the amplitude and phase of the signals in a
large array of antennas.

Wavefront analysis is the most accurate and also the most complex
and costly of the three. The phase differencing method, developed during
World War II, requires less processing and is therefore less complex and
costly. It has shown itself to be quite useful at VHF and UHF in con-
junction with NBFM communications and emergency beacon transmitters

175
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operating in those frequencies. Amplitude sensitive or pattern methods
are the simplest to implement (with the exception of the Wullenweber
array or similar beam steering techniques) and provide quite adequate,
low cost performance for many applications. The Adcock antenna falls
into this category.

The primary applications for radio direction finding are navi-
gation, intelligence, frequency management, and search and rescue. RDF
for navigation, either by sea or air, has employed the properties of a
shielded small loop antenna almost exclusively, because of its relative
insensitivity to nearby structures and its effectiveness at LF where
most passive navigational radio beacons are located. The Adcock ig, by
comparison, quite sensitive to local disturbances and thus has been
found almost exclusively at fixed, land based RDF sites. It also must
be quite large at LF for adequate sensitivity, and is then primarily an
HF or VHF antenna. During WWII the use of HF by German submarines for
long distance communications gave new importance to RDF, where it was
one of many intelligence tools used by the US and Great Britain.

RDF is still used for intelligence purposes, where the wide
aperture Wullenweber array seems to be the preferred antenna, at least
by the US. In navigation, other, more precise electronic aids are pre-
ferred over RDF, however, RDF is still a viable, low cost, alternative
method, especially on private boats and small aircraft. Emergency beacon
transmitters, now widely available for use on aircraft, ships, and boats,

have given RDF new importance as a search and rescue tool.
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In all of this the Adcock antenna seems to have been put aside
in favor of the Wullenweber at HF and various phase differencing tech-
niques at VHF. However, when properly constructed, Adcock RDF systems
are very accurate and have good sensitivity. Automatic RDF systems
using Adcock antennas are instantaneously indicating and thus may be
superior for certain kinds of'signals. Adcock systems are certainly
simpler than Wullenweber or most phase differencing systems.

The Adcock antenna in its simplest form is two close spaced
dipole or monopole elements, vertically oriented, with the voltages
induced in each element being differenced, i.e., combined out of phase
(180 degrees) but with equal magnitude. Horizontal (x-y) plane patterné
for Adcocks with various element lengths and spacings were produced
using the method of pattern multiplication. These showed that a spacing
of 1/10 wavelength or less produced a nearly perfect cosinusoidal figure
of eight pattern, highly desirable for automatic RDF. Spacings ﬁp to
about 5/8 wavelength produced a more oblate figure of eight pattern with
sharper nulls that are quite suitable for manual direction finding.
Element length was found to primarily affect the vertical (x-z) plane
pattern, with dipole lengths less than 3/4 wavelength or monopole lengths
less than 3/8 wavelength being recommended. Longer lengths have to
contend with two difficulties. Dipoles on the order of one wavelength
long (or monopoles 1/2 wavelength long) tend to exhibit antiresonance,
and at this and longer lengths less desirable multiple lobed patterns in
the x-z plane were found to occur. On the other hand, it was also shown

that sensitivity was enhanced with long, wide spaced elements. A
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compromise was chosen in Chapter 5, where a spacing of 1/10 wavelength
and dipole lengths of 3/4 wavelength at the highest frequency of
interest were suggested in a hypothetical H-Adcock design. Reasonable
sensitivity should be achievable with this design for one or two octaves.

Precise determination of the element feedpoint impedance was
shown to be complicated by many factors such as coupling effects, ground
plane charactéristics, etc. Subsequent design of a wideband, passive
coupling network to the receiver is a very difficult, if not intractable
problem. An alternative scheme was suggested where high input impedance,
wideband amplifiers were integrated with the elements to form "active
antennas.' The high input iﬁpedance of the amplifier allowed the
terminal point impedance to be virtually ignored, except for element
antiresonance. It should then be possible to drive a standard 50 ohm
system with the antennas, and in particular perform the signal combining
in a commercially available, 180 degree power combiner. All inter-
connecting cable can be standard 50 ohm coaxial cable, and any response
of this cable to undesired radiation (such as horizontally polarized
waves or waves with a high angle of incidence) will not have the benefit
of the gain provided by the antenna amplifiers, and thus will be
optimized by small adjustments to the gain of each antenna amplifier.

A number of topics for continuing study have suggested them-
selves. As has been noted, the H-Adcock patterns in Chapter 4 were
based on the principle of pattern multiplication that assumed that the
patterns of the individual elements in the array were identical. How-

ever, it may be that interaction between the elements or between the
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elements and the necessary supporting structure may make this a poor
assumption. The result may be that in some cases the true patterns may
differ significantly from those shown. Furthef analysis may clarify
this potential problem, however careful measurements also need to be
performed. Feedpoint termination may also affect the pattern, and this
could impact the design of the integral amplifier.

Additional work on simple active antennas would also be useful.
Various specific amplifier circuits should be designed and tested.
Active receivipg antennas should have wide bandwidth, good sensitivity
(low noise), and be capable of handling strong signals without becoming
nonlinear. For use in an Adcock array they also must have repeatably
uniform, stable gain and phase characteristics, and their gain should

be adjustable over a small range, preferably from a remote location.



APPENDIX A

PATTERN FUNCTION REDUCTION FOR SMALL DIMENSIONS

In the computation of the pattern for two close spaced elements
three functions occur which can be simplified for close element spacings

or for short element lengths. These functions are:

Sin(ndeine)
f1 @y, = 5

$in(nd, Cosp)
f2 (400) = —§itd )

Cos(nLA Cose)-Cos(ﬂLA)
f3 (L,,8) =
3 Wy 1-Cos (1L,)

where

dA = d/A, spacing in wavelengths
L, = L/A, length in wavelengths.

It will be shown that for small dA or small LA these functions

become, approximately:

f; = Sin 6
f, ~Cos @

f3 ~ Sin? 0
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Approkimation of f;

Recall the sine series:

x3 x5 x7

Sinx=x-§!—+-5T--7—!

+ - e

Let ndA = X, then:

3qin3 5cin5
xsing - X300, XBMP
x3  x°
3TV ST

£, =

X - -+ ...

Dividing both numerator and denominator by x then produces:

x2sin36  x“sin5e

Sin6 - 3] + ] -+ ..
f = X2 X%
1-'3—!-""5—!-*'...

Now, as dk approaches zero, then so does x, thus:

lim £; = Sin ©
x>0

Approximation of f,

A virtually identical reduction of f, can be performed. Again

using the sine series and letting “dk = x, f, becomes:

x3Cos3p  x3CosSp

xCosP - = * + ..
f2= x3 X o
X-3T+'-5—!—-+...

Dividing both numerator and denominator by x then produces:
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2 3 L 5

x<C

Cosp - (3)?¢+XC(5)T(D_+.“
xz = xH

3T 75T T

£y =
1 -

As dA approaches zero, then so does x, and then:

lim fo = Cos @
x+0

Approximation of f3

A series reduction can also be used for f3 when the element

length, LA’ is small. Recalling the cosine series:

x2 x4 x&

IR TR Y

Cos x =1 -

Using this series, two of the terms in f3 can be written as:

(nL,Cos6)2 (wL,Cos8)*
A A

Cos(nLACose) =1 - 2T + T -4 ...

(vL,)2  (wL,)"
Cos(nLA) =1 - 51 + Y -+ ...

It is now desired to neglect the high order terms while retain-
ing the squared terms. It should be evident that as LA approaches zero,
then all of the expotentiated terms do too. However, more importantly,
the higher order terms approach zero faster. For instance, if LA = 0.10,
then:

(rL, )" }
T = 4.06 x 10
L =0.10
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