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ABSTRACT

This report is concerned with the experimental evaluation of the
radiation pattern, power gain, and voltage standing wave ratio of balanced
and unbalanced conical spiral antennas when operated at wavelengths much
longer than would normally be considered for a given size structure.

The unbalanced antenna investigated was a bifilar logarithmic spiral
constructed on a dielectric cone with an inner metal core to house electronic
equipment. At the base, one arm is bonded to the core. The antenna is an
essentially end-fire (in the direction of the apex of the cone) radiator
for base diameters greater than 0.14 wavelength and heights greater than
0.43 wavelength. For longer wavelengths a marked transition in the mode
of radiation occurs, and the antenna radiates a maximum of energy broad-
side to the cone axis.

Although the direction of the maximum of radiation changes with
frequency the maximum power gain of the antenna (without impedance matching
techniques being employed) remains greater than -3.5 db over at least an
octave range of frequencies such that the maximum dimension of the antenna
is greater than or equal to 0.33 wavelength.

It has been determined that broadside radiation occurs because the
antenna arms act as a transmission line for current flowing away from the
apex. At the base one arm excites the inner cone. The current on the other
arm is reflected, and this reflected current is radiated by successive turns
of the antenna which are approximately in phase. The antenna is thus
equivalent to normal-mode monofilar conical helix, fed at the base against
an inner metal core.

Accepted for the Air Force

Joseph R. Waterman, Lt. Col., USAF
Chief, Lincoln Laboratory Project Office
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I. INTRODUCTION

This report summarizes most of the work performed under the subject
contract during the period 1 October 1970 to 31 August 1971. [Under this
contract the University of Illinois has furnished support to Lincoln
Laboratory for research in the general area associated with broadband
near-isotropic antennas.] This work has centered around the evaluation
of conical log-spiral antennas, and similar type structures, when operated
at wavelengths 2 to 3 times longer than those that would normally be
considered for the specified physical size of the structure.

The original effort was directed toward the study of an antenna de-
signed and constructed by the Space and Re-Entry Systems Division, Philco-
Ford Corporation. It was intended that this be a relatively short time-
scale investigation but because of the characteristics of the antenna, the
range of frequencies of operation that were specified, severe local r.f.
interference near these frequencies, and other problems, the first phase
of the study stretched into an investigation over the greater part of
6 months.

Initial results of the investigation were covered in a progress re-
port submitted on April 7, 1971(1). The present report supersedes that
report and also covers work performed on this and related antennas since
that time.

In addition, another type of unbalanced spiral antenna has been in-
vestigated. This work is continuing and will be reported in a Technical
Report at a later date.

For those readers who have read the earlier preliminary report, only
pages 43 through 51 in sections II through VII (pages 2 through 62) contain
new information. Sections following VII cover work that was not covered

in reference No. 1.



II. The Antenna

The antenna is shown in Figure 1. It is a two arm conical log-
arithmic spiral constructed by wrapping thin copper arms onto a fiber-
glass dielectric cone. The antenna 1s excited at the apex of the cone
by carrying the coaxial feed line along (and bonded to) one arm. At
the apex the center conductor of this feed cable is bonded to the
opposite arm, upon which an inactive coaxial cable has been placed
to maintain symmetry of construction. This is an accepted method of
feeding the balanced spiral antennas and has been termed an "infinite
balun" feed, because in conventional operation, the antenna itself
acts as a balun to decouple the antenna currents from the feed cable(3).
The coaxial connector on this feed cable may be seen at the base of
the antenna. The physical dimensions and measured antenna parameters
of the antenna are given in Appendix B attached here-to.

Figure 2 is a view of the base end of the cone. The antenna arms,
the feed cable connector, and the hollow dielectric cone may be seen.
Inside this dielectric cone is a coaxially placed hollow metal cone.
Soft foam rubber spacers, such as that visible in the upper part of
the photograph held this metal cone in place. The metal cone is bonded
to one of the arms of the antenna by a wide copper strap that covers
an arc of approximately 125.5°in a plane perpendicular to the axis of

the cones. This strap can be seen in the lower left of Figure 2.



Figure 1. Two arm conical log-spiral antenna with infinite balun feed.
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Figure 2. End view of the conical antenna showing internal metal cone
and bonding strap between this metal cone and the end of one
. arm.




The antenna was designed so that all of the electronic equipment
required for excitation could be housed inside this metal cone. The
base plate, made for the metal cone, has a hole of approximately
5/8 inch in diameter through which a coaxial cable could be placed to
connect the enclosed r.f. source to the antenna feed cable.

In the range of frequencies for which the characteristics of the
antenna scale with frequency in a normal manner, the fact that the
inner cone is bonded to one arm might be expected to have little effect
upon the radiation characteristics. At the frequencies of interest
here, the connection of the metal cone to one of the antenna arms
causes the antenna to be extremely unbalanced, and any cables carrying
r.f. signals to or from the antenna for testing purposes would tend to
support antenna currents and become a part of the radiating structure.
For that reason it was considered necessary to test the antenna as an
"isolated'" structure.

Although a study of the radiation characteristics was of prime
importance, it was considered desirable to be able to measure the input
reflection coefficient, or VSWR of the antenna. Such information could
be correlated with the radiation measurements for a better understanding
of the operation of the antenna. For such measurements, information
would have to be brought from the antenna to indicating instruments on
the ground by electrical cables, unless some sort of r.f. or optical
telemetering system was used. These latter options were ruled out for
practical reasons.

For measuring the relative gain of the antenna when it was isolated
on the antenna test tower, it was also considered desirable to be able

to control the frequency of operation from the ground for possible sweep



frequency testing. Since the output of the usable source oscillators
was not constant with frequency, it was also necessary to monitor the
power incident to the antenna when it was used as a radiating structure.
To carry frequency control signals to the oscillator, and information
on the relative output power level of the oscillator, and on the re-
flection coefficient of the antenna back to indicating instruments,
"non-metallic" cables were used. This type cable consisted of a rubber
covered nylon center conductor, or core, which was impregnated with
graphite. The resistance of these conductors was approximately 5000 ohms
per foot. The cable can be used to carry small audio or d-c currents,
with a suitable allowance for the resistive dissipation. Induced r.f.
currents are quickly damped, and the antenna is effectively isolated in
the r.f. electromagnetic field. This type cable has been used here and

(%) (5)

and near-field antenna pattern

(6)

measurements, and for field strength measurements i

at other laboratories for far-field

The antenna, with such "non-metallic' cables extending from the hole
in the base plate, can be seen in Figure 3. The RG 58/U cable which
connects the oscillator to the antenna feed cable can also be seen.

To support the antenna structure, two mounts were designed. The
first of these, and the one used for most of the measurements, was of
polystyrene. It is shown in Figures 3, 4, and 5. For all measurements,
the antenna was mounted on a 35 foot high dielectric antenna test tower
which was spaced approximately 30 feet from a log-periodic dipole array

receiving antenna.
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Figure 5. Conical antenna mounted on antenna test tower. Tower, tower head,
antenna mount, and all cables shown in back of the antenna are of
non-metallic or dielectric material.
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The log-periodic dipole array, LPDA, was also mounted on a tower
so that it was 35 feet above the roof of the building. A rotating
mount was available for this LPDA so that it could be continually
rotated about its axis while patterns of the antenna under test were
being recorded. All patterns which were recorded thus indicate directly
the axial ratio of the radiated fields at all angles included in the
plane of the pattern. To identify the radiation pattern cuts the
polar coordinate system shown in Figure 6 will be used.

Because of the very high resistance of the non-metal cable it was
necessary to parallel several strands of the cable to carry the control
voltage. This kept the required maximum control voltage at the equip-
ment room at a reasonable level and yet supplied up to 28 volts at the
oscillator. These cables carried only 2 or 3 milliamperes of direct
current and tests with, and without, the cables present will be described

in a later section.



Figure 6.

The log-spiral antenna in an associated coordinate system.

11
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ITI. Equipment Used for

Radiation Measurements

Small battery powered oscillators, which supplied approximately

100 milliwatts of power, had been shipped with the antenna for con-
venience in making the desired measurements. After the antenna mount
had been constructed, initial attempts were made to measure radiation
patterns. It became immediately clear that any meaningful measurements
were impossible over the desired frequency range (at and above 150 MHz),
with the re;eiving equipment that was available at this laboratory.
The general level of interfering signals was so high that the desired
signals from the small oscillator in the conical antenna were at best
1 to 2 db above the background interference, and in most cases buried
in this background.

To overcome this condition several steps were taken. An r.f. filter
with a passband from 125 to 400 MHz, an r.f. amplifier with 23 db gain
from 50 to 500 MHz, and a voltage controlled miniature battery-powered
oscillator supplying up to 200 milliwatts from 130 to 280 MHz were
ordered. It required over two months to obtain all three of these items.

Even with these improvements, operation was still marginal when
the oscillator was operated as a CW source. To provide increased sen-
sitivity and selectivity, an available small solid state DPDT switch
was used as a modulator This necessitated designing and building a

small battery-powered 1000 Hz square-wave driver for the switch. Figure 7

is a block diagram of the equipment in its final form.



13

ANTENNA
EPOR UNDER TEST
-1
= edb 2d
= 3db 2 2
= b b3
| | asdas 20 31&{‘
|"'—,"| 20V 1 el OPOT
@ [ gat, | 4Ty QP DIODE
¢ |
Gad| |20V 10db
TEMPERATORE ﬁ BAT.
CONTROLLED vco
DETECTOR 130~
MOUNT 28V. 280
BAT. MHz
EQUIPMENT '
PACKAGED INSIDE gc-, 32:0
F A N L
OF ANTENNA /l/ / VOLTAGE
6' NON-METAL 4
CONDUCTORS
CONTROL ROOM
L
AP & SELECTIVE ~
AMP F;E"
8.P. 125- 400 MHz .
FILTER p
M 3db 0K
'?"V 0-30db
l|n|
2.8 V.
PECTRUM AT.
L\ / 50-500 MHz 2 8
+23+02db ANALYZER
ANy 3db _.v.‘i
- 5 8 50 MHz
I lé- CRYSTAL
3 DY |20% MARKERS
- SELECTIVE]
E i I>A Ame REZ):IIR
wea2m [ § PR,
DETECTOR ol

Figure 7.

+20db

Block diagram of the equipment used to measure the
radiation patterns and relative gain,



14

The VCO and solid state modulator with their battery packs are
indicated. Since gain measurements were to be made, 20 db of dissipative
isolation was inserted after the oscillator. In addition, the power
level incident upon the antenna feed line terminal was monitored with
a small power splitter that had greater than 30 db of isolation between
the output ports. This item is essentially a hybrid, with one port
internally te;minated. One of the output ports was connected to a
well-matched broadband crystal detector (HP423A). From this detector,
audio information was brought back to a 1000 Hz selective amplifier.

The severe winter weather, that was present when most of these
measurements were made, forced several refinements in the equipment,

It became obvious that the repetition rate of the switch driver, which

was nominally 1000 Hz, was temperature sensitive., It thus became
necessary, for monitoring and for recording purposes, to utilize selective
amplifiers that had tunable pass-bands.

It was also observed, by a selective elimination process, that the
crystal detector used for monitoring the incident power was also tem-
perature sensitive, when the difference between indoor and outdoor tem-
peratures was in the neighborhood of 50 to 70 degrees F. To stabilize
this detector, it was bound together with a thermostatic switch, covered
with absbestos paper, then wrapped with high resistance heating wire and
covered with insulation. This "oven" worked very well and held the tem-

perature of the detector mount to less than 1 degree change.



15.

The r.f. signal was brought down from the LPDA receiving antenna
through, isolating attenuators, the filter, and the r.f. amplifier, to
a crystal detector that is identical to that used in the conical antenna
for incident power monitoring, then to audio amplifiers and a rectangular
pattern recorder. The horizontal drive for this recorder was selsyn
controlled from the rotation of the antenna test tower.

The frequency of operation was determined and continuously monitored,
by sampling some of the received signal and displaying it, and a crystal
controlled frequency comb presentation, on a spectrum analyzer.

The equipment set-up represents several months of evolution. In its
final ‘form, it provided very convenient and reliable operation, with all
controls necessary to detect any change in the frequency or power output
of the r.f. signal fed to the antenna, and to change this frequency for
sweep operation.

A photograph of the equipment that was placed inside the antenna is
shown as Figure 8. Reading from left to right, we see the non-metallic
cable for carrying monitoring information, the audio transformer inserted
between this cable and the detector, the battery pack for temperature
control of the detector mount, and the insulated detector mount. Next,
there is a 20 db attenuator, then the hybrid power splitter with an 8 db
attenuator attached. The coaxial cable at the top center leads to the
antenna.

Continuing in the picture, we see the solid state modulator with a
2 db attenuator on one output terminal and a 10 db attenuator and the
VCO connected to the input. To the right of this assembly is the 28 volt
battery pack for the VCO, and above that the non-metallic cable for the
d.c. control voltage. On the extreme right, in the picture, the 1000 Hz

modulator driver and its battery pack are evident. The scale that is

visible at the bottom of the picture is 18 inches in length.
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IV. Radiation Pattern Measurements

Using the system described in the previous section, it became
possible to measure radiation patterns over a dynamic range of ap-
proximately 20 to 22 db, and over a frequency range from 150 to 280 MHz.
Radiation measurements were not attempted below 150 MHz because of the
1imitatiéns of the antenna pattern range.

Before making extensive measurements, the possible effect of the
presence of the non-metallic cables was investigated. Patterns were
recorded wigh the control voltage supplied by a small battery inside
the antenna cone. The monitor cable was also removed so that there
were no electrical connections to the structure. The frequency of the
received signal was monitored as indicated in Figure 7. The antenna
tower was then lowered, the control voltage battery was disconnected,
and the non-metal control and monitoring cables connected. The control
voltage was adjusted to bring the operating frequency to that measured
previously, and a new pattern was recorded without. changing the control
settings of any receiving or recording equipment.

Two patterns, so recorded, are shown in Figure 9. The vertical
scale is one db per division, and the horizontal scale the angle 8 about
the axis of the cone. All patterns were recorded with the LPDA, a
linearily polarized receiving antenna, continually rotating. Thus, the
envelope of the pattern, i.e., the difference between the maximum and
minimum of the pattern at any given angle 8, is the 'measurable axial
ratio" of the received field in decibels.

It is indicated as a measurable axial ratio because the minimum of
the pattern is, in these patterns at least, determined by the noise or

background interference level. The changing character of this background
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is evident in patterns repeated one after another without change in the
measurement system. Thus the indicated axial ratio in db 1s a lower
bound on the possible true axial ratio.

In comparing these two patterns, a difference of approximately
0.3 db is evident in the pattern maxima and a greater difference at the
indicated minima of the pattern. This latter difference was not con-
sidered significant, since the primary interest was in the maximum
radiated gain of the antenna, and because of the above noted effects of
the background radiation level. Differences of a fraction of a db were
noted at other frequencies, but there was considered to be no significant
change in pattern shape, indicating little effect of the presence of the
non-metal cables. Based upon these tests all further measurements were
made with the monitoring and control voltage cables in use.

Radiation patterns were recorded at 150, 160, 170, 180, 200, 208, 220,
230, 250, 270, 279 MHz. One pattern cut at each of these frequencies is

shown in Figures 10 through 20. All patterns are recorded on a linear

db scale with one db per division. On these patterns the angle 6 =0°

indicates a directed line extending away from the apex of the cone, along
the cone axis.

The patterns indicate that from 150 to approximately 200 MHz the
structure is radiating a broadside, essentially linearily polarized,
field. The field gradually changes from broadside radiation to one of
no particular character from approximately 200 to 250 MHz, and then at
higher frequencies into essentially end-fire radiation. Characteristics
could be measured only to 280 MHz. At still higher frequencies the
radiated field could be expected to become essentially circularly

polarized, and unidirectional, directed off the apex of the cone.
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Radiation patterns for three different ¢ cuts are shown for many of
these frequencies in Appendix A hereto.

It was mentioned earlier that a second type antenna mount was
constructed and tried. This is shown in Figure 21. It is a cradle
support of polyfoam. The antenna was bound to this support with 2
strips of thin fiberglass tape. Patterns were recorded with this
mount and compared to those taken with the polystrene base-mount.
Figures 22 and 23 show two such patterns. The major difference is

a slight change in axial ratio along the cone axis. Whether this is

31.

due to the presence of the polystyrene mount at the base of the antenna

or the polyfoam block covering one-half the antenna is undetermined.

This author believes that one source is as likely the cause of the

difference as the other, and that the difference is not of significant

proportions in the present study.




P

Figure 21, Polyfoam cradle designed¢‘to support the conical antenna.
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Figure 23 Radiation Pattern of Unbalanced
Conical Antenna.

6, ¢ = 0.

21 variation in

Frequency 270 MHz.

H R T TLTTT T T T =T T }" T
+ L T U + 4—4 + '/""‘f"'_,_*.J,._,,., 1»:'-* + +—+ [ '
s HEUE ERESEE ERAwT 20/
| L el L Lll I Ll i | 'J {
o " | 1
"U,_,e NI ! | |
> | |
21l | ISR ES
; q '
88— H : = .
. T | |
Y I T T‘—+-~~+-—‘% 01
| |
0 : ‘ 4
] ||| III llr | l il III J
£ . ——t——— H 1 4—t—1
A | ' | "
——t t W T i ] ]
| : M REENER | aann
i | . | |
-4‘ |' | = N ll Tt Jl
1 i S o L O 4 | L0 P C -4 4 3 0 0 [ ()
6- S ' L]
I | |1 | J‘
pral § N P S + o) 1 +——1—1—1
8 | | “ | | ||
| T
i — . L 11 3 + bt 1
' " ||| | |
.30, | T i | T‘l‘
+ + e v e W e T '-{L-r 114 1 L 4 SO B 41|~ﬁ3‘7| I
, | ARRNANN | T
T
1+ + s + 4t 'Lf"“‘+'“+ 8 el ol B, l.' o +'1 J.‘ Jl;
! a ' [l | Loddil ! L] R I oy
180° = (° 180°



35
V. The Measured Power Gain

The power gain of the antenna was of primary consideration. Before
considering measurements on the conical antenna, it will be helpful to
define some terms that will be used. Using the current IEEE Standard(7)
"the power gain of an antenna in a specified direction is 47 times the
ratio of the power radiated per unit solid angle in that direction to
the net power accepted by the antenna from its generator. This term
is an inherent property of the antenna, and does not involve system
losses arising from mismatch of impedance or of polarization."

In this definition the standard for gain comparison is a hypothetical
radiator called the 1isotropic radiator, which radiates equally in all
directions, is lossless, and has a gain of unity. Again quoting from
reference (7): '"the gain of an antenna is usually measured in the direction
of its maximum value. Knowledge of the radiation pattern amplitude then
permits determination of the gain in any other direction. In the direction
of the maximum value, power gain is termed maximum power gain."

In the present case it is convenient to use the antenna without
tuning or matching circuits. Thus the measured ''gain'" involves some
mismatch loss. Strictly speaking then, what we have measured and will
describe does not fulfill the exact criteria for "power-gain'' as defined
above. To identify it we will define it to be the '"broadband power
gain."

In practice, the maximum power gain of an antenna is almost always
determined from a measurement of relative gain involving a standard-gain
antenna. The power received by the antenna under test is compared with
the power received by the standard-gain antenna when both antennas are
placed in a uniform plane-wave field and oriented for maximum received

power.
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This method of measurement was used, and the ''standard-gain'
half wave dipole antenna, to which the conical antenna was compared,
is shown in Figure 24. The dipole antenna is constructed of brass,
with a split drum (or split coax) balun with a movable shorting ring.

It also has removable arms. At each frequency of measurement, a set
of half-wavelength arms was attached to the antenna, and the effective
length of the balun was adjusted to one fourth wavelength.

In Figure 25 the antenna is shown mounted on the antenna test tower.
For measurement of the radiated fields of the dipole, the electronic
equipment that had been enclosed inside the metal cone was put in an
insulated bag and positioned in back of the tower head.

It is recognized that the oscillator package and tower head are in
the dipole field. However, absorbing material was used as shown, and
the relative strength of the radiated field was recorded in both the front
(the direction away from the tower head) and in the back (the direction
toward the tower head) of the dipole. The '"back'" radiation was approximately
1 db less than that in "front" due partly to the absorber. It is felt that
the maximum error due to the use of the dipole in this way is approximately
0.5 db or less.

With the padding and isolation of the oscillator that is shown in
Figure 7, the incident power levels delivered to the antenna feed cable
terminals of the conical and the dipole antennas differed typically by
0.2 db or less. In any case, it was monitored and the recorded data
corrected accordingly.

No attempt was made to tune or match the dipole antenna, but instead
a high directivity, 20 db, 4 port directional coupler (Hewlett-Packard 778D-11)

was inserted between the dipole feed cable terminal and the oscillator
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Figure 25. Dipole and oscillator package mounted on antenna test tower.
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package for calibration purposes. The difference between the incident power
to the antenna, and the reflected power from the antenna, was measured at
each frequency of interest. This difference in db is, by definition, the
return loss of the dipole-balun combination. The return loss varied from
4.6 to 5.8 db. From this, an equivalent input VSWR of this antenna could
be determined, with values varying from 3.9 to 3.3:1. Since the type of
balun that was used provides a 4 to 1 impedance transformation, the output
terminals of the ideal balun are at approximately a 208 ohm level. At
resonance, a 70 ohm dipole would cause a VSWR of approximately 3:1 on a
208 ohm line. The VSWR determined from the measured return loss of the
practical antenna, was considered close enough to this 3:1 level to be
satisfactory.

From the measured return loss, a transmission loss was determined.
This varied from 1.3 to 1.8 db. The value of this transmission loss in db,
determined for each particular frequency, was added to the measured radiated
power of the '"standard dipole", expressed in db, to get an equivalent power
that would have been radiated by a reflectionless, resonant, half-wave
dipole.

The dipole was considered to be lossless. If it is not, this loss
would cause the "standard" to radiate less energy than a lossless unit,
and the measured gain of conical antenna to be high. The losses of such
a dipole should be low. However, 6 if desired, the final data could be easily
corrected for any assumed efficiency of the dipole.

At each of 11 frequencies from 150 to 280 MHz the recorded patterns
of the conical antenna were scanned to find an angle of observation for
which there was a maximum signal level. At this particular angle of
observation, the power in the two orthogonal components of the field was
added to find the maximum power radiated by the antenna at that given

frequency of operation.
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If Pl and P2 are the powers radiated in these two orthogonal components,

the axial ratio in db is
P

- _1
Ry = 10 log (Pz) (1)

This axial ratio was read from the radiation pattern as the width of the
envelope of the recorded pattern which had been made with a constantly
rotating plane of polarization of the linearily polarized receiving antenna.

The maximum of the envelope corresponds to the Pl and the minimum to the

P, above.

2

The total power radiated, at the chosen angle of observation and

frequency of operation is then P, plus a correction C, in db, where

1

Pl + P2
Cdb = 10 log (—I;I—-) (2)

This correction may conveniently be expressed in the form

Cdb = 10 [log[l + antilog (%6)] - %6] (3)

and a table of values of Cdb for various values of Rdb is included as

Table No. 1 which follows.



Table No. 1. Relationship between a given axial ratio in db (R), and the
relative power in db in the smaller of the two orthogonal circularly

polarized field components (C).
R ¢ |l ¢ R ¢ |R c R ¢ |Ilr ¢ R C
db__db Jldb db JIdb db Jldb_dn Mldh db fldb db Il db db
0.00] 3.01]]1.00]2.54}12.00| 2.121|3.00]| 1.764|4-10] 1.43}]6.75]| 0.83{] 10.7 0.35
0.021 3.00801.02|2.531|2.02] 2.12113.02| 1.76}]|4-15| 1.41]| 6.80| 0.82]] 10.8 [0.35
0.04| 2.99]|1.04 |2.52|| 2.04 2.11}|3.04| 1.75]|4-20| 1.40}| 6.85| 0.82{] 10.9 |0.34
0.06| 2.98]|1.06 | 2.51]] 2.06] 2.10]| 3.06| 1.74}]4-25| 1.39116.90]0.81]] 11.0|0.33
0.08| 2.97}]1.08 |2.50 || 2.08| 2.09{|3.08 1.74]]4-30] 1.37}16.95 0.80{] 11.1 0.32
0.10| 2.96/|1.10[2.50 ] 2.10] 2.09}}3.10[1.73 :ig :gg 700l 0.791| 11-2[0-32
0.12| 2.95}[1.12 | 2.49]] 2.12] 2.08]{3-12] 1.72]|* Ny o0s5!078f] 113 (0-3
0.14] 2.94){1.14]2.48] | 2.14| 2.07]|3.14| 1.72]|4-45] 1.33 7101 0.77]] 114 |0-30
0.16] 2.93|[1.16 |2.47 || 2.16] 2.0¢{|3-16 | 1.71 }|4-30| 132010 55| 1.5 [0.30
0.18] 2.92)| 1.18 | 2.46 | | 2.18] 2.06f[3-18| 1.71 || 4-35| 13141 2" 1076 ]| 11-6 [0-29
0.20| 2.91]|1.20| 2.45]| 2.20] 2.05}|3-20| 1.70]|4-60| 1.29}1_"" | 55 |} 11.7 0.28
0.22( 2.90}| 1.22 | 2.44] | 2.22| 2.04]|3.22| 1.69] [4-65| 1- 2811 " 1 "¢ || 118 [0.28
"0.24] 2.89]| 1.24 | 2.43] | 2.24| 2.03{|3.24 [ 169|470 127} L1 oo 119 0.27
0.26| 2.88]| 1.26 | 2.43| | 2.26 2.03]|3.26 | 1.68][4-75| V.25}) " ol 12.0 .27
0.28 2.87]| 1.28 | 2.42| | 2.28| 2.02]|3.28 | 1.67 | |4-80| 1.24)1 " /| 550 [ 12.2 o.25
0.30 2.86]| 1.30| 2.41| | 2.30| 2.01{|3.30| 1.67||4-85| 1.2311 " | M| 12.4 Jo.24
0.32| 2.85|] 1.32| 2.40| | 2.32| 2.00] 332 1.66][4-90| 1.22)1."C | U0 H 12,6 0.23
0.34] 2.84]| 1734 |2.39| | 2.34| 2.00{ 334 | 1.65][4-75| 1- 2111 0 | 070 || 12.8 J0.22
0.36| 2.83||1.36|2.38 || 2.36( 1.99]|3.36| 1.65}15.00| 1.19{}5 45 1069 || 13.0 .21
0.38 2.82|}1.38 | 2.37112.38| 1.98]|3.38 | 1.64115.05| 1.1817 70 1 0.68}| 13.2 Ib.20
0.40| 2.81|]1.40 (2.37] | 2.40| 1.97||3.40| 1.63}15.10/ 1171 7 55 1o 67| 134 .19
0.42| 2.81|[1.42 |2.36| | 2.42| 1.97||3.42{ 1.63]]5.15| 1.16]}7 g0 | 0.67 || 1376 bo.19
0.44| 2.80]| 1.44 | 2.35| | 2.44| 1.96] 13441 1.62]15.201 1.15|| 7 85 (0.66 || 138 bb.18
0.46| 2.79]| 1.46 | 2.34] | 2.46 | 1.95]]3.46]| 1.62415.25| 1.3} 7 00 [0.65
0.48| 2.78]| 1.48 [ 2.33] | 2.48| 1.94][3.48 1.61]|5.30| 1.12]]; 05 | 0.65]| 140 017
0.50| 2.77]]1.50 [2.32]| 2.50| 1.94]|3.50| 1.604|5.35| 1.1 14.2 0.16
0.52| 2.76]} 1.52 | 2.32] | 2.52| 1.93] | 3.52| 1.60]| 5.40| 1.10]|8.00 j0.64]| 14.4 0.16
0.54| 2.75|1.54 |2.31 ]| 2.54| 1.92]|3.54| 1.59]|5.45| 1.09]|8.10 [0.63]] 4.6 0.15
0.56| 2.7481.56 |2.30 || 2.56 | 1.92}43.56| 1.59]|5.50( 1.08]|8.20 |0.61 ]| 14.8 D.14
0.58| 2.73]|1.58 [2.20| | 2.58 | 1.91]]3.58] 1.581[5.55| 1.07]|8.30 | 0.60} 15.0 0.14
0.60| 2720 1.60 |2.28} 1 2.60] 1.90]]3.60| 1.57|}|5.60| 1.06}|8.40 |0.59]] 152 0.13
0.62| 271|162 |2.28] | 2.62 1.89]|3-62] 1.57|]5.65| 1.05}[8.50 [0.57]{}5.4 0.12
0.64] 27001 64 |2.271 | 2.64] 1.89]|3.64| 1.56]|| 5.70 1.04]|8.60 | 0.56 }| 1.6 0.12
0.66] 2.69011.66 |2.26 1 1 2.66 1 1.88||3-66| 1.56]||5.75] 1.02]|8.70 | 0.55}] 15.8 |0.11
0.68| 2.68ll1.68 |2.25| | 2.68| 1.87]|3.68| 1.55]|| 5.80| 1.01}]8.80|0.54]]16.0 0.1
0.70] 2.67011.70 [2.241 1 2.70{ 1.87] | 3-70| 1.54]}| 5.85| 1.00}}8.90 [0.53 || 16.5]0.10
0.72]| 2.66011.72'12.24|12.72]| 1.861]3.72| 1.54]]}1 5.90( 0.9 9.0010.521117.0 0.09
0.74| 26681174 [2.23 | 2.74] 1.85] | 374 1.53]|5.95| 0.98]|9.10 | 0.50|17.5 |0.08
0.76| 2.65)| 176 |2.22] | 276 | 1:85)|3.7| 1530 | 5 00| 0.97||5-20| 049 18.0 f0.07
0.78( 2.64]|1.78 | 2.21]] 2.78| 1.84]|3.78| 15201} 4 05| 0.94}{?-30| 048 ]| 18.5 0.0
0.80| 2.63]{1.80 [2.20] | 2.80| 1.83}|3-80| 1.51{t}4 10| 0.95|| %40 |0-47 {]19.00.05
0.82| 2.62011.82 [ 2.201 | 2.82 1.82{]3-82| 1.514] 4 1 5| 0.94}]9-50|0.46§]19.5 |0.05
0.84| 2.61]|1.84 [2.19| | 2.84 1.82][3-84| 1.500 14 50| 0.93]|%-40(0-45 }[20.0 j0.04
0.86| 2.60]|1.86 [2.18| | 2.86{ 1.81]|3-86| 1.50{l| 5 55| 0.92]]%-79]0-44 }|21.0 [0.03
0.88| 2.59}|1.88 [2.17] |2.88| 1.81{]3-88| 1.490} 4 39| 0.91]]9-80|0-43 }122.0 0.03
0.90| 2.58]|1.90| 2.16] | 2.90| 1.80( |3-90| 1.48} 14 35/ 0.91})7-0 (042 }§23.0 0.02
0.92 2.57111.92[2.16] ] 2.92( 1.79]|3-92| 1.48%] 4 40| 0.90{10.00 [0.41 }]24.0 [0.02
0.94| 2.57|}1.94|2.15] ] 2.94] 1.78]|3-94| 1.470{ ¢ 45| 0.89f10.1 (0.40 ||25.0 (0.01
0.96| 2.56||1.96 [2.14] | 2.96| 1.78]|3.96| 147 4 50| 0.3510.2 J0.40 {]26.0 [0.01
0.98 |2.55)|1.98(2.13] | 2.98[1.77||3-98| 1.46}] 6.55| 0.8700.3 10.39 {]|27.0 0.0
: 4.00( 1.466.60| 0.86f10.4 J0.38 ||28.0 j0.01
|4.05] 1.44}6.65| 0.8510.5 J0.37 {[29.0 .01
6.70| 0.8400.6 .36 ]]30.0 o.ogj
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Thus to determine the maximum gain of the antenna at a particular
frequency, the pattern was searched for a maximum level. The axial ratio
in db, at this chosen angle of observation was read from the antenna
pattern. Table No. 1 was entered at this axial ratio and C determined.

db

This value of Cdb was then added to Pl to get the total power radiated
db

in this particular direction.

After recording the conical antenna pattern, this antenna was removed
from the tower, the dipole was mounted, and its radiated field recorded.
The recorded data for the dipole were corrected for any change in incident
power level to the antenna, and for the dipole mismatch. These corrected
data were then compared to those recorded for the conieal antenna. The
difference in db between these data was considered to be the '"maximum
broad-band gain'", of the .conical antenna relative to that of a
matched half-wave dipole. To convert to gain relative to an isotropic
source, it was assumed that the standard dipole in use, had the 2.15 db
free-space gain of a lossless half-wave dipole.

The '"'maximum broadband power gain' of the unbalanced conical antenna
is plotted in Figure 26 as the top curve. Because the conical antenna
changes from a endfire to a broadside radiator, the angular coordinates
corresponding to the maximum gain, are a function of frequency. To more
adequately describe the character of the radiated fields, three other
"broadband power gains' were plotted. That along the antenna axis (6 = 0°),
that broadside. to the cone axis (6 = 90°), and the minimum gain that was
observed. These curves reinforce what is observed in the patterns.

By definition, all plotted power gain curves are referred to an isotropic

level.
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The reader who is familiar with reference No. 1 will note that

the on-axis and minimum gain, below 200 MHz in Figure 26 are both some-

what lower than that shown in the earlier report. In the earlier measure-
ments, values of gain more than 10 to 12 db below isotropic were biased
slightly upward because of the local noise and background level. The

use of a very selective cavity filter improved the patterns and gain
measurements. The sort of improvement that was obtained in the recorded

radiation patterns is shown in Figure C-1 in the appendix hereto.

From 280 down to 250 MHz the antenna is an end-fire device with
maximum power gain on axis. Below 250 MHz the axial gain drops off at a rate of
roughly 30 db per octave. Between 200 and 250 MHz there is the transition
from end-fire to broadside radiation. Below 200 MHz broadside radiation
is predominant, while above 200 MHz the broadside radiation drops off at
roughly 20 db per octave. At the lower frequencies the "minimum broad-
band power gain' differs from the axial gain only because the unbalance
in the antenna causes the pattern minima to be slightly off axis. These

characteristics can be related to the size of this particular antenna as

shown below.

Diameter of Cone Base Slant Surface of Shamsrey oF
in Wavelengths Cone in Wavelengths
d P Radiated fields
d < .14 p < .43 Broadside
.14 < d < 175 43 < p < .54 Undefined
d > .175 p > .54 End-fire

The antenna was not tested for d less than .11lA or greater than .32A

or for p less than .198)\ or greater than .61A.
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To gain a general idea of the relative gain of these type antennas
in a short period of time a technique for recording a plot of this gain
(or a quantity directly related to it) while sweeping over a wide range
of frequencies was developed.

To do this the potentiometer shown in Figure 7 , which determined
the VCO control voltage, was motor driven. This motor was also geared to
a selsyn transmitter which drove a conventional rectangular pattern re-
corder. The—horizontal axis of a rectangular plot, so obtained, could
now be calibrated in frequency. If the pen, and hence the vertical de-
flection of the plot, is driven by the signal received by the LPDA
receiving antenna as it continuously rotates, the maximum radiated
power, and axial ratio, of the antenna under test, in a particnlar
direction, is recorded as a function of frequency. This data is, of
course, subject to the proper calibration of the system and proper in-
terpretation. This technique was used in an earlier study(6), but in that
report the gain can only be determined at a few spot frequencies where
the received power from a resonant dipole was recorded.

To make the recorded data more meaningful, an attempt was made to
determine the level of power that would have been radiated by an isotropic

antenna connected to the r.f. source in use, as received and recorded by

the given receiving system, on the antenna pattern range in use, as this
source was swept over a wide band of frequencies. This was done by using
twelve dipoles resonant within the range of 170 to 280 MHz. This sweep

technique, which required a 'wide open'" receiving system could not be used
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below 180 or 190 MHz because of severe local r.f. interference. It was
necessary to use a 200 MHz high pass filter in the receiving line and

' measurements

terminate the sweep at 180 MHz. For all "spot frequency'
of gain, a tunable r.f. amplifier, or a very selective cavity filter, was
used in the receiving system. An ideal system would have a tunable re-
ceiver that tracked the sweeping source.

The power radiated by these dipoles was recorded as they were swept
over a band of frequencies near resonance. If enough dipoles are available
the bands overlap and hence the response of one could be normalized to
that of the next until the desired range of frequencies is covered. This
normalization was necessary because the output of the source, and the
characteristic of the antenna range and those of the LPDA receiving antenna
and the receiving system, were not necessarily constant with frequency.

After normalizing and cross-checking these swept responses as much as
possible, the combined, or 'constructed' level was corrected for dipole
mismatch, and then reduced to an equivalent isotropic level.

Immediately before and after a swept response was recorded for an
antenna under test, the response of the receiving system was recorded for
that same source driving a resonant 250 MHz dipole. Thus drift in the
source or system, with time, could be detected. Also, since the response
of the system to that same dipole had been included in the data used to
construct the "isotropic' power level curve, this provided a check point
for use in normalizing this curve to the recorded antenna data. Thus
day to day variations in the source or receiving systems could be normalized

out.
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This technique cannot provide data of high accuracy because of the
assumptions made when the swept response curves of the dipoles were used.
Further, any one swept response curve records the radiated power in one
direction only. If the direction of maximum radiated power changes, as
it does for many of this type of antenna, several sweeps are necessary,
and it would be necessary to use the envelope of the recorded responses
in some fashion.

None-the-less, in a short period of time, the technique permits re-
cording a considerable amount of data of sufficient accuracy to determine
the general characteristics of these antennas. To supplement this data,
conventional direct substitution measurements can be made at any desired
frequency.

The swept response of the CUSP antenna is shown in Figures 27 through
29. It is possible to determine the approximate broadband power gain at
any frequency at the given direction, by adding the power in the two
orthogonal components of the received signal, and then taking the dif-
ference between this combined level and the isotropic level curve. Thus
at any given frequency, the relative power radiated in the major component
of the field in db, in the given direction can be noted. To this is
added the correction determined from Table No. 1 and the difference between
this corrected value and the isotropic curve is then determined.

The approximate broadband gain of the original CUSP antenna is indicated
in Figures 27, 28, and 29 at 6 = 0 (on axis), at 6 = 30°, and at 6 = 90°
(broadside to the antenna axis). Since the dynamic response of the receiving
system was only about 24 db, the system (and interference) noise level pre-
vents a determination of the true axial ratio in Figure 29. It is only

possible to say that it is equal to, or greater than, the value shown.
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The decrease in axial gain and build-up in the broadside gain is
clearly evident. Similarly we can note the change in the axial ratio of
the radiated fields. The field is nearly circularly polarized on axis,
but it has a higher ellipticity ratio at 30° off axis, and is essentially

linear polarized at broadside.
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VI. THE MEASURED VSWR

The voltage standing wave ratio that the conical spiral antenna causes
on a 50 ohm coaxial line was measured with set-up of Figure 30. In this
case the power reflected from the antenna was sampled with a directional
coupler. A signal proportional to this reflected power was recorded as
the frequency was swept from 130 to 280 MHz. One such recorded curve is
shown in Figure 31.

To provide a VSWR calibration, commercial mismatch loads with a known
reflection cgefficient were connected at point A in the system in place of
the antenna. The frequency was then swept over the above range. In this
manner a grid of known VSWR values was obtained. Measurements were made
down to 130 MHz because the characteristics of the pattern range were not
involved.

It will be observed that the antenna is well matched to a 50 ohm
system at 150 MHz. The VSWR, and hence the reflection coefficient, rises
as operation departs in each direction from 150 MHz.

Similar measurements, as shown in Figure 32, were made when the antenna
was mounted in the polyfoam cradle. There is some difference between the
two curves. The antenna, on the polystyrene base-mount has the lowest
reflection coefficient between 200 and 250 MHz, while the antenna in the
foam cradle has the lowest reflection coefficient from 250 to 280 MHz.
Again it is difficult to judge the merits of the mounts, so the base-mount
was selected for further study.

The attenuation of the feed cable which had been bonded to the antenna
arm was measured by open circuiting this cable at the apex of the antenna,

and then measuring its return loss. As can be seen in Figure 33, this
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Figure 32 Measured VSWR of the unbalanced conical spiral antenna, referred

to 50 ohms. Antenna mounted in the polyfoam cradle on the
antenna test tower.



Return Loss

56

i
|
i ! ! o | : :
HL O IS 'Y TS O (S OO (S 1 (T A TV
130 140 160 180 200 220 240 260 270 280

Frequency in MHz

Figure 33 Measured return loss of the open-circuited feed cable uaed
as the infinite-balun feed for the unbalanced conical antenna.
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return loss varied from about 0.4 db at 130 MHz, to 1.1 db at 280 MHz.
This corresponds to a one-way attenuation of 0.2 to 0.55 db. The small
variations in the return loss curve are undoubtedly caused by discon-
tinuities at the connector and along the cable.

Using this data, the measured VSWR referred to the input terminal of
the feed cable was modified to correspond to that which would have been
observed at the apex terminals of the antenna. This modified curve is

plotted in Figure 34.
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Figure 34. Measured VSWR referred to 50 ohms at the input of the antenna
feed cable, and this VSWR translated to the input terminals
of the antenna at the apex of the cone,
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VII. Correlation of the Measured Gain

with the Measured VSWR of the CUSP Antenna

The measured maximum broadband power gain is plotted in Figure 35
on the same frequency scale as the measured VSWR. There is a definite
inverse correlation indicated.

To see how good this correlation really was, a transmission loss
corresponding to the measured VSWR was calculated. This involves con-
verting the VSWR to a reflection coefficient and calculating the re-
flected power.

This transmission loss, which represents power rejected by the
antenna and therefore not available to be radiated, is plotted in Figure 36.

This transmission loss curve was then normalized to the maximum
broadband power gain measured at 150 MHz and plotted with this gain curve
in Figure 37. It should be recalled that the transmission loss curve takes
into account only reflected power, while the gain curve takes into account
reflected power and changes in pattern shape. In this light, the agreement
between the curves is quite acceptable. This agreement says nothing, of
course, about the absolute level of the gain curve, only something about

its change with frequency.
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mission loss. The two VSWR curves are as defined in Figure 31.
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to the transmission loss curve (dashed curve) after the trans-
mission loss curve has been normalized to the value of the

gain curve at 150 MHz.
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VIII. MEASUREMENTS ON A CUSP

ANTENNA WITH DIFFERENT PARAMETERS

With the above information on the performance of the original Philco-
Ford (P-F) CUSP antenna available, it was considered desirable to construct
another CUSP antenna using a different set of parameters. Accordingly, a
two arm balanced antenna with approximately the same base diameter, that
was on hand*, was truncated to the same overall length as the P-F CUSP
antenna. This conical antenna, with parameters shown in Figure No. 38b,
will be identified as the 10° CUSP antenna. The metal inner cone from the
P-F antenna was inserted inside and shorted to one arm as shown in Figure 39,
and the antenna was excited by feed cable along the arms. Figure 40 is a
photograph showing the Philco CUSP on the left, the 10° CUSP antenna in the
center, and a 12° balanced antenna on the right. This latter antenna will
be discussed in a later section.

It will be noted that for a fixed base size and height, the smaller
cone angle of the new CUSP antenna (10° vs. 13.4°) results in a larger
truncated tip. The 10° CUSP is also more loosely wrapped (o = 45° vs. o = 56°)
and has narrower arms (S 90° vs. § = 147°). The relative gain of the two
CUSP antennas is shown in Figure 41. We note that the 10° CUSP has a higher
gain than the P-F CUSP from 220 to 280 MHz, then less gain in the transition
region, and a gain comparable to that of the P-F CUSP in the 150 to 170 MHz
region.

Swept ''gain'' measurements for the 10° CUSP are shown in Figures 42 and
43, at ® = 0° (end-on) and 6 = 270° (broadside). The transition from pre-
dominantly end-fire to broadside radiation is again evident, although as

shown in the radiation patterns (in appendix D hereto), the pattern remains

essentially broadside up to higher frequencies than those for the P-F CUSP.

* This was the "40 inch" antenna used for comparison in reference 1.
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Figure 38 Measured parameters of the 2 unbalanced antennas.
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cross section drawings are approximately to scale.
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Figure 39. Photograph of the base end of the 10° CUSP antenna showing
construction, and the placement of the inner metal cone.
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Figure 40. Photograph of the Philco-Ford CUSP on the left, the 10° CUSP in the ceater,
and a balanced antenna, with parameters approximately those of the P-F

antenna, on the right.
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Relative radiated power of 10° CUSP antenna at 6 = 0° recorded
with a rotating linearly polarized receiving antenna. For
reference an approximate level that would have been radiated
by a matched isotropic antenna is shown.
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The higher gain at the upper frequencies, apparently is due to a
lower input reflection coefficient. The measured input VSWR of the 10°
CUSP is shown in Figure 44. This should be compared with that for the
P-F CUSP in Figure 34. The relationship between the VSWR and gain of
each antenna, and the inverse relationship between the VSWR and gains of
the two antennas, makes a quite convincing point that the gain is primarily
controlled by the amount of reflected energy. Dissipative losses have a
secondary effect. The physical structures of the antenna would suggest
as much,

There is an interesting similarity between the two VSWR curves, with
the apparent ''resonance' of the 10° CUSP, which occurs around 238 MHz,
appearing in only residual form in the P-F CUSP.

There is some evidence of a greater dissipative loss in the P-F CUSP.
It was constructed on a dielectric form approximately 3/16 inch in thick-
ness, while the 10° CUSP was constructed from 0.10 inch thick dielectric*,
clad with 1 oz. copper, (see Figures 2 and 39). At 160 MHz the VSWR of the
two antennas is quite comparable, with that for the P-F CUSP being slightly
lower than that for the 10° CUSP. However, at this frequency, the gain of

the 10° CUSP measured approximately 1 db higher.

* Budd '"Di-clad" 108-T.
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IX. MEASUREMENTS ON RELATED BALANCED ANTENNAS

To compare the P-F CUSP antenna to a balanced antenna with the same
parameters, the P-F CUSP was modified. The shorting strap between the inner
cone and the arm was removed. The infinite balun feed was disconnected
at the tip, and the antenna was excited with a coaxial 180° hybrid placed
inside the metal cone. A balanced shielded line (two coaxial cables)
carried energy from this hybrid along the cone axis from the tip of the
inner metal cone to the tip of the antenna.*

The meagured gain of this P-F balanced antenna, on-axis, is shown in
Figure 45. It is compared with the on-axis gain of the P-F CUSP. These
curves are quite comparable. The gain of this balanced antenna and the
gain of the 10° CUSP, when converted to a balanced antenna in a manner
similar to that described above, is shown in Figure 46. In this figure,
the gain of a different balanced antenna, that shown on the right in
Figure 40, is also shown. This latter antenna had a base diameter of
18.5 cm, a 12° cone angle, rate of wrap (o) of 57° and arm width (§) of
150°. These parameters are comparable to those of the P-F CUSP (and
balanced structure) and the measured gains are comparable.

The 10° antenna is definitely a higher gain antenna over the range
of frequencies investigated. This shows up as increased gain when it is
converted to a CUSP antenna, as long as the end-fire radiation predominates.

It is significant to compare the slope of all five curves (including

both balanced and unbalanced antennas) in Figure 46 for frequencies from

200 to 230 MHz. At 200 MHz, when these antennas have a base diameter of

* This antenna has since been restored to its original condition.
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approximately 0.14 wavelengths and a height of approximately 0.43 wave-
lengths, a transition takes place and a markedly different mode of radiation
predominates. As this ''broadside' mode develops, it brings the gain back

up toward the isotropic level. This mode of operation will be discussed
later.

Swept measurements for the three balanced antennas are shown in
Figures 47, 48 and 49. The increased gain of the 10° antenna is clearly
evident.

Two additional swept gain measurements are presented in Figures 50
and 51. These are not strictly comparable to those previously shown, but
are of interest. Figure 50 shows the gain for the same 10° balanced antenna
of Figure 46 and 47 except the metal cone (with the electronic package)
was not inserted inside the antenna. Note that the presence of the metal
cone reduced the gain at the higher and lower frequencies, and increased
the axial ratio at the higher frequencies.

In Figure 51 the gain of this same antenna (without a metal core)
is shown when the antenna tip was extended so that the total length of
the cone was approximately 40 inches. This 1s the antenna used in
reference 1 for comparison with the P-F CUSP. It was pointed out at that
time that this was not a fair comparison, and hence this comparison has
not been used in this report. The higher gain of this longer antenna at

the higher frequencies is clearly evident.
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X. AN INTERPRETATION OF THE PERFORMANCE

OF THE SMALL UNBALANCED SPIRAL ANTENNA

A study of the documented characteristics of the small balanced and
unbalanced conical spiral antennas, leads to an interpretation of the
performance of these antennas in terms of incident and reflected cur-
rent waves on the structure.

When the conical spiral antenna is excited at frequencies such that
the diameter of the antenna at any region on the structure is small in
wavelengths,'this region behaves as a transmission line. The length of
each turn of the arms is small in wavelengths, and hence the relative
phase of the current on adjacent arms (because of the balanced excitation
of the two arms) is approximately 180°. In normal operation of the balanced
antenna this transmission line region is terminated in a region on the
antenna such that the diameter, and the circumference, is large enough in
wavelengths tc establish a proper turn-to-turn phase progression that
supports backward wave radiation. This region is identified as the active,
i.e., the radiating region on the antenna. If there is no part of the
antenna large enough in wavelengths to establish this backward-wave
phase relationship, the antenna current on the two arms produces little
radiation, and progressing to the base of the cone, is reflected back
toward the apex region. This reflected current is carried back to the
feed region, because the structure is again an inefficient radiator, and
appears at the feed terminals, establishing a high input reflection
coefficient, large VSWR on the feedline, and a low radiated power gain.

The unbalanced (CUSP) antenna, under study, is constructed from a
balanced two arm conical spiral antenna by inserting a conducting inner

conical core in this antenna, and then bonding the end of one of the two
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spiral arms to this core at the base of the cone. The current progressing
away from the apex feed region, on the two arms of the CUSP antenna, be-
haves in exactly the same manner as it does on the balanced structure
until it reaches the base of the cone. This is pictorially indicated

in Figure 52(A).

At the base of the cone, the antenna current on arm No. 1 is reflected
back along the arm. The antenna current on arm No. 2 is fed over to the
inner conducting core. Because of the symmetry of the structure, the
incident currents which reach the base of the cone along the two arms
are still equal in amplitude and 180° out of phase. The operation of
the structure can now, to the first order, be interpreted in terms of
these currents only. In these terms, the structure is a base fed mono-
filar antenna with the radiating arm (arm No. 1 in our example) fed
against the center core. This is equivalent to the antenna of Figure 52(B).

(9

It has been shown that the spiral antenna arms can support trans-
mission line type currents,flowing from the base toward the apex,that
provide efficient radiation. These observations were made on multimode
structures large enough in wavelengths to support the radiating modes in
question.

On this base fed antenna, the turn length is small in wavelengths,
and successive turns of the same arm are approximately in phase. This
in-phase excitation of the turns of the radiating arm, causes the structure
to radiate a maximum of energy broadside to the axis of these turns. Note
that under this theory the other arm (arm No. 2) plays no part in this
broadside radiation, and only acts as part of the transmission line ex-
tending from the apex to the base of the cone. If there is a smooth tran-

gition from this arm to the inner core, and if energy on this core is. all

radiated in the broadside mode, there will be little if any reflected
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Conducting Cone

(A) Actual Antenna (B) Equivalent Antenna

Figure 52. Representation of the operation of the CUSP antenna. Solid
arrows indicate transmission line currents, broken arrows
indicate radiating currents.
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current flowing on this arm back twoard the apex. Therefore its presence,
in between the turns of the radiating arm, does not prevent broadside
radiation.

If the structure is balanced, reflected currents flow on both arms.
The currents on these interspersed arms are approximately 180° out of
phase and broadside radiation is not possible.

Using the Philco-Ford CUSP antenna under study as an example, we note
that at 150 MHz the base diameter of the antenna (21 cm) is approximately
0.105A. The base circumference is approximately 0.33), the longest turn
of each arm (on the center line of the arm) is approximately 0.31)\, and
the largest pitch (or spacing between these turns) approximately 0.16A.

It is known that many of the characteristics of localized regions on
the conical spiral antenna can be interpreted in terms of the helix(3’lo).
For this analogy to be most applicable we should consider the tape helix,
however the literature that is available on the tape helix as a radiating
antenna 1s not extensive. It is on the thin wire arm helix, and we can
profit by considering such structures.

Using the dimensions referred to above, and considering the structure
to be a base fed monofilar antenna, we can plot these parameters on a
"spacing-circumference chart for helices" extracted from Kraus(ll) as
shown in Figure 53. Thus under the above assumptions, this antenna is
well within the "normal mode' region at 150 MHz.

In using this chart, we should note that as the frequency is increased,
our operating point moves along a line of constant spiral (or pitch) angle.

(10)

However, Patton has shown that we should not expect the region of oper-
ation for the axial mode of the balanced two arm conical spiral to coincide

with that shown for the '"beam'" or axial mode of the one arm helix.
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On this chart we note that the line CA = /55; indicates circular
polarization. Our operating point is below that line, indicating el-
liptical polarization with a major component along the axis of the cone.
We observed high ellipticity, and the field is so oriented.

The theory outlined above would appear to be a logical explanation
for the transition in the characteristics of the CUSP antenna, as the
antenna is operated at longer and longer wavelengths. However, to in-
vestigate this theory further, the 10° CUSP antenna which had been con-
structed at the University of Illinois (shown in Figures 39 and 40) was
modified to be the single-arm antenna shown in Figure 52(B). That is
to say, one complete arm, and the bond that was joining this arm to the
inner core, was removed from the antenna. The remaining arm was excited
against the inner conical metal core by bringing a 50 ohm coaxial cable
through a small hole in the side of this core at the base of the cone,
soldering the braid of this cable to the core, and connecting the center
conductor of this cable to a short tapered metal tab connected to the
base end of the arm. The resulting antenna was a single arm, conical,
tape helix, fed against an inner metal core. No attempt was made to
match the antenna to the 50 ohm cable.

The antenna, as modified, is shown in Figures 54 and 55. The single
arm is clearly shown in Figure 54. The inactive coaxial cable, which had
been placed upon this arm in the original CUSP configuration to make the
geometry of the two arms identical, was left on the single arm of the
helix. It plays no part in the excitation of the antenna. The method of
exciting this single arm antenna is shown in Figure 55. The center
conductor of the coaxial cable,which is visible inside the metal core,
extends through the core and connects to the tapered tab leading to the

broad end of the arm.



Figure 54. Photograph of the monofilar conical helix and metal core. Cone and core
dimensions are given in Figure 38(b).




Figure 55.
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Base view of monofilar conical helix with core inserted. Arm is excited
against the core (at point indicated by arrow) by the center conductor of
the coaxial line which is visible inside the core.
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The radiation pattern of this helical antenna at 150 MHz is shown
in Figure 56. This is the same type of broadside radiation pattern re-
corded for this structure when it was a CUSP antenna. This pattern can
be compared to the 150 MHz pattern for the Philco-Ford CUSP antenna in
Figure 10. Additional radiation patterns for this helix, for frequencies
up through 280 MHz, are shown in Appendix E hereto.

The measured maximum gain of this single arm helix is compared with
that for this same structure when it was the 10° CUSP antenna, and that
for the Philco-Ford CUSP antenna, in Figure 57. At the lower frequencies
the gain of all three antennas is comparable. From 180 to 220 MHz the
helix has the greater gain, undoubtedly due to the fact that on the CUSP
antenna both the backfire axial and the broadside modes are radiating,
reducing the gain in either mode. The conical tape helix with metal core
is an efficient radiator with the maximum of radiation shifting slowly
from broadside (6 = 90°) to approximately § = 122° at 270 MHz and then

) 126° at 280 MHz.

The measured VSWR of this conical tape helix antenna is shown in
Figure 58. This curve should be compared with Figures 44 and 32. The
gimilarity is striking. The shift of the minima of the VSWR curve of
the helix, to a higher frequency than it had been when the antenna was
in the CUSP configuration is not surprising. The conical spiral arms,
which carry energy from the apex to the base of the cone on the CUSP
antenna, act as an impedance transformer of unknown characteristics.
This transfornation is not present on the base fed helix.

Normal=mode radiation from the narrow arm helix is considered to be
a narrow band phenomenon. As the VSWR in Figure 58 and the radiation
patterns in Appendix E indicate, the broad tapered arms, on the antenna

under study, apparently increase this bandwidth substantially.
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Figure 58 Measured VSWR, referred to 50 ohm line, of monofilar conical
helix with inner conical core.
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The agreement between the radiation patterns, measured power gain,
and input VSWR curves of the CUSP antennas and the single arm conical
tape helix antenna,leaves little doubt that the above theory of operation
of the CUSP antenna is valid.

Figure 54 suggests that the chosen parameters for the original CUSP
antenna and the length of the inner metal core may not have been optimum
for operation at these very long wavelengths. When the CUSP antenna is
operating as & base-fed helix, a tighter wrap and a different length

core would be preferable.
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XI. DISCUSSION OF MEASUREMENTS AND RESULTS

In an evaluation of the results of this investigation, it might be
pointed out that considerable care was taken to make the measurements and
resulting data as reliable and meaningful as possible. All measurements
of relative gain and VSWR were repeated several times to eliminate any
possibility of an anomalous result. No change in the antenna or the
equipment settings was made unless a known condition with prior measured
data could be returned to and repeated. All measurements of VSWR were
referred to Lhe same point in the system. All measurements of gain were
made under as nearly identical physical conditions as possible, and all
such measurements were made without change in the settings of the
electronic instruments. Frequency readings during measurements were
checked and monitored with the spectrum analyzer and crystal controlled
markers.

It is recognized, however, that gain measurements are probably the
least accurate of all antenna measurements, and accurate results require
an extremely good antenna range. The University of Illinois range is
far from ideal; however all reasonable precautions were taken to make
the measurements meaningful.

A realistic estimate of the overall error in the fixed-frequency
maximum gain measurements is probably 1 db. This author feels that such
an error is probably realistic for most antenna galn measurements unless

very specialized range conditions are established.



95

XII. CONCLUSIONS AND RECOMMENDATIONS

Balanced and unbalanced conical log-spiral antennas operated at
wavelengths 2 to 3 times longer than would normally be considered using
previously published design data, have been studied. The particular type
of unbalanced antenna which was considered was constructed by inserting
a metal conical core inside a balanced two arm antenna, and then bonding
one arm of the antenna to this core at the base of the cone.

The performance of the spiral antennas, which are made to be un-
balanced by m&difying or loading the ends of one or both arms, can be
interpreted in terms of the reflected current waves on the structure. On
the small structure the two arms act as a transmission line,carrying energy
from the feed terminals at the apex,down to the base of the antenna. At
this base the current flowing on the arms will be reflected back toward
the apex or feed region. The reflected currents on the arms can be de-
composed into balanced and unbalanced components,with only the unbalanced
component becoming the source of radiation.

The unbalanced antenna considered here, is equivalent to a normal-
mode monofilar conical tape helix fed against a conducting conical core.
The efficiency of radiation is related to the degree of unbalance in the
reflected current on the antenna arms.

It seems clear that, as now constructed, these CUSP antennas will
always radiate broadside when the diameter of the cone is small in wave-
lengths. Thus the maximum of radiation from this antenna, when operated
over a very wide bandwidth, will move from an axial to broadside direction.

For many applications this behavior could become a serious limitation.
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With knowledge of the phenomena causing radiation from these antennas,
one can now suggest how the radiation might be controlled to obtain an
axial beam. When viewed as a base-fed traveling wave antenna, it becomes
clear that the turn-to-turn phasing on the antenna must be such as to
set up the axial beam (end-fire) mode of the helix. One approach would
be to make both arms slow wave structures, to insure maintaining the
balanced transmission line from the apex to the base of the cone. One
arm can then be terminated,by connecting it to a center core as at present.
The slow wave geometry would have to be designed to accumulate enough
delay per turn, so that the reflected wave on the one radiating arm
would provide end-fire radiation in the helical beam mode. Whether such
delays can be achieved in practice, and the effect of this large delay
on the normal back-fire radiation of the spiral when the antenna is
operated at shorter wavelengths, would have to be investigated.

In the above type antenna,the termination of the one arm, i.e., the
inner metal cone, becomes part of the radiating structure, the arm itself
does not. Radiation from structures that have an added delay on one arm
might be controlled by again making both arms with a slow wave geometry,
then adding sufficient delay on one arm to make the reflected waves on
the two slow wave arms have the desired turn-to-turn phase relationship.
This would be equivalent to a base-fed bifilar helix.

Although these large phase delays on the slow wave arms may prove to
be difficult to achieve, some control over the radiation from these un-

balanced conical spiral (CUSP) antennas now seems realizable.
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Measured values are
all approximate

Dimensions 1in cm

a = 56°
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Figure B-1. Measured parameters of the unbalanced antenna. The cross
section drawing is approximately to scale.
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