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CIRCULARLY POLARIZED HELIX AND SPRAL 
ANTENNAS 

BACKGROUND OF THE INVENTION 

This invention relates generally to helix and spiral an 
tennas, and particularly to circularly polarized helix 
and spiral antennas and more particularly to such an 
tennas for FM and TV broadcast. 
As used herein, circularly polarized helix antenna is 

used to refer to the general class of cliptically polar 
ized antennas with a low axial ratio. 

Helical antennas for VHF and UHF television chan 
nels are known. Such antennas have comprised one or 
more bays each including a pair of single conductors 
helically wound about a conducting mast which sup 
ports the antenna. The conductors are contrawound, 
extend in opposite directions and are excited at the 
common point. The radiated signal is substantially hori 
zontally polarized. 
Wheeler, Proceedings of The IRE, page 1484, 1947, 

describes a circularly polarized multifilar helix which 
has a doughnut shaped radiation pattern. The maxi 
mum dimensions of the helix are restricted to be less 
than the radian length, i.e., less than A/27t, where A is 
the wavelength. The turns are of a resonant length 
(standing waves) and the elements of the multifilar 
helix are all fed in phase from a common point. No con 
ditions arc stated or any provisions made for incorpo 
rating a central conducting support mast. 
Kraus, Proceedings of the IRE, page 263, 1949, de 

scribcs a single wire helix which can be operated in the 
circularly polarized normal mode or axial mode. In the 
axial mode, the turn length is considerably less than a 
wavelength so that it produced a doughnut shaped pat 
tern. In the bcam mode, the turn length is about one 
wavelength and the radiation pattern is endfire. Higher 
order modes where the turn length is approximately M 
wavelengths, where M is an integer, are mentioned. No 
mention is made of multifilar helices or supporting con 
ducting masts. 

Kilgus, IEEE Transactions on Antennas and Propaga 
tion, page 349, May 1969, shows how bifilar and quad 
rifilar, fractional turn, resonant helices can be fed in 
mode one to produce endfire circular polarization. The 
bifilar elements were fed in antiphase and the quadrifi 
lar elements were fed in quadrature. The axial length 
and diameter of the helices was only 0.27 A and 0.09 
A. A conducting cylindrical balun was used to support 
the helices. Its diameter was only about 0.03 A. 
Adams, IEEE Transactions on Antennas and Propa 

gation, page 547, July 1971, describes a multi-turn 
quadrifilar helix operating in mode one with a dielec 
tric or conducting cylinder within the helices. Emphasis 
is placed on the frequency scanning of the beam direc 
tion. 
Neureuther et al, IEEE Transactions on Antennas 

and Propagation, page 203, March 1967, present solu 
tions for the propagation constant of modes 1 and 2 for 
a sheath helix with a conducting core (cylinder). No 
mention is made of using multiple conductors to ap 
proximate the higher order modes. No discussion or 
theory is presented to determine the polarization char 
acteristics of helices for various pitch angles and cylin 
der diameters for the various modes. 
Dyson and Mayes, IRE Transactions on Antennas 

and Propagation, V. AP-9, pp. 334-342, July 1961, de 
scribe multiple conductor conical log-spiral antennas 
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2 
excited in various modes associated with the structure. 
It is noted that the radiated fields are predominantly 
circularly polarized. It is pointed out that the maximum 
radiation is approximately normal to the axis of the spi 
ral for a four arm spiral fed in mode 2. However, these 
antennas have very low gain and a wide beamwidth in 
the elevation plane. This results because the pitch angle 
is constant along the cone and thus the turn length is 
proportional to the distance from the vertex. Conduct 
ing cones or cylinders inside the conical spiral have 
been avoided or minimized since they degrade the per 
formance of the antenna. 

OBJECTS AND SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
multifilar helix or spiral antenna suitable for radiating 
circularly polarized radiation. 

It is another object of the present invention to pro 
vide a high gain omni-directional antenna for radiating 
circularly polarized radiation over moderate frequency 
bands, 

It is another object of the present invention to pro 
vide circularly polarized broadcast television antennas 
which improve the quality of television reception. 

It is another object of the present invention to pro 
vide an antenna which includes a plurality of helices 
wrapped about a vertical supporting structure having a 
conductive surface with the helices placed and adjusted 
such that the radiation pattern is omni-directional and 
broadside and the radiation is circularly polarized. 
The foregoing and other objects of the invention are 

achieved by an antenna comprising a support having a 
conductive outer surface with at least two conductors 
spaced from said surface and helically wound about the 
surface with a pitch angle which is greater than 25 with 
means for supporting the helices from the support and 
means for feeding one end of each of said conductors 
with voltages of equal magnitudes and of predeter 
mined phase. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically shows a two bay antenna array 
with each bay including multifilar helices in accor 
dance with the invention. 

FIG. 2 is an enlarged view of the lower end of one of 
the bays showing the antenna feed detail. 

FIG. 3 is a helix current sheath model of an antenna 
useful in explaining the operation of antennas in accor 
dance with the invention. 
FIGS. 4A and 4B show a single turn helix and devel 

oped cylinder useful in explaining the operation. 
FIG. 5 shows a continuous current ring useful in ex 

plaining the operation. 
FIG. 6 shows the axial ratio for several pitch angles 

as a function of observation angle. 
FIG. 7 shows the axial ratio as a function of beam di 

rection for two pitch angles. 
FIG. 8 shows the phase error and the degradation of 

the axial ratio as a function of the circumference of the 
support for various operating modes. 

FIG. 9 shows the axial ratio as a function of the cir 
cumference of the helix sheath for various support cir 
cumferences and operating modes. 

FIG. 10 shows a portion of a quadrifilar helical an 
tea. 

FIGS. 11 A-C are schematic diagrams of feed net 
works for modes 3, 4 and 5. 
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FIGS. 12A-B show the variation of attenuation as a 
function of pitch angle for modes 2 and 3 with 2 and 
4 wires, respectively. 
FIG. 13 shows the coordinate system for a tapered 

helical or spiral antenna. 
FIG. 14 shows the elevation pattern of an antenna in 

accordance with thc invention. 
FIG. 15 shows the horizontal pattern of an antenna 

in accordance with the invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
An antenna in accordance with the invention is sche 

matically shown in FIGS. 1 and 2. The antenna is a two 
bay helical antenna with each bay including bifilar 
windings. Referring more specifically to the figures, 
each bay of the antenna comprises a supporting mast 
11 which may be a hollow pipe or tube, shown more 
clearly in FIG. 2, through which a coaxial feed line 12 
may extend to feed the ends of the helices. More partic 
ularly, the bifilar helices are shown at 13 and 14 spaced 
physically 180 apart. In this particular instance, the 
helices are shown as a four-turn bifilar helix where the 
feed system point is shown in more detail at 16 in FIG. 
2. The helices have a pitch angle li which is selected in 
accordance with the invention to provide circularly po 
larized radiation as will be presently described. The 
currents and I are shown fed to the end of the helix. 
A transmission-line typc feed network is illustrated 
more clearly in FIG. 2. The transmission lines are 
formed by rods or strips placed above conductive disc 
18 which supports the adjacent end of the antenna. The 
helix rod characteristic impedance is in the order of 
200 ohms. Thc inner conductor of the coax is con 
nected to the 100 ohm line 19 which includes quarter 
wavelength transformers 21 and 22 coupling the energy 
to the lower cnd of the helical conductors 3 and 14. 
The parallel combination of the transformers and fecd 
combination provides a 50 ohm impedance to the coax 
feed thercby providing an impedance match for the 
maximum transfer of energy from the coaxial line to 
the helical conductors. Spaced along the support 11 are 
dielectric discs or rods (not shown) which engage and 
support the helix turns. 
To generalize, each bay may consist of N end-fed he 

lices which are spaced around thc cylinder and arc ex 
cited with voltages of substantially equal magnitude 
and with phases which depend upon the mode number, 
the number and the spacing of the helices. In order to 
understand how this is done, it is expedient to consider 
the helix current sheath model of FIG. 3 wherein the 
current flows helically along a unidirectionally con 
ducting cylinder 26 spaced from a coaxial conductor 
27. The current direction shown by the arrows 28 is at 
an angle with respect to a circumferential line around 
the cylinder. The conductor 26 does not conduct in the 
direction transverse to the currents. The x, y, z direc 
tions and the associated angles are labelled in FIG. 3. 
Referring particularly to FIG. 3, the definition of a 
mode number as used herein is the number of 360 lin 
ear phase changes of the current in one circumference 
such as shown at the line 29, assuming the helical 
sheath current I shown. Thus, if in traversing the cir 
cumference, the phase of the current progresses by 
720, the mode number, M, is 2. In general, it can be 
stated that the current on the cylinder at Z = 0 for 
mode M is given by 
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I(db, O) = JAfd 
( ) 

where M is a positive or negative integer. A constant 
term can be added to Mob, but thus just corresponds to 
a rotation of the sheath. 

It is also assumed that there are only traveling waves 
on the sheath such that the current varies as 

(2) 

where s is the distance measured along the current path 
as shown in FIG. 3 and k is the propagation constant for 
the current. For this case M is chosen to be negative. 
For the modes of interest here, k is approximately 
equal to the free space propagation constant g = 27tfA. 
It is assumed that k = g in the following analysis. Under 
these conditions it may be shown that the current on 
the cylindrical surface varies as 

Z M costly Ich, Z)-e Mo- ( ) d sin ly (3 A2 (3) 

It will be noted from (3) that the phase of the current 
along a directrix of the cylindrical sheath varies linearly 
with Z. Thus, because of rotational symmetry, the 
sheath will radiate a conical beam in the direction 6o 
where 

(£3p ccs ) 
Apsin li 6 = ccs 4) 

The elevation width of the beam is inversely propor 
tional to the length of the sheath. For a constant eleva 
tion angle 6, the phase of the radiated field varies as 
Mob. For broadside radiation (6o = 90), it is seen that 
the argument of (4) should be zero, i.e., 

Ap 
M 

cos y = - (5) 

Since gp2 is the circumference of the helix measured in 
wavelengths, it is seen that the mode number M must 
be greater than the number of wavelengths in the helix 
circumference in order to obtain broadside radiation. 
When (5) is satisfied, it is seen that there is no phase 
variation of the current along a directrix of the sheath. 
Thc beam may be tilted down from broadside by de 
creasing p and/or it from the condition given by (5). 

Referring to FIG. 4, it is apparent that the turn 
length, T, of a helical current element is given by 

Ap 
cos v. 

(6) 

Thus, for radiation at (or near) broadside, it is seen 
from (5) that the turn length is (or nearly is) M wave 
lengths. 
Next, let us determine the conditions for obtaining 

elliptical polarization from the current sheath with a 
low axial ratio, i.e., a close approximation to circular 
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polarization. The axial ratio may be measured by rotat 
ing a linearly polarized dipole antenna in a plane trans 
verse to the direction of propagation. The ratio of the 
maximum received voltage to the minimum received 
voltage is defined to be the axial ratio. For circular po 
larization, the axial ratio is one (or zero db). For FM 
or TV broadcast, it is desired that the axial ratio be 3 
db or less. Circular polarization is obtained when the 
vertical and horizontal components of the electric field 
have equal magnitudes and are 90 out of phase. 
The polarization characteristics in any direction for 

the complete current sheath will be the same as that for 
the short cylindrical ring of FIG. 5. Thus, we assume a 
continuous distribution of vertical and horizontal cur 
rents on the ring given by 

Iz = sin ly cists 
7) 

le F I costly evid 
(8) 

We may perform an exact analysis of this model by 
making use of published formulas for vertical and hori 
Zontal dipoles near a conducting cylinder. 
The E component of the radiation pattern of a 

vertical current element, Iz, located at p = p, d = O, 
Z = O may be written as 

3. 

- H'(W) 
E = sin 8 X ()." W) - J W - - jpg - sin ur J. (V) (W) H'(W, ejid (9) 

Gr=-ox. 

where 
W = 3p sin 8 
W = 6p sin 6 
J(W) is a Bessel Function of the First Kind 
N(W) is a Bessel Function of the Second Kind 

Similarly, the E and Ep components of a hori 
Zontal current element, p , at the same location are 
given by 

cos P 
-- s i) J W - JCW) e iO) fe - 'ew, "O". ' H2(W, 

. . . . . p E -leine 11 Ea=-jip S (j)" J,"(,) - J' ( ) H (W) ejie (1) 

where the primes represent derivatives with respect to 
the arguments. If there is no conducting cylinder pres 
ent, then the second term in the brackets in the above 
equations vanishes. Integrating the continuous current 
distribution around the ring with variation given up by 
exp(jMob), it is found that all terms in the above series 
vanish except for the term 1 = M. For example (9) be 
COS 

() p 
-its- (12) g = sin 8 sin or. V) - J() 

where we substituted (7) for Iz. Progressing in this 
manner, we find that 

sin 8 sin u + M. cos theos of 
f 3 cos ( 3 ) 
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where we have summed (9) and (10) to obtain the total 
E . The factor G is given by 

(, ) N(4)- (4) N(1) 
(14) 

Fist' (y) 
J'(W) Nat' (W) "(W) N'(W) 

- 

If the cylinder is removed, then (14) reduces to 

Jr. W.) 
J.'(W) 

It is enlightening to study (13) for this latter case where 
the cylinder is removed. 
Consider first the case when the beam is directed 

broadside and determine the axial ratio as a function of 
the observation angle. In this case 

£3p, F -M costly 

(6) 
and 

W = gp sin 6 = -M costly sin 8 
(7) 

Ther 

£e - sin sin - cos Jry 2) 
E - 1 sin cos t J'( , ) (18) 

In order to achieve circular polarization (18) must 
equal either j or i. For this case where the functions 
are real, it is only necessary to have the magnitude of 
(18) equal to one. The axial ratio is simply this magni 
tude. The axial ratio is shown in FIG. 6 for several pitch 
angles as a function of the observation angle 8. This 
graph is for M = -2, but is fairly accurate for all nega 
tive mode numbers. The axial ratio, AR, is infinite 
when the numerator of (18) is zero, i.e., when the E 
polarization is zero. For small pitch angles, this occurs 
approximately when 

6 = 90° - ty 
(19) 

Notice that the axial ratio is quite low for values of 
69 removed more than 30 from the direction for which 
the AR is infinite. Thus, for circularly polarized radia 
tion in the broadside direction, it is desirable to restrict 

to be greater than 25 if h is in the first quadrant (O 
to 90). For in the second quadrant, li should be less 
than 155 for a low axial ratio. This very interesting 
property has not been pointed out previously and holds 
for all M. 
For th in the first quadrant and waves traveling in the 

positive direction, the polarization is right circular near 
the zenith (6 = O). For in the second quadrant, the 
polarization is reversed and is left circular near the ze 
nith. The sense of the polarization reverses as 8 pro 
gresses through the direction at which the axial ratio is 
infinite. Thus, for li in the first quadrant, the polariza 
tion is left circular near the nadir (6 = 180) and pre 
dominantly left circular at broadside except for small 
pitch angles. Notice that the AR is high for elevation 
angles nearly equal to the pitch angle. 
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Ncxt, consider the case where the helix diameter is 
adjusted to radiate a beam from the complete sheath in 
the direction 6. From 4 we find that 

M cos i 
- cost sin (p. 2O) 

and then (13) becomes 

E - (sin J - cos 9) dirty 2) 1. 
E. T.' sin f, cos u J'(V) (2) 

where we have set the observation angle equal to 6 be 
cause we are most interested in the AR in the direction 
of the main bcam. FIG. 7 shows the AR in this direction 
as a function of the beam direction for two different 
pitch angles. It is scen that the numerator of (21) is 
zero when 8o = 90° - b. Thus, the helix will radiate a 
low AR circularly polarized beam only in directions re 
moved from that given by (19) by at least about 25. A 
gain, this holds for all M. 
Return now to the case where the cylinder is present. 

A study of (14) reveals that the expression inside the 
brackets is always real. Thus, if the phase of 

Har' (W1) 
H'( ) 

is 0° or 180° then the phase of E9/E is 90 or -90 
which is correct for circular polarization. If the phase 
is not O' or 18O, then there is nothing we can do about 
it. We will have elliptical polarization. It may be shown 
that the phase of this ratio is given by 

-2 
... --ee-awa-rror 

t Earl ) J (vi) - N(, ) N(, )) 

FIG. 8 shows the phase of this ratio and the minimum 
axial ratio as a function of the cylinder circumference 
in wavelength modes for broadside radiation. (Actually 
the phase is given by 180 minus those values shown in 
the graph. However, the deviation from 180 is the im 
portant quantity). It is seen that for mode 1 with gp1 = 
0.5 (p as A/2) that the phase error is 20 and the mini 
mum axial ratio (assuming Ea and E. have equal 
magnitudes) is 3.1 db. The phase error is negligible for 
small cylinder diameters for all the modes. Assuming 
that phase errors greater than 20 are not tolerable for 
broadcast applications, the following empirical formula 
for the minimum cylinder circumference gp (mea 
sured in wavelengths) was derived from the theoretical 
results 

(3p < M cos 25 - 0.5 
(2) 

Equation (13) has been evaluated for four modes for 
several cylinder diameters for broadside radiation in 
the broadside direction as a function of the helix pitch 
angle. FIG. 9 shows the axial ratio as a function of helix 
circumference for several cylinder circumferences for 
modes 1 through 4. It is seen that as Sp. approaches M 
or u becomes small that the axial ratio becomes large. 
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If axial ratios on the order of 3 db are desired, then the 
pitch angle should be greater than 25 and the sheath 
circumference 3p, must be less than M cos 25. Of 
course, the cylinder circumference must necessarily be 
less than the sheath circumference. The restriction 
(22) states that the cylinder circumference must be at 
lcast one-half wavelength less than this maximum 
sheath circumference. This corresponds to a spacing 
between the cylinder and sheath of 0.0796 A. In order 
to obtain sufficient radiation from the helix sheath, it 
is usually necessary to use spacings larger than this. 
Thus, the restriction that the pitch angle is larger than 
25 implies that the cylinder diameter restriction (22) 
is satisfied. However, larger pitch angles and smaller 
cylinder diameters will normally be used in order to 
achieve low axial ratios. In FIG. 9 it is seen that when 
the cylinder diameter is larger than the value given in 
Table I, then the axial ratio is large for all helix radii. 

It is apparent from these results that the expressions 
(14) and (15) for G with and without the conducting 
cylinder are approximately equal for all modes pro 
vided that the cylinder diameter is less than the values 
given above. This is a very surprising and fortunate re 
sult that the insertion of the cylinder does not degrade 
the AR of the helix. It would be expected that for a cyl 
inder diameter not small in wavelengths, that the re 
flection, diffraction and scattering of the radiation from 
the helix sheath by the cylinder would change the po 
larization of the helix sheath drastically. 
The axial ratio of the radiation in other directions 

from the sheath with the cylinder will behave in a man 
ner similar to that for the sheath without the cylinder. 
This follows because the bracketed term of (13) causes 
an increase of axial ratio for other angles for either 
CaS. 

If the currents flow in the negative Z direction (i.e., 
fed from the top), this changes the sign of the azimuthal 
phase variation but does not change the sense of polar 
ization. Thus, in order to achieve an omnidirectional 
radiation pattern, we must have a close approximation 
to a single traveling wave on the sheath helix. Other 
wise, the pattern will be of the form 1 + b cos'Mob 
where b depends upon the relative magnitudes of the 
two traveling waves. 
Having determined the conditions for achieving 

broadside, omnidirectional circularly polarized radia 
tion, let us now determine a practical approximation to 
the sheath helix. An obvious approximation would be 
to use a large number of closely spaced helical conduc 
tors to approximate the unidirectionally conducting 
sheath helix. One approach would to be use N equally 
spaced identical helical conductors and excite them 
with voltages given by (assuming the helices all origi 
nate on the same transvcrSc plane) 

w = en M2III N) = 1 - N 

where the helices are numbered consecutively from 1 
to N. The phase progression 2nM/N in radians between 
adjacent helices depends only on the mode number M 
and the number of helices N. These excitations are 
“normal modes' or “cigenvectors' for these rotation 
ally symmetric structures and have the property that 
the input immedances are identical for all the helices. 
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Another more general approximation is to usc N un 
equally spaced heliccs where their placements are de 
fined by d, . The voltage cxcitations are then given by 

V = eithn = 1, --- N. 

(24) 

In this case thc input impedances are not equal (except 
for a few special cases) and it is considerably more dif 
ficult to achieve the desircd currents. 
For a given number of N equally spaced helices, 

there are a multiplicity of mode numbers M' which lead 
to the same excitation cocfficients (23). Thesc modes 
are given by 

M = M - k N 

(25) 

where k is an integer. However, the helix diameters or 
turn lengths for these modes are quite different for the 
condition of broadside radiation. In the following dis 
cussion, which is oriented towards television broadcast 
antennas with broadside radiation, designation of a 
mode M helix implies that the turn length is approxi 
matcly M wavclengths. 
Practically speaking, we would like to minimize the 

number of helices for a given mode without degrading 
the gain, beam width, polarization and omni pattern 
compared to that of the sheath helix. The gain, pattern 
and polarization could be degraded by not using 
enough helices. We can estimate the minimum number 
of helices by making use of conventional antenna array 
theory. For a long multifilar helical antenna with L 
turns of each helix, we may assume that it is equivalent 
to a linear array of Nix L single turn, equally spaced he 
lices wrapped around a cylinder. The helix elements do 
not begin or end at the same place with this approxima 
tion. Each single turn helix does not have a directive 
pattern because of the way the wire wraps around the 
cylinder. Thus, we must invoke the usual array condi 
tion for preventing grating lobes. For isotropic radia 
tors, it is usually specified that the element spacing is 
somewhat less than a wavelength. For helices with 
mode numbers greater than one (which we are inter 
ested in for broadcast applications), there is no radia 
tion along the axis of the sheath. Thus, we may safely 
specify that the element spacing is not greater than the 
wavelength. Since the element spacing is given by Ma 
sin of N, we have as our restriction that 

N 2 M sin J. 
(26) 

The values of li that are usually used are less than 50 
to 60. Experimental results have shown that the pat 
terns, gain and polarization are not degraded for N = 
M for modes 2 through 4. 
Reflections from the ends of the helices degrade the 

omnidirectional pattern and can cause severc distor 
tions of the picture in TV broadcast applications for the 
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10 
frequency range of the visual signal because of the 
fixed time delay through the helix wires. This causes 
amplitude and phase distortions of the transmitted sig 
nal for a fixed azimuth angle, i.e., the aximuthal pattern 
changes over the visual frequency band. It is desirable 
to keep the reflected waves more than 20 db down for 
the VHF channels. This is quite difficult to do if the 
hclix bay length is only a few wavelengths long since it 
is not possible to obtain enough attenuation by radia 
tion. 
Several techniques may bc used to approximate or 

simulate a traveling wave condition for the helix cur 
rent. The attenuation of the current on the helix is in 
versely proportional to the pitch angle, l. The beam 
width and bandwidth requirements may make it possi 
ble to choose y such that the one way attenuation 
through the helix is greater than about 20 db. In this 
case, the reflected waves at the end of the helices will 
be small so that the pattern is nearly omnidirectional. 
For those cases where the one-way attenuation is less 

than about 20 db, we may place matching devices, such 
as series or shunt capacitors or inductors, near the ends 
of the helix wires. These will reduce the magnitude of 
the reflected waves and, therefore, improve the omni 
pattern. However, there will be some radiation from 
the standing waves on the ends of the helices which will 
spoil the omni pattern. The ends of the helices may be 
left hanging or shorted to the cylinder for lightning pro 
tection. 
We may make use of a unique property of multifilar 

helices to simulate a traveling wave condition. The re 
flected power may be radiated into the upper hemi 
sphere by using a helix with 2M/N not equal to an inte 
ger. If the helices are of equal length, the reflected cur 
rents, as viewed from the other end, will have a phase 
progression of -2arM/N rather than 2nrM/N. We may 
designate this as mode -M. It will be different than 
mode M if 

-M it M - kN 

or rearranging 

2M/N -- k 

(27) 
Thus, the condition that 2M/N is not an integer ensures 
that the reflected wave is a different mode. This condi 
tion eliminates N = 2, N = M and N = M/2. For broad 
side radiation, the phase progression from helix to helix 
along a directrix in the positive Z direction is given by 
47TM/N radians for the reflected wave. The reflected 
wave radiates a beam in the direction 6, given by 

-2 + kt/M 8 = cos ------- (28) 
sin 

where k is an integer. The pitch angle and/or N can be 
chosen for a given mode number such that there is only 
one value of 0, in the visible range. Then the helix may 
be fed from the end (top or bottom) that lets the re 

following reason. The phase of the reflected traveling 65 flected power radiate in the upper hemisphere. If the 
waves at the ends of the helices change with respect to 
the incident traveling waves at the feed points over the 

one-way attenuation through the helix is greater than 
10 db, then only a few percent of the power is wasted. 
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Another way of eliminating the reflected wave is to 
use terminating resistors at the ends of the helices. 
However, the above radiation approach is more cco 
nomical and reliable. 
Another very important reason for restricting 2M/N 

from being an integer is that it is possible to obtain a 
much lower VSWR over a given frequency bandwidth 
than for the case where this ratio is an integer. The pro 
gressive helix phasings given in (23) are usually 
achieved by means of corporate or parallel feed net 
works wherein the desired phasings are obtained by 
delay lines in the various branches of the feed network. 
Waves reflected from symmetrical points on a multifi 
lar helix, such as the feed points or ends of the helices, 
will arrive back at the single feed point of the feed net 
work with phasings given by twice the phases of the 
voltages given by (23). It is easily shown that the sun 
of the reflected waves at this feed point is zero unless 
2M/N is an integer. If it is an integer, the reflected 
waves add in phase and the VSWR is much higher. This 
technique of cancelling reflections has been uscd in 4 
sided broadcast antennas where adjacent elements are 
fed in quadrature, but not in this more general case of 
multifilar helices. 
FIG. 10 illustrates a portion of an end-fed quadrifilar 

helical antenna with cqual spacing of the helices and a 
constant pitch angle. It is obtained by adding two heli 
ces to the bifilar helix of FIGS. 1 and 2. Table I lists the 
phases of the helix currents for modes -3 through -6. 
For each mode, the pitch angle should be restricted ac 
cording to (26) so that grating lobes are not formed. 
Modes - and -2 are not included since four conduc 
tors are not needed for these modes. Modes 7 etc. are 
not included since the pitch angle is restricted by (26) 
such that the axial ratio is high. Modes 3 and 5 are pre 
ferred since they have the desired omnidirectional and 
low VSWR characteristics described above. 

TABLE 

Phases of Helix Currents for 
Ouadriifitar Helix 

Phase 
Mode N. 2 3 4 

-3 O -270° -18O -90 
-4 O O° O Oe 
-5 O -90° 18O -270° 
-6 r 8O () 80 

Schematic diagrams offeed networks for modes 3, 4 
and 5 are shown in FIG. 11. The single lines represent 
transmission lines, i.e., coax, microstrip, etc. For mode 
3, a parallel feed is shown wherein the desired phasings 
are obtained by additional line lengths or delay lines. 
For the corporate feed network for mode 4, two of the 
Tjunctions are displaced 90 along the lines so that re 
flections from these T's cancel at the input port. For 
mode 5, a corporate feed is shown wherein the T's are 
offset from the centerlines in order to obtain the de 
sired phasings. In addition, two T's are displaced 90° so 
as to cancel reflections. For this feed reflections from 
the hclix discontinuities cancel at the first T junction. 
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For FM and TV broadcast it is desirable to have the 
VSWR of antennas less than 1.1:1 over the channel 
bandwidth in order to control picture and sound distor 
tions (due to multiple reflections) to a reasonable level. 
In order to achieve this, it will usually be necessary to 
place X14 transformers and/or transmission lines with 
different characteristic impedances in the feed network 
so as to have a matched system throughout. In some 
cases it may be desirable to place a X/4 transformer in 
the helix structure next to the feed network. The feed 
network may be placed in or around the cylinder or on 
a disc attached to the cylinder. 
The characteristic impedance of each helical element 

may be cstimated as follows. Assume the Ji angle is 
large so that the capacitance between the helix and cyl 
inder is about equal to that between two parallel cylin 
ders of unequal diameters. Neglecting the presence of 
the other helices we would then compute the charac 
teristic impedance of one helix to the cylinder as 

p' - p - r 
2pr (29) 2 = 60 cosh 

where 
p = cylinder radius 
p = helix radius 
r = helix wire radius 

This impedance will be on the high side for reasonable 
pitch angles. On the low side we may assume that the 
characteristic impedance is the same as that of the helix 
wire spaced a distance (p-pi) from an infinite ground 
plane. The actual characteristic impedance may fall 
outside these limits because of mutual coupling effects 
between adjacent helices. The input impedance of each 
helix will be close to its characteristic impedance if we 
establish a close approximation to a single traveling 
wave on the helix near the feed point. 
The extension of these concepts to other configura 

tions for different mode numbers is straightforward 
now. A particularly useful configuration for the low 
VHF channels (and multi-channel FM antennas) is a 3 
wire mode 2 antenna wherein the progressive phasing 
between helices is -240. Modes 3 and 4 with N = 4 
and 3 respectively would be most useful for the upper 
VHF channels. For the UHF channels, modes 4 and 
higher would be used with N set somewhat less than the 
mode number according to (25). 
The axial ratio of a helical antenna will be larger than 

that predicted from the above theory. The reason for 
this is that there will be some radiation from the feed 
point region and any shorts to ground at the end of the 
helices. Thus, the helical antenna should be designed 
for an axial ratio about one or two db less than re 
quired. This radiation may also degrade the omni 
pattern. 
One limit on the length of a multifilar helical antenna 

bay is due to the beam scanning with frequency. If the 
beam scans an appreciable fraction of the bay beam 
width over the channel bandwidth (or frequency 
band), then there will be an appreciable change in gain 
for a given clevation angle. Again, this could cause dis 
tortion of transmitted picture for TV. For a bottom fed 
helical bay, the direction of thc main beam is given by 
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8 = cos -: 
sin it 

where f, is the frequency for which the beam is broad 
side (6 = 90). This holds for all modes. 8 decreases 
with increasing frequency. Broadcast regulations re 
quire that at least half the radiated power is radiated 
below the horizon. Thus, f, should be set equal to the 
highest frequency in the channel. It is found from (29) 
that for i = 35, that the beam direction scans 1 per 
percent change in frequency. Thus, for channel 2, the 

beam for a single end fed helix would scan 10 below 
the horizon at the low end of the channel. This would 
limit the helix to less than two wavelengths. For this 
short of a helix it would be quite difficult to achieve 
traveling waves on the helices and, therefore, omnipat 
terns and a low VSWR. 
This difficulty can be circumvented by using several 

bays of helices with a special feed network. The lengths 
of the lines in the feed network are adjusted so that the 
array pattern for the bays scans with frequency in a di 
rection opposite to that for the individual patterns. 
Since the total pattern is equal to the product of the 
array pattern times the bay pattern, it is possible to 
choose the feed network so that the total pattern scans 
a negligible amount over a television channel. The 
beam broadens and the gain decreases slightly at the 
band edges. Computations were performed for two 
bays of helices using mode 2 with three wires where the 
individual bay length was 3A at midband. The power 
was equally divided between the two bays by a T junc 
tion. The length of the transmission line to the upper 
bay was one wavelength shorter (at midband) than the 
line to the lower bay. For an average pitch angle of 37, 
it was found that the beam scan was negligible over an 
8 percent bandwidth and the gain reduction was only 
O.5 db at the band edges. 
Experimental and theoretical results show that the 

helix current decays exponentially away from the feed 
point for a uniform helix (where the diameter and pitch 
angle are independent of Z). If the one-way attenuation 
is more than 10 or 12 db, then the elevation patterns 
of a bay are unsatisfactory in the sense that the gain is 
reduced and the side lobe levels are increased over that 
of a uniformly illuminated aperture. Measurements 
have shown that the attenuation of the helix current per 
unit length is approximately inversely proportional to 
the pitch angle. FIG. 12 shows the variation of the at 
tenuation versus the pitch angle for modes 2 and 3 with 
2 and 4 wires respectively. These curves are for the 
case where helix diameter is constrained so that the 
turn length is independent of li and also so that the ra 
diation is broadside. It was surprisingly found that the 
attenuation was insensitive to cylinder diameter over a 
range of diameters. 
Leaky wave antenna principles (Jasik, "Antenna En 

gineering Handbook', McGraw-Hill, 1961, Chapt. 16) 
may be used to design a constrained variable pitch 
angle helix antenna to produce a wide range of antenna 
patterns. The design procedure makes use of the fact 
that the power radiated per unit length is proportional 
to the product of the attenuation constant and the inci 
dent power at that point. For broadcast coverage, we 
desire approximations to cosecant patterns or conven 
tional beam patterns with null fill and a beam tilt. A 
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simple approximation to a uniform aperture is to con 
Strain the helix so that it lies on a conical surface such 
as shown in FIG. 13. The helix is fed from the bottom 
So that the pitch angle decreases with distance from the 
feed point. The turn length is constrained to be approx 
imately M wavelengths so that the radiation is approxi 
mately broadside. The relation between distance, s, 
along the spiral and angle d is then 

dif a. 
a T (31) 

We also have 

27Tr sin 
• cos MA (32) 

dr 
sinly set (33) als 

We may integrate (32) to obtain the relation between 
r and s, 

(3rs sin 8) 
sin(d) sin (3) s MA 

set is d sing 2nsin S (33. 
MA 

The tapered helix is somewhat similar to the conical 
spiral of Dyson and Mayes. However, Dyson's spiral 
has a fixed pitch angle and tapered turn length, whereas 
this helix has a tapered pitch angle and a fixed turn 
length. 
A Mode 3, 4 wire helix antenna was constructed in 

accordance with the foregoing for operation at 738 
MHz (wavelength of 16 inches) with a support mast di 
ameter of 2.5 inches. The helices were 5 turn tapered 
helices where the pitch angle varied from 70 to 30 
and the helix diameter from 5.72 inches to 13.2 inches. 
The helix length was 2 feet. The helices were fed O, 
-270, -180 and -90. The resulting radiation pat 
terns are shown in FIGS. 4 and 15 where FG. 14 
shows the vertical pattern and FIG. 15 the horizontal 
pattern. 
The design of a multifilar helix antenna to produce 

circularly polarized omnidirectional radiation for tele 
vision or FM broadcast applications makes use of the 
preceding information and usually consists of the fol 
lowing steps: 

l. Determination of the Mode Number 

The diameter of the required support structures de 
termines the minimum mode number that may be used. 
The diameter of the support structure may be deter 
mined from the height of the antenna (which is propor 
tional to gain) and environmental conditions (mostly 
wind and ice loading and whether or not guys are 
used). In some cases the diameter may be determined 
or fixed by other considerations such as a fixed struc 
ture which the helix must be placed around. The mode 
number is chosen so that the helix circumference is 
about one-half wavelength greater than the support cir 
cumference for the largest pitch angle, l, to be used, 

. 
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v e cks us (34) 

in the interests of economy, the minimum value of M 
given by (34) should be used. Since it is usually about 
60, the support circumference is considerably less 
than the maximum given by (22). Hence, the axial ratio 
degradation due to the support will be small. 

2. Determination of Number of Bays 
It is desirable to minimize the number of bays of the 

antenna in order to minimize the cost of the feed net 
work. The length of a single end fed bay is limited by 
the scanning of the bay beam with frequency. The 
amount of scan depends upon the pitch angle and espe 
cially on the bandwidth. The average pitch angle 
should be chosen to give about 15 db one-way attenua 
tion through the helix. The total beam scan over the 
frequency band may be determined from (29). The 
maximum bay length can then be determined from the 
specified antenna gain variation over the frequency 
band. The number of bays is then set equal to the mini 
mum number for which this length is not exceeded. 

3. Determination of Pitch Angles 
The pitch angle is usually tapered over the length of 

a bay so as to approximate a uniform aperture distribu 
tion. The pitch angle is restricted to be greater than 25 
except possibly over a small percentage of the bay 
height in order to achieve a low axial ratio. The maxi 
mum pitch angle will usually be in the range of 60. 

4. Determination of the Number of Helices 
The number of helices, N, is chosen to satisfy (26) 

and (27) as well as to minimize N. N would usually be 
set equal to 3 and 4 for modes 2 and 3 respectively. For 
the higher order modes N would be less than | M. 
The use of the novel circularly polarized helix anten 

nas of the present invention provide improvement in 
the quality of television reception for at least two rea 
sons. First, the “ghosts' due to delayed reflections 
from buildings and hills are reduced by using circularly 
polarized receiving antennas. Reflections from build 
ings and smooth hills have the property that the re 
flected wave has essentially the opposite sense of circu 
lar polarization as the incident circular polarization. 
The receiving antenna will reject this reflection by an 
amount which depends upon the axial ratio of both the 
transmitting and receiving antennas. Assuming an ideal 
receiving antenna with an axial ratio of 1, the rejection 
of a reflection from a smooth surface is given by 

R - 1 
Rejection = 20 log 

where AR is the axial ratio of the transmitting antenna. 
Rejections for axial ratios of 1, 3, 6 and 10 db are 24.8, 
15.3, 9.6 and 5.7 db respectively. Thus, it is seen that 
it is quite important to keep the axial ratio of the trans 
mitting antenna less than 3 db. Axial ratios less than 2 
db have been achieved for a mode 3, 4 wire helix for 
all azimuth directions. 
The second reason is that many of the low cost televi 

sion antennas, such as "rabbit ears,' respond to verti 
cally polarized waves as well as, if not better than, hori 
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zontally polarized waves. The use of circularly polar 
ized transmitting antennas would allow these receiving 
antennas to receive stronger signals regardless of their 
orientation. 

claim: 
1. An elliptically polarized helical antenna with low 

axial ratio comprising a support having a conductive 
outer surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 
Samc direction, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni 
tude and having predetcrmined phase relationship 
whereby to excite said antenna in a selected mode, said 
helically wound conductors being unequally spaced 
around the support and the feed voltages are given by 

where 
r = 1, 2, ...N 
N are the total number of helically wound conductors 
M = the mode number, an integer, for mode M the 
phase of the radiated electric field varies with the 
azimuth angle, d, as Mob for a constant clevation 
angle 6, and the magnitude of the electric field is 
essentially independent of the azimuth angle b, 

db = the angular placement of the n" helically wound 
conductor about the support, all starting and fed at 
the same transverse plane. 

2. An elliptical polarized helical antenna with low 
axial ratio comprising a support having a conductive 
outer surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 
same directioon, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni 
tude and having predetermined phase relationship 
whereby to excite said antenna in a selected mode, said 
helically wound conductors being unequally spaced 
around the support and the feed voltages being selected 
whereby the voltages appearing on the conductors at 
the same transverse plane are given by 

where 
n = 1, 2, ...N 
N = the total number of helically wound conductors 
M = the mode number, an integer, for mode M the 
phase of the radiated electric field varies with the 
azimuth angle, ds, as Mob for a constant elevation 
angle 6, and the magnitude of the electric field is 
essentially independent of the azimuth angle d, 

ob = the angular placement of the n" conductor in 
said transverse plane. 

3. An elliptically polarized hclical antenna with low 
axial ratio comprising a support having a conductive 
outer surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 
same direction, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
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feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni 
tude and having predictermined phase relationship 
whereby to excite said antenna in a selected mode, said 
helically wound conductors being uniformly spaced 5 
around the support and starting at the same transverse 
planc and the feed voltages being given by 

() 

whcrc 
i = 1, 2, ...N 
M = the mode number, an integer, for mode M the 
phase of the radiated electric field varies with the 
azimuth angle, d, as Mds for a constant elevation 
angle 0, and the magnitude of the clectric field is 
essentially independent of the azimuth angle d, 

N = total number of helical conductors 
4. An elliptically polarized helical antenna with low 

axial ratio comprising a support having a conductive 
outcr surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 25 
same direction, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni- 30 
tude and having predetermined phase relationship 
whereby to excite said antenna in a selected mode, said 
helically wound conductors being equally spaced 
around the support and the feed voltages being selected 
whereby the voltages appearing at the same transverse 35 
plane are given by 

5 
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40 

where 
1 = 1, 2, ...N 
M = the mode number, an integer, for mode M the 
phase of the radiated electric field varies with the 45 
azimuth angle, ds, as Mob for a constant elevation 
angle 6, and the magnitude of the electric field is 
essentially independent of the azimuth angle d, 

N = total number of helical conductors 
5. An elliptically polarized helical antenna with low 

axial ratio comprising a support having a conductive 
outer surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 
same direction, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni 
tude and having predetermined phase relationship 
whereby to cxcite said antenna in a selected mode, said 
helically wound conductors being unequally spaced 
around the support and the feed voltages being selected 
whereby the voltages appearing on the conductors at 
the same transverse plane are given by 
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where 
n = 1, 2, ...N 
N - F total number of helical conductors 
M = the mode number, an integer, for mode M the 
phase of the radiated electric field varies with the 
azimuth angle, b, as Mob for a constant elevation 
angle 6, and the magnitude of the electric field is 
essentially independent of the azimuth angle ds, 

d, - the angular placement of said transverse plane 
and whercin the support circumference gp3M cos 
25 - 0.5 

p = radius of the support 
g = 27t? A where A is the wavelength. 
6. An elliptically polarized helical antenna with low 

axial ratio comprising a support having a conductive 
outer surface, at least two conductors spaced from said 
surface and helically wound about said surface in the 
same direction, said conductors wound with a pitch 
angle greater than 25, means for supporting the helical 
conductors spaced from said surface, and means for 
feeding the adjacent end of each of said two or more 
conductors with voltages of substantially equal magni 
tude and having predetermined phase relationship 
whereby to excite said antenna in a selected mode, said 
helically wound conductors being equally spaced 
around the support and the exciting voltages being se 
lected whereby the voltages appearing at the same 
transverse plane are given by 

...N 

M = the mode number, an integer, for mode M the 
phase of the radiated clectric field varies with the 
azimuth angle, d, as Mob for a constant elevation 
angle 6, and the magnitude of the electric field is 
essentially independent of the azimuth angle d, 

N = total number of helical conductors and whercin 
the support circumference (3p<M cos 25- 0.5 

p = radius of the support 
£3 = 27/M where A is the wavelength. 
7. A helical antenna as in claim 5 wherein the pitch 

angle and the turn length of the helical conductors are 
uniforn. 

8. A helical antenna as in claim 6 wherein the pitch 
angle and the turn length of the helical conductors are 
uniform. 

9. A helical antenna as in claim 5 wherein the helical 
conductors are uniformly spaccd from the support. 

10. A helical antenna as in claim 6 wherein the heli 
cal conductors are uniformly spaced from the support. 

11. A helical antenna as in claim 5 wherein the heli 
ces are uniformly spaced around the support and the 
turn length is given by 

gpa 
cos 
- M 

1 - cos 6 sin it 

where 
M = mode number, an integer 
p = radius of the helix turn 
tly = pitch angle of helix 
8 = clevation angle of beam (6 = 90° is broadside) 
?3 = 27r/X 
A = wavelength. 
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12. A helical antenna as in claim 6 wherein the turn 
lcngth is given by 

Ap M 

cks - cos 69 sin 

where 
M = mode number, an integer 
p = radius of the helix turn 
bi = pitch angle of helix 
6 = clevation angle of beam (6 = 90° is broadside) 

5. 
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(3 = 27tfa 
N - wavelength. 
13. A helical antenna as in claim 12 wherein the pitch 

angle varies along the length of the conductor. 
14. A helical antenna as in claim 5 wherein the pitch 

angle and turn length of the helical conductors are var 
ied in a predetermined manner along the conductors 
whereby to radiate a predetermined pattern. 

15. A helical antenna as in claim 6 wherein the pitch 
angle and turn length of the helical conductors are var 
ied in a predetermined manner along the conductors 
whereby to radiate a predetermined pattern. 

ck ck xk sk k 


