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This application is a continuation in part of my co 
pending application entitled Antenna, Serial No. 631,869, 
now Patent No. 2,955,287, ?led Dec. 31, 1956 and as 
signed to the assignee of this application. - ' i 

This invention relates to directional antennas. 
In the design of directional antennas, the general con 

siderations include as a goal the obtaining of high gain, 
narrow beam width and low side lobes. These desidera 
tums are generally not achievedrin full because of prac 
tical considerations of weight, size or mechanical limita-, 
tions. An antenna‘ design frequently requires com 
promise ofv both maximum desired side lobe level and 
maximum desired beamwidth at the half power level, in 
a given plane, for an antenna of a given maximum'physi 
cal size. " In some applications, the designer maybere 
quired to accept a more moderate gain in order to 
achieve lower side lobe levels, or compromise all. Charac 
teristics because of size considerations.‘ , I g __ 

It .is often required in the design of antennas especially, 
for example, large rotating antennas, that the diameter 
of a circle which circumscribes the antenna in a plane 
normal to the rotation axis bev minimized for a given 
radiationpattern, half power beamwidth and side lobe 
level in that plane. This plane is often the plane of larg 
est antenna linear dimension and is usually the azimuth 
plane. Y - 

An antenna structure is described herein which. re 
quires a smaller circumscribed diameter for a given half 
power beamwidth and ‘side lobe level, than has previously 
been considered practical to obtain. . > . t 'v 

I have discovered that by properly arranging a num 
ber of end ?re elements inan array I can achieve an an 
tenna pattern of narrower beamwidth consistent with a 
given side lobe level, in a smaller antenna diameter than 
was previously considered practicable. Brie?y stated, 
the antenna of this invention consists of an integral num 
ber of substantially identical end ?re radiators arranged 
in an equally spaced array. The spacing between ele 
ments, the length of the elements, the number of ele 
ments and other critical dimensions-are so chosen in ac 
cordance with the procedure stated more fully herein 
after that for a given circumscribed diameter an antenna 
of surprisingly high. gain, or surprisingly narrow beam 
width for agiven low side lobe level, is obtained in a 
compact structure. - 1 i 

There follows hereinafter a mathematical analysis of 
the antenna-which established a preferred range of con; 
?gurations providing optimum performance. 

It is a general object of this invention to provide a 
high gain directional antenna having a narrow half power 
level beamwidth and low side lobe level in relation to the 
diameter of a circumscribed circle. 

It is another object of this‘ invention to provide‘ a direc 
tional antenna of small height and breadth for a given 
value of antenna gain. 

It is still a diiferent object to provide a high gain direc 
tional antenna of small weight.- ' 
A further object of this invention is to provide a high 

gain directional antenna characterized by very low side 
lobe levels. a _ > ' , ' 

"A still different object of this invention is to provid 
an improved antenna of high performance characteristics 
susceptible of being embodied in a rigid mechanical struc 
ture. 

10 

15 

20 

30 

35 

40 

3,015,821 
Patented Jan. 2‘, 1962 ice 
2 

A further object is to provide an antenna capable of 
being simply and quickly assembled and disassembled 
by relatively unskilled personnel. 
These and other objects, the nature of the present in 

vention, its various features and advantages, will appear 
more fully upon consideration of the various speci?c 
illustrative embodiments shown in the accompanying 
drawings and of the following detailed description of 
these embodiments. ‘ 

In the drawings: _ , 

FIGURE 1 shows in plan an antenna array of this in 
vention. v - ' 

FIGURE 2 is a rectangular plot of a measured typical 
?eld strength pattern (in db) propagated ‘by a four equally 
fed element antenna of this'inventionrwhich is four wave 
lengths in diameter in the plane of the array. 
FIGURE 3 is a pictorial representation of a single ele 

ment of an array of this invention wherein the element 
utilizes a ?at supporting rod and rectangular wire mesh 
discs. The element is shown energized by a dipole 
launcher. ' - 

FIGURE 4 is a pictorial representation of a portion 
of‘ an array of this invention utilizing a round support 
rod and round discs energized by a wave-guide launcher. 

_ FIGURE 5 is a general schematic showing in plan of 
a four element arrayv of this invention employing a_di-' 
pole launched cigar element. 
FIGURE 6 shows in plan the projection in a vertical 

plane of the elements of a fourarray antenna. 
FIGURES 7, 8 and 9 show in schematic form, the side, 

front and plan views respectively of another antenna 
array. ' 

As employed hereinafter the term “degrees” refers to 
electrical degrees. The linear dimensions are stated as 
relative values throughout, relative either to one wave 
length or to 360 electrical degrees (which is equivalent 
to one wave length) of the operating frequency. A 
length stated as 2 for example, means either two wave 
lengths or two (360) equal to 720 electrical degrees. 
The structure consists of an “n” number of substan 

. tially identical end ?re radiators 2a, 2b, 2c, etc., of length 

45 

L and end width w, arranged in an equally spaced array 
and inscribed in a circle 4 of diameter d. The spacing 
between elements is s, and the distance from the center 
of the end radiator 2a to the furthest edge of the ground 
plane 6 is A. Since the width of the resulting radiation 

‘ beam (FIGURE 2) is an inverse function of both the 

50 

pro-duct ns, and the square root of the length L, this beam 
will be narrowest for given d when both L and ns are 
made as large as possible. The circumscribed circle of 

. diameter d referred to is de?ned ‘by’ four points, the out 
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side corners of the end radiators 2a and 2e and the edges 
of the ground plane.’ There exists simple plane geometry 
relationship as shown ni FIGURE 1 which .may be ex 
pressed as a mathematical relationship between L, d, w, 
A, n and s (or between L and the product (n-,-l)s for 
a ?xed a‘, A, and w, the latter two values being small and 
relatively constant in a practical system), based on sim 
ple plane geometry relationships in conjunction with FIG-~ 
URE 1 which relationship is - 

‘A second ‘and separate relationship can be set up be 

(1) 

tween L and its if the required condition of low side lobes 
> is to be met with the minimum diameter d. In general,‘ 

' it is desirable to maximize ns within the circle consistent 
with an L just large enough to give the side lobe level 
required, since L must be larger, in most cases, for a given 
element factor beamwidth, base length is de?ned as the 
distance between center lines of end elements and is 



3,015,821 
3 

(n—1)s for n elements than the base length (n-—l)s for 
a given array factor beamwidth. 

I—-Equal amplitude feed embodiment 
For the casein which each of the elements of the array 

is fed with substantially the same amplitude of signal, side 
lobe levels of the entire antenna in the order of 22 to 26 
dbbelow the beam peak level in the plane of interest 
can be obtained. For this situation, the required rela 
tionship between L and us can be determined from the 
fact that the shortest value of L giving rise to 22—26 db 
side lobes has been found to occur when the angular dis 
placement of the ?rst element pattern null from the beam 
peak (61) is between 63% and 84% greater than the dis 
placement of the ?rst array factor null (00). Adding to 
this the two known facts that (l) for close to optimally 
designed end ?re elements, having 8-l3 db ?rst (maxi 
mum) side lobes, 0 lies between 40 and 50 times the 
reciprocal of the square root of L, and that (2) the array 
factor null occurs at 180 divided by ns for ns>21/2, the 
required range of L in terms of as can be found as fol 
lows: - 

16300501513400 

Substituting (3) and (4) in (2) and solving for the 
maximum and minimum simultaneous extremes of (2) 
and (3): 

1 2 
emf SLS 70w)? (5) 

Equation 5 and the mathematical relationship previous 
ly described between L and (n—l)s [Eq. 1] allow a 
mathematical‘determination of a range of the number of 
elements, their spacing and length required to make opti 
mum use of the area of the circle of diameter d. The 
values of w and A, as well as the exact function between 
the length L of the end ?re element and the position of 
the ?rst end ?re element pattern null 01, must be known 
in any particular case for an exact solution; since it is 
desirable to have a mini-mum w and A, and since also 
the range of the optimum relationship between L and 
01 is well known as described, however, the structure may 
in general- be determined within narrow and de?ned 
limits. 

Simultaneous solution’ of Eq. 1 and Eq. 5 over the range 
of the latter show that this antenna design provides a 
distinct advantage over conventional techniques in terms 
of obtainable beamwidth for 22—26 ‘db side lobe levels 
in a given diameter d. This advantage, however, is shown 
by the solutions to occur only in the range of d between 
2 and 12 wavelengths, which requires a range of n be 
tween 2 and 16. 

It was stated in my above referenced copending appli-v 
cation that the element spacing was restricted to the range 
of 160 to 320 electrical degrees. The basis of the lower 
limit was, and still remains, high mutual coupling and 
physical size of the elements, which are around 120' de 
grees'wide. The basis of the upper limit of 320. degrees 
was creation of high side lobes at large angles off the 
beam peak due to both the array factor characteristic, 
and the fact that the element side lobes are usually high. 
The total pattern is the product of array and element fac 
tors. The array factor characteristic states that this fac 
tor reaches a maximum value (unity) at other angles in 
addition to 6:0, the normal to the array, when the spac 
ing s becomes equal to or greater than 360 degrees. A 
high element side lobe level is especially evident for the 
case of horizontal polarization (the common radar and 
scatter propagation case). where the element pattern often 
has a high level out to the region of 90 degrees off the 
peak (0:90). In fact, this level often remains high after 
the first side lobe, and in the order of 16 db below the 
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A 
peak. An improvement of only about 6 db is realized 
at 90 degrees using a 320 degree element spacing, giving a 
16+6=22 db product side lobe at 90 degrees. This side 
lobe level (22 db) was stated as being the maximum toler 
able for the uniform amplitude case. (Even lower side 
lobe levels are necessary for the tapered amplitude case.) 
This 320 degree limitation is therefore completely safe 
and generally necessary. 

It has been discovered, however, that if the element 
pattern does in special cases offer lower second and suc 
ceeding side lobe levels, the allowable maximum spacing 
can be made larger than 320 degrees with low product 
sidello-bes maintained. As shown previously, the largest 
possible spacing is the most desirable as regards meeting 
the objectives of maximum obtainable gain within a given 
swing circle and of minimum mutual coupling between 
and among elements. 
Two slightly different cases of element pattern are dis 

closed hereinafter which may allow larger spacing. 
in case I, the level of the element pattern never rises 

higher than 22 db below the peak level anywhere beyond 
the ?rst side lobe. In this case a secondary (or higher 
order) array factor unity value can be allowed to occur 
(by virtue of element spacing equal to or greater than 
360 degrees) at any angular position between 0:90 de 
grees and 6:022. (022 is de?ned as the angle between 
the beam peak,.or the array normal where 0:0‘, and the 
22 db level on the side of the ?rst element side lobe fur 
thest from the beam peak.) 

In case 11, the second element side lobe does rise above 
22 db, but the third and succeeding side lobes are low. 
Here the array factor unity and the second side lobe peak 
cannot be allowed to be coincident, but a low product side 
lobe can still result if a second array factor unity occurs 
near the null between the ?rst and second element side 
lobes. Because of the array factor and element factor 
side lobes are of the same order of angular width in this 
design, it is improbable that the produut side lobe level 
will rise above 22 db with the restrictions on element pat 
tern stated for case II. 

In both cases, therefore, the same criterion can be im 
posed to determine maximum allowable spacing: the sec 
ond array factor unity value cannot in general occur any 
closer to the beam peak than the angular position of the 
22 db level on the side of the ?rst element side lobe nearest 
the second element side lobe. For practical purposes, 
the position of the null between the ?rst and second ele-. 

1 ment side lobes can be used to replace the 22 db level, 

50 
since the angular separation between these 2 positions is‘ 
extremely small. _ . 

It 'must be re-empha-sized before proceeding that this 
increased angular spacing is only tolerable if the element 

- pattern displays thelow levels beyond the ?rst side lobe 
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described as necessary, simultaneous with the narrow ?rst 
null-width with respect ‘to length stated originally as a 
requisite for gain improvement using this technique. In 
general only the cigar and certain other retarded surface 
wave type end ?re elements have been observed in certain 
cases to exhibit this combination of characteristics, 

Use of spacings in the range 320 degrees to 

80 
Sill-T 

' -/ 1/1 

degrees is therefore restricted’ to embodiments employing 
the cigar end ?re element in one of its various forms. 
The angle between the array normal and the second unity’ 
value of the array factor is H=arc sin[21r/S](Eq. 6) 
where s is the element spacing. This angle 0 is 90 de 
grees at\S=21r=360 degrees, and decreases toward 0:0 
as S becomes larger. This angle 0 must be equated to 
the angle 022 referred to previously. It can be found 
empirically that 022==4?1, where 0:131 was de?ned to be 
the angular position of the element half power level. 
Therefore, substituting: 
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where SM is the maximum spacing in radians. 
I However, . t ' 

40 <.5_0_ V 
, visit-4r 

degrees as stated previously. 
Therefore, 

SM=360/sin g9: degrees , (8) 
VL 

Equation 8 de?nes the maximum allowable spacing 
SM in degrees as a function of L, the element length in‘ 
wavelengths. This spacing is 560 degrees for L=4, and 
431 degrees for L=2, for example. 7 
The increase in range of allowable spacing for this 

restricted type of element is therefore between [320] 
degrees and . , . 

' " 80 

a 360 sin 
7 _ lv ,/ . ,Z _ 

degrees, whereas previously the range was {160] to 
[-320]. degrees-- .. : . . ., : ~ -_ 3 " ' 

Based on the foregoing relationships and experimental 
data, the following limitations have therefore‘ been found 
critical; for-the‘ case" of substantially-equal amplitudes 
(or 22-26 db side lobe levels): , - - : 

<1. shallbe between 2.x and min length» . ._ 
sj'shall be between l60land 320 electricaldegrees in'gen-, 

-' eral, and between 160 and 360/ ' ' 

. 80 
.SlIl —— - VI 

" degi'ees'for elements falling ‘in 'the general classnof 

(where L ands are in wavelengths). 
n shall be between 3 and 15 in number. . 
A representative'set of solutions for d=4 (wavelengths), 

are found from Eq. 1, 2, 3 and 4 to be: 

and %(TLS)2 

‘ The values of d, 61, 00, A and w chosen above are only 
representative of choices in the allowable ranges'of these 
parameters, showing that a discrete solution for n, s and 
L is then possible. Small variations in the relationships 
between 01 and 00, and 0° and L, required in any case 
will cause small changes in the values of S and 
L for a given d and n’. 

II—~Tapered amplitude feed embodiment 
To obtain side lobe levels lower than 22-26 db below 

the beam peak, it is most expedient in this case to cause 
the relative power at each element to be different, and 
generally to taper symmetrically from the center ele 
ment or elements to the end elements. It is further nec 
essary in this case that separation between the position 
of the ?rst array factor null and the ?rst element null 
become smaller than the 63% to 84% of 00 referred to 
in the uniform case, and become approximately zero 
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6 
‘in the limit. For‘any particular side lobe level desired, 
the general taper required, and from this a relationship 
between L and us, can be established. This would allow 
in any case, using the mathematical relationships previ 
ously described plus other conventional array theory, a 
mathematical determination of the number of elements, 
spacing, length and other parameters. For this condition 
of amplitude taper the critical relationships (where the 
end elements are at least 10% in power below the cen 
ter element (s)) become: ' 

L between Vs (ns)2 and 1/2 (ns)2 I I 
s shall be between 160 and 320 electrical degrees in gen 

eral, and between 
. 80 

160 and 360 SlIl ——_ de rees 
‘I \/L g . 

for elements falling in the general classiof cigars. 
n between 3 vand 18 d between 2k and 15>» 

Suitable end ?re radiators include in general helices, 
dielectric rods such as polyrods and ferrods and cigars, 
except for the’range of s above 320 degrees,‘ where only 
cigars have ‘been found suitable. - ' 

' .The cigar class of elements as shown illFIGURES- 3," 
4 and 5 are preferred for linearly polarized radiation for, 
any spacing. ' Experimentally, it 'has' been-found that 
the cigar-type elements alone allow metallic support along‘ 
their lengths in the'fo'rm of thin rods normal to the prin- 
cipal polarization electric vector; eliminating the need forv 
long cantilevered structures and providing extremely rigid‘ 
mechanical structures. Further, ' such an ' all metallic 
structure has been found lower in loss than structures in-f 
volving use of dielectrics. The cigars, therefore, provide 
a distinct andpincontrovertible advantage .both'in gain, 
weight and mechanical rigidity. :“ r 

' A typical structure is shown in FIGURE 4 wherein 
the cigar elements may consist of a cylindrical rod 29 
and mounted thereon a plurality of discs 22. The discs 
22 are spaced approximately 1/s)\' to 1/2>_\ apart and are 
approximately Mm to 1/2k in diameter. When the radia 
tor of length L (L is expressed in wavelengths of operat 
ing frequency) is energized by a launcher such as a wave- 
guide cavity 24, the electrical length L is measured from 
the feed 28 to the effective end (the end disc 46). A 
minor protrusion of rod 20 may be disregarded. 

In FIGURE 5 there is shown schematically a similar 
cigar element array fed by means of a dipole. In this 
instance the length L is measured from the dipole ele—‘ 
ment 26 to the effective end (disc ‘48). a 

‘ The structure is adapted to extremely simple and rigid 
mechanical construction. Pedestal 30 which may be of a 
rotating type supports the antenna by means of arms 32, 
34, and 36. Beam ‘35, in turn, supports the other cigar 
elements by means of a similar arm arrangement. 
The transmission line structure used to feed the ele 

ments may consist of a series of bilateral or other parallel 
splits, a series feed arrangement, or any other which pro 
vides the required amplitude, phase, and impedance with 
adequate decoupling. 
The various elements or radiators 2a, 2b etc., shall be 

fed substantially in phase. The end elements may in 
certain cases be modi?ed slightly from the other elements 
to reduce the diameter d, such a small alteration in cer 
tain cases not appreciably disturbing the performance. 

Septa, chokes, or metal plates may in some cases be 
placed around or between the bases of the elements to 
reduce or alter mutual coupling effects. 

Typical uses for the antenna include object location, 
communication, scatter propagation, and object detection. 
The array of this invention may be stacked in multiple 

to provide a battery of such arrays providing a desired 
pattern in the vertical plane, controlled by the relative 
pointing, phase or amplitude of the banks. 
The ground plane 61 may be solid metal or may be in 

the form of an expanded wire mesh or screen in order 



3,015,821 
7 

to reduce weight.‘ Likewise as shown in FIGURE 3 they 
discs may be formed of wire mesh. 

‘ FIGURE 3 shows a dipole 62 feeding rectangular 
“discs” 63 formed of wire mesh. The support is a 
?at member 65 rather than a rod. 

While I have chosen to show a balanced feed dipole 
structure in FIGURE 3 fed by balanced input line 64, 
it is to be understood that a conventional unbalanced feed 
utilizing a balun may be employed. 

It is‘ not intended to imply that Support rod need be 
of metal: It may be of a dielectric material such as glass 
?ber impregnated with epoxy resin. The discs may con 
sist of solid metal, or wire mesh, or simple rods, and 
may be of any shape symmetrical about a plane normal 
to the plane of interest and containing the axis of the 
metal rod. The spacing between discs will be between 
1/s)\ and 1/2)\, and the disc width in the plane of interest 
also between 1/s7\ and VA. 
FIGURE 6 shows in plan the projection in a vertical 

plane of the elements of a four array antenna. 
A typical antenna consisting of four arrays, 40, 41, 42, 

and 43 is shown in FIGURE 6. The number of ele 
ments in all arrays need not be identical but may be 
varied vto shape the resulting pattern. In general, the 
beamwidth of each array should be approximately the 
same. 

There is shown in FIGURES 7, 8, and 9 respectively, 
in schematic form, the side, front, and plan view of an 
antenna array in which the radiating elements .50 and 
52 are tilted with respect to elements 51 and 53. In 
embodiments employing tilted elements it is important 
that the measurements of element length and spacing 
be that of the projection of the element onto the plane 
common to the elements. 
What I claim is: 
1. A high gain antenna for transmission of energy 

of wavelength x comprising a plurality of retarded sur 
face wave end ?re elements, each of said elements being 
composed of a plurality of discrete metallic members, 
each said member being greater than M4 and less than 
M2 in major dimension, each said member being sym 
metrical about a plane containing an axis common to 
said members, said members being spaced between M8 
and M2 apart along said axis, said axis being aligned in 
the direction of propagation of said element to form 
an elongated radiator ?tting within a circumscribing 
cylinder coaxial withsaid axis, said cylinder having a 
diameter which is greater than M4 and less than M2, 
said elements being arranged so that their projections 
onto a common plane are parallel; a launcher arranged 
symmetrically about said axis for propagation of energy 
along said axis and means for feeding said launchers in 
common phase, said elements being spaced at least 

360 

s'm $92 L 
where L is the length of the element in wavelengths at 
the frequency of transmission. 

2. The antenna of claim 1 wherein said means for 
feeding said launchers transmit signals of equal ampli— 
tude. 

electrical degrees apart 
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3. The antennav of claim 1 wherein said elements are. 

equally spaced. 
4. The antenna of claim 1 wherein said discrete metal 

lic members are uniformly spaced along said common 
axis. 

5'. A high gain antenna for transmission of energy 
of wavelength x, comprising a plurality of retarded sur 
face wave end ?re elements, each of said elements being 
composed of a plurality of discrete metallic members, 
each said member being greater than M4 and less than 
M2 in major dimension, each said member’being sym 
metrical about a plane containing an axis common to 
said members, said members being spaced between M8 
and M2 apart along said axis, said axis being aligned 
in the direction of propagation of said element to form‘ 
an elongated radiator ?tting within a circumscribing 
cylinder coaxial with said axis, said cylinder having a 
diameter which is greater than M4 and less than M2, 
said elements being arranged so that their projections 
onto a common plane are parallel; a launcher arranged 

’ symmetrically about said axis for propagation of energy 
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along said axis and means for feeding said launchers 
in common phase; said elements being spaced between 

I __3%_ to £1966 electrical degrees 
sin VI sin VE 

apart, so as to provide a side lobe lever greater than 
22 db below the antenna peak power; where L is the 
length of the element in wavelengths at the frequency of 
transmission. ‘ 

6. The antenna of claim 5 wherein said discrete metal 
lic members are uniformly spaced along said common 
axis. 

7. The antenna of claim 5 wherein said elements are 
equally spaced. 

8. The antenna of claim 5 wherein said elements are 
fed with equal amplitude. ' 

9. The antenna of claim 8 wherein the elements are 
equally spaced. 
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