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SUMMARY

The "Equiangular Plane Spiral Antenna' belongs to the class
of "Frequency Independent Antennas, '' a class which has recently
drawn much attention.

In view of the fact that there has not yet been found a solution
for the electromagnetic field of the "Equiangular Plane Spiral Antenna'
with a finite number of arms, its field is investigated here mainly
experimentally. In particular, the pattern, the phase variation and
the polarization of the field of spiral antennas with a small number
of arms, as generated by various methods of excitation, are ex-
amined.

In order to achieve this, a method of decomposing any com-
plicated feeding arrangement into a set of ""basic' feedings has been
developed. This method is not restricted to spiral antennas, but
can be applied also to any equally spaced plane antenna with any
number of arms.

Next, measurements on 2~, 4-, and 6-arm spiral antennas
have been performed. The results of the measurements show that
the solution recently found for the limiting case of a spiral antenna
which has an infinite number of arms, can serve as a good approxi-
mation to antennas with a small number of arms. Some correction
terms, which depend on the number of arms, are introduced into
the solution of the "infinite'" arm antenna, so as to get a still
better approximation.

The combination of the method of decomposition into basic
feedings with the experimental results leads to an approximate
expression for the field of a spiral antenna, with any number of

arms and any feeding arrangement.
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INTRODUCTI ON

One of the most frequently encountered problems in antenna
theory and practice is the design of antennas which present a fairly
constant input impedance, and have essentially the same field
strength pattern, over as large a range of frequencies as possible.
An antenna for which these properties, namely, the input im-
pedance and the pattern, remain constant over a range of fre-
quencies of l: 2, is already considered a wide band antenna. But
this band width is still not large enough for many practical uses.

To meet this shortage, a new class of antennas was pro-
posed by V. H. Rumsey,1 a class which was called the '"Frequency
Independent Antennas.'" Two common properties.characterize
this new class. First, these antennas can be fully described by
dimensionless numbers, such as angles or ratios; and second,
the total current flowing out of the center of these antennas
along their structure decreases rapidly. Consequently, the
currents at distances of several wavelengths off the center of
the antenna, and further, can be neglected.

The first property would require an antenna of infinite
size, as any cutting off of the antenna would introduce a linear
dimension, and so contradict our assumptions. It is the second
property which allows us to use only the central part of the an-
tenna, and cut off all parts which lie beyond some radius.

To illustrate the importance of the second property,
consider the biconnical antenna. It is an example of an an-
tenna for which the first property holds, namely, it is character-
ized only by angles, but for which the current, through any
cross section, remains constant, no matter how far away from
the center of the antenna. Thus, not having the second property,
it cannot be considered as a frequency independent antenna.

This follows from the fact that any termination of the antenna
will cause a major change in the field, and particularly, will

make the field frequency dependent.
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Even though this class of antennas is frequency independent,
the practical structure will of course have a finite frequency range,
but very much larger than the so-called ""wide-band" antennas.

The frequency range may be of the order of 1:20!

The low frequency limit of these antennas is detérmined
by the over-all size of the antenna; whereas the high frequency
limit is due to the fact that the feeding line cannot be made in-
finitely small, as well as due to the constructural irregularities
of the antenna.

One of the groups of antenna that belong to the class of
frequency independent antennas is the group of the '"Plane
Equiangular Spiral Antennas.' An equiangular spiral can be

described in polar coordinates by the function
f = e'a'( ¢-¢O)' (1. 1)

Note that none of the constants a or ¢° has the dimension of
length. An antenna which is made of conducting arms, the con-
tours of. which are equiangular spirals, is called a '""Plane
Equiangular Spiral Antenna."

The antennas considered in this thesis will always have
equally spaced arms, and will be self—complementary.* The
number of the arms may range from one to infinity.

These '"Multiarm, Plane, Self-complementary, Equiangular
Spiral Antennas' will be called from now on simply, ''Spiral A
Antennas. " — /

Fig. 1. --A four arm spiral antenna

Two structures are called complementary, if one ig ob-
tained from the other by exchanging the open and conducting portions
of the plane. If these two structures are equivalent, except for a
rotation by some angle around their center, each one of these struc-
tures is said to be self-complementary.



*x the

phase distribution is affected by variations of the frequency. A

In contrast to the input impedance and the pattern,

consideration of {l.1) will show that any variation of the frequency
will be accompanied by a rotation of the field around the axis of
the antenna. If, for example, the wave length \ is increased, also
¢ will have to increase, so as to keep I\ constant. In other
words, the effect of multiplying £ by some constant, is the same

as increasing the angle ¢. That is,

-ale-d) . -alé-e)  -alle+ T) - ¢ ]
= e = €

Kf:Ke e

An exact solution for the electro-ma jsnetic field has re-
cently been found for an antenna which may be called the '"Ideal-
ized Spiral Antenna. né This antenna can be considered as a
limiting case of the spiral antenna when the number of the arms
tends to infinity. Actually, this antenna could as well be de-
scribed as an unisotropically conducting sheet, which has a
conductivity only in the direction of the spirals. The antenna
was assumed to extend to infinity. Unfortunately, no exact
solution has yet been found for the general case of any finite
number of arms.

The purpose of this work is to investigate, mainly
experimentally, the properties of the spiral antenna with a
small number of arms, under various feeding arrangements.
The feeding arrangement will mean here the different methods
of connecting the feeding line (or lines) to the arms of the an-
tenna, as well as the interconnections among the arms at the
center of the antenna. Particularly, the investigation is

carried on so as to find out how far can the exact solution,

The plane for which the pattern remains constant
when the frequency is varied actually rotates around the axis
of the antenna. However, if the spirals are '"'tight' enough,
the pattern in all planes through the axis 6f the antenna will be
very similar for all frequencies in the range of the '"frecuency
independent" operation of the antenna.



which has been found for the idealized spiral antenna, be applied
to the spiral antenna which has a small number of arms.

The second chapter will contain some conclusions that
can be derived from theoretical considerations. In the third
chapter a resume of the experimental work done will be pre-
sented. Then, in the fourth chapter, an essay will be made to
connect the theoretical considerations, derived in Chapterll,
together with the experimental results, in order to get an

understanding of the performance of the spiral antenna.
II. THEORETICAL CONSIDERATIONS

This chapter will deal with the general case of an
equally spaced, self-complementary antenna, with any number
of arms. The shape of the arms is not specified and may be
of any form. All the results obtained in this chapter are based
only upon considerations of symmetry. More specifically,
no attempt will be made to solve Maxwell's equation, and
thus to find the electro-magnetic field of the antenna; but
still several important features of the electro-magnetic field
can be derived from a purely geometrical point of view, by

an examination of the symmetry of the antenna.
A. The Admittance Matrix

Consider an equally spaced, self-complementary,
n-arm antenna; the shape of the arms ‘n
may be of any form. *
In the center of the

antenna, a circle of

radius r is excluded feeding -
from the antenna:, and zone
will be the feeding

zone of the antenna.

As long as r<<\ Fig. 2.--The terminal
currents and voltages



(A - the wavelength), this circle may be treated from the point
of view of low-frequency circuit analysis, i.e., the n-conductors
at the circle can be regarded as terminals of an n-terminal net-
work, assuming that the antenna is placed in an isotropic me-
dium.

In consequence, the current and voltage relations can
be described as in circuit analysis, in terms of the usual
admittance matrix.

The voltages Vp Vo eee, Vo, may be measured with
reference to any fixed voltage. The currents il’ iz, ey in
are taken to be positive when flowing out of the circle. The
only restriction on the currents is that il+ i2+ vee t in = 0 as
imposed by Kirchhoff's law.

De Champs, 3 expanding Booker's4 theorem on the ad-
mittance of complementary plénes, has found that the admit-~
tance matrix of the equally spaced self-complementary antenna

has the following form:

) v e
b Yo 1 Y2 - Yn-1| (V1
i, Ya-1Yo Y1 = v e Yn-2| |V2
. (2.1)
th-1 Yo Y3 Y =0 41 Vh-1
tﬂ-é Rl yz y3 ..... yo | —Vn _J

where all the elements of the matrix are given by the formula:

4mn ., cos 6/2
Yi @ cosiB-cos0/2

i=o0,1 2, ..., n-1

(2. 2)



where

n - number of arms,

o= 2%
n

n = J;E T 377Q in free space.

These works were based on Babinet's principle, genera-
lized to electromagnetism, which gives a relation between the
incident and the scattered field of a complementary plane struc-
ture.

Note that as this admittance matrix is symmetric, it

will include _le + 1 different elements for an even number of

arms, and %‘i different elements for an odd number of arms.
Thus for any arrangement of passive and active elements
in the feeding zone, all input currents and terminal voltages

can be calculated in terms of this admittance matrix.
B. The Decomposition of the Input Currents into Components

Applying the results of the previous see#igon, we are able to
compute all the currents and voltages at the terminals of the
antenna, in terms of the feeding sources connected between the
terminals. Following a method suggested by Dyson, 5 the input
currents will be decomposed into components which have some
symmetry. These components will be called the ''characteristic
feedings''s It will be shown that the electro-magnetic field
obtained from each of these characteristic feedings will also
have some kind of symmetry. Specifically, the results of this
analysis will direct us, when representing the field in a Fourier
series, as to which terms of the series may be excluded.

First, the method of decomposing the input currents

will be developed.
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It will be convenient to express the input currents in a

vector form,
n

T= (i dp ooe s By oen s 4)

where ii is the current entering into the i-th arm. This vector

will be written sometimes horizontally and sometimes vertically.

Any combination of input currents can be expressed as
a linear combination of any n-1 fixed current vectors, which

are linearly independent,

- = v [ —
4 n )\ 'h-1,1
i, iz 122 -1, 2
. — n n o n .
. -y ta, |l Peeetra

i, iy i1 1,1
i i i J i

| 'n) [ "1n | “2n, n-l.rj

(2.3)
where nal, naz, ces nai, .+. are complex constants, and

all current vectors are subject to the condition: -

+ i,
i

2+...+1il+...+1. =0

Y1 in

The decomposition enables us to describe the field
excited by any current vector, as a linear combination of n-1
fields, excited by any n-l independent fixed current vectors.

Let the n-characteristic vectors of the matrix Pn’



01 0 0..... o]
0O o1 0. . 0
P, = 0 0 0o 1 .. . (2. 4)
1 o0 o0 .0 0
which is of rank n, be denoted by nll. nI.?., oo, nIi, eee
Solving the matrix P for the characteristic vectors we get:
; em . 2w . 2w
i= j2= j(n-1) =—
nll = (1) e n , € n ) ses 4, € n
. pr& iz & j ¥n-1) 2
Ii=(1,e , e , see , @ ) (2.5)
Hn-1)Z  Hn-1)22% Hn-1Kn-1p 2%
n n n n
In_1=(1,e , € , ese , € )

e _
In—(l’ 1i1:‘°" 1)

o mt————y

or generally, the l-th term of the i-th vector will be,
.. . 2%

Jei: l —

n

= e j=n

i,
ie

Their characteristic value will be denoted by "\ i’

and is given by
n

N = e (2. 6)

n

These characteristic vectors will be thought of as current
vectors which feed an n-arm antenna, and will be the character-
istic feedings mentioned above. But note that only the first n-1
characteristic vectors can be associated with a current vector,

as the n-th vector does not agree with Kirchhoff's law. Namely,



the sum of all the terms of nIn, obviously does not equal to zero.
It will be understood that 1 <i < n-l, and also that
n ny

L= Liynp

where p is a positive or negative integer.
The advantage of using these characteristic feedings
will be explained now.

For any current vector

i ‘i;]

Ll 2|3 (2.7)

o L

as can be seen by performing the multiplication. This shows

that Pn’ when operating upon a current vector, has the property
of shifting the input currents by one arm. Or, if we introduce
spherical coordinates, and place the antenna in the 0 = %plane
(Fig. 3), the input currents can be expressed as a function of

¢. So now the shifting property of the matrix may be written

as:

2
P "1¢) = "¢ + )

And particularly this is true for any characteristic feeding

1
i
But for any characteristic vector
n, n_ n
Py L = N L
n, n _n 2w
so that )‘i Ii () = Ii (¢ + T) (2. 8)



/(](1‘» 0, 4)

-

Fig. 3. --The coordinate system

Let nFi(r0<|>) be one of the two regulat Herz-Potential*
functions, which are excited by the i-th characteristic feeding
of an n-arm antenna. As the structure of the antenna is periodic
in ¢, with the period 2%, a shift of the angle ¢ in "I, () will
result in a similar shift in the Herz-Potential function. To ex-

press this analytically,

0. (4) Bp. (¢)
i = i (2.9)
"L ¢+ ZX) / "Fle+ 2T)

Inserting this result into equation (2. 8), we get,

n n _n 2w
>‘i Fi(r’e’ %) = Fi(r’e» ¢+’;‘l‘) (2.10)

According to the theory of the expansion of functions
into Fourier series, the following can always be written,
Qo
°F. (r 84) = Z Pc_(r0) eI (2.11)

m=-00

where r, 0 and ¢ are the spherical coordinates.

Inserting the expression (2.1l) into equation (2.10), and

*By regular Herz-Potential is meant the potential from
which the electric field is derived by the following formula;

E=vx?% nFil +.VxVx 2 nFiZ

where "F. stands for either g or°F...
i il i2

-10-



equating terms which have the same phase variations, we get

n = e (2.12)

\ oimé
i
which is a condition imposed on m.
Inserting the value of nki from (2.6) into (2.12), it follows
that

m = i+ np (2.13)

where i refers to the characteristic feeding chosen, n is the
number of arms and p is any positive or negative integer.
This result has a great practical importance, as it
tells which terms of the Fourier series may be excluded, and
still have an exact representation of the field. Consider, for

example, a 6-arm antenna with the following input currents:

This is recognized to be the 6I3 characteristic feeding (see 2. 5).
Then from (2. 13) it follows immediately that the Herz-Potential
can be given by the following series:

CF (0 4) = ... +°C_g(ro) e 4 6 _(re) ¢TI 4 .

+ 6C+3(r 9)e+j3¢ + 6C_‘_c')(r 6)e+'19¢ +...
excluding all the terms for which m # i + np.

Later on it will be shown that this series converges
rapidly, so that this advantage will be still more pronounced,
as it will suffice to include only the first, or two first, terms,
and neglect all the rest.

The coefficients nal, cen na.n_l, (2. 3), which give us
the relative amplitude of the different characteristic feedings
present in the current vector "I, can be evaluated in a simple
way by noting that the characteristic feedings have the following

property:

-11-



0 fori#j
np .op¥ ={ } @. 14)

So if

then

(2.15)

C. Analysis of Some Feeding Arrangements

1. Introduction
In this section three antennas with different feeding
arrangements will be analyzed. First, the input impedance
and the input currents of these antennas will be found. Then,
the input currents will be decomposed into the characteristic
feedings, and the relative amplitude of the characteristic
feedings will be calculated. In ChapterIII these results will
be compared with the measurements of the corresponding
fields.
In general, the analysis of any feeding arrangement
will proceed according to the following steps:
(a) find the elements of the admittance matrix
for the specific antenna (2. 2);
(b) find the input currents of the antenna, using (2.1);
(c) find the characteristic feedings and their
characteristic values ( 2. 5) and ( 2. 6);
(d) find the coefficients na.l, cee, nan—l’ which
give us the amplitude of the various character-
istic feedings ( 2.15).
In some special cases it will be possible to make
some shortcuts in this procedure, as will be shown in the

second and the third examples.

«]12-



2. The four arm antenna - 4C

Consider a four arm antenna in which two opposite arms
are fed by a coaxial line close to the center of the antenna

while the two remaining arms are connected through resistance
R ( Fig. 4). j

Fig. 4. --The four arm antenna - 4C.

(a) The elements of the admittance are found to be
the following:

__ 0707 1 _ 1 0707 1 1
0 1-0.707 I20w I56 Y17[T0.707 20w 377

_ 0707 1 _ 1.
Y2=1-0.707 i20w 310

(b) The equations (2.16) are the input conditions:

R R V1~ V3= Vin

(2.16)

In order to find the input currents, these input conditions will

be inserted into the admittance-matrix equation (2. 1).

[N
n

in= Y1 TNVt veva t Yy

-13-



Therefore

where zin is the input resistance to the antenna. Conaider

the remaining two equations, namely,

IR= NV T YVt V3t VY

ig= NVt Yyt yva t voYy

1 . ]
ig= 3 Riplyy - v,)

and as R can have any value, it follows that i
also that Zin is independent of R.

R™ 0. Note

(c) The shifting matrix for the four arm antenna is,

~ o o o
©c © o -
© O = ©
o ™ O ©

and its three characteristic vectors for which are:

-t
]

T U A )

-t
]

1, -1, 1, -1]

= v =) -L +j
I, = [L =) -L  +j]
while their characteristic values are:

_ . n - - n = 23
Xl-"‘J- X - 1: \3 J

n

(d) In (b) the current vector was found to be

bt - (@ 0 -1, 0)

~l4-



except for a constant multiplier. From formula (2. 14) 4ai

will now be calculated.

n, _lnn* 1 - i en <= L
al—'4- I Il = 4(1n 0, 1; 0)(19 s 1'+J)" 2
n _ ln n*

az—-a—l IZ— 0

n _ ln.n*__i

az=g I'l; =3

so finally: " = —é—(nl1 + n13)

This shows that the field of the antenna considered in this

example is equivalent to the sum of the two fields, 4Fl and
4F3, which are excited by the characteristic feedings 411

and 413 respectively.

3. The six arm antenna - 6B

Consider the six arm antenna fed in the way shown in
Fig. 5.
From the symmetry of the antenna it can be seen that

the current vector will be:

b=, 0, -1, -1, 0, 1)

6I will be composed of the current feedings 611 and 615. Namely,

6 - -é-(s+ j~[§)611 + %(3 - j~f§)615

where ., nO . o i anO . () . o
61 = [, e.160 , eglzq o eJ180 - eJZ40 ’ eJ300 ]

annO s 04O 1 an® 1 500 ., A0
L, e_)300 , e3240, e_]180 ’ eJlZO , erO ]

-15-



Fig. 5.--The six arm antenna - 6B

4. The six arm antenna - 6A

As a final example consider the six arm antenna when

fed in the way shown in Fig. 6.

1
o~
. v A i
16 ’__£
(aY)
i
7 J= :
i3

Fig. 6.--The six arm antenna - 6A

From the symmetry of the structure, we can see

immediately that the current vector will be:

br= (1, -1, 1, -1, 1, -1)

but this is exactly the characteristic feeding 61 So that

3
there is no further need of decomposition.

-16-



D. The Field on the Axis of the Antenna

The field on the axis of the antenna is an additional
feature, which can also he derived by applying only consid-
erations of symmetry. This will be done only for the case
of an antenna fed by one of the characteristic feedings. To
find the total field on the axis of the antenna, we have to sum
up all the contributions to the field from all the characteristic
feedings present in the actual input currents.

Consider an equally spaced, n-arm antenna fed by the

characteristic feeding,

joi 2x joi 2--2—;—' joi (n_l)_Z%r
Bp= 1, e noe , , e ]

Applying again, as in sectiom B, .the Fourier series
expansion, the electric current density on the antenna at

some distance p, can be given by the following series:

a0 o o]
neo_ A1 .4 =Ay jmé | A jme
J. pJP+¢J¢ P/, amlple +¢z b (ple
m=-00 m=-00

The restriction on m will still be the same as in (2.13),
namely, m=1i+ p-n.

In order to find the contribution of each of the
current elements to the field on the axis of the antenna,

the vector potential A will be calculated. The formula

for A is:
" n—Ji'e-jkr

n=
over Ji

Now, breaking nJi into two rectangular compo-

nents, and performing the integration, we get:

-17-



am .

-jkr . .
f £ 2 ——pla_p)le”™ sinme +b_(p) e™* cos me Jdpds
0

2n r
-00

Zer e._jkr jmé imé .
S. P [am(P)e cosmé-b (p)e sinm¢ | dpde
0

27 r

?
8
=)

r

-jkr
fﬁ S pby(p)dp = Bm

So that finally,

9 for m# +l 0 for m# +1
Ax= _]A1+Bl form=+1 Ay= Al-jB1 for m=+1
-JA_;+B_| form=-1 A_+jB_, form=-l

From these results we can draw the two following con-
clusions:

(1) Only éxcitations the characteristic feeding subscript
of whichis i=1l or i=n-1 will produce a field on the axis of the
antenna.

(2) The field aroused by “11 and “In_l on the axis of the
antenna will be circularly polarized, where the nll feeding excites
a field with an opposite sense of polarization than the nIn_1 feeding.

These properties were also measured, and it will be seen

that the results obtained agree with the conclusions derived here.
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III. THE EXPERIMENTAL WORK

In the previous chapter valuable results were derived
as to some aspects of the field of the equally spaced, self-
complementary, n-arm antenna, but with no reference to a
specific shape of the arms. In this chapter the spiral antenna,
which is a special case of the above discussed antenna, will
be considered, and the results of the experimental investi-
gation upon this ant enna will be presented.

Before stating these results, the program of the
measurements will be summarized; its connection to the
solution of the idealized spiral antenna will be shown, and

the measuring apparatus will be briefly described.
A. The Solution for the Field of the Idealized Spiral Antenna

The theoretical solution for the idealized antenna
serves as a guide as to what features should be sought and
measured in the spiral antenna, which has a small number
of arms. This solution also helps to interpret the results
of the measurements, and as will be seen later, these
results indicate that the fields of the different spiral antennas
are closely related, irrespective of the number of arms of
the antenna. So before starting to describe the details of
the measurements, the theoretical solution will be briefly
summarized.

It was found2 that the following set of modes

©F _(r0¢)= ST ¢ (r.0) (3.1)

would be a solution to the electro-magnetic field of the antenna.
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, %
F__ - is a kind of Herz-Potential. The superscript indicates
that this potential is referred to the spiral antenna which
has an infinite number of arms. The subscript m is the

mode number.

C__ - is a complicated function of r and 8, and depends on m.

e - refers to the way the antenna is fed. It suggesta
feeding in the center of the antenna, which injects a
current, constant in amplitude, the phase of which

varies continuously from arm to arm ( Fig. 7).

[ SM($TAS)
[ oM [ G 200)
¢ N
|
\ .
N ,f:()\
S

Fig. 7.--The excitation of the idealized spiral antenna

The phase variation of these infinitesimal generators is 2rxm
per revolution. To what extent the different modes will be

propagated, will therefore depend upon the way the antenna

IThe definition of this Herz-Potential is so that the
electric field will be derived from this potential by the follow-
ing formula: O .

E=pVx2 F + Vx Vx Fm
Comparing this to the regular Herz-Potential presented in
page 10 ( see footnote there), it follows that

n n Qo

— m -
Fy=8 "Fn and  F,,= TF

-20-



is excited; note that m may be either positive or negative.

The main features of the field of this antenna will be
the following:

(1) For any constant r and 6 the phase will progress
linearly by m x 2w per revolution in ¢.

(2) The far field will be circularly polarized; the
sense of polarization will depend upon m, whether it is posi-
tive or negative. In other words, the sense of rotation of the
electric vector will depend upon m. Now, of course, m is
the same for both sides of the antenna, but the direction of
propagation is reversed when crossing the plane of the an-
tenna, so that the fields propagated toward the opposite sides
of the antenna will have an opposite sense of polarization. It
will be convenient to define a '"preferred sense of polarization"
as being the polarization of the field when the electric vector
is rotating in the same sense as the spiral arms expand. Or
describing the preferred polarization with reference to a pair
of right and left handed helices, a field with the preferred
polarization will be a field with such a polarization that both
helix A and B will receive a field which is preferred by them.
The sense of the windings of the helices and the sense of the

spirals is as indicated in Fig. 8.

Fig. 8.--The 'preferred' sense of polarization
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(3) The pattern of the different modes can be seen in
reference 2; these patterns were calculated for a=1/3 (l.1),
and for m= 1, 2, 3. The patterns for m and -m are identical.

(4) Near the plane of the antenna, the fields will
decrease very rapidly for increasing r, but the higher m is,

the less pronounced will this decrease be.
B. Some Remarks on the Aims of the Measurements

Any spiral antenna can be thought of as being an
approximation to the idealized spiral antenna. The program
of the measgurements has been set up so as to find out how
close this approximation actually is. More specifically, an
essay has been made to excite the different modes that were
indicated by the theoretical solution. The fact that until now
modes which have the unpreferred sense of polarization have
not yet been found, suggested that an effort shouldbe made,
using more elaborate methods of excitation as well as
spiral antennas with a higher number of arms, to check
this point further.

The more arms the antenna has, the closer it approxi-
mates the idealized antenna; also the feeding system can be
made to resemble more the ejm¢ excitation.

Note that the characteristic feeding nlm (2. 5), ex-
citing the n-arm antenna, will be the closest approximation
to the ejm¢ excitation, but this feeding could as well approxi-
mate the e'i(m+ np)é feeding, where p is a positive or nega-
tive integer.

This "ambiguity' could serve as a way of illustrating
the main result of Chapter], namely, that the series expan-
sion of the electro-magnetic field will include only terms
for whichm =i+ pn (see 2.11-2.13).

Of special interest was to find out how would the an-

tenna respond to the nIu_1 characteristic feeding, which is an
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approximation to the eJ(n°l)¢ feeding (and also to all other

feedings for which m = -1+ pn).
C. The Measuring Apparatus

1. Introduction

The measurements were carried out on 2, 4, and 6-arm
antennas, excited by many different feeding arrangements. The
measured features were the pattern of the field strength, the
polarization of the far field and the phase variation of the field.
The spiral antennas of which the field was measured were made
by photo-engraving copper-clad fiber-glass sheets. The di-
ameter of the feeding zone was not more than 10 mm. The
arms of the antenna were always self-complementary planes.
The operating frequency was 3000 Mc/s. All measurements
were performed in an anechoic chamber, where the reflection
of the walls was less than -20 db.

A description of the differept antennas measured, and
their feeding arrangements, will be given under the sections
dealing with each specific antenna.

For a summary of the results of the measurements
see Figure 37.

2. The phase variation measurements

The arrangement for the phase variation measurements
is shown in Fig. 9. A signal was fed into the antenna and detec-
ted by a very small coaxial probe which could move along a
radius of the antenna. The signal received by the probe, when
the antenna was turned around its axis, was introduced into
one arm of a Magic T. To the opposite arm of the Magic T
a signal from the same transmitter was introduced through a
moving probe inserted in a slatted wave-guide. The sum of
these two signals was amplified and detected. The probe in
the wave-guide was placed so as to cancel the signal from
the antenna. Note that the probe has two degrees of freedom:

the depth of penetration, which governs the amplitude; and the
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movement along the wave-guide, which changes the phase.

R. F. input
into slotted l g

1inN

)
'
Null :

Trans-
mitter

,

Magic

Indicator j_ coaxial
3 robe
Receiv- - s P
or / 2

Tee

Fig. 9. --The arrangement for
the phase measurements

Now when the antenna is rotated, also the probe is moved,
8o that both signals cancel. The successive positions of
the probe show the phase variation of the field of the antenna.
The phase progression will be called positive if it
increases when the antenna is turned in the direction indi-
cated in Fig. 9.
The phase measurements were performed in three
distinct regions (Fig. 10):

|
|
S . Region III /
- 7
\ o

~
ZCMpegion II N X
Ry

S
e iV

. | < . 100 cm ———-—-—1 the antenna

Region III
a—"

—

\

Fig. 10. --The different regions

Region I .: very near to the plane of the antenna and
close to its axis (less than 2 c¢cm off the axis).

Region II : the main region.

Region III: very near to the plane of the antenna, but

far away from the axis.
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Phase measurements have the advantage that we always

have a phase variation of 2w m where m is an integer, when
turning once around the antenna. This, of course, does not

mean that the only term of the Fourier series present is'the
eJm¢ term. It only means that the main term of the series
jmé

is e , and from the linearity of the phase variation we can

estimate the importance of the other terms.

3. Pattern measurements

The pattern was measured in a plane perpendicular
to the plane of the antenna, through its axis. The spiral

antenna was used as transmitting antenna, whereas the field

was received by a horn or a helix, as is indicated in the differ-

ent figures. All measurements were calibrated by an attenuator.

Attenuator

Hoyn
Receiv-] *_S_
er

Fig. ll. --Arrangement for pattern measurements

4. Polarization measurements

When pattern measurements are performed with a
helix, then the ratio of the two fields, received from the two
opposite sides of the antenna, gives us a measure of the

two opposite circularly polarized components of which the

Trans-
mitter

radiated field is composed. The polarization is also measured

by interchanging two helices of opposite senseé.
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D. Results of Measurements on the 2-Arm Spiral Antenna - 2A

1. The feediniarraﬂement

The feeding arrangement of the 2A-antenna (Figs. 12,13)
consists of a coaxial line, the inner conductor of which is con-
nected to one of the arms, whereas the outer conductor is con~
nected to the second arm. The feeding resulting from this

arrangement is the ZI1 characteristic feeding (see II, B).

N\

Fig. 12. --The feeding arrangement of the 2A-antenna

2. The phase variation

Region I : The field was found to have a gradual
phase variation of +2%, when turning once around the an-
tenna (see Fig. 19). The phase variation was always posi-
tive (see Ch.. III, C, 2).

Region II: same as for region I.

dummy
SRR
qﬂ\\\\“““””»», Din
N\

))

coaxial
line
Fig. 13. --The feeding line coming along the arm
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3. The Eattern

The pattern had maximum field intensity on the axis,
and decreased symmetrically in both directions (see Figs. 20
and 21).
4. The polarization

The polarization was found to have always the preferred

sense.

E. Results of the Measurements on the 4-Arm Spiral Antenna-
4A

l. The feeding arrangement

The feeding arrangement of the 4A-antenna consists
of a coaxial line, the inner conductor of which is connected
to two opposite arms, while the outer conductor is connected
to the two remaining arms. This feeding arrangement gives

rise to input currents of the I2 type.

Fig. 14. --The feeding arrangement of the 4A-antenna

2. The phase variation

Region I : The phase progression was found to be
+2: 2w when turning once around the antenna, being always
positive.

Region II : Same as region I (see Fig. 22).

Region III: Even though the data obtained by this
measurement were not very clear, as the field in this region
was very weak, it seems to be safe enough to say that the

phase variation was 2w 6(!), and always positive (Fig. 22).
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3. The Ettern

The pattern had a null on the axis of the antenna (see
Fig. 23).
4. The polarization

The polarization of the field was in the preferred
sense (see Fig. 24). A difference of at least 10 db was
found between the reception of two helices of opposite

senses.
F. Results of the Measurements of the 4-Arm Spiral Antenna-4B

1. The feeding arraﬂement

Two coaxial lines feed the two pairs of opposite arms
of the 4B-antenna (see Fig. 15). The two lines can be fed
independently, i.e., their respective phase and amplitude
can be varied. This feeding arrangement gives rise to
many different feeding vectors, among them the character-

istic feedings 4Il and 413. These two are the only ones that

were considered here.

Fig. 15. --The feeding arrangement of the 4B-antenna

411 will be excited when the outputs of the two lines
have the same amplitudes and a phase difference of 90°.
If the phase of one of the lines will be reversed, we shall
get the 413

Actually, the phase and the amplitude of the output

characteristic feeding.

of the two lines were adjusted in the following way: in

order to get a 4’13 feeding, the phase and the amplitude
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were adjusted so as to get a minimum of field on the axis
of the antenna, whereas to get the 4I1 feeding, the phase
and the amplitude were adjusted to give a maximum. The
Justification of this procedure will become apparent from
the results of the phase variation in region I.

2. The phase variation

For 411’ region I : The phase varied with +2w,
when turning once around the antenna.
Region II: Same as region I.
For 413, region I : The phase had a variation of
-2w (1)
Region II: The phase variation was +6m.
For all these results see Fig. 25.
3. The pattern
The pattern was actually adjusted to have a maximum
for the 411 feeding, and a minimum for the 413 feeding on
the axis (see Figs. 26 and 27).
4. The polarization

The polarization was found to be of the preferred
sense for both feedings, except for the field on the axis of
the antenna, when fed with the 413 feeding. In this case,
both circular polarizations were present in about an equal
amount. Note that the field on the axis was very weak, but
nevertheless the presence of both polarizations could not
be attributed to random signals, as the preferred polari-
zation had a distinct minimum; whereas the opposite
polarization had a maximum for both small variations of
the phase of the feeding currents, as well as small devia-

tions from the axis of the antenna.
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G. Results of the Measurement;.s on the 4-Arm Spiral Antenna-4C

1. The feeding arraniement

In the 4C-antenna the inner conductor of the coaxial
line is connected to one arm, the outer conductor is connec-
ted to the opposite arm and the two remaining arms are left
unconnected. As shown inll, C, 2, this feeding contains an

equal amount of the two characteristic feedings 4Il and 413.

@

zZa

Fig. 16. --The feeding arrangement of the 4C-antenna

2. The phase variation

Region I : The phase was found to progress by +2%
when turning once around the antenna (see Fig. 28).

Region II: In the inner part of region II the phase
variation was +2w. For the outer part the phase varia-
tion was +6%, and in the border between these two parts
the phase variation was a mixture of both 2w and 6w,
(see Fig. 28).
3. The pattern

The pattern had a maximum on the axis, but also
two side lobes (see Fig. 29).
4. The polarization

The polarization had the preferred sense (see Fig. 30).
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H. Results of the Measurements on the 6-Arm Spiral Antenna-6A

1. The feedin&arraﬂgment

In the 6A-antenna the outer conductor of a coaxial line
is connected to three arms, spaced 120° apart; while the
inner conductor is connected to the three remaining arms.

The feeding currents are of the 613 type (see II, C, 4).

/

Fig. 17. --The feeding arrangement of the 6 A-antenna

2. The phase variation

Region I : The phase variation was 6.
Region II : The phase variation was 6w (see Fig. 3l).
Region III: The phase variation was 18« (see Fig. 31).
3. The pattern
The pattern had a null on the axis of the antenna (Fig. 32).

4. The polarization

The field had a polarization of the preferred sense.
Actually, there was a difference of about 10 db between the

preferred and the opposite polarization (see Fig. 33).
I. Results of the Measurements on the 6-Arm Spiral Antenna-6B

l. The feeding arrangement

The outer conductor of a coaxial line is connected to
two adjacent arms of the 6B-antenna, while the inner con-
ductor is connected to the two opposite arms. The two in-

between arms are left unconnected. This feeding arrangement
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gives rise to currents, which are a combination of the 611 and

615 characteristic feedings (see II, C, 3).

Fig. 18. --The feeding arrangement of the 6B-antenna

2. The phase variation

Region I : The phase variation was +2w (see Fig. 34).
Region II: In the inner part of region II the field had
a phase variation of +2w, whereas in the outer part the
phase variation was +10% (Fig. 34). In the border between
the inner and the outer part the phase variation was a combi-
nation of 2w and 10w (see Fig. 35).
3. The pattern
The pattern had a null on the axis as well as two
side lobes (see Fig. 36).

4. The polarization

The polarization of the field had the preferred sense.

J. Conclusion

This section included only experimental results
without any interpretation. The interpretation has been
left for the nextchapter so as not to mix the actual data
with any assumptions.

To make the compariaon of the different results

easier, all the measurements are summed up in Fig. 37.

-32-



IV. CONCLUSIONS

A. A Summarized Presentation of the Conclusions

The object of this chapter is to show how the informa-
tion obtained from the measurements, together with the
theoretical considerations developed in Chapterl, can give
us a fairly accurate estimation of the electro-magnetic
field of an n-arm spiral antenna, which has any kind of
feeding arrangement.

The arguments presented in this chapter will proceed
along the following line: first it will be shown that the field
of an n-arm antenna, when fed by one of its characteristic
feedings nIi, will be approximately equal to the field of the
i-th mode of the idealized antenna. This means that the
main properties of the idealized antenna are preserved in
the spiral antenna, even if it has only a small number of
arms.

Next, some corrections will be introduced in the
field of the idealized antenna, so as to get a still better
approximation in the case of a small number of arms.

Finally, as any feeding arrangement can be de-
composed into the basic characteristic feedings, and as
the field aroused by each of the characteristic feedings is
approximately known; then, by applying the principle of

superposition, the total field can be estimated.
B. A Detailed Presentation of the Conclusions

The first step will be to compare the results of the
measurements obtained for antennas, which have different
numbers of arms, but are all fed by a characteristic feed-
ing which corresponds to a certain mode of the idealized
antenna. Or, in other words, to compare fields which may

have any superscript, but have all the same subscript.
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Considering the °F, field (see Chapter III, d and Figs. 19-21),
we can see that it is very similar to 4F1 (see Chapter III, F and Figs.
25, 26), and moreover, both have similar features to °°F1, regard-
ing the pattern, the phase and the polarization of the field (see III, A
and reference 2).

Next, a consideration of 415‘2 (see III, E and Figs. 22-24) will
show that this field is similar to Fz.

Furthermore, the main fields (i.e., the fields in region II),
having an i= 3 as 4F3 (see III, F and Figs. 25, 27) and 6F3 (see III,
H and Figs. 31-33), are similar to the mF3 field. Note also that the
angle between the two side lobes in the i= 3 case is somewhat bigger
than for the i= 2 case, a fact which is indicated also by the calcula-
tions for the idealized spiral antenna.

These examples show that it would be plausible to assume
that

n]5‘i has approximately the same form as ooFi (4.1)
for

1<i<n-l

For example, this statement indicates that the 6F

field, which is the field excited by the 615 characteristic
feedings, namely by

5

. o . o . o . o A0
615= [1’ eJ300 , eJZ40 ’ eJlBO ’ e_)120 , e_160 ]

is similar to the field of the idealized antenna, when fed by
a feeding with a ¢ dependence as ejm¢, with m = 5; although,
intuitively, it would seem that this 6F5 field should be similar
to the m = -1 mode. This example shows that the spiral antenna
has a preference of the so-called 'preferred sense of polarization. '
Note that the '"preferred sense of polarization'' depends upon
the sense in which the spirals of the antenna are wound.

Now some correction terms will be introduced, and
these terms will point out the small differences which exist

among the fields which have the same subscript. These terms
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depend on the superscript, i. e., upon the number of arms.

A more careful examination, especially in the regions
I and III, shows that there is some deviation from the above-
mentioned assumption (4.1). Particularly, phase measure-
ments on the axis of the antenna show that F3 includes also
a field which seems to be of the Cx’]5‘_1 type. Its amplitude is
so weak that it can only be detected on or near the axis,
where the main field mF3 has a null.

The measurements in region III of the 4A-antenna also
show that in addition to mFZ, there exists a field with a
phase variation of 12n per revolution. This field can be
thought of as a weak °°-F6 field. This field can only be de-
tected in region IlI, where the main field is already very
weak; but °°F6, which is attenuated less with increasing
radius, has still a considerable amplitude. In fact, °°F6
will be the main field in region III.

The same can be said about the ooF9 field which can
be measured in region III of the 6A-antenna.

A ready explanation why, of all the modes that exist,
» and m= 9 in 6F should

2 3
appear, was already given by formula (2. 11) subject to the

the m= -1 in 4F3, m=6 in 4rF

restriction given in (2.13).

Namely:
[¢ 2]

°F, = Z ncm(re)ej’“ m=i+np p=0;+L;+2,...
m= - 0o

Now if we assume that nCm( r 0) has approximately the same
form as ooCm(r 0) (in 3.1), an assumption which is a comple-

ment to the statement (3.1), we may write,

n ~ o jmé =i
F, ~Z a Cm(re)e m=it+np (4. 2)
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where LI is a coefficient which determines the relative
importance of the different terms.

(4. 2) actually means that the n-arm antenna will gen-
erate a field n1=‘i which is composed of all the modes of the
idealized spiral antenna, for which m=i+np, with different
amplitudes.

Note that (4. 2) reduces to (3.1) as n tends to infinity.

Now the first higher order mode will be according to
(4. 2) m=i+n, which is for 41“ -m= 6, and for 6F3 is
m = 9, as actually measured. Modes of still higher order
could not be detected, as fields are so weak at large radii
along the plane of the antenna that they are shaded by the
background noise (reflections, atc.).

As to the relative amplitudes of the a two facts
can be pointed out:

(a) a, is by far the largest factor; this means that
in region II, which is the main region, ooFi will practically
be the only field of any importance.

(b) a , for m<0 will always be very small.

The discussion so far in this seetion has been.concerned
only with antennas fed by characteristic feedings. An exami-
nation of the results of the measurements for the 4C-antenna
(see III, G and Figs. 28-30), show very clearly that the
field is a superposition of the 4.1“1 and 41-‘3 fields, as pre-
dicted by the consideration of II, C 2.

The results of the 6B-antenna (see III, I and Figs.
34-36), agree also very well with the predictions of II, C, 3;
i. e., that the field is a superposition of the 6Fl and 61-"
fields.

Note also that the angle between the two side lobes

5

is still bigger than for i= 2 or i= 3, as the side lobes are
. a part of the F5 field.

These two examples demonstrate the validity of the
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conclusions of ChapterIl concerning the decomposition of
any feeding into its characteristic feedings. Likewise, it

illustrates the usefulness of this method.
C. Conclusion

To conclude this work the two main results obtained
are summed up. First, it has been shown how the field of
an n-arm equally spaced self-complementary antenna with
arms of any shape and fed by any feeding arrangement,
can be decomposed to a set of basic fields. Second, by
applying the first result together with experimental data,
it has been shown how the field of the equiangular plane
spiral antenna, having any number of arms and any type

of feeding arrangement, can be estimated,
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Pattern of the 2A Antenna

TN

Face

Fig. 20.--The pattern of the 2A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
horn serving as receiving antenna.
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Pattern of the 2A Antenna

~

Face

Fig. 21.--The pattern of the 2A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
horn serving as receiving antenna.
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Pattern of the 4A Antenna

Face

Fig. 23. --The pattern of the 4A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
horn serving as receiving antenna.
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Pattern of the 4A Antenna

Face

Fig. 24.--The pattern of the 4A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
helix serving as receiving antenna.
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Pattern of the 4B Antenna

0db

\
AN /
\/

Fig. 26.--The pattern of the 4B-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, when the
antenna is fed by the 1 characteristic feeding. A horn served as

receiving antenna.

Face
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Pattern of the 4B Antenna

0db

Fig. 27.--The pattern of the 4B-Antenna as measured in a plane
perpendicular to the plan

5 of the antenna through its axis, when
the antenna is fed by the 13 characteristic feeding. A horn
served as receiving antenna.
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Pattern of the 4C Antenna

Face

Fig. 29. --The pattern of the 4C-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
horn serving as receiving antenna.
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Pattern of the 4C Antenna

Face

Fig. 30. --The pattern of the 4C-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
helix serving as receiving antenna.

-49-




‘IIT uo1831 U UINE) SJUSWSINSLIW g DAINYD)
‘Butpesy o1ystaIaiovIRYD 1 9Y) Aq Pajy uaym ‘(H ‘III ‘298 998)

‘e18ue TeynWIZE 9Y3j JO UOTIOUN} B ST BUUIIUR-YQ Y] mw

09¢

00¢

ove

‘II uo1891 UT UINE] SIUSWIINSEBIW Y AIND

€

(@2a39p) o18uy TEYINWIZY

081

021

uotssoxdoad aseyd ayyr-- -1¢ By

09 0

]

\

—

)

L

Ie3d jou u.mLA

UOTJEIIBA
aseyq

:

'BUUIIUY V9 Y3 JO
uotrssaxBoxg eseyq

49

121

487

(uerpey) uoissaaxBoxg 9seyg

-50



Pattern of the 6A Antenna

b e

Face

Fig. 32. --The pattern of the 6A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
horn serving as receiving antenna.
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Pattern of the 6 A Antenna
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Fig. 33.--The pattern of the 6A-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, with a
helix serving as receiving antenna.
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Pattern of the 6B Antenna

Face

Fig. 36.--The pattern of the 6b-Antenna as measured in a plane
perpendicular to the plane of the antenna through its axis, witha
horn serving as receiving antenna.
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