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CHAFTER T

Initroduction

Historical Sketich

The first successful attempts of which
there is record, to make use of a helical
structure as an aerial, appear to have been mede |
gsoon after 1930 when patents were taken out by
Chireux in the United States and Franklin(2)
in this country. In both cases at least part
of the radiation was in the Broadside direction,
and as will be seen later, because the pattern |
bandwidth was therefore necessarily small these |
aerials found little application.

A new type of helical aerial radiating in
the End-Fire direction was first proposed and
investigated by Kraus(B) at Onio State Universitg
(Claims to prior discovery are also made by
liarston whose reports, however, were not
available until three years after the first
publication by Kraus). In this case the
conception arose Irom the use of the travelling-;
wave tube, and Kraus's main contribution was in
realising and putting into practice the idea that
the circumferential dimension of the helix used |
there might profitably be increased until it was
of the order of one wavelength, in order to make
the helix a linear end-fire array. His first
attempts were immediately successful and over thé
vears 1947-19350 he was responsible for the 1
detailed investigation of its properties that

followed/




followedu’5’o’f’8’9' As a result a clear general

picture of the aerial's operation was built up |
in terms of travelling waves along the helical i
conductor. This enabled the radiation pactern !
to be predicted for a given length of aerial, and
explained the essentially non-reactive nature of-
the terminagl impedance.

llevertheless even at the end of these i
investigatiions it is clear that while su:ficienti
information was available to design a helical i
aerial, one was left with no idea of what was
responsible for its limitations of bandwidth i
for certain degrees of pitch angle or what would:
be the effect on bandwidth, axial ratio or !
|
impedance of minor alterations in the aerial |

structure., Similarly there were no means other |

than experimental of determining what effect, ;
if any, would be produced by the presence of a
centrally conducting mast or by encapsulation of}
the aerial in dielectric, What had been achieveé
was the building of a valuable superstructure .
of theory on the basis of many experimental :
results, but the theory was not, per se, capablei
of extrapolating beyond the evidence on which iti
was formed. It may perhaps be argued tnat the
theory available did predict for simple helices
the continuance of increased directivity patierns
with moderate increases in aerial length.

Nevertheless, it will be shown later that this is|
accompanied by a previously unknown decrease of

aerial/
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aerial vandwidth, so that even in this case it
could give rise to misleading information.

These criticisms of the statve of knowledge
regarding ithe helical aerial Ifrom 1951 enwards
are in no way intended as criticism of the work
carried out by hraus and his associates. Indeed
their contrivbutions are of permanent scientifiic
as well as engineering value and it is not
surprising that even the contributions oi some

10,11,12 o1 ich have been made since

significance
that time have added relatively little to the
knowledge for which Kraus has been responsible.
A third type of helical gerial has been
broposed by Wheeler., This produced Broadside
radiation by using a current waich is uniform

-

and in-phase throughout the whole length of the
aerial. Consequently if it is to be used without
the inserition of phase-shifting devices and end
loading, its dimensions must be small compared wifh
a wavelength, and 1ts radisgtion resistance will

accordingly be low,.

Qutline of New Approach

The approach which has been adopted by the
author in the following pages is applicable to the
first two types of helical aerisl mentiioned above
The theory of the t./ird kind is straighiforward
by comparison and has been adequately treated
by Wheeler13 and Krauslg.

Main interest centres on the End-sire G, oe
which has found by far the greater applicasion

and/ . |
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and which has presented the greater number of

problems., It consists in treating the aeriul as

an infinitely long waveguide which allows the

propagation of surface waves, the phase velocityi

of which can be determined from the characteristil

equation. The initial justification for this
approach is that the helical aerial is
essentially a travelling wave aerial. The
initial problem then was to find how the
calculated values of phase velocity agreed with
these which were previously available from
experiment. This had previously been attempted
for a pitch angle of 16° by Sensiperln but he
unfortunately made the mistake of comparing the

theoretical results for the infinite helix

with the experimental results for one pariticular

helix approximately 1.5 wavelengths long, of
pitech angle 13Q Apart from the difference in
pitch angles the unnoticed error consisted in
assuming that the experimental values of phase
velocity were independent of axial length. In

fact one of the outstanding characteristics of

the helical aerial, as Jjudged from its radiation

patterns, is that the phase velocity increases
with axial length so as always to satisfy the
increased directivity condition of Hansen and

Woodyardl5. This discovery was first made by

T, E. Tice at Ohio State University before 1950. |

When therefore this correction is made to Gthe

comparison/
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comparison of phase velocities, the agreement
becomes outstandingly good instead of being
merely approximate.

On the basis of this agreement it is |
immediately clear that the same metnod of
approach 1i.e. treating the helix as an infinite
wave-guide can then in principle be applied to |
other related and important practical problems
such as a helix with a coaxial cylinder inside, }
two coaxial helices, a helix wound on a dielectric
tube or encapsulated in a dielectric. In all |
fhese cases the validity of any solution |
obtained can be expected to hold as it does in i

the case of the simple helix, provided no further

approximations are involﬁed, and the original
approximations are not violated by the presence |
of the additional material., Later chapters
consider these problems in mathematical detail. |
There is, however, one particular case when
an approximation involved in the original soluvion

is violated to some extent. This arises in the

case of the cross-wound helix consisting of two

helical wires wound in opposite direcitions, and p:
the same diameter., A solution to this problem
which arose in the design of travelling-wave
tubes, but which has an ebvious application to |
aerials, which will be considered later, was

obtained by Chodorow and Ghu;b, In this case

the agreement with experiment is less good

though/



though still useful.

It will be noted that the parameter of
phase velocity arises naturally in the waveguide
approach, and it cannot be emphasized sufTiciently
that even in a practical finite aerial this is
not only the most important varameter, but indeed
the only one wnich need be considered. Until :his
fact is realised even the simple helical agerial
appears to present an insuperable number of
variables e.g. helix diameter, pitch angle,
axial length and conudauctor diameter, each of
which has to be varied for every possible
variation of the other three. The situation
becomes even more complicated in some
practical cases. Since the phase velocity,
however, is a function of gll of these variables,
and is directly related to the radiation pactern
of the aerial, it greatly simplifies an

understanding of the problem if this single i

prarameter alone 1s considered. The same

simplification can also be used profitably in the
case of the Yagi aeriall7 and is implicitly used

. , N o . . 8
in the treatment of dielectric aerlalsl N



CHAPTER II

The Simple HeliXx

Wave Propagation Along an Infinite Helical

Conductor.,

This problem has been situdied in the past
primarily Tfor its apoplication to helices in
travelling-wave tubeszo’lu, by means of two

different physical models. OUne model known as

the Sheath Helix consists of a sneet of metal of

width equal to the reguired helical pitch wound as

a helix which is assumed to be conducting only

in the helical direction. It will be seen Ifrom

the boundary conditions given later that this

model neglects the important periodicity of the

helix. The other and better model, known as the |

Tape Helix consists of a uniform helix wound
with a tape of finite width and zero thickness,
assumed to be perfectly conducting in all
directions., <The two models are illustrated in

Figure?2l. whiech is taken from Reference |,






2ele The Sheath Helix

In this section a brief summary of the
treatment developed by Sensiperlu which is also
given by ¥ anklnszl, will be considered., nis is
more general than the original approach of
Pierce2o which although adequate for travelling
wave tubes is not suitable for helical aerials,
because of the angular variation of the fields
there,

The scalar wave eguations to be satisfied
are

2, 2 .
YV E. + RE, =C - 10
and
2 . = I =
- where EZ, Hz denote the axial components orf
electric and magnetic fields, and k is the Ifree
space phase constant. When written in

cylindrical coordinates these give

A b ey
DiE i e e = Y -2
E(T Z)“—’u Se- " ':;*ﬁj—ﬁ* e |
and f_ ’aﬂz i D 1+ - ‘a :Jrz :
Assuming a solu ion of form.fin B ‘“g- PZ '
g o = g(ﬂ) 3 X 245

where p is the axial phase constant and m.must
be integral since the fields are to be single

valued, thare results |
2 . )]
wfdng + 7 —i' [_ﬂ: 4k)’f 4*hm:l§ = -t 6
,,b__r:).. "a
For aerial operation a slow wave solution is

desired to satisfy the condition of increased

directivity, so that an appropriate choice i822 |
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where A, B, C_, D are constants and Y= g2 -K2
Outside the helix the Im functions are not
suitable since their values become infinite as
¥ tends to infinity. Likewise inside the
helix the K, functions must be discarded as

these become infinite as v tends to zero,

Hence the desired solutions become

Ez ’ﬁm#m(xf)é-?fmgé o L oLY La — — 2.1.i0 |
Ez = P Ko xf)-eﬁmc&_{,_,"?j‘ﬁz - Ly Lme — = 2.0l '
H:: E"'i‘-‘:"’*(ﬁﬂ--ﬁ?‘.h% ”&‘Fz O LY Lr — — 2002 !
Hz = B i-nm(zs*)ﬁm '?SF’Z oLy LD~ — 2 =5!

where - denotes the radius of the helix, and 'thej\

superscripts i and e refer to regions internal

and external to the helical surface respect:‘ru‘ely.i

From these the remaining field quantities J.ollowzl
e [ AT - 2 B TSI e
. L__% _.L— —ﬁ' Piw»,_l._M(E‘\‘) E—z{‘t 2 -Lm(g\’)] 3"\9 ~3P=  _a, is
T "";“”' 'f%\m.Lm(bW) 2;-& e - wﬂ-fa, eV ik

|
n
|
|
e [ An ) - ﬁ@ffsm:_m}& oy
|
|
|

h'é_ ‘A
2= & A omly) - J‘d«e} kol ]S e?if”_._a.i,::a
LRt - o okl (54
: Fhf-e— L \6 FH« Iéh\(p) 4 '(\.ﬁ Bm KMLXYﬂ“"’- P lpz'_-_g )20
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The boundary conditions at the surface ¥ =a.
require that the tangential electric fields
outside and inside the helix are continuous in
the © and Z directions, and must be equated
to zero along the direction of the helical
winding, together with the reguirement that tne
tangential magnetic field along the helical

conductor is continuous. Ibrmally the conditions

ares: i |
Bs = :éf e — D122
A ,-L -
=) = te R L
A
Ez_ 5 Eg <t - 2.124
i-}li-H@ kY = H, + He <Ly . __ 2.1.28

where Y 1is the pitch angle of the helix.
Substituting the appropriate expressions for the
|
fields in these equations and using the Tact that
a non-trivial solution will exist only 1if the i
determinant is gzero gives
;Kyhtxa) & |
|

— - Vg ya = | e a Lwpe o) o |
TEI-) EEI) RR ) Al

Tonly) )

- Inl) 2 Ll AT © ©

[1-mpeky ¢ )

| ¥ |

| - “WE 1 '—k&f)

o - Ll & cgh“_{mlxcx)

Iyt t&t‘-i"ﬁ_w{\ a LK ) X IR

Eiass (=) [i- -,_,\%ci:ﬂ i **;#
}f S {

This leadsguite simply to the characteristic

| equation
e (™) Ko (x2)
i I”\b&“‘:} Km['x\x)

- . 2‘ 1
(}“”%“@ﬂ s o YT
¥ T ey
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2.2, The Tape Helix

This more exact revresentation of a physical
helix was first dealt with by Sensiperlh who was
concerned primarily with its application to
travelling-wave tubes. The tape width is o
and the pitch of the helix is denoted by +V,
Making use of Floguet's Theorem21 the axial
dependence of the fields, which must satisfy

"‘Zfsmz
their periodic nature, can be written as @
where A is given by .
P = o+ 27’“‘ - — 2.2

anda where m can have any lntegral value inciliuding

zero, Since the angular dependence of the fieclds
.8',“9

can be wri.ten as as in the sheath helix|

case, bthe differential equation to be savisiied
for the radial dependence f(r) is
s
B 4 '%_- s z) ®int L o —m Rl
-1'5-§-er -, L(ﬁw £)r T“:M :

The solution to this equation for E is
. Aitpa

= -Z tzm‘r\._‘e
'M)'rv

where the superscripts refer to the internal

. \
|
~2.2.3

Fahe’

and external regions as before and i
2 e § % .
¥ = owm = f IR s 2

A further application of Floquet's Theorem to
the angular coordinste instead of the axial
coordina te enables this solution to be

. . i . i
simplified. Let zZ=Zr¥ and e=©S+rP
where ¢ 1is the angle through which the helix
must be rotated after a translationof z to

make/
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; ; . . . PR - AT
make iuv coincide with itself. 1.e.cﬁ‘:A—#§-
Substituting these values in bguation 2.2.3.,

Ez becomes

Wi

. I' -aﬁc “5@‘03 & 5 ™
%’zmw Z'ﬂ“ﬂk Qﬁﬂﬁ

mr\.

Since the above translation and rotation have
resulted in the helix coinciding with its
original position, Eguation 2.2.5. must be of
the same form as mguation 2.2.3. I this 1is to
be true lor all z, then (m-n) = O. Accordingly
Eguetion 2.2.%. can be written as i

_2 - za,,,, i"’“(}g,ﬁv)e; &

e

RS - ‘_Pcz

Similarly
S ! ).Ii TR
R

ie ; -—Pu M'Er..
He =3 Hopw=4€ 3 ZB l"’"(}{ “'\e— x "

!

< A

St P LA |
The boundary conditions for the tape helix reguire
continuity of the tangential eleciric field and
a total surface current density equal to the

discontinuity in tangential magnetic field.

Formally these conditions are that where r = a,

B = =5 e DR
b I " e
}:e - :E’ o vams 2. C'l
i < )
< <
J o = Ha — He -~ = 2,2.10
. . . :2.F|"1n.2.
where ~q P R S |
Te VTS gemd 2t T
e rre '
— o AL 2,02
al’ld 'P'Z. ‘M% "2??-1“'_2- |
__3 (<] —— 5 ™ |
3 = .8 Z = & 2
= *ﬂig 2.2+ 13

Ktmﬂﬂlik

=
e
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In equations 2.2.12 and 2.2.13 3EVWL
and 323“_ are the total surface current
densities associated with the mth space or
Hdartree harmonics, i.e. the component of ithe
total wave travelling with phase constant ﬁm.

The solution to the tape helix problem
follows from the application of Hguations 2.2.8
through 2.2.11 to the formal expressicns for

!

B and H in Equations 2.2.6 and 2.2.7,

= 3

with the expressions for the other field

guantities which can be derived from these. These

are not written out explicitly here since they
may be derived very simply by comparison with
equations 2,.1l.14 through 2.1.21.

Since however this procedure involves

difficulties with the solution of the resulting

determinant, the following further approximations

are introduced at this stage:~-

(a) The current is assumed to flow only along the

tape, and does not vary in amplitude or
Phase across its width.

(b) Since (a) is an epproximation,the tangential
electric field can not be zero everywhere
along the tape surface and so it 1is
arbitrarily eqguated to zero along the
centreline of the tape.

Mathematically, denoting the directions along

and perpendicular to the tape by the subscripts

11/

togetner |
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To apply approximation (Db) requﬁres the use of

——

E"m: Eonw @Y + Eg_m‘cﬂ'\f'.__ -2 28
where B and g 8re found from the Boundary
Conditions in the following way
75 i : .
A Tomlgme = A Kom (gne) B o oES,

TR A Do) = L B T (500)

w b = 4 s ? » i .
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¥

|
i
|
| |
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&w:--i_—w \é'ma.) — iB.w._ Kmtxmaﬂ) d'}je’m" 7o R BR
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|
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CHAPTER IIT

The Simple Helical Aerial

A comparison will be made in this chapuier
between the numerical values of phase velocity
calculated for the infinite nelix and the values
of phase velocity corresponding to the Hansen-
Woodyard condition, which it is known from
experiment are alwayvs satisfied for the simple
helical aeriall9. If the phase velocity eXceeds
that Tor the Hansen-Woodyard condition the
width of the main lobe will be increased, while
if it is lower the sidelobe level will be
increased. Consideration will be given to two
widely different values of pitch angle, to assess
better the applicability of the theory to
practical aerials.

2sls The Bandwidth of a Medium—-Pitch Helical

Aerial,

A pitech angle of 4/ = 150 has been
chosen here for two reasons.
(a) accurate experimental values of phase

velocity or this pitch angle and for a

specific length of 1,6\ are available,”?:?

and (b) it is known that an angle of about this

size gives the largest bandwidth for a

helix 1.6A longlg.

In predicting the bandwidth of such an

-

aerial use will be made of the Array Factor

: where

»

i
PRUSUR. &
2%
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Y= phemd - % s

with g the free-space phase constant, a the

phase change between successive elements, d uhcif
distance apart and ¢ the angle measured from the
line of the array.

This may conveniently be rewritten as

-LF' 5 Aﬁﬁlmﬂ) coo ) T

where GK is the circumference in free space
wavelengths of the imaginary cylinder on wihich
the helix is wound, Ll is the corresponding
length of one turn, and v is the phase velocity
along the conductor.

Figure 3.1l.1l, illustrates the array factor
for an array of 5OIisotropic elements. Only the
part of this pattern to the right of the point |

d}z-cf is traced out; this point is a function
of the phase velocity v along the conductor.
Point A represents the point ¢ =&  for

the Hansen-Woodyard phase condition, and point
B is the point @ = o where the sidelobe
level has increased to 45% of the main beam,
This sidelobe level will be arbitrarily taken %o
represent the upper allowable frequency of |
operation for the aerial.

It will be noted that in moving from A to B
|

W

4.6°( = 0,080 radians). Substituting these

has increased from 3.6° (::é% ) to

values in Equation 3.,l.l. and taking Ch = Lalls

enables/
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enables the two corresponding values of v 0o be
calculated, The percentage change in v as A |
moves along .he array factor curve to B is only
0.22%e Use will be made of this result later.

Conversely, if v as a function of Gl’ is
known accurately, the value of Ch for which the
sidelobe level will be equal to any percentage
of the main beam can be calculated from the
same equation.

In solving the characteristic eguation the?
normal range of %&o-=Cylfrom 0.7 to 1.3 has been
used, Values of the phase velocity over this
range are shown in Pigure 3.1.2., where it must
be remembered that it is the phase velocity i
along the conductor which is plotted. This is
related to tue fundamental axiel phase velocity:

by the equation
v . |
- _ _axial |
& - 4
conductor sin @ J-1.2-!
Superimposed on the same graph is the '
Hansen-Woodyard condition for an infinitely 1ongi
|
array, which also represents the in-phase fidd |
|
condition for a finite array. It is noteworthy!
that over the region 0.7 < -Re £ 1.0 the two
curves coincide within the thickness of t..e
curve, although a) is always slightly below b).
This result encourages one to utilise the
solution for the infinite helix in connection

with the finite helical serial problem.

However/
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However, in order to estimate the upper
frequency limit of the finite helix, the
theoretical solution must be compared with the
Hansen=Woodyard curve for the finite helix,
Pigure 3.1.3. compares the theoretical solution:
with the Hansen-Woodyard condition for 50 turns.
Using the point where the divergence of the two|
curves becomes significant, an estimate for the;
upper freqguency limit is that Cl isZ 1.1, |
This can be evaluated more accurately using

Eqguation 3.l.l. i.e.

SO o s ‘-"A =__"_'_. uc}%o
177((_h Fomo _-—"f/}:) (zn + 0O )
It is noted that L, = Cy sec?/ , S0 that for i
qﬁ = 130 there are two unknowns, Ch and V. '

Using the relationship between v and Ch

resulting from the theoreticsl solution, the ?

desired solution of Hguation3l.l is obtained. |

Por the case considered here the solution is

CK = 1,10, confirming the previous estimate of |

the same value.
This result has been obtained using only |

the array factor for 50 turns, and the f

calculated phase velocity for the infinite helix.

In the same way, using the array factors for

3y By 10, 15 s....45 turns, and the calculated |

phase velocity for the infinite helix, the

upper frequency limit Ol can be computed for

each of these numbers of turns, The results of

these computations are shown in Figure 3.l.lk.

as/
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as curve (a). ZFor comparison the experimental
results for 3< n < 5C turns using tihe aerial
shown in Figure 3.l.5. are shown as curve (b).
. The agreement in the variation with nuwiber

of turns is satisfying, although the calculaied

absoulute values are necessarily high. This

follows since the phase velocities used

correspond to those for the infinite helix, '
which are known to be greater than the ones
gpplying to a finite helix,

In order to complete the picture of the

variation of bandwidth with the lengith of the

aerial, it is necessary also to consider the

variation, if any, of the lower Ifrequency limit.

The physics of the situation in this case is

guite different from the limitation at the

upper end. There the pattern break-up is due
|
to the phase velocity not increasing rapidly |

enough with freguency, but at the lower end the

1
1

prattern begins to become useful only with the

effective launching of a new transmission mode,

|

For a 150 piteh angle this occurs at 0'?7Ch for

| an infinite helix., WVNeasured valuss of
approximately Q.TBC}L for helices as shortit as
r 0.7 wavelength suggest that this freqguency

remains substantially constant with length.

Hence in Figure 3.l.L. it 1is suggested that

the ordinate of upper frecguency limit essentially

determines the ratio of upper to lower frecuency

limits with a scale conversion factor

of/

|
— |
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of 6‘77 or l.3%. This result corrects the

earlier, universally hela idea that the useful
frequency range of a helical aerial centres

about the frequency corresponding to C, = 1.0,

A
According to the results reported here, however,
it should rather be considered as existing above
C, = 0.77 for the 13° pitch angle case. The
value of O.??Cl is a fixed lower limit while the
upper limit varies with length.

In obtaining the experimental results for
Figure 3.1.4., (b) it was necessary to taie
patterns ofi58’32$ and Axial Ratio for i
3 <« n 4« 50 turns. A selction of these
patterns is shown in Figures 3.1.5. through
361,10, The most important of these are the
ones for large n, since it is believed that
these represent the patterns of the longest
helices which have as yet been tested., In all
cases 1t can be seen that both the patterns and
the axial ratios are good.

The variation of half-power beamwidth with
length of the aerial is shown in Figure 3.l.11
for the Efe and.E¢ patterns. These curves are
based on the experimental measurements shovn in
the previous figures, and agree closely with
the values which may be prediced from Hansen-
Woodyard conditions. The constant freguency to

which the curves are applicable is O.920h.

At still higher freguencies corresponding

to/
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to the extreme upper bandwidth, the larger

sidelobes are accompanied by a smaller half-

power beamwidth which is plotted in HFigure 3.1.12.

This occurs as the result of a reduction in
phase velocity so that the array factor is
shifted further into the imaginary region,

In figures 3.1.13 and 3.,1l.1l4 the measured
variation of axial ratio with length of the
aerial is shown for the fregquencies used in
Figures 3,1.11 and 3.1.12.

3.2+ The Bandwidth of a Narrow-Pitch Helical

Aeriagl

Previous information19 available on this
subject indicated that at a pitch angle of less|
than about 5° the bandwidth of the helical
aerial decreased to zero, IExamination of the
approach used by the author suggested that not
only was this an unlikely result, but that the |
freguency of operation of such a narrow=pitch
aerial should be looked for at the lower end of?
the normal band and not at its centre. i
Specifically for a 181 turn helix of 1.8° piteh|
angle, the upper freguency limit was estimated |
to be 0‘5701’ for the same criterion of
sidelobe level as was used in the medium-pitch
case.,

An experimental model constructed to
verify this theory gave good patterns and a

good axial ratio, with an upper frequency limit

of/
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of about U.81Cl,
0

137 pitch helix of the same total length.

comparead with l.lCl for a

)

Three of the patterns obtained are shown in
Figure 3%.2.1. It will be noted that the
agreement with theory is of the same order as
for the medium=pitch aerial, as far as the
upper freguency limit is concerned.

It was found experimentally that the
patterns obtained with helical aerials of
length two wavelengihs or less, were not in
general very satisfactory. It appears that it
may be more dirficult to excite the surface
wave on & short narrow-pitech helix than on a
mediwn-pitch helix of the same length. This
may be due to the axial phase velocity being
less for q/ = 1.8° thaa for q) = 13°, so that
a greater length of helix 1s necessary tGo
bring aboul this reduction of veloecity. Some
evidence exists which suggests that the over—all

.
length necessary may be reduced by starting off|
the helical winding with a medium~pitch turn
before proceeding with the remainder of the
narrow pitch.

No elaim that the narrow pitch helix is
superior to the medium-pitch helix in radia.ion
pattern seems to be proper, nor is it exvecied
that ther: will be any advantage in impedance
characteristics. Nevertheless the elimination

of this gap in the lower pitch-angle range 1is

satisfying/
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satisfying, since from a theoretical viewpoint
there was no valid reason for it to exist,

It is now believed that a satisfactory pattern
may be obtained for any pitch angle up to the

value where the deterioration is due to the

pattern of the array factor. This occurs at

approximately 20°,

343, Lstimation of Bandwidth oi Helical Aerial

Using Approximate Graphical Solution,

i
The solution to the characteristic equation
for the infinite helix with§/ = 13° has been |

|
given as curve (a) in Figures 3.1.2. and 3.l.3.

An alternative way of presenting the same |
information is to show the solution on the saﬂmf
graph as the pass-band region, as illustrated iﬁ
Figure 3,3.1 This has an advantage in taat
it shows clearly the degree of approximaiion

in an approximate graphical solution suggested |
by E‘>ensiperl}'L which takes the form of the two

straight lines AB and BC., AB lies along the

edge of the forbidden region m = -1, and BC .

ck Y
that lies between the m = -1 and m = =2

is that portion of the line -i;t‘:‘:f = L | ol

forbidden regions,

It will be seen that the approximate
graphical solution always gives a value of
phase velocity along the axis of the aerial
which is too high. Nevertheless it offers
a gquick method of estimating the upper

frequency/
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freguency limit along BC, the solution obtained
being shown as curve (c) in Figure 3.l.L. along
with the more exact computed value and the
experimental value. It should be mentionecd,
perhaps, that this approximation involves only
a few minutes work, compared with the several
days of computation reguired by the other method.

3,4, Radiation Pattern Testing of Helical Aerial

The conditions to be fulfilled in the
testing of microwave aerials consisting of
vertical apertures have been given by Cuvler,
King and KockEO. As it is not self-evident
however, that the recuirements Ifor accurate
radiation pattern recording are the same Tor a
horizontal linear array as for a vertical
aperture, i1v is desirable to consider this case
explicitly.

The distance reguirements for a given smalll
variation of phase across the 'aperture' of the |
aerial are of course the same, The effect ol i
the ground reflected wave can be considered as
follows:

A, Ax Aj T

[P H——
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Let the aerial under test be considered
the transmitting aerial, which will be assumed
to coasist of n isotropic sources Al, A2 R
Anﬂin the form of a linear array. Let the
spacing between these sourcesbe d', and the heiglts
above ground of the receliving and transmitiing

aerials be hl and h,t‘ It will be assumed ©that
MnZL o
the phase shift at the ground reflection is 180,

Assuming that the field at the receiving aerial|
due to the direct ray from source Al is B sin mﬂ
then the field due to the ground reflected ray |
can be written approximately as

E, = Ep;w(m:z:_igce__%%g)__s__z“

where p is the phase shift per unit length and

dl is the ground distance between the receiving
aerial and source Al, as shown in Fig 3.4 |.
The total field due to source Al is then -
. A ' ® g 2 §
Et-:;E,Wwﬁﬁﬁi_Mwbl_q0m£%hi)

‘ ' - 342 |
Similarly if the field due to the direct ray
from source 4, is E sin (wt =4 ) where

y = }/3(1.] ced> of — K _ 343
in the usual notation, then the field due to
the ground reflected ray can be written

approximately as )
o pak ks
—t—

- il e Q;m_, u}t — P = RO — -
E"' E ( \V N (*d-,'r":ilt:.mc‘b Lc*::ng)
The total field cue to source A2 is thus

A Ao . . o 8 O 4 3 2
Ex =-2iip%u'£LfLTi“ ‘ﬂmbt~¢"?u~lﬁﬁ£l_ )m-_3.4rb
2 (-ti] -~ Q.:‘.‘:c{)c.t—,}s) J‘gi—&'ﬂmn{-m'g

_-3.4.4

If ' cosqeemyXd,) this can be written as
ang (ha— R & )\}
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Hence to this approximation Kt, and Et. are

1 2
equal in magniitude and separated in phase by
the same angleyﬁ which is the phase difference
between the direct rays. Consequently the
radiation paitern for the two sources Al and
A, as a function of ¢ is the same for the
total fields as it is for the direct rays. ~Lhe
presence of ground reflections therefore does
not cause error in the radiation pattern. This
result may readily be extended to include all nl

scurces, provided

and  Rwirka <<\
It will be noted that

5

nd' cos¢mﬁx<3-d1§ 3elieTe
ne variation of

field strength with height for any source, due

to the interference between direct and ground
Bhlh
o 5 = = = 41, el x 11
reflected rays, is of the form sin g e
1
Since in its operation as a receiving aerial tae

height will normally be adjusted for maximun

ghy
dp

(2n+1)£, n =0, 1l, 2, ceasessy it is worthwhile'

signal, corresponding to equal to
noting that if the height is optimum in this
sense for element Al’ it will also be optimum

for all the elements Az’ A3

ssesesh Drovided
Il

JAr.8,

L

2nd 'w-.‘:a-z.’g,dl 2
and 2 ( By im P2) <N

ES

The factor 2 arises since’the aerial will
normally rotate about its ground plane Tfor the
end-fire helix, making the total length of
operation in a radiation pattern test equal to
2nd'.,

Care/
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Care has to be taken in the testing of the
helical aerial wihen the second aerial used in the
radiation pattern vest is fed by means of a
coaxial cable. If tnis is the case it is
essential To make use of a balance-to-balance
converting device to prevent currents from
flowing on the outside of the coaxial cable. IFf
these are allowed to flow then either the E, or

theﬁypattern will be a combination of the tw
pratterns, and the axial ratio measurement will

alsoc be in error.

3eHe Input Impedance of Helical Aerial

The viewpoint adopted by the author in this |
|

study of the helical aerial is that the only
characteristic of this type of aserial per se is
its radiation pattern. The impedance is not a
characteristic of the aerial but of the
particular means adopted for launching the wave
along it. The same argument applies likewise 0 |
all end-fire travelling wave aerials such as thei
Yagi-Uda aerial or the dielectric rod aerial, |
in so far as reflection from the far end does noﬁ
reach as far back as the feed point, |
In the case of the Yagi-Uda aerial the
impedance is normally taken to be that associated
with a dipole-plus-reflector type of launching

device, but it must be umderstood that thnis 1is

only a convention. The essential feature of the

Yagi-Uda aerial is its array of director elements,

and/



and these may be equally well excited by a
waveguide as by a dipole=-plus-reflector launchingI
device.,

Similarly, the impedance of a helical aerial
is generally understood to be that associated with
a plane reflector type of launching mechanisme
This,however, is surely not the only way in which
the desired surface wave can be launched, though
it is a very good one. It is oI course true that
there is a unique impedance associated witn the
forward travelling wave on a helical aerial, but
it is guite wrong to confuse this, as has been I
done by ﬁatkinsgl, with the input impedance of
the aerial. This will be discussed in the next

sectlion,

3.Hele Impedance of Simple Tape Helix

It is necessary o calculate the average

power Wav in the forward travelling wave along l

the helileilu‘ 3 . i
. o % =
\f\}-«r :“lrj R‘*‘-S S (Eng Ep Hf)”fc’-é@ — =S
Y "o
. -k SR ” i«
=L Re S (B v He - E@ﬂ_\pﬁ)ﬂ,‘mt‘, 354
YT - |
i B

For m X n, . ET,,\H.:“ dg = © - |
so that ZBguation 3.5.2. becomes
e %

War =4 Ra Z.,,;f (E.'..m H:_m - EEM;4:M)J_Wy'Lw__3,514_
From the modifiZd forms of Eguations 1,14 to 1l.21.
which are applicable to the tape helix, and Irom !
Equations 2.29 and 2.30 which express the constanis
A, and B in terms of the surface current density,

there/
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there follows after some simplification,
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The expressions for Erm’ Bom * Hem

nd H
a H., are
identical with Equations 3.5.5. t0 3.5.8. with
the modified Bessel functions Im and Em inter-
changed., Re-writing Zquation 3.5.L4. in terms

of the internal and extiernal regions of the

helix there results

Wer =k RZ] ] (Lw o~ Ean b ) J (Ermtion \

E@w H’ﬁm)]‘m] “’L‘ L.3 S. c!
Performing the necessary integrations with '

1).; |

! respect to r gives finally
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axially
Since it is the -1 space harmonic/which is

responsible for the end-fire helical aerial

operation, and since the ratio of the power

carried by this harmonic to the power carried by
L : ; oocama sa Lk s

any other harmonic approaches infinity wien

it is so opersting, lhne above eqguation may be

re-wrilitten as

~AJ TT:.’\. P ‘-t} ; o g‘ & c{" i I—”_‘K—n“)
Wes -1 = A~ T-.(}g-u‘\) Ke-i(g ) 33[::. T ()

K—l'(b’ o) i
- ( ) - 3 i-i{y- m)) ¥ Kﬂ‘k]
+&c\.c.. Y |<-'-1}g|°‘_i_-‘ 5 \
b it o [ g "LK"\L\‘)I"l(}j*Ia’) 2( TyE b" g

c:'.%ii:‘i retted)

— __,3.5-11

Substituting for the total current I along the
helical tape, and using the numerical values
previously obtained in Section 3.l., the curve
for input resistance as a function of Cl is
finally obtained as shown in Fig. 3.5.1.

i It is immediately evident as might have been
. predicted that these calculated values are guite

5,19

different from the measured values of input

i impedance for the helical aeriasl., <The measured
. values must necessarily be dependent on the

! proximity of the ground plane to the first turn
| of the helix, and the correct approach if

theoretical/
T
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theoretical results are desired would seem to
be that used by Schelkunoff,

Nevertheless although the waveguide approach
is not suitable for the calculation of input
impedance, it does indicate thatv at the lower end
of the pattern bandwidth when the desired mode
has begun to propagate, the input impedance
changes from being highly reactive to being
almost non-reactive, Hence the pattern bandwidth
is not completely separable from the impedance
bandwidth as is maintained by Reynoldng.
However, at the upper end of the aerial's
useful frequency band they are complstely
separate., There the pattern breaks up because
the phase velocity along the conductor does not
increase sufficiently rapidly with freguenc;,
while the input impedance shows no marked change
because the travelling wave continues to be
propagated until the influence of a new mode

becomes marked at a much higher frequency.



3.6. Effect of Ground Plsne on Radiation Pattern
[

In all the theoretical work which has been }

. 19, 39,40
carried out on radiation from helical aerials

it has been assumed that the effect of the ground

plane on the radiation pattern is negligible.

Since the backward radiation from the helical

conductor is small it is of course plausible to

assume that the currents flowing in the ground

pPlane are likewise small, and that there is
therefore justification for this simplificavion,
The following approximate analysis was undertaken
when experiments showed that under either of the
two Tollowing conditions

(a) the ground plane consisted of radial

conductors only

(b) the ground plane diameter was many ‘
wavelengths,

the radiation pattern was profoundly affected.

Referring to Figure 3%.5.l., a travelling

wave of current of constant amplitude is

assumed to flow,

“d Fbks

I = Ioe
where s is the distance measured along the

conductor,

Since the phase constant 8 along the

conductor is related to the free space phase
constant kX by a reduction factor p, and s is
proportional to the angle u and the lenyth of :

1 turn L, this equation may be written
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For the image helix
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T o= - S

Re-writing this in the same way as for the

original helix gives
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where the subscript 2 refers to the image helix,

then
- _i&&
= — Mot 2

P~
X2 e 3

Mg % = 3

Similar expressions hold for Ayz and AZQ

Using Equations 3.5.10 (a) and (b) and further

defining
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It is possible to simplify the analysis at this
stage by restricting it to the case where

is a small angle, so that <e=2¢ =1, 1pe

oo,

other extreme case where ¥ = 90 is of no

13

|
I

interest since in this case the helix approaches |

a straight wire, for which it is known there is
no axial radiation.
Using this approximation makes H, egual to
: B
Hg. Then for an integral number of turns with
'l.12 = —'Ll, = “\Tﬁ’ Whefe lq = 1’2,5 e 8 v 8 00 e’y

Eguations 3.6.7.-9 becoms for H = 1
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Similarly Hguation 3.6,21 becomes

A s o )NV 278 [53(2) o304 5,02 Y] _aicas

= = sty — _3'56;"22(,:
Also
R - ""ﬂ i - |‘_-
A= 3 — 2627
Pt'b:a_ = 4+ Pij s e Fefr 2B

From the rectangular components of vector

potential the magnetic field components H. )F4g ‘
and Mgy in the radiation field may be derived, |

: since

. i B S ey >AB )
Ho -‘-fz;;%L%?*eWM’)“ >q —— 2

i i E jﬁ*’f

He = Rlae a4 ik ﬁq’ﬂ R
: _&ﬁy .".‘5
HCP':. F\I__ER.(RH) o :3‘&% i
where %

| Ay = Rasc o B Lol + Ha&m;\%_mcp—iaﬁbcm@ s i 3(, 37
AB = Asxt Cob teod -t ﬁ&c@@m;u@ ‘-—ﬁh,m-k‘f}_ 3 6.3y
LAY = - Px s d + Ay o _ _ 363
Carrying through the algebra gives
Hy e = 2y
Hortx = © & =tq0 . 3.635
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coo 2 22 | the travelling wave cannot be supported.

Hence
2 .
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This analysis shows the presence of both i
circumferential and radial currents far out in |
the plane of the ground screen, and it is
reasonable to presume that these will also flow |
close in to the helix. The assumption has been |
made of a travelling wave of current on the aerial

and if the grounda screen does not permit the
flow of circumferential currents, it would

appear that subject to the approximaition |

i

Although this approximation appears to the |
author to be a very severe one, it is interesting
that experiment supports the deduction that no [
travelling wave is launched when the ground

plane consists of radial conducutors alone,

Figures 3%.5.2. and 3.5+3s show the E g
and E(p radiation patterns for this case. ‘hese
approximate

are in/accordance with the vailterns for a
circular loop of the same dimensions, carrying
A ; _ 41
a standing wave of current .
When the ground plane allows voth radial and

circumferential currents to flow, then because

of the phase factor < K? these must flow in the

same sense at diametrically epposite points.
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Radial Currents Circumferential Currenss

FI1G 3.6.4

The radiation irom both these sets of currencs

must necessarily interfere with the radiation

from the helical conductor along the axis of the

gerial, »DSut it is clear that while at some

frecuencies the two radiations will be in phase,
at other frequencies lhey may be in anti-phase,

; ’ s : |
or in phase gquadrature., Higures _.0.5, to |

B5eBeTe are included to illustrate the effect‘
|

of this vector addition, for a ground plane 10 |

The advantage of the small ground plane

appears to be that while these currents continue

wavelengtihs square,

to flow, they do so only over a small area,
from which the radiation does not affect the
Tield due vo the helical conductor. Sigure
3.6.,8,shows for comparison a field patierr for
and identical helix with a ground plane 1

wavelength square.
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|2e{e Comparison Between "ape Helix and She«th
;Hellx REeESUulus

Trom the wavegulde approach in preceding secuvions
(of thiz Chapuer, have been based on the Jape Helix
lmodel. In calculating the transmission phase
évelocity Tor Gihis medel either the fundamental

|wave assumed to be travelling slong the helical

|conauctor can be used, or the -1 space harinonic i

ltravelling axially. Both these approaches give

'identical resultis as will now be shown.

Let twhe phase shiit between adjacent elements

in the linear array be denoted by o with the

|
|
isubscript O or -1, according as the funaamental
%or the - 1 space harmonic is being considered.

| Then

| : g oy 8
| C{O = '?T 2?‘-\: Defalse |
iwhere L is the length of 1 helical turn and KO is

o

[the Tundamental wavelength, Denoting the axisl

velocity of the fundamental by Vs the conducgor

V
phase velocity for the fundamental is ;fh, g0 that
1 B
Hg = -4&; 2 27.2@
Ve
(nie |
wd |
s 2001 - _ 37.‘2.@()'
Ve |
|where d is the gspacing between turns. :
2T d —_— = BT

Similarly A =

Vi

is the axial phase velocity of the-—

|
|
|
|

where v

1
space harmonic. +Yhis is related to the Tundament

@

1

|
axial phase velocity vy by the ecuations:




= D . N e 3.7 4

Ve Por — <Y

so that o_q eventually simplifies to
= 2rd

- 2" . . 375
15‘0 L 7

A
‘which is the same as usguation 3.7.2.(b) apart Irom
|

a difference of 2% which is not significant,

Both ways of looking at the phase shift _
‘between adjacent elements are valid. The aﬁproaeh!
using the -1 space harmonic considers an axial Wavﬁ
'along the helix, while the fundamental mode approaﬁh

'1s based on the wave following the helical conductar

It should be noted explicitly however that while |

'the conductor phase velocity (fundamental) increases
\with frequency, the axial phase velocity
i(—l space harmonic) decreases. <This follows since
|
in the region of interest c&ti,v.b {Acﬂ- so that
Iﬁ_la is negative and hence Ty is negative, ;
IConsiderable confusion is therefore possible unlesé
ithe direction to which the phase velocity refers is
;given.

It is of interest to compare the numerical

values of say axial phase velocity derived rrom The

[Tape Helix model with the corresponding values
derived from the Sheath Model, The computation in:
this case is much simpler and the resulis are

shown for the ~1 mode in Figure 3.7.l., along with

those for the -1 space harmonic of the Tape Helix. |

|Using these results for the sheath Helix, the

|upper frequency limit of an aerial of this kind can
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|
|
’be calculated as was done in Section 3.1. for the
‘ ape Helix, The variation of this limit with
faerial length is shown in PFigure 3.7.2. along with
ithe corresponding result for the Tape Helixz, and

|[the experimentally determined variation. It can

5

‘be seen that boih models give accuraciss of the |
{same order, but it should be remembered that Jhe

|

|Sheath Helix model cannot give any estimate of
‘lower frequency limit of this end-fire aerial. The
iTape Helix model does, but at the expense of gredter

!complexity.

|
fNote on Publication of Resulis ]
! Sections 1 to 3 of this Chapter are included |
| |

[in a vaper entitled "Bandwidth of the Uniform '
Helical Antenna" by T.3.M. ¥aclean and R. G. |
Kouyoumjian, bpresented at U.R.3.1. Symposiuwm on

‘E.;. Ineory, June 1953, =znd to be published in

Trans. I.R.E. 1959, '
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CHAPTER IV

Modulated Helical Aerial

A study of the modulated helical asrial was
besun with the object of applying linear array
theory to its operation. It is well known24
that the optimum pattern which can be obtained
from such an array 1is produced by a Tchebycheff
source distribution along its axis. This envails
three modifications when applied to a singly
fed end~fire array like the helical aerial,

l. The amplitude distribution is no longer
uniform,

2. The phase shift between successive elements is
greater than that required for satisfying the
Hansen~-Woodyard condition

3. The radiation from turns connecting the
ad jacent elements has to be superimposed on
the Tchebycheff pattern, or alternatively the
Tchebycheff source distribution has to be
modified to take account of them,

A study of the effect of these modifications
has been made, and it is shown that they
considerably restrict the possibility of
obtaining increased directivity. An incidental
outcome of the study, however, is that it is
comparatively easy to obtaian a pattern with
reduced sidelobe level,

L.1., Amplitude Distribution of Sources Along

Helical Axis.

The Tchebycheff source distribution for a

I r



_]_{_5_

linear array is a function of the sidelobe level
with respect to the main beam, and this ratio
will be denoted by R (>]). For the case
considered here of an element spacing of
0.1821_&O at the operating fregquency -
corresponding to Ch = 1.0 for a pifich angle of
13° - the distribution along a 6 element array

for various values of R 1is given by:-

R CURRENT AMPLITUDE DISTRIBUTION |[N53%
3|1 {2617 2134 6234 | 2:6)7 ) {19
o1 | 2972 | 661k 6616 | 2772 [ ) (17377
351 ) |39 | 7.3 7436 | 3975 | | |rewe’
400| | | 4391 8247 | 241 | 4-39) | ) 15599
1660 | | 4567 2:139 2-739 | 4.-567 | ) [149'Sb

The Array Mactors for the cases R = 3 and R = 10
are shown in Figure 4,1l.1l. and for comparison
the Array Factor for the Hansen-Woodyard
condition is shown superimposed. It is clear
that a considersable improvement in directivity
and side-lobe level over the Hansen-Woodyard
case is possible, by means of the additional
degree of freedom available. The exact amount of
improvement in directivity is necessarilly fixed
by the allowable side-lobe level and conversely.
However, it must be remembered that the sharper
the beam width which is desired, the smalle
is the tolerance which can be allowed in the
individual sources2u.

In applying the above theory to the case of

the/
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the helical aerial it must be remembered that
there is no possibility of tailoring the
amplitudes to the exact values shown in the
table. The current amplitudes which can be
obtained in this case by multiple coiling of the
terms will not be known to anything approaching
this degree of accuracy, and one can only as a
first approximation estimate‘the current to the
nearest integral value. IFor example, for 4 turns
wound as closely together as possible, it may be
assumed that the current "element" is 4 times the
amplitude of a single turn wound with the same
piteh angle.

In order to estimate the effect of this
departure from the correct Tchebycheff distribuion
the Array iFactor for a linear array of & elements
with an amplitude distribution of 1-L4-7-7-4-1,
and the correct pnase shift between elements for
R = 10, has been plotted in Fig. 4.l.2. where the
curve is marked A. It will be seen that the Half-
Power beamwidth is only slightly less than in
Pig. L.1l.1l., but the sidelobe level has been
inecreased by a factor of 3. Nevertheless this
represents a considerable improvement over the
Hansen-Woodyard case for both directivity and
sidelobes.

A second amplitude deviation from the
Tcheby/cheff distribution has still to be
considered. This arises from the radiation of the
medium pitch turn connecting the main radiating

21 amanta
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elements, If it should prove possible to

suppress this radiation, no problem arises, but
since this is atv least doubtful, the deviation
must be considered. In MFigure L4.1l.2. the curve
marked B shows the new Array Factor when these

linking turns are taken into account. It 1

]

clear tnat their influence destroys the
improvement previously obtained, salthough the

next section will show how this can be compensated
for to some extent. It should be mentioned
however that an approximation is involved in the
application of Curve B in Zigure L.l.2, to the
case of the helical aerial, since a direct
application of it presupposes a constant unit
pattern for each individual element. Tnis is
not the case here since the addivional elements
now being considered are of a aifferent pitch
angle from the originsl ones. LUevertheless it

would appear that the dizgram is of considerable

use.

L,2, Phase Distribution Along Helical Axis

For the 6 element array with a spacing of
0.182401 as considered in the previous section,
the Hansen-Woodyard condition reguires a phase
shift of 101° between sources. As in the case
of the amplitude distribution the Tchebychell
phase difference between sources is a function
of R the ratio of main beam to sidelobe level,

as shown in the preceding table.

From/
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From this table it can be seen that in all
cases the wave travelling along the helical
conductor must be slowed down 10 a value
substantially below the phase velocity recuired
for the Hansen-Woodyard condition. In order to
determine how much difference this makes to the
Array Factor, figure L.2.1. shows for an amplitude
distribution of 1-4-7-7-4-1 what effect slowing
the wave down from the Hansen-Woodyard value to
the Tchebycheff wvalue for R = 10, has on the
pattern, figure L.2.2, shows the same variation
for an amplitude distribution of 1-3-6-6-3-1

In figure L4.2.3. the result is shown for
1-4-7=7=4=1 distribution when the linking turns
are taken into account. It can be seen that a
value of 1'40o gives a slightly narrower beam and
substantially lower sidelobes than the Hansen-
Woodyard Array factor. It may also be estimated
that a phase shift of about 145° would be the
most which could be tolerated for sidelobes no

larger than those of the Hansen-Woodyard case.

LL.3, Position Variation of HElements Along

Helical Axils.

The improvement in the directivity of a
Hansen-Woodyard type of pattern over the
conventional end-fire pattern resulus from a
control of phase along the line of the array.

oy W}

The still further improvement of the Tchebrchefi

pattern results from a seconu degree of Ifreedom

being/



1+

=

© NIS

dOLDOVS

Avddy

)

S-0

Ol

A

u

SLNIW3I13 N33Imlag

Al

u

A\

A1

1

L}

1ldIHS 3SVHd n?mh_

L= Sisip

b i bes |

HLIM

HLIM

HLlIMm

HLIMm

Hilm

LR



S-O-

HOLDVd

Avdd Vv

SIN3IW3IT3 NI3IMA3H

1d1HS 3ISVHJ

A A o |

(M-H)

Ol Hilm
LOZ1 HLIM

Ot! HLIM

a

091 HLIm

L-€L1 HIIM
o

I € 9 9:-€ =3

IENOUQIFEIE=d

1€ UOINE N =is)

I = b o 8 e -

IHE S NGRE IR=tY,



14 I- @ NIS

0]

SOt
o_O_uw
4 3
o2l=4a ovi=2
£ (=]
O._ L3 €
oofnmobmh_n« gld4IHS 3sVHdJ
HilM SN¥EAL OSNINNIT SNAId | ¥ L L¥ 1 YOd4 S¥OLDOVA AVHYY
HOolLDOVd
AVHYY v

€Sy SOl




- 1 y=-

being avaialable, in the form of amplitude as
well as phase. While it is true that the
introduction of any more variables cannot produce
any improvement in the Tchebycheff pattern, it
may be that for cases such as the helix where the
necessary source distribution cannot be exacily
obtained, that control of the position of the
radiating elements along the line of the array
may be beneficial. An attempt has therefore been
made to achieve this by making use of the apparent
aperture distribution, and by algebraic

equalisation oi the radiastion patterns.

ho%.,1. Aoparent Aperture Disiribution

If the linear array is regarded as an end-
fire aperture of which the field amplitude and
phase is known at 6 discrete points along the
aperture, uthen an assumed Ifictitious aperture
distribution may be sketched in as shown in
Figure L.3%.1l. It is known that this generalisation
of the field at a point to represent the field in
its immediate vicinity is applicable to the
conventional end-Tire array of uniform
amplitude, It is not easy to judge however if
its application to the non-uniform aperture
would be of any value. The purpose of such an
attempt is to replace the non-integral Tchebycheff
current distribution of say 1-3.772-6.516-0.016-
3.772-1, by an integral distribution of say

1-4~7-7-4-1 at the points along the aperiture

where/
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where these ordinates appear in the field

distribution, with appropriate values of phase
chosen as well. 3Such an attempt has been made
and has been found not go give results of any
value, but it does not seem to the author that
this result could necessarily have been foreseen,

h.3,2, Algebraic moualisation of Radiation

Patterns

For the sake of simplicity a 6-element.source
distribution which is symmetrical in both I
amplitude and position about the centre line of
the array i1s assumed. The distances betwesn |
symmetrically positioned elements are denouved by
dl, d2 ana d5, while the corresponding Arvray
Factor phase angles areqil,qu angd Y 3

For a uniformly spaced Tchebychell
distribution with R = 10 and 4 = 0.1824\, the !
space pattern is given by ?

E = 6,616 cos % + 3,772 cos %{7+ cos %3}—- -4 3.1

For equalisatiion of the patterns of the |

|

s 5 ] _— - |
uniformly spaced and non-uniformly spaced sources |

we have

| |

| eblben¥ + 3 7120k +e®} =E, ol +Eaet '*’E‘fm%

i - -4.32
The lef't side of Hquation 4.3 2 is known

| completely in terms of the angle ¢ measured from

J '

the line of the array. It 1s desired to choose
‘ the phase angles ¥ 1, ¥ , anqu5 in such a way

as/



as 1o make the equality wvalid when integral
values oI’El, E2 and E3 are used. In addition it
would be desirable if possible to make the

lengths of the two arrays equal so that

Y3 . &Y o 4.3.3

2 2
It will furthner be assumed here that the
integral values of I are El = E2 = It and
Ey =1,
The space pattern corresponding .o the leit
side of Equation4.2.2 can be written in terms of

the sources as

Fld) = 2 Pme

—— 4. D&
where Am is the complex current of element m, and
dm_is the spacing between the symmeirically
positioned sources carrying this current.

By using & as the complement of ¢ this

can be re-written as

B M gfia‘ |
F(e) = 3 Am< -
m=o | |

Mmoo g g s |
R AR Ny

MO ne =0 |

which by comparison with the Fourier Series

expansion of the space paittern

B .Y\% & |
Flo) = 2. § < e AT |
: " — pdqn)
gives §“ ~ ;Z:‘o Brsw SNn\Fa = sl B B

Since the fourier Coefficients f, can thus |
be evaluaited Tor the known complex currents Am
and distances dm in the Tchebycheff Array, the
problem of synthesising the new array reduces to

finding/




finding the corresvonding values of Am and d

{1l

there. Thus

.gc = 2 K66t J,,{‘i% 9%%&5-1* 2X3772 Ja(_-’“-l;j 9;%{’_’_-/‘)

ras, (o etaly | 4t

= ik 68
?1 = 2x66lb Ta (6:573) +2x3272 T ,(1-719)+ 27, (2-363)

, - =4 500
= ':3‘(9'5-
Similarly
£, = 033 = D 0(27 == ﬂ4“1f
T 4 g'; — — 4 D2
and _
5} =0y '\EI'IV\CQ. j‘“(‘i) - Jh(aﬁ) (‘)*n iyl ‘3
s Be ANE 3 .
Thus for the new array | .
| ipel® = 2%7 e (A4) 2wy T f22) +2T% (2:865) - — —4.3.04
| L5 + ; A
|ocw\ = ﬂx7~Thtﬁ%)-+athn(é%%.p;mwigﬁua)_-d.5f
oo - 2% cjpat.{;—%:i> %—2.;«1,.:]1({3__‘%_3-34.135(2.869}_4.. 3.7
|

| It is found that even when Equavions 4.3 ib

| and 4->-i1 are neglected because they represent
smaller contributions to the total field, it is :
not possible to find wvalues of dl and d2 which
satisfy the remaining two equations. Hence it is |
unlikely that position variation of the inner
elemencs can compensave Ifor the cihiange in currents
from non-integral to intesral values, when the
total length of the arrays is kepi contant.
Further analysis without this restricilon could
of course be made, bul has noi been thought

1 worthwhile here,




Ueolts Experimental Results

The preceding sections have shown how much
easler 1t is to obtain reduced sidelove level
witn a modulateu helix of the type discussed,
than to obvain increased directivity. ZLxperimental
confirmation of the reduced sidelobes is given in
Figures L.4.1 - 4.4.3., where at the frecuency
corresponding approximately io 0'79CK good
patterns anc axiesl ratio are obitained., It is
of interest and significance thait the narrow
band of zcceptable raaiation pattern and axial
ratio is the same band as that of the narrowest
pitenh turns used in the winding. In this
connection it must be remembered thalt as outlined
in Chapter III lower pitch angles can be used
than was previously thought possible,

Since tiids tiype of aerial was completely new
it seemed desirable to obtain confirmation of
the travelling wave nature of the fields along
the helix by measurement of the conductor current
distribution, as well as of the radiation paittern.
The helix shown in #igure 4.4.4. was used for
these tests, in which the current was measured by
means of a loop probe connected to a crystal
detector, type 1lu23B, followed by a aigh-gaoin
tuned A,7, amplifier.

The construction of the loop probe presented
two difficulties which do nol appear to be
mentioned in the litersture, Both these

difficulites/
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FIG 4.4.3 POLARISATION PATTERN FOR MODULATED HELIX
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difficulties had their origin in the use of %5”
outside diameter coaxial cable, It was
necessary to use this in order to ensure that
the loop was not affected by the magnetic field
of the closely spaced turns adjacent to the turn

in which it was desired to measure the current.
il
The conductor diameter used for the turns was E o

(a) (b)

FIG 4.4.5 j

The first difficulty arose in the use of a
normal 65 - Watt soldering iron in the making of
soldered connection A. BEven though the heat was
only instantaneously applied at this Jjuanction, it
invariably produced a short—-circuit between the
inner and outer of the narrow diameter coaxial
cable, ©Since the outer conductor was a copper
tube there was no visible evidence of the damage.
Use of a 20-Watt soldering iron overcame this
difficulty.

The second difficulty lay in the connection
i in

between the 35 diameter coasxial cable and the
it

normal % dismeter cable-type RGH8U., Unlesss a

truly coaxial correction is made, in which there

is no possibility of currents flowing on the
. | I

i outside/
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outside of the coaxial cable gaining access tTo
the crystal load, it will be found that current
readings can be obtained anywhere 1n the aerial
viecinity, and not only in close proximity to the
aerial conductor. In Figure L.L.5.(b) the
difficult outer connection is effected by the
wrapping of aluminium folil tightly round both
cables,

The results of some of the current measurements
are shown in ¥igures L.L4.6. to L.4.,8. 1In
Figure 4.4.0. 2 typical standing wave of current
is shown for a freguency below that of the
desired radiating mode. Figure L.4.7. represents
the current distribuiion in the narrow freqguency
band corresponding to a good pattern. It will be
noted here that the sbtanding wave is still
substantial by comparison with the diagrams given
by Versh® for the wniform helix. In Pigure L.L4.8.
at a frequency above the useful band, the
fluctuations are smaller in amplitude, but the
phase velocity is no longer suitable for the
desired mode of radiation. The current
measurements in all cases were taken at a
constant output by means of a calibrated

attenuator on the signal generator.
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CHAPTER V

Wave Propagation Along Helical Conductor in

Presence of Centrally Conducting Cylinder.

The effect of a conducting cylinder placed
along the axis of a helical aerial has been
studied experimentally in the past for both
End-rire and Broadside radiation. In the former
case it 1is known33 that no adverse effects result
from the presence of a cylinder of diameter up
to at least %. In the la‘m’:erBLL the only
published results available have been for a
mast of diameter about % and the bandwidth
of the aerial was less than 1%. It is clear
that a single analysis should cover both cases,
and in the following pages a selution is given
for both the Sheath and Tape Helices. Previous
work on this subject includes a treatment
applicable aaly to the travelling-wave tube
by liathers and Kino-” for the Sheath Helix,
and a solution for the Tape Helix inverse
problem of a conducting cylinder outside and
coaxial with the helix, by Stark36.

H.1l. Sheath Helix Solution

FIG 5,1

The wave eguation solutions in this case

are/
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are necessarily of the same form as

Louations 2.,1.7 and 2,1.8, i.e.

ME‘: . [5‘1
2= [AmIn(yY) +Smm (7] S A -

Ui

Kf)]-i'gme ot 3 s

e = [ B Do (gv) + Do Ko 512
It is convenient, however, to write these in
such a way that they necessarily satisfy the
< i

boundary conditions for E , and H, at the
surface of the conducting cylinder, viz.,

o B o e o = <=, koS
Es =0 X v=a =

S T

Rz 20 Fv=a S04
=T

where the superscript 1 indicates the region
internal to the helical surface (a < r < b).
Superscript e will denote the external region
(r > D).

A Torm which does satisfy these condiltions

Ezj: = Li'm(tqv\ — K| “’) Jﬂh(xx) ]% M% “w_ L &5
Ko () P
= Am[Tnly) knlyd = £l Pyt 2 si w0
S S P S G s.1.6&)

whers Gomem (x7,58) =Ll bl — BN Tnlydl 51,7

Similarly o
< i i a ‘e 2. .
Hz = B [ TwmlygY) — K [54)-“’*‘ Gy ]g M} 5%
Wl ) Kmﬂ A&xz
= B [ Ionlg) iem ()~ 1nlyd) X ,..‘txnﬂ&' =Y _ 5190
s . wmb P2 5 ;
ihors B G (gvye) 287 7Y L s0.96)

G (1,8 = Tl ) Km (32) = 1¢mx) T (x*) ~ 5,016
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The other field quantities can then be

1mmealauely written down,

= }é& ]___i.,,. () K ga) = ! (%7) J,M(Ku)},_wn? APz

e PR SR ) Ll
o
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i3
o (57,55 = T (39) 1 (30) ~ KA (N Emlyg) — = S04 04

where
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PFrom 5.1.22.
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Irom 5.1.23
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From 5.1.24
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Fields of Sheath Helix With Central Conducting

Cylinder
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Characterisiic Equation for 3Sheath Helix /ith

Central Conducting Cylinder

From Eguation H5.l.25
- L ; P T - SR VR
Hz + Hg oW = Hg + He oy
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5.l.l. Humerical Results for Lnd-fire Aerial

Some numerical results from Mouation 5.1.45
are plo.ted rfor the -1 mode “n #igure H.l.2. witch

different raivios of centrasl conductor to helix:

radius. “The ratio = 0,05 has been chosen 23

o'jm

being representative of a mast used for suovsort
purposes., It is seen that the axizl phase velocit
variation with frequency is only slightily dif'feren

from the case with no central mast, as Tar a8 1. @
frequency limit is concerned., The sheath helix
spproacn, it will be remembered, gives no
information aboui the lower frecuency limit of 1t/
end-fire aerial, since the forbidden regions do
not enter into its solution.

The slight increase in axial phase velocity
wnich does exist will cause an increase of unper
frequency 1limit which calculation shows to be of
the order of 2-4% For the detection of this
small increase & very carefully conbroiled
experiment would have to be performed, and it is
not surprising that this increase hsas nol been

observed., It is the author's opinion that with

sui table ecuipment it should however be observeable

Increase of tihe conducliing mast diameter

raises the axial phase velocity still farth. .z =23

J

ch

. a p R o e
shovn for the case 3= U.9 in the same dia;rom.
This ratio has been chosen because it is close to|

he

ct

the experimental value of 0.871 used for

Broadside Helical Aerisl by :':‘rﬁ:'ﬂ;h,y‘L and avolds

e —
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the interpolation in tables necessary with thavu

I a = - § P _J N - - 1 . 1 LA
value, ‘hen 5 tends to unity the phase velocity

: . ; = 22 2
wire uransmission line, 7? Heis

1

|
will apprach the free space value as Ior the sing}e

i

S5eleZe Wumerical Resilts Tor broadside Aerial
|

i
;Em‘mi‘a;h:)}‘L of Cornell University operaves at a i
|

’K-—
a . . 8 5 i _ < 0 & -
= 1s 0,871 and the pitich angle Y is 157, .he Gy
bvandwidth of the aerigl was found experimenivally |
to be £ li. The explanation for choosing a
3 %3 = b ] F . 3 i 1 |
circumferentisal length of approximately two

wavelengtns is givern as a mechanical onz, ©that

the supportingmsast necessary could not have a

i

aede T

P, 5 ; 5 |
suifficiently large diameier il one wavelengih per|
turn were used. It will be shovm here that there
is a much more fundamental reason, namely that it

is now unLil'C}fQL 2 that the necessary phase

conditions for broadside radiation become possible.

In designing a helical aserial for broadside |
radiation it might seem desirable to avoild a mode
which woula also radiate in tvhe axial direction.,
'his suggesits avolding s fileld varistion ol cthe

form eHJe, since such a wave travelling axially

along the helix could be responsible Tfor the

radiation of a circularly polarised plane wave as
in the case of the end-fire gerial, Any Tield |
s Jind ,

variation of form m= 1, could be ,

expected Lo be superior in thnis respect,

Consecuently, for the acrial described above

freguency corresponding to e, 24 1.94 when the rat;o
|




it would appear at first sight that m = 2 had

been chosen. Loe calculsted values of phase
velocicy rfor this case with V’ = 13  are shown
e e o . _ . a - ;

in Pig. B.1l.3. for the two rascios $ = 0 and

8- & & - = -— 5 Y ir] for')

5 = U0, In oruer wo locate the freguency of
operation oi such an aerial 1t is necessary Ho
superimpose the phase variation with freguency ifow

the broadside condition. This may be done as
follows:-
The axial phaese velocity v mey be written as

v o= 5.1.347.

ol

where w is the angular freguency and g is the
axial phase shift per wunic¢ length.
for broadside radistion the arrsy element

currencs nmust a&ll be in phase, so that

2nx & L
=i -lnltj-
D = L

where n 1s an in.eger =2 0, and p is the helical
pitch., The value n = 0 however, implies iniiniue
phase velocity in tnis case, anu so may be
excluded. TFor n = 1, which represents the highesg
finite axial phase velocity, wouacion 5,1.47
may be writ.en

v = fp 5e1l.149
which in .urn gives
Laan 5.1.50
his does not inlersect the curve
= 0.9 within the range 01 < 2,65 which has
been ploited. While this range could readily be
extended it is sug:ested thal this is not the

desired solution. I the ~1 mode soluiion Irom




08

06

04

PHASE VELOCITY OF

FIG 5.1.3

BROADSIDE HELICAL AtgRIAL
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Migure 5.1.2. 135 extended however as shown 1n

is seen tnzuv & soluavion 13 cotoined

ct

Figure H.l,5. 1

9
for O\£$ 1l.9c. It must be reuwrnivered ohzt Lois
f
theoretical soluvion is apuplicable to the piten

" s '0 1 - 1, b = S g, | e ™ LF :
angle ot 13 which has been used tarougnout with |

a S : N . gl -
a ratio § = U, while the experimental resuld
A 6 Vo I . e 720 s &
oi Ll.94 is ror a picch angle of 15 with B =

Ue.C7le. dowever, changing the angie to 150 ma..es
the agreemenlt even oveJster, so .al there can be
little doubt but that this is the correct }
golution., It may be notad vhat no informs.ion J
|
is available about radiavion irom this aerizl in
the axial direction, Jhough the arguments
previously auvanced woula suggest that this does
4

talke place. Io is interesiin. thst Refsrence 1

15

as cited by lraus shows this pronouncsd awisl
radiavion for a nslical eerial oi similar I, ne
withouththe coaxial conducting cylinder. i

It has been mentioned previcusly chai uvae
bandwidth or the Broadside Helieal Aerial ues-
cribed by Smith has been fomd to be less than 1Y
The graphical consuraction used in Figure S.l.3.

shows clearly why this bandwidth is so nuch lass

than that of the Hnd-iire Aepial. Ulhere the
necessary vnase condition is a horizontual
struight line for the axial phase velocltuy,

while che theoreiical solusion begins by being

horizontal and chen diverges Irom this line.

Here however the slope of the phase condiuvlion 1s

positive, while that of the heoretd
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is neg

o

.

avive, Conseqguently cthere is a rapld

i

3

divergence from the required vhase condition ITor
a small change oI frenuency.

Quantitatively, for a Iresiency change of lx
the phase veloclty divergence can be esvimated
from the figure to be avuroximsiely 27, corresp-

onding to a phase shift of 7.2° vetween ad jacent

terms. The main beam of the aerisl will therelore

be swung away Lfrom the broadside position by an

angle 6, = sin ~F %%5, where p is the helical

pivch and ¢ is the phase shiit between sources,
This gives a values of 2.50 Tfor 1Y frecuency
change, and the beam shift is proportional o
freouency for angles such that the sine ol ihe
angle can be replaced by 1is radisn measure.
Hence the agreement with experiment can be
rezarded as satisfactory though an exact
comparison is not possible, since the criterion
for determining bandwiath used by Smiith is not

given in his paper,




_6(..

52, Tape Helix Solution

Equations 5.1l.1l. to 5.1.21 for the Sheath
Helix solution are also applicable to the
solution for the tape helix when the subscript
m is acded to the field gquantities on the left
side of these equations, and to ¥y and § on the

right side.

Boundary Conditions at r = b

E, = Ez A s &2
i Ao
Ee = Ee - &y S

il
&Y
@
G,
»
b

iy 2
Hz kel H‘Z.

PR
Hg —He  *

From Equation 5.2.1.

B o Ky ®) o s.a.s

From Eguation 5.2.2.

[ G ortn bgntiged = 2hs Ao ol gd] |

B, L" 5:& o YO Ku: LX-\MQJ‘} — -&é‘l‘l C.e 14M(\‘“£-] sk
& v }{m'@- 2 :
From Equation 5.2.3.
B G Ynd) — D K (e &) = — — s 27
Ban Srvane ‘Sw\ }‘5”. - X 8'?;‘,,-\, |

From BEquation 5.2.4.

. > o

¥~
b _"’%% 6‘7:-(-:"%*: (Xw-ﬂr} Kh&) == f&.z.m _— — | &.2.,9%
Substituting for Bm in BEquation 5.2.8. Tfrom
Kguation 5.2.7. gives
| A 5"‘-‘-’@' j‘-z-w:' M/ka‘&m X ™ l‘-m(\éwﬂe')
sz:: -gw‘&[g-mm(){m?ﬂ 5“"5‘) K“:(Kw'@) "C“l'\'j""\-(;f,m ',\'_w\“) KM{BWQ’)‘{

—_— = ,5- :21?
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From Eqguations 5.2.5. to 5.2.7.

Gt oyt (g ) Yy

D“ﬂ\ = ‘ 8--'1-“_
I oo gy o) Kol St ()
5.2 {0
Then
o (XME")
B

~ T T (g ) Gt U o B S Sl e Tm“§
1

from Eguation 5.2.9

R T e [

;'-- ‘-’“sz‘)l [y h\.‘e" C'M“LXMT }fw“) * _h\ - ! 3
B T Kmld) S G T )

. < _Qr K s
aw’c. M(.}Stn) T & PR
3 | :

since G-m»!(\d‘w-t»lxdh.@) = —'\;'n{ - = = B2 &
From Eguations 5.,2.9. and 5.2.11.
- ;- ¥ - )
Py = 7 w B,WGW‘-\J(KMTIK“&)"_-,—“% HMGMM(XMY?YW&)

[ Sy A 5. 2.i5

simplifies to s

= < ‘el Fv(x-v-ﬂ") Q“""‘ (i (XMY hES ) _&: /3 & !a
= - - ‘k # z=m D B e ﬁ%k‘h’kﬁw )
Fewm '3\5’»-. X B ! lK"“"‘) G (Xm ,5«»&) 3 4& E‘?’éi[lma) }‘%

which further simplifies to 12016
3 1 o A i s X o s ; | i B 3
E%:w: g@m - 'w.rfxa ¥ v A I‘-‘r:-[h’-n.‘ﬂr) lém[h’h- ) Gl (‘om\‘}wwﬁ) M{Mk_"l%‘_&y}
J Y Wt Koanlgma) iKndlgme)
¥ ?& T Kl 2) Gawm (ygm¥y35m=) o e o AR
Qe FUE oy )
Making use of
Elhm = Epmn Aom¥ + Eg.Co Y e - — & 2%
%Zmﬁ: XHWJQFW — — —— B 2.09
and ?—iem & &“m e ¥ ey s e kv Do

as in the case of the simple tape helix, thiere

results/
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5e2e2, Bolution of Characteristic wouation Ior

Tave Helix wilh Cosaxial ConGuecting Cylinder

Although Bouation 5.2.25 is of similsr fcrm
wo the characieristic eguaiion of the Jimple

Helix it is uniortinzcely much less amenable %O

comovutacion. A procedure is availsble as shown

1 L _— 2 - - . .
A aricl atlins 1 Tor maxin i#ounavlien

by Sensiper
2.2.33 more rapidly convergent, by means of

suitable approximatcions for the products I m(,x...‘@') Kl 3.,.2-)

and  Tomlym &) Kt(gmt),

Vo similar approximsiions sare knovn to the author
for the more com.licated functions that appesr in
Boustion 5.2.25., Arrangementis have accordingly
been made o have the computaivions carried ous by
the digital computer ao. Ohio Statve Univerzity.
Altlhough these exact resulis are not yet

avallaole it is possible to esiimate the |
solution when % is small, as follows. |

~ . | 1 a— - L)
Consider the case when 5 is 0.J5 and the
is

Known from the

'g

itch angle qJ is 130. It

theath Helix solution that the phase velocity v

U

will be increased by the presence of the coaxial
conducting cylinder. However, at the low
freguency end when CK Al 0,8 the existing
solution for no conduciing cylinder is so close
to the edge of the forbidden region (see

Pigure 3.3.1 ) that the new solution cannot be
significantly different Ifrom it thouzh 1u¢ is

always above the first one. <To the scale on
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which the graph is drawn however the two soluvions
caninot be separasced.

At the upper Ireguencey limiv it is nowu
possivble to estimate Lhe soluition so easily or
accurately. However, a comsarison of the most
signilicant term in eacn of the itwo series Lor

egual to v and U.UH shows thet they difrer by

o'lm

oniy l.25%. BSince a change in ithe value of v of
only C.5% produces change of the oruer of 509 in

this same term for

a
a i T
5 eoual to zero, it is

reasonable to assume that the change of v is agaiﬂ
negligible, Consequently as mentioned in the
discussion on the 3heath Helix, it is not
surprising that no change in ihe bandwidth of the |
aerial has been observed. It is not at this

stage possible to discuss whether such = change
should be observeable, as was done with the

Sheath Helix.

Mo numerical results for the case of %
eqgual to 0.9 are available, but it should pe
noted that the solutions for the Sheath and Llape
Helices can be expected to converge when % tends
to unity. This may be responsible for the good
agreement which was obtained with the Sheath Heliﬁ
for % equal o U.9. ‘he cslculations to be ;
performed on the digital computer will include |

this ratio, so as to complete this aspect of the

investigation,
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CHAPTER VI

Wave Propagation Along Tape Helix Wound on

Dielectric Tube.

It is frequently necessary in model tegsis
on helical aerials to wind the helical conductor
on a dielectric former in order to provide it
with mechanical supgport., The following analysis
has been undertaken to obtain a formal solution
to this problem so that the effect of the ILormer
on the bandwidth may be calculated. It will be
seen, however, that the solution presents severe

computational difficulties.
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denotes the second region and is not the
symbol for the sguare of a field. Also tne
symbols which are primed denote propagation in

the dielectric mediwn.
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Boundary Conditions

At r = g Atr=5
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In order to simplify the evaluation of the
forthcoming determinants, the following

abbreviagtions will be used,
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: 1
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3
| o c e, o e L < o
& - 4 . :5, ; 4 33
,_ w kA
-~ O 3’, ‘K e
C
- O
O O
t O - Ve oy ’K
o S Y & o < © e
,{6 f) - —"I.&- O{. A < O

Reduction of these determinants follows in the
usual way>’., Details of the manipulations will

be omivted however as the work involved is

. straightforward, though laborious. After much

U=

algebra they simplify to,
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The evaluation of these
terms of the moditfied Bessel

lead to a solution which can

determinants in
Functions does now

be described as

simple, This is to be expected since even for the
simplér case of wave propagation along a dielectric

tube without any helix, the results obtained by

20 33 = ;
Astrahan are of considerable complexity.,
In order to obtain a solution which can

conveniently/
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conveniently be written on one page, it is

desirable to introduce further notation as Follows:

(-\f:tm-"'em\.\"’ [ANN
-@\_om)n s
(O«P»-"—%) = By

'ﬁ”ﬁ"*—‘t%)ﬂ AR

:@;5 FTY)= Dy
@r N — = 5= Ais

e

Cmm ()’h‘"‘) h"\:

P A
E‘W’E.

- 2_
'F_,hf

i

=T e Enlet) B Tl ) Il

Vi

e S-Sl g

Xm-&'

— G'mm(}f“‘ ;KW"@I)
e (g &) kel )

= 3-7*:“;, Gt ey 52 s oo ol FAe

\

it

1)

= ﬁ& o (O ) O W B 3—%4 (s Y mbe2)
, o e e

2 -',51;,:—1 At ) o (g - ;36:# T () (g o)

= —3:;_; G'mm’(}f.,,f‘t) mi’q:")

= !&T: Lol ' A T K,,.:Er) }‘_ﬁ_j.,.,,_bﬂ Y SRR )

s w(‘gw\‘e’)l_’ }Szm*‘ J“éw-] &mn
= ~ Ll ) g + %gs»] 2sm-

— ‘wrE i D I_.Y -

2)= Tl ygm @) Bom (5 #) — eI T Y &) = — uii4S

| G (Bw-‘“ |\Sl~"“€f}1 In(}jﬂj“") KH’\(E“""&)_ k"‘[}f*‘ia)"r‘:(xi’“@) -~ 6146



~ 81 =

mo
Then Dl

"*L‘i{% &:{c '31[[&1 - %i(‘t Bg— “A;EI“ B,=

22 (-uns+ing)

(v

"'l;'ﬁ‘{“ Die (f& —;:!_\.)]Lh. Tf:_( :{_I)Si-tl}cﬂjl:

A

eas[[og - 2o (g aren][1aa 30
boflaesked[mes B (parted]
R e CEE Nﬂ] -

s = GrdeAT

Similarly D2

- S {n]Laems s odleron ree vl N

b Dk\-\_ﬂsﬂ\_ﬁ Dz~ Mg&'_M‘A"‘]] |
+ By l-[ﬁ;,,t;z,at- wﬁ;[ﬁaﬁtb'“gﬁs Mi&‘:ﬂ} - - b.1.48

l:z 31-3‘ [(ﬁbbﬁ GOy g_:)(—wgi;+ u.c.b“*)... Ul ta b-’t.s'bi:_\

= |
+ [ g Dih — MEW By — A Aty &Q[%’i“ &m(%ﬁis Y &"):R

S0 thet
3 D
H V- = M_D‘_—t

|LDL"‘>,¢- Pl-—szy:_‘-"\rﬁ_s e ,) = Aa-Con tp R fl_;,fhi.]
i
A’Li J,.[;gg&'}ﬂ LCD A D~ Aoy qf:s,, E; a.l‘_ >, (Dbb_-s_-n—c,;;;';ﬂ}

Di as aobove

A

TR N S L



- 82 =
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It is desirable to check the solution for the
case & *© &_ i.e. when the dielectric disappears.
to leave the simple helix alone., In this case
from Bauation 6.l.ul, D=0 D7Dy =0

Hence the characterstic eguation becomes
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from which by equating the numerator to zero

there follows
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CHAPTER VII

Wave Propagation Along iwo Coaxial Sheath Helices

This problem has been studied for the case

, 27

of travelling-wave tubes by Wade and the
treatment here merely extends his analysis so
that it may be of use to the problem of two
coaxial helical aerials. Some experimental work
on the aserial aspect has been carried out by
K028 at Ohio State University, but his results up
to the present have been resitricted to one
particular length of aerial. It is c¢lear from
these resulis which showed effective use of only
the inner aerial that some mathematical analysis
is necessary for their interpretation. Liore
experimental work is also necessary, particularly
for varying lengiths of aerial, to T{ind out |
whether energy transfer of the kind one would
expect from coupled-mode theory takes place.

Only the formal solution of the problem is given

here.
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From 7.1.25
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Since Egquations 7.l.27 to 7.l.34 will be solved

by the use of determinants it is desirable to

use the following abbreviations,
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The determinantal solution then becomes
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This determinant may be reduced in the normal
way25. Details of the reduction will nol be given,
however, as the working is straightforward. The
following third order determinant results
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The substitution of the modified Bessel
Functions from Equations 7.l.43 in Eguation
Telol47, gives Tfinally for the characteristic
equation after further simplification
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Particular Cases of Characteristic Hguation

Case (i) No Angular Variation of Fields

As a check on fguation 7.l.48 consider the
form the equation takes when the fields do not
vary with angle © , i.e. the type of
propagation associated with the helices used in ;
travelling-wave tubes, For this case m = 0 and
the characteristic equation becomes i
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b ey, T (39 kelyd T, 158 6 (p ]
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This is identical with the equation obtained

by Wade.27
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Case (ii) Reduction to Simple Helix When Cuter

Radius Tends to Infinity

The following asymptotic exvressions for
the modified Bessel Functions are required:-

For X —> =0
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For the outer radius b tending to infinity,
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i.e.,
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This is identical witch Zquation 2,1,27
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Vave Fropagation Along Sheath Helix sdncapsuloted

in Dislectric

ZE%/AAH% /
/v DTl / V/

FIc 8.1}

aa |24

Experiments by Jones A have indicated
that operation of the helicsl aerial is nos in
general adversely affected by encapsulalion in
low loss dielectrics An exact analysis even
of the sheath helix encspsulated in a dielesctiric
would be extremely difficult. The approximsiion
is accordingly made here that the dielectric |
ouitside the helix exiends to infinity. Tnis
reduces the nunber of boundary conditions from
wtwelve o elght, making the evaluation of the
determinant more manageable., 4 similar
approximstion has been made by ulvingzg in his
treatment of the helix for travellinpg-wave uwibes
It should perhaps be sutaved explicitly that
the encapsulation referred to nere allows Ghc
presence of a hollow coasxial GCube as shown

ignre 8.1., in order to make the treatment

fairly general.
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In Equations 8.1l.7. to 8.1.18 the prime on the
propagation constant y indicates that it is the |
dielectric medium which is being considered.

Boundaryv Conditions
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It is convenient to introduce the following
abbreviations, in order to make the determinant

more easily handled,
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Ty [ga) = a Iw(gﬂ:f) =5
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The determinantal solution then becomes,

a < 2~ < O (&) © o
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This determinant may be reduced in the usual

way25 to the following third order one,

o (gt~ Ss)Be-ak ) (2d-ef Iw-a'—!-:s) (&a_ca,) (e — )
x (yb-Sola-af) - Ellnofory =g 4 nd) ey -0

- utx_(_xk- $5) + t&(wb'—)?() ba B

from which after substitution of the modirfied

Bessel Functions, and considerable simplification,
there resulvs for the characteristic equation,
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Reduction to Simple Helix When &,=&s

For ¢t 1 =£U, Yl = ¥ and BEquation 8.1.46 becomes

S il L et | i B T . oy 2
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This simplifies readily to
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which is identical with Equation 2.i.27
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.CHAPTER IX

Some Relsted End-Fire Travelling-iWave Aerials

9.1l.1., Multiwire Helices '

Propagation of electromagnetic waves along
multiwire helices has been considered by both
SensiperlLL and ﬁatkinsgl. It is clear that the
theoretical solutions obtained will be dependent
on the relative phases of the currents flowing in
the different wires at a cross-section of constanﬁ
Ze <This is in turn dependent on the feeding
arrangements to the different wires. OSince the
groundplane type of feed provides an excellent
launching mechanism for the unidirectional end-
fire aerial it seems desirable to retain tiis in
any new type of aerial employing helical wires.
In order also to eliminate frequency-sensitive
phase shifting devices at the feed so as nocv to
reduce the intrinsic bandwidth of the aerial it
then becoines necessary to feed all the wires in
Phase.

Consideration of the simplest type of
multiwire helix - the bifilar - shows that when
both wires fed in phase are wound in the sane
direction there is gzero radiation along the axis
of the aerial. However, if the iwwo wires, fed
in phase, are wound in opposite directions there
will be a maximum of radiation along the axis as
for the single wire helix. Hence a new type of

aerisl, the Contra Wound Bifilar Helix 1is

proposed/
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9,1.2. The Contra-iound Bifilar Hellx

This is a linearly polarised acrial, since the
resulvant wave is composed of two egual circul-rly
1

or elliptically polarised waves rotating in !
|

opposite directions. It should be noted that if |
this type of aerial were to be used for the
reception of & circularly polarised wave, the

single heiix which could sugpport this type or

bolarisation woula re-radia.e part of the
"ave lable" receivea energy through the other
helix. Hence ic¢ is not an aerial which cmn
receive linearly or circularly volarised signals
equally eirficiently - it is simply a2 linearly
polarised aerial,

Analytically this may be shown as follows.

pury

Referrin. to #gure 3.6.i and denoting the helix

1

shown therre by the numeral 1, and the conira-

v

wound helix by the numeral 2, the following [

eguations hold,

Helix 1 Helix 2
o = elepdl _ . 9,00 X = RG> A 94
:q_,Au:wLb___ Q1.2 -az—qm;»w__q.t-s

4

A
-3.: %%T‘& —_—— g2 :3.= ﬁ%}k - —G.9.6

Then using the same notation as in Chapter ZIXI, |
Section b the rectangular components or
vector potentisl can be writien as follows lur

Helix 1, .
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For Helix 2 the corresponding eqguations are
|

T w— zen{wmrd)] g
A-IX-:?_ IM:J-‘:;‘L < (:j l[i ﬁ:hu_-r:b-u]___ “i.i.lO
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T Ty o, MPEON _&[M..mgwg
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= m2 o] e = wrd)] |
LJ =3 ELH‘ o 1—:;\;1 - = g.iR

The integrals in these eguations can be
evaluated in terms of Bessel :'UﬂCElOi’lSBJ, and I'or
the particular case of H; equal to unity and I

integral turns the eguations become,
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and .
Fahk

. —

ﬂx‘l = 8 KN X ® L‘Tz(Z) &&CP -'t-JJ_c(Z) -e:-&q}:[ ‘Q‘R

‘A? e ’Zﬂ‘&m
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The two components I g 20d I 4,of radiation field |
|

can then be aerived from the eguations relating |
: o . 8 : Aoa
unit vecuors © and ¢ 1o unit vectors x, ¥ ,
- n - - I
anda z as follows, ‘
|

& = .§.<ub%cmxp -+5&Au§9AmLCP-55‘Q;E

L7

mn . ~
= = o P 'F*K cod) —_ = — 9.}20
Carrying out the summations of the vecuor !

poiwentials there resulis, J

Y ) C ; x —_— ~ A --“.—I.P
Eg <A &:““KW T2 o e&w+4;&{]"aﬁﬂé ”'LZ)J*JBLQ % ]
= - b e B

e = —<P |
2 anNny J;(= L |
o <A =l I( )Le - ] i...- - - F.i.22
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Along the axis oif the helices, i.e. for B = s |

these eguations reduce to

Eeg iﬂmtﬁ%q’ b — - Gied23
|
|
|

= a-g:zmv'ﬁ s P —— - g2y

showing that the aerial is linearly polarised in
this direction,

It was mentioned in Chapter I that a
theoretical solution to the vroblem of wave
propagation along conura wound helices had been

-

; ; : N K o [ L . o
given by Chodorow and Chu™ "« Numerical calculavions
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have been carried out by these aulhors for a

- - 3 0 £5 . iy 4 . Tt 3
biveh angle of 107 and irom their graphs it is
a simple matter to compute the phase velocity

along the helical conductor as a function of

frecuency. +his has been done in Fig. 9.1l.1.

In order to estimate how useful an aerial =
this conutra-wound helix may bes, it 135 necessiry i

|
to compare it with the graph of the phase
velocity which is recuired to satisfy the Hansenr
Woodyarda condivion for an infinitely long aerizl,
{dnen this is done it is found that the two graichs
are coincident within the thickness of the curve

over the range from an esuvimsated Ch ecgual to

.68 up to slightly over CR egual to 1.20. Llhis
rathsr astonishing result would tend to suggest '
that if the condition of increased directivioy
were sgitisfied for this finite helix as for the
single Jinite helix, the bandwidth would be
independent of aerial length. It is notw
surprising to learn therefore thail the above |

estimated bandwidih doss not hold in practiice,

Us to the oresent the maximum useful value of

3
ot

Ch has been found to be 1l.0U3, even Tor 2 sho

helix of 3 turns, fFigures 9.1l.2. and S.l.5. sShow
gan experimental vlot of pattern anu axial r=tio,

It should be noted vhat it is noi ©o0o

- -] — - — et -— — v f A iy | - —_ - -, P &

Z004 uasn I0r The 31nzZle neliX. 20 IS hen Lisre
R O AT g = S e e T T = = K o
QITTIcalie B0 & ,DTOXIIBETEe wilE DO §T GO0 I T JOXS
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CONDUCTOR PHASE VELOCITY FOR CONTRA WOUND HELIX
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wires than over ithe rectangle formed by ohz cingle
helix.

Jdevertheless this aerisl offers an
aluvernative to the zig-zag Aeri-1 197 ag a linadrly
pdarized development of the single helix., A
complete investigavion of it has not been mate,
bus the preliminary resulis are sufiiciens 1o
Justify Ifurther measurementis. From elemen o ory
considerations the inpu. impedance wivii 2 “round
Plane tywe of launching: device would seem o Dbe of
a suiluwaovle value for feeding direct from a COaxiaﬁ
cable, i

9.2, ¥Youzi-~Udg bAeriagl f

The current distrivbucion zlon. the Ya i~-Uda |

aerial has been measured vy shrenshecic and fechleq.

I'neir results bear a surilkiang resenblance wo the |
distribui.ion slong vhe helical acrial as meassured
kshiz larsh”. In booh cases chere is a rapid
dininution of current near the Ifeed point which
levels out cuielly wo a. zlitost constant value i'o
the re..ainder of ithz serial lengih. 3Zince the

ation patterns for h aeriels can be derived
adiatlon pattern or both ls can D leriv

- e, - SN SRUrSy S

from the Aspial Arryay zetop salisfying the

)
el
}ad
Ly
0]
»
r
=
[

|

£

Hansen~oodyard conditicn, provided

i

elements n is grester than about L4, it iz

1=
]

L

=

to try to find out why the bandwidth of the

helical azeriasl is so much grecater than thzi of the
i

Yagi-llda aerial. |
L e AT e o B ATl Lt ek e

It is claimed by dfeynolds that the paviern

pandwidsh of the Yagi-Uda aeriscl, sna alse o2 the



e e =i

dieslectric rod, parallel plate, and corrugated

surface aerisls is inherently large and ec il |
|
to tn=t o1 the helix, ana that where a low

bandwidth exists 1t is due to inadeguste launching

of the wravellinz wave, He has performed

experiments to support his eclaim on a Yagi-Ula

erial 10N long, where the laanching has been !

carried out by

&
<
5_.1

erigl instead of the anorownl

dipole. Ihe resulis shovii, covering 2 bhandridih

of 2:1, are claimed to support hisz theory. {
The Tollowing objections Lo this interaesting
theory are raisesda:-

(a) Altnough the radistion vavtsrns of hoth the |

helieal and Yagi-Uda aerials are derivable

from the sazme formula, this has no relevance
to the freocuency range over vhich the formula |

¥

4]
| ,u,
U

able, This frecuency range is a2

5

funeition solely of
the aerial,

fen

i'ne Ifreocuency varistion of the vhase velocity

~
o
L

referred to in (a) has not been shown to be
the same for the iwo aerials. It is now Imown

from Chepter III how the pattern bandwidtnh of

the helical aerial can be predicted irom the |
theoreitical phase velocity of the infinive
helix. The corresponding phase velocity Tonr

the Yagi-Uda aerizl coansisting

1
|
|
g of conduciting }
gtrips is not yet available, It is true that |
if the strips are replaced by cylindrical “oué

|
the phase velocity variation with fregusney 18

known Trom work carried out by Serrachidi -nd
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N . 58 . - 2 :
| Levis” , bu. these resulus show that the shas

veloclty depends markedly on rod dismeter, In thé
case of the tape helix there is very liitli: auch
| dependence on tspe width., Consenuently it 1z noi|
possible yet to mske an accurase comparison
between The wwo cases.
| (c) Yhe inherently large pastern bandwidth ratio |

01 these end-fire gserials is as

1]

sumed by e noles

£

to be 2:1 for any length of aerial, This rocio
has unfortunately beern associasted with the helix

almost from the time of its invention. In the

1}

and a much mors reali

»

o s ] ; |
stie figure is 1.7 for shori|
|

helices and & much lower value for long helices,

| tending to 1.0 as the length approasches infinity. !
| (@) "he experimental resulis which Zeynolds uses
to supvorv his claim can hardly be szid to de so,
Avplying the same criterion of sidelobe level
to his results, as has been used in Chapter III
gives an acceptable bandwidih ratio of about 1.l
instead of the 2.0 which is claimed.

levertheless the theory which he has pus
forward, though wrong in detail, is sufficiently

T S ; . _ : T o
interesting to jusiify a more complete invesiloavion

=nd comparison between the dirferent types ol aeriel
I

En the end-fire travellin: wave category. ‘herm is 1
1

y - 5 o pe oy |

much to do both in anlysis and computation before

s Iinal comparison can be made.

author's submission it has never been subsitantisted,



1. The theory ol eleciroimnsgnetiec wave propasstion
along an infinite heliczl conluctor using

(b) the “sre HFelix model

has beenr soeilzd to the helicel aerial. As

[

result the following .redicitlonz heve bheen nade

for ihe first time, for any piteh angle

(1) the upper frecuency limic¢ of the Indfire
Helicgl Aerial by means of the sheath Helix

liodel

(ii) the uoper and lower frequency limits of the
Endfire Fellieal Aerisl by means of the ‘ope
Helix llodel,

“

frecuency limics ¢l the

=
[
[N
Mt
i
y
@
=
lf}a
4]
3
=
[
—
9
]

Broadside delical Aerisl with Coaxial

Conductin; C;linder usging the sheatvh Helix

ct

¥odels !

~

2, As g result of the above theoreiicsl invest-

al

igation:, it has been predicted and confirued

¢

experimentally that the upper frecuency limit
of the helical aerial 1z not indevendent ol
length az had prsvicusly been reported., +‘he Tform

of this varisztion can be com.uited asng the

theoretical vzlues agrce wioh experiment 0 an

accurecy of beltiter than 10v |

W
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a lower limiv oi pitch angle of 5 for tae Zndiire
| Helical Zerial doess not in Taect exist. Iuvis'teloky

|
|
|
|
i

3¢ The prediction has been further msie and |

|
confirmed that what was previously believed uo be!
|
|

experiments have been carried out wiith pitch
angles 2z lov 28 1.80, which was the lowest
physically possible at the frecuency of operciicn
nsed. It is believed now that there is no lowsar
limit or citech angle.

L. It has been predicted and confirmed that the
free space circumferentisl length CK ecual to

unity is not the centre Irecuency of operstion of i

1

|
|
|
|

the helical aeriszl in genecral., It iz the cenire
freguency only for short aerials using a mediw.

helical pitch angle. Hor low piteh angle helices

G1 ecual To unigjis weil above the upper Irenuency
limit of the aerial, and for long helices this

|
|
|
may also be the case even Tor & medium oitch angle

5« It has been found that it is not always no._sibl

to neglect the elfect of The ground screen on ohe

radiation pactern of the helix. 3Specifically 1

)

when the grounc screen is

(a) several wavelengths in diameter

-

or (b) construcied of n radial wires

the pattera is profoundly arffected, adverssly,

L8

Ixperiment has been limited to n = 8,
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6. A Tchebycheif type of current distribution has

been proposed for the helical aerial, It nhas been
shown theoretically, usingz the assumoiion ol &
consiant ampliiuaie travelling wave, that the

brospect of incressed direciivity frowm this

disoriounvion is severely restricted because ol the

linking up turns necessary., Reduced side-love

level has been obtained however, in agreement with
T |

the zbove simplified theory, over the small

freouenecy range deteruined by the narrow pitch

turns. Yhe measured currenu distrivbuiion shows
large Tluctaations by comparison with the sinple

uniform helix.

7. Genersl itheoretical solutions which in

principle enacle the vhase veloelity to be

calcalated, ana hence the frecuency limics of the
aerial to be wredicted, have been obiained for
the Tirst

(1)

time for each of the following cases:-

[ =
hod R

Bhesth and Tape Helix with a Coaxiul

Conducting Cylinder

(ii) The Tape Helix wound on a dielectric tube
(1iii) The 3heath Helix embedded in a dielsc.ric
medium, witn & hollow coaxial tube,

(iv) “wo Coaxial 3hezih Helices.

: . . . . - J
Calculations have been csairied out only in Case (i

for the Sheath Helix and approximate caslculacions

for ihe '‘ape Helix.
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O. What is beliieved to be a new type of helical

aerial = .he linearly gsolarised Con.rs-louni.

Helix is pronosed, Some Mmeasurements have been

made, and the iraveiling-wave analysis Tfor tiae
simple helix has been extended to include vals

case,

~

96 A critical review has been made of the

theory that all End-Fire Iravelling-iave ger’ .15

invrinsically possess the same pattern hana.din.
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