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ABSTRACT

An approximate theory has been derived for the radiated field and gain of the
dielectric-coated sphericallv-tpped  conducting cone antenna excited in the  wwsym-
metric hvbrid mode, assuming a given distribution of surfuce currents en the anrenna,
The calculated radiation patterns and gain of a large number of antennas of varying
dimensions have been verified by experiment in the X-band. The measured input
impedance of the antennas has been reported.

1. INTRODUCTION

In 1950, Schorr and Beck [1] studied the problem of electrornagnetic
radiation from a conducling conical horn. Significant contributions have
been made by Felsen [2-6] to the problem of scattering of electromagnetic
waves by conducting conical structures and also to the problem of radi-
tion from tapered surface wave antennas [7]. The radiation characteristicg
of a semi-infinite conducting cone antenna, as well as that of a finite cone
has been studied by Adachi [8, 9], as review of the radiation characteristics
of the conical structures has been given by Wait [10].  As far as the authors
are aware of, there has been no work on dielectric-coated conducting cone-
antennas till 1964. In 1964, Yeh [11] has introduced the use of Sommer-
feld’s complex-order wave functions in deriving theoretically the radiation
characteristics of a dielectric-coated spherically-tipped semi-infinite con-
ducting cone excited in the symmetric TM mode, but there is no experi-
mental verification. Chatterjee [12] has made a rigorous theoretical ana-
lysis of the electromagnetic boundary-value problem of the dielectric-coated
spherically-tipped semi-infinite conducting cone, and has shown that sym-
metric TE, symmetric TM and symmetric and unsymmetric hybrid modes
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can be supported by such a structure, but that unsymmetric TE or TM
modes cannot be supported. Subsequently the radiation characteristics
of finite length diclectric-coated spherically-tipped conducting cone anten.
nas have been studied theoretically by an approximate method by the
authors and verified experimentally [13, 14].

In this paper an approximate theory for the radiated field and gain of
the finite length dielectric-coated spherically-tipped conducting antenna
excited in the unsyrametric hybrid mode has been derived, assuming a given
distribution of surface currents on the antenna. The calculated radiation
patterns and gain of a large number of antennas of varying dimensions as
well as the assumed surface current distribution have been verified by experi-
raent. The measured input impedance of the antennas has also been reported,

2. GEOMETRY OF THE STRUCTURE

Figure 1 shows the geometry of the structure. The antenna consists
of a dielectric-coated spherically-tipped conducting cone A'40BB’, This
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antenna is excited by a mede transformer which is a 7K, mode circular
cylindrical waveguide. The TE,, mode in the circular metal waveguide is
transformed into the first unsymmetric hybrid mode in the dielectric-coated
spherically-tipped conducting cone. The spherical polar coordinates of
any point on the structure are designated (', ¢’, ¢'), while those of a distant
point are designated (r, 6, ¢).
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3. ESTIMATE OF THE SURFACE CURRENTS ON THE ANTENNA

The determination of the radiated field requires a2 knowledge of the
field components and hence the surface currents on the surface of the
antenna. The field distributions on the surface of the antenna are determined
by utilizing the field components of the TE,; mode in the circular cylindri-
cal conducting waveguide which acts as a launcher and also from a know-
ledge .of the near field variations alongthe coordinate directions [
obtained by measurements with the help of appropriate field probes.

The components of the electromagnetic field inside a hollow meta]
circular waveguide progpagating the dominant 7E,, mode are:

g H, = CyJ; (hp) cos ¢ exp j (wt — fz) : )
— iBC, . , . -
H, = ’/f‘ 1.7, (ko) cos ¢ oxp j (et — f2) @)
iBC . R =
H g = .ﬁ"Pl Jy (hp) sin ¢ exp j(wr — B:) (3)
o Wy
Ey = 4" Hy @
E¢' . ‘g"“‘o H, (5)
Ey =0 ®)
where
1-84 . o .
h == 4 @ being the radius of the cylinder, and
B Veruee, — . (7)

The measurements of the near field of the antenna show that all the
field components vary as cos¢ or sin ¢ (Fig. 2). Hence thefield compo-
nents inside the cylindrical waveguide as given by equations (1) to (6) may
be approximately assumed to be transformed to H,., H,, Hy, Ey Ep and
E, in the dielectric coated spherically-tipped conducting cone according
to the following transformation:

H,. == Hycos 0 - H,sin 8 (8)
Hy = — Hysin 8 + H,cos § ©
Hy = Hy (10)
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and similar equations for E., Ey, and E,.

The tangential electric field components on the inner surface of the
conducting cylindrical waveguide is zero. Hence it is assumed thai the
tangential electric field components on the outer surface (iii) of the die-
electric coating (Fig. 1) are negligible compared to the tangential magnetic
field components. The tangential electric field components on the spheri-
cal metal tip (i) are zero. Hence it is assumed that only the surface electric
currents due to the tangential magnetic fields on the surface of the antenna
contribute to the radiated field at a distant point. The spherical tip (i) being
very small compared to the cone, the contribution of surface electric currents
on it to the radiated field are neglected in comparison with the contribution
of the surface electric currents on surface (iii) of the dielectric-coated metal
cone. Thus

> - >

only Uy Jy = — 1 X Uy Hyp
-> -> -

and Up Jpr = — 8 X Uy Hy

are considered to be the predominant components of surface electric current
on the surface (iii) which contribute to the radiated field.

From equations (1) to (10), Hyacos ¢’ and Hyasing’, and thus
| Hy | and hence [Jg | ‘may be taken as a Re exp (jé’), and | Hy | and
hence | J, | may be taken as al, exp ().

The following assumption for the variation of the field components
H,- and H with the space coordinates and time and hence for the surface
currents J, and J,. respectively can be made;

K jet -

Jg = — Hp == 1«6-2}:%!2-) [exp (jkor)
+ Rexp (— jko)] Reexp (jé') an

K. jwt .

5y = = Hy = 52U foxp (i)
+ Rexp (— jkyr)] Im exp (j$') 12

where the constants K; and K, are determined from equations (8) and (9),
knowing the field components H,, Hy, Hz inside the cylindrical conducting
waveguide which excites the dielectric-coated spherically-tipped conducting
sone.
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The nature of variation of the field components as given by equations
11) and (12) are justified by experimental results (Figs. 3 and 4).

k, == 2m/)g, where Ay is the measured guide wavelength in the dielectric-
:oated spherically-tipped conducting cone and is twice the average distance
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between maxima or munima of the standing-wave pattern on the surface
of the siruture. R is the measured reflection coefficient in the structure
and it is evaluated by using the fomula

R VSWR— 1

T VSWR 1

where VSWR 1s the average VSWR as obained from the curves shown in
Figs. 3 and 4. Equations (11) and (12) show that J, and J,- both consist
of two travelling spherical waves one in the positive r direction and the
other in the negative r’ direction.

4. THEORETICAL STUDY OF THE RADIATED FIELD

In the derivation of the expressions for the components of the radiated
field at a distant point P due to J4r and Jyp., 1t will be convenient (o assume
that J and Jq vary as exp (j¢') and in the final expressions the real or imagi-
nary parts may be {laken as the case may be.

The distance " (Fig. 1) of the distant point P (r, 8, ¢) from a typical
surface current element <2 on the conical surface (iii) situated at a point
(r', &, ¢ is given by

o= — ¥ cos Oy cos § — r gin G, sin 8 cos (¢ — ¢')
=z~ 260S 8 — psin 0 cos (¢ — ¢) (13)
where
dX = ' sin 0dp’ dr'.
Using Scheikunoff’s Equivalence Principle, the magnetic and electric vector

- >
potential 4 and F at the distant point P are given by

>
A= f {‘??FP,,(;; Fe”) g

n . 9
b
> 1 [ Mexp (— jko)
— 1 Mexp (— jky') o
Fer LA (15)

=

>

where J and 37 are the surface currents on surface 5. Figure 5 shows the
surface X' which consists of surfaces (i), (iii) and the outer surface of cylin-
drical conducting waveguide together with a very large sphere. Only the
components J, and Jpr of the surface electric current on surface (iii) are
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Fig. 5. Surface X used in the application of Schelkunoff’s equivalence principle.
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predominant, while the magnetic currents are negligible. Since surface
(i) is very small compared lo surface (iii), the contribution of the surface
currents on (i) is negligible. The contribution of the surface currents on
the rest of the surface ¥ may be neglected.

Due to the surface current Jy on surface (iii) as given by equation (11),

the x and y components of the magnetic veclor potential 4, at the distant
point P are given by

Ag, = Ky exp (jol) f f e?‘Eﬁ(f};,jk,Q” )

0 r'ma

% [%P,(szr’) T Rexp (— jkyr) }
leor! T

x exp (jg') (sin ¢') v’ sin 6, do” dr”’
_ = Kiexp {j(wt — kor)} sin b

of
x f 2mj [, Gror” sin 6, sin 6) exp (j29)
e

+ Jo (kot’ sin 6, sin 6)] [axp {(jkur’) (llgf -+ cos 6, cos B)}

+ Rexp {(-— Jkor') (%: — cos B, cos 0)}] dr’ (16)
2 7o 3
Ay, = K, exp (jet) f f exp (ko)
Gr=0 =g

= [e%p (ko) + B,exp_c;jkgrv]
kor’ "

X exp (j¢') (cos ¢') r’ sin 6, d¢’ dr’
o Ky exp {j (wf — ky)} sin 6,
kot —

% f 27 [ exp (2j¢) Jp (ko sin'8, sin 6)

+ Jo (ko' sin 6, sin )] [exp {(jkor') (% -+ cos 6, cos 9)}
4+ Rexp {(—— Jhor') (]I?i — cos 8, cos 6)}} dr an
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where
ko = 2; = w \/i.e, A, being the free-space wavelength
(1]
ky = iw, Ag being the medsured gulde wavelength

= finite length of the d1electr1c—coaled spherically-tipped conduct-
ing cone antenna
a =radius of the spherical conducting tip.

< The 8 and ¢ components of the electric field intensity JET?: at the distant
point are glven by &

== (Eg, cos ¢ -+ Ey sin qS)COs 8 (18)
E == (— Eg, squ + Ey cos ¢) 19
where
Eyp, = — joudgy,
By = — jopdy, (20)
Because | Jy |'= | Hy'| cc cos ¢’ = Re exp(ﬁ#’) taking the real parts of

the final expressions, E, and E,, are given by
£, — K oxp (ot — Ky} sin 6,

* r

X f cos 8 [Jy (ko' sin 8, sin &) sin ¢
]

— sin (3¢) J, (kor’ sin 8, sin 6)] .

X [exp (keor") (E% + cos 8, cos B)} N

+ Rexp {(h ) (_ — cos B, cos o)}] ar @)

Ky exp {j(wt — k)i sin b
14

Eg,
X f [Jo (kor' sin 8y sin 8) cos 8

=a

~— COS (396) J, (ko' sin 6, sin 9] -
X [cxp {(jk,,r) (7{? + cos 8, cos 0)}

4 Rexp {(w‘- Jhor") (7% — ¢os 8, cos. 0)} ] dr’ (22)*
A £ T I}
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where

K= T fewulmky . 23)

2

Now, considering the component J, of the surface electric current density
on surface (iii), [Jy | = |Hy | and | Hy | oc sin ¢' == Imexp (j¢'). At
diametrically opposite points 4 and A4’ on the circle which is a cross-section
of the conical surface (i) 6 = 8, (see Fig. 1), J, is equal in magnitude but
opposite in direction. Becayse of this fact, the components J,- at these
diametrically opposite points subiract in the z direction but add in the p
direction in the x-y plane. Hence it is necessary to consider only the contri-
bution of the p component J,» sin 8, of J,- in calculating the far field.

N
The components £;, and Z, of the electric field intensity E, due to
Jy- at the distant point P are then given by

E,, = I%z exp {j(wt — kg sin? 6, | cos'd
[— sin (3¢) Jy (kor" sin 6; sin 8) — sin ¢ J, (ko sin 8, sin 6)]

[exp {(jkur’) (‘/%“’ + cos 8; cos B)} + Rexp {(—« Jkot)

ky
K2 P g
X (kﬂ cos 8, cos 0)}:' dr 29
and
B, — Ko j (ot — ko) sin® 6, 4
B ¥
X [ cos (34) J, (ko' sin 8, sin 8) — cos ¢ J, (kor” sin 6, sin 6)]
a2 (ke o (K
X [exp {(]kgr)(ko + cos 6, cos G)} + Rexp {(——/k,,r) ﬁ
— cos 8, cos 9)}1 dr' (25)
‘where )
Ky = — jou2nk,. (26)
The total electric field intensity E has 8 and ¢ components given by
Ey=E, + E,, @n
and

Ey= E%-LE,.
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5. RADIATION PATTERNS IN THE PRINCIPAL ¢ = 0° AND = = 90° PiANES

In ¢ = Q° Plane,

Eg, == Ey, =
Hence the normalized radiation power pattern is given by
TP L L0
MRV A @

where

f2(8) =sin 6, | [J, (ko' sin 6, sin 6)
=8

— Jy (ky ¥ 8in. 01' sin 6 )] [exp {(jkor' (I%, —+ cos 8, cos 0)}

. o rk ,
+- Rexp {(— Fkot") (75: — cos 6, cos 0)} dr 9
In ¢ = 90° Plane,
Ey, = E4, == 0.
Hence the normalized radiation power pattern is gven by
l ERr _ LGP
LA 30
B |* ™ 177 o G0

where f; (0) is given by
F1(6) =sin 6, [ [T, (ko sin 6, sin 6) + J, (ko' sin 6, sin 6)]
-

X [exp (ko) (%” -+ cos 6, cos B) + Rexp (— jko')
( -+ cos 6, cos 9)] dr'. 31

6. TorAlL POWER RADIATED AND DIRECTIVE GAIN

The total power radiated is

W J‘ f (_Eﬁ,#f_) r* sin 8 dodp ©2
$mo B0
where
nie= H0

<
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and thé directive gain of the antenna is given by

G == %,[L‘“’,(Eezj"ﬁ‘ijﬂu
nW.
The final expressions for # and G are given I;y
Cem .
=& S A® P+ AO

r2
=0
(1 4 cos? 8) sin 8 db

and . N
6= ALAO B ome .
JAA O 1P+ £ @ 1% o+ cos® ) sin df
where
fo(6) =sin 0, [ [J, (ko sin 6, sin 8)]
X [CXP {(jkor') (,];: + cos 8, cos 8)
+ Rexp {(— Jkor) (%’; + cos 6, cos o)}] dr’
and

£ (6) = sin 6, ,,f [Jo (ker” sin 8, sin 8)]

X [exp {( Jkot") (% -+ cos 8, oog 0)}

+ R exp {(— Jkor) (I% — cos 9, cos 0)}] ar

A i

7. NuMeriCAL COMPUTATIONS OF THE RADIATION PATTERNS AND

DIRECTIVE GAIN

(33)

(34

(3%

(36

37

The radiation patterns in the ¢ = 0° and = = 90° planes and the gain
hgve beo;u» numer}cally computed for several antennas of varying dimen-
stons using equations (28), (30) and (35). 'The results are given in Figsi

6 to 12 together with the experitiental surves;
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8. EXPERIMENTAL INVESTIGATIONS

The following experimental investigations on the antennas have been
carried out as a function of the length and taper angles:

(@) Study of the near field components of the eleciric and magnetic
field.

) Study of the radiation patterns.
(¢) Measurement of the gain of the antennas by the (i) reﬁectlon [15]
 and (i) comparison methods.

LLSc.—4
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(d) Study of the impedance trransforming characteristics of the mode
transducer used to launch the HE mode on the antenna by measurement
of scattering coefficients [16].

(e) Study of the input impedance of the antennas.

Some of the results of the experimental investigations are given in
Figs. 6 to 15.
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9. DiscussioN OF THE THEORETICAL AND EXPERIMENTAL RESULTS
(@) Near Field

The near field measurements made on a number of antennas to study
the variation of the field components verify

(i) the assumption that the field components vary as cos ¢’ (Fig. 2)

(i) the assumptions given by equations (11) and (12) is approximately
correct (Figs. 3 and 4).
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(iii) The hybrid HE mode is excited (as shown by the existence of all
the field components Ey, Ey, Eg, Hyp, Hy, Hy.
() Radiation Patterns

Figures 6 to 12 show the theoretical and experimental results of the
radiation patterns. It may be observed that:
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(D) The positions of the major lobe and the first two side lobes which
could be experimentally observed agree fairly well with theory.

(i) There is fair agreement between the theoretical and exPemnentaI
beam widths and positions ef the nulls.
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(iii) The first side lobe is 14 to 20 dbs and the second side lobe is 20 to
30 dbs below the major lobe, while the higher order side lobes are more
han 25 db below the major lobe. It may therefore be said that this type
f antenna yields.a strong axial major lobe and well suppressed side lobes,
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(¢) Gain

Figures 13 and 14 show the calculated and experimental values of the
gains of the antennas. It may be observed that:

(i) For longer antennas the theoretical gajn agrees with the experi-
mental values obtained by both methods.

(ii) For shorter antennas the theoretical gain agrees better with the
experimental value obtained by the comparison method than by the reflec-
tion method. This |is possibly [due to the fact that due to high reflection
coefficient the reflection method cannot be expected to give correct results.

(d) Figures 15 and 16 show a plot of the impedance characteristics of
the antenna as a function of length. The almost constant input impedance
characteristics of the antenna having different taper angles and different
lengths shows that the antenna possesses broad-band characteristics,
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10. CONCLUSIONS

As a result of the theoretical and experimental investigations on the’
dielectric-coated spherically-tipped conducting cone antennas it may be
concluded that:

() The antenna excited in the unsymmetric hybrid mode behaves, like
an end fire antenna having a narrow major lobe and a large number of
minor lobes of very low intensities.
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(ii) The beam width of the major lobe can be minimized and the gain
of the antennas maximized by proper choice of the angles 6, and 6, of the
cones for a given length r, of the antenna.

(iii) The antenna has broad-band characteristics as shown by the
radiation and impedance characteristics.

More details of the work are contained in [17].
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