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Abstract 

A modal analysis and near-field study for a dielectric-coated conducting sphere excited by a delta function 
electric field source has been mado. m e  structure can support an inEnite numbcr of modes fheoretically. 
For equatorial excitation only odd order modes are excited, whereas for non-equatorial excitation both 
even aud odd ordcr modes are excited. The variation of thc amplitudc coefficients both internal and 
external exhibit a different nature of variation with respect to the various structure parameter8 for diffe- 
rent modes. The field distributions both in the r and 0 directions for non-equatorial excitation show 
good agreement between theory and experiment for the strongest mode. 
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1. Introduction 

ScharhanL and RheinsteinQave studied the backscaller and lotal scalteuing cross- 
sections of dielectric-coated spheres. Yeh3 reported studies cn  dielectric-coated prolate 
spheroids. Chatterjee et a1 have reported theoretical and experimental work on dielectric- 
coaled condu~ling spheres excited in the hybrid mode4 and in the -TM symmetric mode6. 
Chatterjee8 has solved the electromagnetic boundary value problem of the dielectric- 
coaled conducting sphere excited by delta-function electi-ic and magnetic field sources. 
Chatterjee' has also studied the truncated dielectric-coaled conducting sphere excited in 
the TM symmetric made as an  antenna. Chatterjee et  ats have also studied-the radiation 
characteristics of dielectric sphere excited in TM mode. 

1n.the present paper, a modal analysis of the dielectric-coated conducting sphei-e 
excited in the symmetric transverse magnetic mode and a study of the near-field characteri- 
stics has been made. The theoretical rcsults for the ncar field have been compared with 
the experimental results obtained, for truncated dielectric-coated conducting spheres. 
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2. Modal analysis 

The geametry of the dielectric-coated conducting sphere is shown in Fig. 1. The 
dielectric-coated conducting sphere is excited in the syn~metric transverse magnetic mode. 
The source of excitation is assumed to be a delta-function electric field source E,e-jU' 
applied normally and uniformly over an annular ring of radius h sin BI and width 
(b - a) sin 0,. 

o inner  radius or dielectric-coated 
conducting sphere 

b--oufm radius of dielectric-coated 
conducting sphere 

d+b - a) coatmg thickness 

Oz--ang1e of excitation 

ea, po, aO-perm~ttivity, permeability 
and conductivity of free space 

E I ,  PI, ul-peminivity, psrmeability 
and conductivity of dielectric 
material 

FIG. 1. Geometry of the s ~ ~ ~ c t u r c .  

Lct, 

En = E, cos and E& = E, sin el (1) 
be the components of E, in the r and B directions respectively, and let 

Y E ~ =  -- for e, - a< 0 < e, -t @A 
bAO sin 01 2 2 

asl E, = 0, for 0 < - and 8 > 8, + - 2 (2) 
where V is the excitation voltage applied across the gap bABl sin B1 over the annular 
ring. 

The components E ,  and Eg, can be expanded in a series of spherical harmonics as 
follows 

rz (n  + 1) Dm ( r )  P, (00s B) e-lut (3) 
x-l 
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where C., and Do. are constants assuming that (h - a) Q a and < h, i.e., the dielectric- 
coating is very thin, we have 

+=u 8-0 

x P: (cos0) sin .@ dO d$ 

x P. (cas 0 )  sin .@ dO d4 

V 2 n f 1  
= - 6 kl - Cos 81 Pi (COS 01) 

n (n + 1) 
, (6) 

The field components for the dielectric-coated conducting sphere excited in the symmetiic 
TM mode are given by I61 

Medium I: a < r < b  

Medium lI: r  > 6. 
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w iq  the'angl~lar I'requcncy, P i  (cos 0) = a / b 0  [P, (GOS U)1, ./,(/<?'), h ( k , r . )  and hEJ (li,r) 
are the spherical Besscl, Ncurnann and Hanlcel function? of the lirst kind rcspectively. 
Lorn and M,, are lhe internal amplitude coefficiellts and No, are Lhc cxtcrtull amplitude 
coefficients. 

2.2.  Existence of even and odd ordcr modes 

Tile eqns. (7-12) show that Lhe field inqide and outside thc diciociric-coaled conducting 
sphere ia represented as the s11.m of an infinite number or modcs, even and odd. The 
existence of odd or even and odd order modes dcpcnds on the angle of cxcitarion i),, 
which is involvcd in the cxprcssions lor Con and Do, [cqns. (5) and ((,)I. 

When 0, = 90°, corresponding lo ihe case of equzstorial oxcitation, cqn. ( 5 )  for the 
coefficient C,, becomes 

V lc, (2n -1 I )  
c~,, (a) = Co" (b)  = -- - &I +.-fi-~ p: (0) (13) 

Ti~crefore taking into account lhc ortlwgon.dlily of t l i ~  modm, [Appcndia we have 
the following results. - .  

(i) For equatorial cxcitalion, 0 ,  =- 9O0, only odd older niodes exist iiir thc dielect~ic- 
coated conducting sphere. Tl~en, the components E,, Eg and H+ can be represented as 

E , = E , ~ s = , - + E , ~ ~ ~ 3 - ~ - E , ! m - 5 i - ~ ~ ~  (1 5 u)  

Ed = Eo In-, + Eg In-a 5 Eg 1.-s + . . . (1 5 b )  

If* - H$ In3' $ 1133 f K* In=5 + . . . (15 C )  

( ~ )  When 81 # 90" both even and odd order modes exist on the d~electric-coated con- 
ducting sphere The components can be ~epresented as 

E,  = E, I,= t E, 4- E, In-? + . . . (1 6 0'1 

Eo Ee In- + Eolcz + Kg I,,=a + . . . (16 6) 
H+ = He Is- t- H&a + H+ la-3 f . . (16 C )  
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2.3 .  Boundary conditions 

The boundary conditions are: 

(i) E; = E; ; H$ = H; at r = b 

( i i )Ej  = O  at r - a .  

Using eqns. (7-12) and the boundary conditions. we have 

Using eqn. (5) in the above equations, the amplitude coeEcients Lo,, M,, and No, can 
be uniquely determined for each valoe of n. Thc field is thus uniqnely determined inside 
and outside the dielectric-coated conducting sphei-e for each value of n. Hence it can 
be concluded that the TIW,,, modes exist for n = 1,2,3, . . etc., for this structure. 

2.4. Evaluation of the amplitude coefficients 

The internal and extcrml amplitude coeflicients Lo., Ma, and IV,, have been numerically 
evaluated for different values of (6 - a), a, 01, f and E,. The first six modes have been 
ooiisidered in all thc above cases. For thc case of equatorial cxcitation, thc odd order 
modes TM,,, TM,, and TM,, have been considered. All the numerical computations 
have been carried out with the aid of the IBM 360144 digital computer. 

2.5. A ~ l y s i s  of the amplitude coeflcients 

(i) The variation of the magnitude of thc antplitude coefficients with coating thickness 
is shown in Figs. 2-4. The cases a = I .0 to 4.0 crn for constant 0, =130" havc 
been studied. The variation in the case of equatorial excitation @, = 90" is shown in 
Figs. 5--7. The variation is found to be different in each of the cases studied. It is seen 
that the coefficients M ,  show only a slight variation with coating thickness. 

(ii) The variation of the magnitude of the amplitude coefficients with inner radius 
a, is shown in Figs. 8-10, for fJO, # 90" and in Figs. 11-13 for the case of equatoxial exci- 
tation. The variation has been studicd for k e d  valucs of (6 - a) = 0.02, 0.08, 0.14 
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(h-1, ," ern3 Ib-a1 I" rmr 

Ib-.I m rrns i b - a l  i n  rmr 

lor ..l.cm. l,nr . Gm. 
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IO-VARlATlOll OF THE E X T E I W L  AYPLiTUOC ClEFPlL lEHTl  
Nln , W l l H  INMLR RlDlUL 'a '  
1 .  11.37'1 Q U l ,  t r .  2 .56  . 0:. $30' 

PIO. ~ ~ - Y I R I U I O N  OF I*I I Y ~ ~ ~ U A ~  * H p L I r ~ ~ E  CoEFF,C,INTI FIO I*-V*RIATION OF THE EXTERNAL ~MPLIIME cOEPFICIINTS, 
Um . WITH INN.& RADIUS '.'FOR LOU&TORIAL IK&N Nan WITH INNS#. M I U S  'a' FOR E W O R U I  EXCRATKIN 

1 .  1.375 0111 , er . 2 . 5 8 .  1,. (0' 1 ~ 1 . 1 7 5  5 D ~ l  , . 2.66 01.  PO' 
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and 0.2 cm for fixed values of a ranging from 1.0 to 4.0 cm. The variation is found 
to be different for each individual mode. 

(iii) The variation of the magnitude of Lo., M, and No, with angle 0, for 0, ranging 
from 100" to 160' keeping the olher pnl.arneters fixed is shcwn in Figs. 14 to 16. The 
variation for all the three coefficients is found to be oscillatory going th.roug1,. vnrioi.~ 
maximum and minimum values for each of the individual modes for diff'e:ent values 
of 81 

(iv) A study of the variation of the amplitude coefficients with the frequ.ency of excita- 
tion for fixed values of a, b and O1 has been made in the range 8.0 to 12.0 GHz. The 
results for the case O1 # 90" and 8, = 90' are shown in Figs. 17-19 and Fig. 20 res- 
pectively. 

(v) The variation of the magnitude of the amplitude coefficients n,ith thc relative per- 
mittivity of rhe coating material is shown in Fig. 21 roe the cnse 0, # 90" and in Fig. 22 
for the case 0 = 90". The values of E ,  ranging from 2.08 to 700.0 corresponding 
to the various dielectric materials given in Appendix IT have heell considered. The 
magnitude of the amplitude 
coefficients is found lo he sensi- a : 1.2 c m r  

tive to the value of c,. All the 1.811 a s 3.5 cmr 

coefficients Lo., M,, and No, . b . 3 . 6 c r n s  

have a maximu.m and a mini- 3 . 2  1.6- k i z . 5 6  

mum value for a particular 
value of 6,. 

The above considerations re- 
garding the behaviour of the ' .. 
amplitude coefficients of the 
dielect~ic-coated conducting 
sphere can be explained on tho 
basis of the functional depend- I 
ance of the amplitude co- ; 1.6 
&cients which involve tbe 2 
spherical Bessel, Neumann and , , 2  

Hankel functions (eqns. 19-21). 

3. Near-field characteristics 

The expressions for the field o.,, 
components outside the dielec- 
tric-coated conducting sphere 
are given in eqns. (10-12). The 7 9 11 

FlGq. on GHz external amplitude coefficients C ~ W .  in onr 
N, are determined from eqns. Fro. 18. Variation of the i n t m l  amplitude co&cicnts, M, 
(19-21). with frequency of excitation. 
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The variation of the field components with 0 
and the radial field decay of these components 
has been studied theoretically for the first six 
modes for different dielectric-coated conducting 

F,.l ,n OHr 
spheres at the frequency of excitation , 

T'Lii n 0% 
8.) ,li 

f= 9.375 GHz. Figure 23 shows the variation 
with 0 of the power normalized with respect to 
the maximum value for individual modes and no. 20. Variation of the amplitude coefEcim 
Fig. 24 shows the radial field decay of the L,,, M,, and N, with frequency of excitatio 
components for the individual modes. for equatorial excitation. 

4. Experimental measmenent of the near-field characteristics 

4. L Truncated diekciric-coated conducting spheres 

In order to verify the theoretical investigations, truncated dielectric-coated conducting 
spheres of different dimeni'ions were mads. The conducting sphere was made of brass 
and it was coated with perspex. The truncated dielectric-coated conducting sphere is 
terminated in a dielectric-coated cylindrical portion which tapers to a point as a dielectric- 
coated conducting cone to achieve impedenee matching a t  the feed end (Fig. 25 (i)). 

To excite the symmetric TM mode on the truncated dielectric-coated conductingsphere 
a mode transducer is used. The mode transformation is as follows: 

(i) Reotan@ar waveguide (TEA, mode) to 
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Re. 21. Variation of the alnplitude coefficients with e, the relative pemdttivity of tho r:oating 
material. 

(ii) Coaxial line (TEM mode) to 

(iii) Truncated dielectric-coded conducting sphere (TM,, mode). 

A sketch of the truncated dielectric-coated conducting sphere with the arrangemevt 
for excitation rrom a rectangular to coaxial transducer is shown in Fig. 25 (ii). The 
specifications of the structures used are given in Appendix IIX. 

4 .I .l. Experimental investigafions 

(a) Radial field decay : The arrangement used For measuring the radial field decay is 
shown in Fig. 26a.  The field components B,, Eo and H* are nieasured using the 
apprapriate probes. The probe is placed very close to the surface of the structure 
along an axis corresponding to 0 = 30°, so that the even and odd order modes that 
exist on thc structure are taken into account. A view of the structure and the probe 
is shown in Fig. 26 b. The experimental results are given in Figs. 27-29 along with 
the theoretical results for comparison. 

(b) Variation of the field components with 0 : The arrangement for the measurement 
of the variation of the components n,, Eg and H,+ with the angle 0 is shown in 

FIG. 22. Variation of the amplitude coefficients with 6, the relative permittivity of the coating material 
for equatorial excitation. j , 



Fii;. 23. Variaiiori or ~iormali~ed power with 1) for the Grst sir mode?. 

Fig. 26 c. Thu probe is placed close to  the si!rTacc of the structure. The expari- 
menlxl re\ults are given in F ~ g s .  30- 32. The rhcoretical result$ are also shown for 
coinpasison. 

5. Analysis 

(i) Rndiirl decay : Tile agrcerlicnl between Lhc thcorel~cal  curve for tbc strongest niodc 
and the experimental curve 1s good Tor thc coinponcnti E,, Eo and H+ (Fgs .  27-29). 
The mode ~ O I -  which the extcrnal amplit!l.de cocfficicnt A',, is found tci have the maxi- 
mmi value has bee11 tcrmed thc itrongesi mode of the diclectric-coated conducting 
sphere. 

(ii) Variation iv i th  (I : LL is scen ihai there is good agreement bctween thc expcri- 
mental rcsults and the theoretical rcsults obtained [or the strongest n o r ' e  for thc compo- 
ncnts E,, Es and II+ in  all cases (Figs. 10-32). 

FIG. ?I. Radial field decay for ihe first six modes 
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I l l  , , I ,  

Fro. 25.  (i) Sketch of the truncated dielectric-coated conduct~ng \pheic. 
(ii) Sketch or the method of excitation. 

An attempt has been made t o  make a comparative study of tlic cxpcrimenl.al 
curve and the theoretical curve obtained by the summation o f  the first six modes 
(since the modes a re  orlliogonal) for the near field (Fig?. 33. 14). 

(i) Radialfield decay : As the components H,,> and Eii havc a similar I'unctional 
variation, only the E, a n d  Eo components have been considered. The  radial decay 

FIG. 26 (a). Experimantai set-up for the mew~rement of the near field decay, 
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FIG. 26 (h). A view of tile field urnpling probe nnd the truncpted dielectric-coated conducting sphere 

Tor the E, component shows fair agreement with. experiment not only [or the strongest 
mode but also when compared will1 the combined modes whereas for the EB compo- 
nent the radial dccay Tor the combined lnodes exhibits an  osc~liatory nature (Flg. 33). 
This may probably be explained on the basis of the nature of the functions involved, ie. 

FIG. 26 (c j .  Experimental ssi-up for the n1ea.surernent of the ncar fidd variation w ~ t h  a. 
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FIG. 27 (a), Radial field decay of normaiimd / E, 1'. i' - 9.375 GHz, i, 2 -  %I 

- . c ,hto.a,,c*, - i .*rr,m.nlO, ( ~ i )  Varintioii il'itli 1) : The variation of . , thc near-Aeld components with 0 has beeri 
' I,ZOnl.., mod, 'A, st,englSl mnli , very 11:casured close by lo placing the surface the appropsiate of thc d~electric- probe 

Y 0 .  
coated conducting sphcre. The  experi- 
mental curve, the theoretical curve for the 

E strongest mode only and for tho contbined 
modes for the E,  and Ed components are 

' - give11 in Fig. 34. I t  is seen that there 1s 
0 18 ID 1' 

c ," cm. r an Gm, 2 4  good agreement between the cxpc~iniental 
F,c, 27(bl,  Radial field decay of nornlalized curve and the theorctical c u ~ v e  for the 
/ E, 1'. f = 9.375 GHz, E ,  = 2 .56 .  strongest mode. 

The comparaiive study of the theoretical and experimental rcsulti shows that the 
agreement is better in the case of the largcr diclcctric-coaled conduct~np, sphelcs than in 
tho care of thc smaller diclcctric-coated conducling spheres (Figs. 27-29). Since the 
coating thickness has been assumed to be small, by large dielect~ic-coaled condrrcting 
spheres it is meant large values of a. Since the mode transducer lased is the same, it is 
o b v i o x  that in the case of the smaller dielectric-coated condu.cting sphe~es  the probe 
is closer to  the discontinuity present a t  the junction between the dielectric-coated con- 

FIG. 28 (a).  Radial field 
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ducting sphere and the mouth of the 
b : I l l  rm. . , >. ,,, mode transducer, compared to the 

r,,onn,,, rr,, larger dielectric-coated conducting - n 1 8  mroi.<,i~l - :s M O . . ~ ~ C O ~  sphere. Hence it is possible that 
the direct radiation due to the dis- 
continuity interferes with the near 
field of the dielectric-coated conduct- 
ing sphere sampled by the probe. 
In the case of the larger dielectric- 
coated sphere, however, the probe 

' 0  C 8  3 1  1~ , ,., , , ,, is at a comparatively larger distance 
f ," e m ,  I I" cm, korn the junction and the effect of 

FIG. 28 (b). Radial field decay of normalized the discontinuity field may not be 
I E~ 1%. f = 9.375 GHz, E ,  = 2.56. appreciable. It may therefore be 

said that the field samples mostly the near field of the dielectric-coated conducting 
sphere in tht case of the larger dielectric-coated conducting spheres without being 
influenced much by the interfering field. 

. . 0 5 m "  b . ail r-. 

I,. I', 1'. 

Jnml,,, m ,a, 
-n., Thar . IM 

FIG. 29. Radial field decay of normalized / H+ la f = 9.375 GHz, e, = 2.56. 

Since the rate of decay of the field in the r direction in the case of the smaller dieledric- 
coated conducting spheres is vely fast, the piobe output becomes vely small when it is 
placed away from the surface of the dielectric-coated conducting sphere. Hence no 
further study of the interfering field in the case of the smaller dielectric-coated conduct- 
ing sphere could be made with the available equipment. 

6. Conclusioas 

The following conclusions can be drawn from the above investigations: 
(i) The dielectric-coated conducting sphere can be excited in an infinite number of 

symmetric TM modes by a delta-function electric field source. 

(ii) The existence of even and odd order or odd order modes only is determined 
by the angle of excitation el. 
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(iv) The truncated dielectric-coated conducting sphere excited by a coaxial line has 
very nearly the same field configuration as one of the T M ,  modes. 

(v) The theoretical field distributions obtained in the case of a complete dielcetric- 
coated conducting sphere and the measured near field curves at a frequency of -9.375 GHz 
agree fairly well. 
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Appendix I 
Orthogonality of the modes 

The condition for mode orihogonality nlay bc s t a t d  mathumalicaliy 3 s  

where f and g xeprescut the functional variation of two modcs. 
For the dielectric-coated conducting sphere, considering any h~ modcs, TM,, and 

TM..., where n f n', we have for the magnetic field co~nponent H;, 

,r 
[Lo,. j,, (k r )  + M,,, 1:. (k r ) ]  r "  cir [ PP,: (cos 0) .  

e=o 

x P;.(cos 0) sin 0 do. 



DIELECTRIC-COATED CONDUCTING SPHERE 

Using the property of Legendre polynomials that 
+1 

J P, (x)  P.(x) d x = O  for n j t m ,  we habe I = 0 .  
-1 

Hence the TM,, and TM..., modes are orthogonal. The orthogonality can be proved 
similarly In the case of the E, and Es components. 

Appendix 11 

Dielectric material considered for the 
theoretical study 

Appendix 111 

Specifications of the truncated dielectric 
coated conducting spheres 

Dielectric Relative Loss 
material permittivity tangent 

Inner Outcr Angle of 
radius radius excitation 
a cm 6 cm 8% degrees 

Teflon 2.08 0.00037 

Mycakx 400 7.12 0.0033 

Ceramic 28.9 0.0020 

Titanium dioxide 85.8 0.0020 

Strontium titanate 312.5 O.OOM 

Barium titanate 700.0 ?,0005 


