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ABSTRACT

The characteristic equation for the EH wave has been derived.
It 1s shown, as a special case, that the asymmetric wave EH, cannot be
propagated along a solid conductor embedded in free space due to very

high attenuation. Field components in terms of the axial power flow
have been derived.

FIELD CoMPONENTS OF EH WAVE
Replacing k by jk in Part I of this paper, for convenience of computation
the following wave equations for the z components of Eand ﬁ are obtained :
V3E, — k%, =0
V/H, — k*H, =0 (1)

The solutions of the above equations yield E, and H, from which other com-
ponents are found. The field components of the EH wave are obtained as
follows by combining the field components of the E and H wave.

E,** = [AlL, (kr) + B K, (kr)] cos né
E o — }c’i [AkL,' (kr) + BKK,’ (kr)] cos né
- i‘;’f [A'L, (kr) + B'K, (kr)] # sin né
bl 71
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Epth = — k’;; [AL, (kr) + BK, (kr)] n sin né

_ i%* [AKL, (kr) + B'kK,’' (kr)] cosné

Ht* = [A'], (kr) 4+ B’K, (kr)] cos né

H oh = J:;: (AL, (kr) + BK, (kr)]n sin n6

+ G AL (kr) + B'kK, (kr)] cos n6

Jwe

H ;%= =3 [AkL," (kr) + BkK,’ (kr)] cos né

- ,;’;—,-, [A’L, (kr) + B’K,, (kr)] n sin n8

The field components in the different media can be obtained from the
above equation by using the same constants for B, € Kk, r, asin the previous paper

CoNDITIONAL EQUATIONS

The fokllowing conditional equations are obtained by using proper boundary
conditions and the field components in the different media as obtained from

equation (2).
ASIn (kaﬁ) -+ BzK,. (k2r1) =0
Ayl (kory) + By'K,' (kyry) = O.

Jo I::” ;:z) [Aal, (kory) + BK, (ko75)] 7 sin né

Fs

- ,;Zi, [kl (ko) + By'kyK,’ (kyrs)] cos nd

;{_ é’i [Ay’ alfl' (kgrq) + By'k K, (kyr g)] cos nf = 0

et (6% = £5) IAVL () + BYK, (k] n sin o
- Z:"g [Agksl,’ (kary) + B4 K, (kgr5)] cos né

+ %a Askal,” (Kkary) + By K, (kyr)] cos né = 0

' Z

(a)
(b)

(c)

3)

(d)
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Asl, (ksrs) + BK,, (kory) — Al (kyry) — B,K, (kgrp) = 0 (e)
AEIIH (kkrl) ~+ B!’Ku (kﬁrﬁ) — Asrln (k3r2) - BBIKH (kﬂri) =0 (f)

Jw [ € € ‘
rs (k:’ k:‘) [Asl, (ksrs) + BgK, (kyrs)] 7 sin n

s = k’;. [Ayksl,’ (kors) + By'koK.’ (kyts)] cos né

23 k"’ii [AdkH 2 ( jkors)] cos nf = 0. (2)
B (85— £3) AL Gkrd) + BYK, (kyry)] m sin no
__ 7% Ay (il
T3 [AKHY (jkry)] cos nd
4
’—,;— [Agksl,’ (ksrs) + BgksK,' (Karg)] cos nf = 0 ()
A,l, (kgrp) + B3K, (kgrs) — AH, 2 (jk,rg) =0 (i)
AB’I- (ks"a) Ba'Ku (ka"a) - A;Hnu} (.Ikc"a) - 0 (J)

CHARACTERISTIC EQUATION FOR THE EH WAVE

In order that A’s and B’s in the above equations are not zero, the following
relation must hold good.
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and so on for other 4’.

Fy= =814 81— 815 — 81,0+ 845+ 816 — 8,0 — 8,4 — 5,
- 81,10 + 81.11 + 31.12 - ‘31.13 ‘|‘ 31.14 (6 d)

Fy=1283y — 833 — 833+ 8, + Og,5 + 826+ 85,7 — 83,8 — 839
+ 85,10 + 8211 — 938 + 815 — 8g,14 (6 e)

Fg=+ 83y — 85 — By,3 + 8p.4 + B35 — 83 — 83,7 + D3,
+ 85,0 — 93,00 — S, + 8332 — 8313+ 8354 + 8545 — 516
+ 83,17 — 83,08 — 85,19 + 3,20 — 8501 + 8300 + 8500 — 854,
— 84,95 + 93,96 + 83,87 — Bg,95 — 85,00 + 83,50 + 8541 + 33,9
+ 03,33 — 83,30 — 83,35 -+ 8y,3 6S)

and so on for other I's.

811 = ?’-,::;:’ L (kars) K, (kare) K, (ker) 1, (kar) 1, (Kars) Ko’ (kyry)
X 1, (kgrg) cos® né (6 2)
a1 = T2t [ Gesra)]? Ko’ Chora) K, Geary) [T (hyr)]?

X K, (kgry) cos né (6 h)

B = T8 [ (1 K. (k) Ko () L e

X K,' (kary) cos? né (61)

and so on for other &’s.
A SpeciaL CaSE

A conductor of infinite conductivity embedded in fre¢ space:

In this case
€= = ¢ T %
ke =ky=ky=k
Fog = Fg = N (7 a)
This leads to
Ayp== 4y, =0
I"=F, =P13.=0 2 (7b)
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Ty = ” ‘*“ [L4(K,)® — 21,3 (K,)?2 'K, — LK *(I,)%] cos? nf

Fy=2 ”;ﬂ [1.2K 2K, 'l,’'] cos nf

ra_”""’[a VK2 — 2 (1LY KK, 4 2 (1)2 K (K,)? L2

— Iml'r (I{uw)3 Inal cos® né

L ,
Iy=—2 " L} K, )P K,L'] cos® nf

rs——z”‘“[r K2 1.)* — I,°K,2 (1) K,/ — L3 (K,)® K,L'} cos? né

Y
9y

T, = 2” 2 (12K, (K,)?1,%)] cos® né

2, ?“WHrKﬂ—m K.2 (1)K, + 2 ()2 K, (K,)? I *

+ L3 (K, ) 1,] cos® né (7 ¢)
Therefore the characteristic equation (5) reduces to
4,y + 41 4 A1y + A,T, + dely + 4,7, + AT, = 0 (8 a)
which yields
HL0 H 0 (KWL + K, (1)
+ H,N H,W K K,LL [1L2 (K,)? — 3K,2 (1)
2L DY K — (K2 (9

+2K,2 (H, ") L2 (1,)% [K,' — K,] = 0  (8b)
If n = 1, then using recurrence relations (Watson, 1922), equation (8 b) reduces to
I, K1+K)+K (I )—KI’( K, +
Y \kr, ® " kr, 1 . kr1

H35¢%ls ( ) ( )
’ : krl
: | _ H, )2
= K‘(l —--—1)[ (1) h ]
1 0 krl JHQ krl |
L I K H, )42
i § .._Ka( __!)( _1)[ 1

kry
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po (Ko ¥ EI%)‘ I (H,™)?
= (Kot ) ke [me =BT
= -t (L= &) = B [ jHg - -}g:’] 9 a)

Therefore

I,* (Io k'l'l) (9 b)

and |
Kl $ . Il d
T, + Kn) + K, (Io = Ex)

— Kl (T — ) (Ko + krl)
+ 3K, %, (K.,+ K‘) (I"‘"Eﬁ)a=° ©c)

In the above equations the argument kr; of the Bessel functions has been
omitted for convenience. From (9 b)

either I, (kr,) =0 which yields k =0

or

Lo (kry) = 170 © d)
1
For k = 0, we obtain the phase velocity w/B = ¢. But at microwave fre-
quencies, the surface resistivity of the conductor being appreciable, the phase
velocity cannot be equal to the free space velocity ¢. Hence the root k =0 1s
physically inadmissible.

A plot of I, (kry) vs. kry and L, (kr,)/kry vs. kry in Fig. 1 shows no intersection,
Hence condition (9 d) is not valid.

The left-hand side of the equation (9 ¢) has been plotted vs. kr, In Fig. 1, Graph 3.
- It is evident that the equation (9 ¢) is true for k > 5. Takingk = 5and r; = 103
metre, y =~ 5 X 104.y is real (i.e.) the attenuation constant a=¢ 5 X 10* nepers
per metre, This leads to the conclusion that the asymmetric wave EH,, even though
it is excited on a solid conductor embedded in free space, becomes rapidly attenu-
ated and hence cannot be propagated. ~ This result agrees fully with the pre-
diction of Hondros (1909). Therefore, the general characteristic equation (3)

for the EH wave derived above 1s correct.
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b 4 Y

0.2 20 (3)
(1)
0.1 10
(2)
o A _— =i ' ———
0 ! 2 3 :4L 5
Kr | —»
Iy (kny)

Fic. 1. :
¢, 1. (1) Iy (kry) vs. kr,. (2) vs. kr;. (3) L. H.S. of Equation 9¢ vs, kr,.

kry
x and y represent graphs (3) and (1), (2) respectively,
EVALUATION OF THE EXCITATION CONSTANTS

T i i ;
h a d B ’ . 3

B, = Asa, Ay = Ayw,

Ay =A,p, B, = Agv,

Ay=Ay, By = A,y, (10)
Ag' = Agy,’

Ba - Aa’n. A" —— Aﬂ'qu’
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ar— L)
" K (kyr)
s K, (ksrg)
" Lk + K, (kyrp)

= K (ary)
J

ot = Ky(kery)
" L (kerg) a, 'K, (kyry)

K, (kyry)

f"f

¢
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d, = b, [I, (kare) + a 'K, (kary)]

e, = ¢, [I.' (kyry) + 0K, (kyry)]

fmJIF = I, (kgrp) + a,'K, (k’ri)
' II’ (ksra) dn‘Ir

&x ks k,
po o Ka (gra) _ el

" ks Ky
Lok K (kar)
T ket T ML, (k)

L. =1 (kgre) + a.K,' (kyry)

— Pula (ksra) + MK, (Kyra)
e = Hn‘” (jkara)

— {627 _ Sa,71
I = [k. In ka ilIﬂ (klrl)]

y = Safs = Ia8nln

* T E i —n)
_ u], (kary) + 0K, (Kary)

where,

4 = — La(ksry)

" K, (kyry)
b = L(kgrdd

" In (kErZ) + anKn (k2r2)
bt o . Ialkard

I (kery) + a K, (kgry)
d, = b, [, (kere) + a,K,’ (kero)]
e, = ¢, [ (kerd) + a, K, (kyrp)]
fo =1,(kery) + a,K, (kers)

dy, 1. (ksro)

g‘l k’ ka
p o 6 _ K (kara)

" ks ks
T L) T L (ke
. _ Ku (k)
A (XN
_— E': ’u . Iugn - E: i.I,: (ka"a)

hy — gujn — 2 Gl Geare) + 3} Ko’ (kar)
3 3 -
fn B mnKn ("Ea_rz)
Pe =", Gk
r,. — hn — &» jn
€3 .y » €3 ’

I, = [k_; Jnla (kgre) — k',K' (ksr;)]
v, = u,a,’

. I, (ko)
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K (kgre) — %n
*n =1, (kara) ™

Ly, = CH [In (kiri) + anKn (kgl'g) - {;; unlnr (kz"s) + U"K; (kﬂrﬁ)

i & w,,} cos nﬁ]

ky
z, = — ycosnd [ K. k(k,rz) x,,!_,.k(kar !-)J
3 3
__ Jopg € _Jo . (f “53)
¢ s n sin né (k Yy kg“) 4 ” n sin n6 itk
r . Waly (kgre)+v,K, (kars) ¢ _ Yo la (Kgra) + YaK, (kgrs)
G Ve 9 H. @ (Jhyry)

The excitation constant A, can be expressed in terms of the axial power flow
P.»* as follows (Chatterjeee, loc. cit.):

P:"h - Afxl (kﬂs ksar k4= Fi, I'gy T3, “’)

or
A==T ‘\/P'l_ 'l’ (ll)
FIELD COMPONENTS OF THE EH WAVE IN DIFFERENT MEDIA IN

TERMS OF THE POWER FLOow

The field components of the EH wave are obtained from (2), (10) and (11)
as follows:

'n medivm 2 ry>=2r>r,

Ea®* = 7, [, (ka?) + a,K, (ksr)] cos no
Ea** = 0 n [ (kar) + a,K,) (kyr)] cos n6

jk ‘:'—’ T [Ua], (k) + v, K, (ker)] 7 sin nb

E’92hl k:’r Tn';’: [In (kgr) - CIHK,. (kgf)] n sin nf

""'L* * Ty [ (ky?) + v,K, (kar)] cos nb

Hl‘l"l == Tll'l’l [un n (kir) + vuKn (kir)] cos nf
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Hot* =58 v, 0 ) + 0K, (k)] sin 6
k n‘lbt [H I (kir) + v K - (kar)] cos né

H g," '—J%:a . (L (ko) + a K, (kyr)] cos nb

- k:;r v b, [u,L, (kgt) + v.K, (kyr)] 5 sin nd

In medium 3 rg=2r=2r,

Eﬂ". e Tn'i('l [pnlu (ksr ) -+ m"K" (k,r )] cos nd

E " = E, ., [pals (Ksr) + m K, (ksr)] cos 6

’,"::: b 2L (ar) + yK, (o)) m sin n6

Eg"* = — 73 "'u'l'- [Pul, (kgr) + m K, (kgr)] n sin n8

e L 4 L (ke) + y Ko (kar)] cos n
H“u.h B Tld’l Lvn’-[n (ka") + ynKn (klr)] COs ?!6

H " ——’,j::: vy [pal, (ar) + m, K., (kgr)] 1 sin nB
+ ﬁ e VL (k) + 9K, (kyr)] cOS 16
Hgy'* = J‘Z’:' Tos [Pl (Kkgr) + m K, (kyr)] cos né

o k_ i, Tals V4’1, (kor) + 3.K, (kar)] n sin n8

In medium 4 r>r,
E. " = rab,q.H, Y (jkgr) cos né

E 4t = 7{‘ r.0.9,H,8Y ( jk) cos né
4

' -;:u::“ .lﬁ,q“’H.{h (qur) n sin n8
4
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Egutd = — gy 7o Ha (ki) m sin 70
— S0k 1 g, H 0 (k) cos nd
4
H,** = r3b,q. H, Q) (jkgr) cos né
Hrl"h = j;:{:: Tn‘ﬁ-Qanm (jk.lr) n Sin né
4
§ 7 5 g, HO (Jlr) o050
d
Hﬂihh = Jf}:’:ﬂ Tﬂ'l’zanan (jkgr) COS né
= E‘%r .9, HY ( jk,r) n sin n8
4
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