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ABSTRACT 

The characteristic equation for the EH wave has been derived. 
It is 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 e and H are obtained : 

WE, - k2E, = 0 

V t 2H, 1011, = 0 	 0) 
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." = [AI. (kr) B K 	cos nO 

E " 	 1-1  [AkI ' (kr) ± BkK,' (kr)] cos nO 

	

' 	k 2  

— 
k2r 

[AIN  (kr) A- Bic, (kr)] n sin nO 

bi 	 71 
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Eth =-- 	V— [AI (kr) + BK. (kr)] n sin ne k 2r 	" 

siwik „ [A kis  (kr) + 13 1  lac (kr)] cos nO 

1-1," = [Al. (kr) + WK„ (kr)] cos ne 	 ; 
• 

H,th = ja1- €  [AT (kr) + BK„ (kr)] n sin nO k 2r 	'1  

[kid ' (kr) + 13 1kK„' (kr)] cos no k 2  

flo" 	[Akl.' (kr) ± BkK.' (kr)] cos ne 

Y  

k2r 
[A I

n 
(kr) + B'K. (kr)] n sin ne 	 , 

The field components in the different media can be obtained from the 
above equation by using the same constants for pi, E, k, r, as in the previous paper 

CONDITIONAL EQUATIONS 

The following conditional equations 
conditions and the field components in 
equation (2). 

are obtained by using proper boundary 
the different media as obtained from 

A2I, (k2r1) 	13 2K„ (k2r 1) 	0 	 (a) 
(k2r 1) 	BOC„' (k 2r1) = 0. 	 (b) 

Jai  ( 63 	_E2 rA 	it, 	n v  
vc 2n n sin ne F2 	k.2 	k23) Lnli n  kove2/ -r 1.1 2Z■ n 2r  

--Y,EA,ik 21.1 (k12) + B2 1k2Ka i  (k2r2)l cos ne k2  

k
-2 [A „ k I„ (k 3r2) Bsik3 K.' (k 3r 2)] cos ne = 0 	 (c) 

jailL0 ( Ea 	E2 
— 	[A 2  I n  (k2r 2) ± B2' K. (k 2r2)] n sin ne r 2 	/cal' 

	

vE-; [A 2k
a 
I n ' (k 3r2) 	B3k3Kn i  (k3r 2)] cos p I 0 	 (3) 

I 

	

+- -E-22  EA2k21; (k 2r2) 	B2k 2K„' (k 2r2)1 cos ne =-- 0 	 (d) i 



Propagation of Microwaves along a Single Conductor II 

A 2I, (k92) 	13 2K„ (k 2) — A31„(k 3r2) B3K,(k3r 2) = 0 
Aa„ (kis) B2t. (k2r 2) — A31,(k3r2) B31 1c, (k3r2) = 0 

fru- (;° —2E3  k3 ) [A
3 	33  

I (k r ) 	
3 	33  

B K„ (k r )] n sin ne r 3  k 4   

— -7-- k313  [A ' k3 I ' (k 3 33r ) 	B 3  K n 	33 ' (k r )] cos ne s  

± 7- [A 4 'lc4 H„(1) ' ( jk 4r3)] cos nO = O.  
It 4 

fivr143 °  (k-~4E°2  — kit) [A 3 1 1. (k 3r 3) 	B3 'K„ (k 3r3)j n sin nO 

n)   
k42 

[ 44 A k H„( 1)1  ( pc 4r3)) cos ne 

± 7€3  
k32 

[A 3k31, 1  (k 3r 3,) 	B3k3K 0' (ices)] cos ne = 0 

Aals  (ki s) ± B31c, (k3r 3) — A 4fi0qi ( jk 4r 3) = 0 

A 3'1 4  (k3r 3) ± B3'K s (k3r 3) — kills (1  ) (ikes) = 0 

(g)  

(h) 

a) 

( 

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 A's. 

• =-- 	+ 81,2 - 81,3 - 81,4 ± 81,5 + 8196 - 81,7 - &La - 81.2 
- 81,10 ± 8141 ± 81,12 - 81,13 ± 81,14 	 (6 d) 

• = Li -- 82,2 - 82,3 -F 82,4 -I- 82,5 	82,6 ± 82,7 - 82,8 - 82,9 • 82,10 	82,11 - 82,12 	82.12 - 82,14 	 (6 e) 

r, = 	83,1 - 83,2 - 83,3 ± 8 /1. 4 + 83,5 - 8 3,6 	83,7 + 83 , R 

± 83,9 

+ 8  3,17 

8 3,25 

- 83,10 

8  - 3,18 

+ 83,26 

- 83,11 ± 83,12 - 83,13 ± 83,14 4- 83,15 

83,19 + 8 3,20 - 8 3,21 ± 83,22 ± 83,23 

± 83,27 - 83,28 - 83,29 ± 83,30 + 8 3,31 

8 3,16 

- 8 3,24 

+ 83,32 ▪83,33 - 83,34 - 8 3,35 -4- 83,36 
	 (6f ) 

and so on for other Ps. 

81,1 = Y-k2E2f3  I. (k3r3) K. (k3,'2) K.' (k 2r2)I„ (k 2r01(k 2r 2) K.' (kip 

x 1„' (k3r3) cos 2  nO 	 (6 g) 

8 	sYkEfi  [1,6(ksra K„' (k 3r2) K. ( rcei) iln (k2r2)1 2  

x K.' (k 2rj cos ne 	 (6 h) 

,,v3 E  2 
83,1  =- 

k33 
 [I,' [I.' (k3r3)] 2  K.' (k 3r2) K. (kip [I. (k2r2)] 2  

X K.' (karl) gess nO 	 (6 1) 

and so on for other S's. 

A SPECIAL CASE 

A conductor of infinite conductivity embedded in frel space: 

In this case 

= 63 = E4 =Eo 

k 2  k a  = k 4  k 

r2  = r3  = ri 	 (7 a) 

This leads to 

410= on == 0  

(7 b) 
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 2 
= ' kg°  [Is' (K 13 3  — 21 93  (K.') 2  1 9'K. — LK? (03] COS 2  ne 

	 [1,3K„21c1,1 cos ng 

v 3 e  2 
1'3 	[(I NNTI(9 3  — 2 (I„') 3  Kn 'K. 21. + 2 (I„') 2  K. (K,;) 2  1. 2  

inf (ic)3 in9 coo ne 

72 ea  
//6  = — 2 —

1c2"  [I. 3  (K 8 1) 2  K.I.11 cos 2  nO 

.v2 E._ 
P6  = 2 '1(2 " [r„2K ris (1,32 	I,2K115/ (LT 	1.3  (K.1 2  KJ.] cos? nfi 

ft, 
Y3  r r_ 2 €0  [(19 1 2  K. (K 9 1) 2  I. 2)] cos 3  no 

v3 e 2  
1'8  =  k3°  [(I n 1 )4  K8 3 	21,Kn  a 2  n trK + 2 (I3 2  K„ (K9 1) 2  1. 2  

1 „3  (K„') 3  In ] cos 3  nfi 	 c) 
Therefore the characteristic equation (5) reduces to 

J 1 11  + 4 2r2 A 3r3 + 45115 + 4 6116 -1- 4 71'7 	4 8r8= ---- 0 
which yields 

H.( 1 ) H,,( 1) ' [(K 914  I.4 	K 4  (1') 41 

11.(1 ) H7$ (1)'[I„2  (K8 1) 2  — 31( 9 2  (1. 1) 2 1 

	

± 2 (K,;) 2  1 9 31.' [(H'') 2  K8 2 	(K.') 2  (H.( 1 0 2 1 
2K„3  (148 (1 )') 2  I.2  rif) 2 	— KJ = 0 

(8 a) 

(8 b) 

Ifn=1, then using recurrence relations (Watson, 1922), equation (8 b) reduces to 
114  (Ki 	ry + K14  ( .1 	\41  Kih3 	(K 	Kn3  Ucri+ 

v 	

kr i ) 	kri ) 

± 3K1 3 1 1  (K 0  ± Kl) (1 _. 11-) 3  

	

kri 	kr11 

	

[ 	Him-1 2 
K14  ( I° — Fri ) J

R(i)
' 	kr i  

+ K1 3 	— 1/4) (K0 	[ 	a) 	Hitn]  
kri 	0 	-C.. 	jri o  

_ 	kri 
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- • rs (K0 	K1) I ru '1, 2  

K1 2 	 ly1111 
- (K0 ± 	111(12  [afoul  — kr, 

H (1) ] = j213 2 	ki-rk) ± H1(1) [ ifii) 	 (9 a) o ( 
kr, 

Therefore 

11 2 	 =0 kr1 	 (9 b) 

and 

	 Ko y Ki4  ( 
kr im0  kr, 

lc? 
— "13  (i0  — 	OC°  kr, 

K i  (lc  h  )3  0 3K,31, (K0  4- 
• kr,) \ 	kri/ 	

(9 c) 

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

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

or 

l o  (kr i) -= (kr,) 	
d) 

For k = 0, we obtain the phase velocity (4/3 c. But at microwave fre- 
quencies, the surface resistivity of the conductor being appreciable, the phase 
velocity cannot be equal to the free space velocity c. Hence the root k = 0 is 
physically inadmissible. 

A plot of 1 0  (kr„) vs. kr, and 11  (kr i)ficr, vs. kr, in Fig. 1 shows no intersection. 
Hence condition (9 d) is not valid. 

The left-hand side of the equation (9 c) has been plotted vs. kr, in Fig. 1, Graph 3. 
It is evident that the equa lion (9 c) is true for k> 5. Taking k = 5 and ri = 1O- 
metre, y 	5 x 104  .y is real (i.e.) the attenuation constant a-= 5 x 104  nepers 
per metre. This leads to the conclusion that the asymmetric wave E1-1 1 , 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 (5) 
for the EH wave derived above is correct. 
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3 	4 	5 
k r  

AO. 1. (1) I D  (k/1) Ifs. kr t . 

(kr i) (2) 	- vs. kr i  kr i  (3) L H. S. of Equation 9c vs. kr i . 
x and y represent graphs (3) and (1), (2) respectively. 

EVALUATION OF THE EXCITATION CONSTANTS 

The excitation constants A's and B's can be evaluated from equation (3) 
and the result is as follows : 

A3 = A2Ps 

A4 = Awn 

B3 A 2M is  

Al 

=--- A2wn 
B21  = A 2Vn  

B2 1  Azy„ (10) 
A3' == 

A4' = Asq.' 
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where, 

I. (kip 
as 	(ksr) 

I. (kis) 
bn == I. (k 2r2) 	a„(. (k 2r2) 

I.' (kit)  a.' 
Ka` (kir') 

K.  Rea) = - 
I. (k 2r 2) + a „K. (k ir 2) 

(ksrs)  
fit 

I. (ke g) _ 
= 	- I. (k 2rs) + 	(k2r 2)  

	K. (1c3r2)  c.' 
I. (k2r2) a„`K„ (k sr 

_ 	(kar2) 
fit 

d. = 	(k 2r2) 	a.K.' (k 2r2)] 
	

d . 1  = b.' [I„' (k 2r2) 	am'K s' (k2r2)] 

e. = c. 	(k2r2) 	a„K„' (k2r2)] 	ea' = c.' [I,,' (kilt) 	as'K„' (keaj 

= L (k 2r 2) a5K.(k 2r2) 
	

f„,  = I. (k2r2) 	(kis) 

(k,) 	 I,' (kis) 	d„' 
go k2 	k3 grt i  = k2  

es 	K„' (k ar t.)  
= Es — k3  

• I. (k2r2) 	K. (ki s) 
-=  	a„ t s  I. (k 31'2) 	 I, (kis) 

• Ka (kart) 
is — I„ (k3r2) 

=
IC; (ksr 2) ea' 

ks 	Ica  

. , 	IN  (k12) 	, IC„(k 2r2) 
1„ (k 3r2) -I- as I. (ki s) 

1. = I.' (ki s) 	(ksrs) 

12  Is 	— 	(ksrs) 
k 2 	 ks  

— 
h. g„j„ - 	 (kart) ±-3  K„' Rea 

Ics  

f„ m.K.(k 3r2) 
PPI  = 	i rs  (kara) 

	 (k3r3) 	(kis) 
= 	H„ (ii ( jk ir 3) 

= hn  gn i. 

is = [ 1:-33  int: (IWO — itca3 K-s' (kis)] 

v. =- 

F es 	!it  
Lk2 	

'sin' (Ices)] sn =  

s.r.  
Us  = 

u„I„ Rea v„K„  (kers) 
w. I„ (kit) 
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K. (k3r2) 
x. — (kis)  Y" 	z7,1  

z„ = C s  [I„ (k 2r2) 	a„K„(k 2r 2) 	
1 k2

unI„' (k 2r2) 	v„K„' (k 2r2) 

ka
w cos no] 

K.' (k3r2) 	x„I„' (k art) 
zs' = y COS ne [— 	k 3 	k3 	

] 
 

( (a 	C2 e   n sin ne 
r3 	 k 2 2 ) 

Yle s  = 	- 
w„1„ (k 2r2)-Fv„K„ (k 2r a) 

YR  

2 C. = 	n sin ne (-8
2 	k2 

_ _
2
) 

r 2 	k  a 

y ft 'In  (k3r3) 	y„K„(k 3r 3) 
q fi r  = 	H.(u (jk 4r3) 

The excitation constant A2 can be expressed in terms of the axial power flow 
P E" as follows (Chatterjeee, /oc. cit.): 

Illz,LA  =Ls: A22;11  (k2, ks, 	r1 , r2 , r3, 0.)) 

or 

A2 = rn 1/Prei 	 (1 1) 

FIELD COMPONENTS OF THE EH WAVE IN DIFFERENT MEDIA IN 

TERMS OF THE POWER FLOW 

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

In medium 2 r2 ?;„ r?.-- 

En" = TWAT [In (k1) + anK. (k 2r)1 cos ne 

E r2" 	7-„tfr e [I„' (k 2r) -F anic (k 2r)] cos ne k 2  

K22r T
n#, [u8I„(k 2r) 	v 5 K 5 (k 2r)] n sin ne 

E 02 " — 
— k2 r T.Ifrz  [I. (k2r) a„K 5 (k 2r)] n sin nO 

jt
2  
-4° 	[u*  „I N' (k 2r) 	v.K„' (k 2r)] cos ne n 

Hit" = Tie  [UHL (k at) v„K„(k 2r)] cos ne 
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j €2 
Hz2114 	Totkr  fi n  (k ir) ± a nK„ (k ir)] n sin ne ki  r 

T.ilit  ruj.' (k ir) ± v,,K,' (k ir)] cos ne ki  

H62 6 ' 1 = j-W-k  €2  Tn tkz  [Is t  (k ir) + a 	(kir)] cos ne 

Y 
ki2r 

NO, [u Nis  (k ir) + v 	(kir)] n sin ne 

In medium 3 ri  r r i  

Eis" 	er nik, [p.I. (k ir) ± 	(kar)] cos ne 

E" -= Tnik [PI' (ksr) ninic (k 3r)1 cos 6 
4 	k3 

/041/4   
— kazr  Tfire [y 'I (kir) ± y alc(k3r)] n sin n 0 

E83.". 	7„; I [p MI, (k 3r) 	mnIC. (k3r)] n sin ne 

— Mt 'rçb [y 'I' (k ir) y sic (k3r)] cos ne 
k3  

Hdelk  TPA: R i ln (kar) Y.K. (k 3r)] cos ne 

114" = j-(1):8  Tnth [pin  (k3r) 	rn nic, (k 3r)] n sin ne 
kg  r 

T" [y' sI„' (k 3r) 	y„K„' (k ir)] cos ne k3   

H.,k ja)ES 
83 — 	 [p si.' (k3r) 	m niK„' (k 3r)] cos ne 

K3 

Qir  T•di Y 	(k3r) y.K. (k ir)] n sin n6 

In medium 4 r r 

Ea" = 7.0,,q„H,(1)  (jk 4r) cos ne 

Ere** = 
k 

7,0114,0 n ow ( jk 4r) cos ne 
4  

ji_a)211_° 	n ' Hen) ( jk 4r) n sin ne 
K4 r 

81 
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En" am — 	rsiff q Hs" )  ( jk4r) n sin n6 
k4ir ' 

— fall°  7„tft q" ' H 0) 1  (jk4r) cos ne 
k4 	z  

14,4" = 7„thq„'H s ( i ) ( jk4r) cos ne 

JW Eo  
2  Tfitilsq lsKs (1)  (jk4r)n sin ne — r 

7„0 .q.'H„("' (jki) cos ne 
k4  

}foie' s' = 	Tn#4H 1 P ( jk 4r) cos ne 

Y 7-„Cq„1-1 (1) ( fic4r) n sin ne 
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