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a t t e m p t to p r e d i c t the c u m u l a t i v e a t t e n u a t i o n , and the o v e r a l l 
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w a s d e v e l o p e d to s t udy the r e s p o n s e s u n d e r v a r i o u s l o a d i n g 

c o n d i t i o n s i s d e s c r i b e d . The r e s u l t s of i n v e s t i g a t i o n s u s i n g t h i s 

m o d e l a r e p r e s e n t e d . 
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m o d u l a t e d c a r r i e r s y s t e m a r e r e p o r t e d . D e s i g n of the e x p e r i m e n t a l 

s y s t e m w h i c h u s e s a n a r r o w b a n d m o d u l a t i o n t e c h n i q u e i s p r e s e n t e d 

in d e t a i l . P r o c e d u r e s f o r the d e s i g n of the c o u p l i n g n e t w o r k 
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1. I N T R O D U C T I O N 

1.1 B a c k g r o u n d 

1 .1 .1 Gene r a l 

The work d e s c r i b e d in this t h e s i s has been d i r e c t e d t o w a r d s 

t he d e s i g n of a p r o p o s e d l o c a l d a t a c o m m u n i c a t i o n n e t w o r k in a 

d i s t r i b u t e d c o m p u t e r s y s t e m , s u i t a b l e f o r s h i p b o r n e a p p l i c a t i o n s . 

T h e p r o p o s e d n e t w o r k i s to be i m p l e m e n t e d a s a p o l l e d 

m u l t i d r o p d a t a h i g h w a y wi th s e r i a l t r a n s m i s s i o n o v e r a s ing le 

w i r e c a b l e at M b / s r a t e s of r e l a t i v e l y s h o r t m e s s a g e s (up to 

256 b i t s ) in a b r o a d c a s t m o d e to a l l p r o c e s s o r e l e m e n t s . E a c h 

p r o c e s s o r i s c o n n e c t e d to the h i g h w a y v i a a m i c r o p r o c e s s o r 

c o n t r o l l e d i n t e r f a c e unit w h i c h a l s o conta ins c i r c u i t s for 

s igna l t r a n s m i s s i o n / r e c e p t i o n , m o d u l a t i o n / c o d i n g , d e m o d u l a t i o n / 

d e c o d i n g , and c l o c k s y n c h r o n i s a t i o n in a d d i t i o n to p r o v i d i n g the 

s o f t w a r e f u n c t i o n s of m e s s a g e f o r m a t t i n g , m e s s a g e f i l t e r i n g , 

b u f f e r s t o r a g e and e r r o r d e t e c t i o n . T h e s e i n t e r f a c e u n i t s a r e 

h e r e a f t e r r e f e r r e d to a s " t e r m i n a l s " . 

T h e p r o t o c o l s and c o n t r o l p r o c e d u r e s , and s o m e a s p e c t s of the 

s i g n a l t r a n s m i s s i o n d e s i g n of the p r o p o s e d s e r i a l h i g h w a y h a d b e e n 

c o n s i d e r e d in the p r e l i m i n a r y s t u d i e s r e p o r t e d in (1) - (4). In the 

a u t h o r ' s s t u d i e s e f f o r t h a s b e e n c o n c e n t r a t e d on the t r a n s m i s s i o n 

p e r f o r m a n c e of bo th a b a s e b a n d c o d e d s y s t e m and a m o d u l a t i o n 

c a r r i e r s y s t e m ; in p a r t i c u l a r the e f f e c t s of l o a d i n g the b a s e b a n d 

highway with a l a r g e number of t e r m i n a l s and a c o m p a r a t i v e 

e v a l u a t i o n of the m o d u l a t e d c a r r i e r s y s t e m . Both s y s t e m s a r e 

b a s e d on a p a s s i v e h ighway conf igura t ion i . e . t h e r e i s no 

a m p l i f i c a t i o n o r r e g e n e r a t i o n of the l i n e s i g n a l a t t e r m i n a l s . 

B a s e b a n d S e r i a l H i g h w a y L o a d i n g P r o b l e m 

T h e m a i n t r a n s m i s s i o n p r o b l e m s a s s o c i a t e d wi th the p a s s i v e 

r i n g c o n f i g u r a t i o n and which a f f e c t i t s p e r f o r m a n c e a r e t w o f o l d : 
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(i) T h e r e i s the i n h e r e n t t r a n s m i s s i o n l i n e d i s t o r t i o n 

a p p r o p r i a t e to the t o t a l l i n e l e n g t h i n v o l v e d , 

(ii) C o n n e c t i o n of the i n t e r m e d i a t e t e r m i n a l s on to the l i n e 

c a u s e i m p e d a n c e d i s c o n t i n u i t i e s LvitWeifnewhich r e s u l t in 

m u l t i p l e r e f l e c t i o n s and c u m u l a t i v e t r a n s m i s s i o n l o s s e s . 

F o r r e l i a b l e o p e r a t i o n of the p a s s i v e h ighway it i s h ighly d e s i r a b l e 

t h a t the a b o v e e f f e c t s be t a k e n in to a c c o u n t in the o v e r a l l s y s t e m 

d e s i g n . T h i s r e q u i r e s bo th a q u a l i t a t i v e u n d e r s t a n d i n g and a 

q u a n t i t a t i v e a n a l y s i s of the p r o b l e m . 

T h e p r i m a r y c a u s e of the l i n e l o s s i s known to be s k i n -

e f f e c t , and the q u a n t i t a t i v e a n a l y s i s of i t s e f f e c t on the t r a n s m i s s i o n 

p e r f o r m a n c e i s w e l l e s t a b l i s h e d in the r e l e v a n t l i t e r a t u r e (5), (6). 

An a t t e m p t to q u a n t i f y and p r e d i c t the m i s m a t c h l o s s c a u s e d by 

t h e c o n n e c t i o n of a n u m b e r of l o a d s onto the p a s s i v e r i n g w a s 

f i r s t m a d e by C C L (2) in the p r e l i m i n a r y s t u d i e s on the p r o p o s e d 

h i g h w a y . T h e a s s u m p t i o n of p u r e l y r e s i s t i v e l o a d s h o w e v e r 

l i m i t s the app l i ca t ion of th is t h e o r y to s i m p l e t e r m i n a l s l o a d s which 

m a y be t r e a t e d a s p u r e l y r e s i s t i v e . U n f o r t u n a t e l y s u c h i s no t 

a l w a y s the c a s e in p r a c t i c e . 

The p r o l i f e r a t i o n of m i c r o c o m p u t e r s in r e c e n t y e a r s and t h e 

p o t e n t i a l b e n e f i t s s u c h a s i n c r e a s e d f l e x i b i l i t y 3nd i m p r o v e d 

r e l i a b i l i t y t h r o u g h d y n a m i c a l l o c a t i o n of r e s o u r c e s , h a v e 

s t imula ted a g r o w i n g i n t e r e s t in d i s t r i b u t e d s y s t e m s {7)-(9) . 

T h i s g r o w i n g i n t e r e s t h a s , h o w e v e r , not b e e n m a t c h e d by the 

a v a i l a b i l i t y of a d e q u a t e i n f o r m a t i o n p e r t a i n i n g to the a s s o c i a t e d 

t r a n s m i s s i o n d e s i g n p r o b l e m s . 

In t h e m o s t r e c e n t p u b l i s h e d m a t e r i a l , w h i c h h a s a d i r e c t 

r e l e v a n c e to the p r e s e n t i n v e s t i g a t i o n (lO), s o m e i n d i c a t i o n i s 

g i v e n abou t the l i m i t a t i o n s i m p o s e d by the t e r m i n a l l o a d i n g s on 

t h e t r a n s m i s s i o n p e r f o r m a n c e of a s i m i l a r p a s s i v e s e r i a l h i g h w a y . 

H o w e v e r , a s in o t h e r p u b l i c a t i o n s , m u c h of the d e t a i l e d d e s i g n 
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and p e r f o r m a n c e e v a l u a t i o n of t h e s y s t e m i s c o n c e n t r a t e d on the 

p r o t o c o l and c o n t r o l p r o c e d u r e s . 

T h e l a c k of s p e c i f i c i n f o r m a t i o n on t h e t r a n s m i s s i o n d e s i g n , 

a s d i s c u s s e d a b o v e , i s a g e n e r a l d e f i c i e n c y in t h i s g r o w i n g a r e a 

of d i s t r i b u t e d c o m p u t e r s y s t e m s . W o u l d - b e d e s i g n e r s wi th v e r y 

l i t t l e e x p e r i e n c e a r e t h u s c o n f r o n t e d wi th t h i s p r o b l e m of the l a c k 

of a d e q u a t e i n f o r m a t i o n . 

1. 1. 3 M o d u l a t e d C a r r i e r H i g h w a y S y s t e m s 

T h e m o d u l a t e d c a r r i e r s e r i a l h i g h w a y s y s t e m p r o v i d e s an 

a l t e r n a t i v e to t h e b a s e b a n d s y s t e m . T h e c u r r e n t p r a c t i c e in 

m o d u l a t e d c a r r i e r d i s t r i b u t e d c o m p u t e r s y s t e m d e s i g n h a s g e n e r a l l y 

b e e n the u s e of F D M t e c h n i q u e s to i n c r e a s e the n u m b e r of t e r m i n a l s 

and d i r e c t i o n a l c o u p l e r s f o r b u s s i n g onto t h e h i g h w a y ( l l ) . 

H o w e v e r , c o n s i d e r i n g the p r o p o s e d p a s s i v e h i g h w a y s i t u a t i o n , t h e 

a b o v e t e c h n i q u e s s u f f e r two m a i n d r a w b a c k s : 

(i) it d o e s not p r o v i d e p o s i t i v e m e s s a g e c o n t r o l , 

(ii) it c a n n o t t y p i c a l l y o p e r a t e in a b r o a d c a s t m o d e . 

A d irec t c o n s e q u e n c e of the above d r a w b a c k s i s that high s p e e d 

d a t a t r a n s f e r b e t w e e n t e r m i n a l s , w h i c h i s a b a s i c r e q u i r e m e n t of 

t h e p r o p o s e d s e r i a l h i g h w a y s y s t e m , c a n n o t be r e a d i l y e f f e c t e d . 

F o r t h e f u l l r e a l i s a t i o n of t h e a d v a n t a g e s of m o d u l a t e d c a r r i e r 

s y s t e m s in the p r o p o s e d h i g h w a y , an a l t e r n a t i v e t e c h n i q u e to the 

a b o v e i s t h u s d e s i r e d . 

1. 2 An A c c o u n t of the P r e s e n t I n v e s t i g a t i o n 

1 . 2 . 1 S c h e m e of S t u d i e s 

P r o b l e m s of c o n n e c t i n g a l a r g e n u m b e r of t e r m i n a l s on to the 

b a s e b a n d s e r i a l h i g h w a y and t h e n e e d to e v a l u a t e the p e r f o r m a n c e of 



an e q u i v a l e n t m o d u l a t e d c a r r i e r s y s t e m a s a p o s s i b l e a l t e r n a t i v e 

to t h e b a s e b a n d s y s t e m a s o u t l i n e d a b o v e h a v e s t i m u l a t e d the 

p r e s e n t w o r k , w h i c h w a s c o n d u c t e d b a s i c a l l y in t h r e e s t a g e s . 

T h e f i r s t s t a g e w a s an i n v e s t i g a t i o n in d e p t h of the p r o p e r t i e s 

and e x p e r i m e n t a l p e r f o r m a n c e of t h e b a s e b a n d s i g n a l l i n g code 

u s e d . T h e s e c o n d s t a g e d e a l t wi th a s e a r c h i n g s t udy of the 

b a s e b a n d l o a d i n g p r o b l e m on bo th an e x p e r i m e n t a l and c o m p u t e r 

s i m u l a t i o n m o d e l s of t h e p a s s i v e s e r i a l h i g h w a y . T h e t h i r d 

s t a g e w a s t h e d e s i g n and p e r f o r m a n c e e v a l u a t i o n of a m o d u l a t e d 

c a r r i e r p a s s i v e s e r i a l h i g h w a y s y s t e m . A m o r e d e t a i l e d o u t l i n e 

of t h i s w o r k i s g i v e n in t h e s u b - s e c t i o n s wh ich f o l l o w . 

1. 2. 2 T h e P r o p e r t i e s and P e r f o r m a n c e of t h e B a s e b a n d S i g n a l l i n g 

C o d e s 

An e s s e n t i a l f a c t o r a f f e c t i n g t h e p e r f o r m a n c e of any d a t a 

t r a n s m i s s i o n s y s t e m i s the l i n e s i g n a l l i n g code u s e d . Two bi t -

r e l a t e d b i p h a s e and b i f r e q u e n c y c o d e s h a v e b e e n c o n s i d e r e d a s 

p o s s i b l e c a n d i d a t e s f o r t h e p r o p o s e d h i g h w a y s y s t e m in the i n i t i a l 

s t u d i e s . T h e b a s i c p r o p e r t i e s of t h e s e c o d e s a r e known . H o w e v e r , 

it b e c a m e n e c e s s a r y to c o n d u c t f u r t h e r i n v e s t i g a t i o n s to a s s e s s 

t h e r e l a t i v e p e r f o r m a n c e s of t h e two c o d e s f o r the i n t e n d e d 

high s p e e d t r a n s m i s s i o n a p p l i c a t i o n s . 

The p r o c e d u r e s adopted and the r e s u l t s of t h e s e i n v e s t i g a t i o n s 

a r e d e s c r i b e d in d e t a i l in C h a p t e r 2. N e w f i n d i n g s on l e s s we l l 

known t h e o r e t i c a l and e x p e r i m e n t a l p e r f o r m a n c e of t h e s e c o d e s 

a r e r e p o r t e d . 

1 . 2 . 3 T h e L o a d i n g of B a s e b a n d P a s s i v e S e r i a l H i g h w a y s 

T h e t r a n s m i s s i o n l i n e and the c o u p l i n g c i r c u i t s u g g e s t e d f o r 

u s e in the p r o p o s e d h ighway s y s t e m during the in i t ia l s t u d i e s 

w e r e a b a l a n c e d s c r e e n e d t w i s t e d p a i r and t r a n s f o r m e r c o u p l i n g 

r e s p e c t i v e l y . The d e s i r a b l e f e a t u r e s of the ba lanced s c r e e n e d 

l i n e in the p r o p o s e d e n v i r o n m e n t i s that it p r o v i d e s an adequate 

m e a s u r e of p r o t e c t i o n a g a i n s t i n t e r f e r i n g e l e c t r o m a g n e t i c f i e l d s . 



A s w e l l a s b e i n g s u i t a b l e f o r A C c o u p l i n g on to the b a l a n c e d l i n e , 

a t r a n s f o r m e r can prov ide a subs tant ia l d e g r e e of e l e c t r i c a l 

i s o l a t i o n in addit ion to conrimon m o d e r e j e c t i o n which g i v e s fur ther 

p r o t e c t i o n a g a i n s t i n t e r f e r i n g n o i s e s i g n a l s on the l i n e . 

The above type of cab le and the method of coupling a r e u s e d 

in t h e e x p e r i m e n t a l i n v e s t i g a t i o n s c a r r i e d out to i d e n t i f y the e f f e c t 

of load ing the s e r i a l data h ighway with a l a r g e n u m b e r of s i m u l a t e d 

t e r m i n a l s . T h e r e s u l t s of t h e s e t e s t s is r e p o r t e d in Chapter 3. 

Two c o m p u t e r s i m u l a t i o n m o d e l s of the h ighway u s e d for fur ther 

i n v e s t i g a t i o n s in to the e f f e c t s of l o a d i n g the p a s s i v e r i n g , a r e 

c o m p l e t e l y d e s c r i b e d . T h e e s s e n t i a l f e a t u r e of bo th of t h e m o d e l s 

IS that they a r e not r e s t r i c t e d to the a n a l y s i s of any one p a r t i c u l a r 

m e t h o d of coupl ing . One of the m o d e l s p r o v i d e s the capab i l i ty 

of the exac t p r e d i c t i o n of the t r a n s m i t t e d s igna l w a v e f o r m at any 

t e r m i n a l a long the h ighway under v a r i o u s l oad ing cond i t i ons . The 

r e s u l t s of d e t a i l e d a n a l y s i s of the e f f e c t s of the t e r m i n a l l o a d i n g s 

on the t r a n s m i t t e d s ignal and the o v e r a l l t r a n s m i s s i o n p e r f o r m a n c e 

of the h ighway i s r e p o r t e d in Chapter 4. 

a n d P e r f o r m a n c e E v a l u a t i o n of the M o d u l a t e d 

C a r r i e r S e r i a l H i g h w a y S y s t e ; im 

The m a m potent ia l advantage of u s i n g modula ted c a r r i e r s i g n a l s 

with a r e l a t i v e l y h igh c a r r i e r f r e q u e n c y (in V . H . F. band) a r e that 

the l ine s igna l s p e c t r u m can be p l a c e d out s ide the bands conta in ing 

i n t e r f e r e n c e and w h e r e the s h i e l d i n g e f f i c i e n c y of coax ia l cab le 

i s h igh enough to enable advantage to be taken o f i t s i n h e r e n t l y 

l o w e r l o s s e s and in addit ion, the n a r r o w f r a c t i o n a l bandwidth 

i m p l i e s that l ine l o s s e s wi l l c a u s e s ignal attenuation ra ther than 

d i s t o r t i o n . It a l s o opens up the p o s s i b i l i t y of i n c r e a s i n g the data 

r a t e by u s i n g F D M t e c h n i q u e s . 

An e s s e n t i a l f a c t o r c o n s i d e r e d in the design of the modula ted 

c a r r i e r s y s t e m which i s d e s c r i b e d in Chapter 5 has been s i m p l i c i t y 

and the u s e of c o s t - e f f e c t i v e a l t e r n a t i v e a p p r o a c h e s to . the d e s i g n 

p r o b l e m s f a c e d ; with the v i e w to o f f s e t the c o s t d i sadvantage when 

a l a r g e n u m b e r of s u c h uni ts a r e u s e d . 
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T h e d e s i g n of t h e c o u p l i n g of t h e t r a n s m i t t e r and r e c e i v e r 

t e r m i n a l s to t h e h i g h w a y h a s b e e n b a s e d on the n e e d f o r a 

b r o a d c a s t m o d e of o p e r a t i o n a s w e l l a s t h e p o s s i b l e u s e of FDM„ 

T h e c o u p l i n g t e c h n i q u e s u s e d in t h i s r e a l i s a t i o n i s d e s c r i b e d . 

In p a r t i c u l a r , t h e d e s i g n of t he r e c e i v e r c o u p l i n g n e t w o r k , 

i m p l e m e n t e d a s a b r o a d b a n d h i g h i m p e d a n c e t a p , i s p r e s e n t e d in 

d e t a i l . 

E x p e r i m e n t a l p e r f o r m a n c e e v a l u a t i o n of t h e d e m o d u l a t o r s , 

a n d l o a d i n g t e s t s to a s s e s s t h e s u i t a b i l i t y of t h e s y s t e m f o r p a s s i v e 

s e r i a l h i g h w a y a p p l i c a t i o n s i s o u t l i n e d . T h e t r a n s m i s s i o n m e d i u m 

u s e d i s a l o w l o s s c o a x i a l c a b l e . 
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2. B A S E B A N D DESIGN STUDIES 

2. 1 I n t r o d u c t i o n 

In b a s e b a n d d i g i t a l l i n e t r a n s m i s s i o n it i s h i g h l y d e s i r a b l e t h a t 

the t r a n s m i t t e d s i g n a l h a s the f o l l o w i n g p r o p e r t i e s : 

(a) s u f f i c i e n t t i m i n g i n f o r m a t i o n which c a n be r e c o v e r e d 

at the end of the t r a n s m i s s i o n s e c t i o n , 

(b) n e g l i g i b l e e n e r g y at o r n e a r DC in the p o w e r s p e c t r u m 

of a r a n d o m s e q u e n c e , so a s to e n a b l e AC c o u p l i n g of 

l i n e to t e r m i n a l u n i t s . 

To s a t i s f y the a b o v e t r a n s m i s s i o n r e q u i r e m e n t s s o m e f o r m of 

l i n e c o d i n g i s a d o p t e d . T h i s c o d e c a n be d e f i n e d a s an e n c o d i n g 

p r o c e d u r e w h i c h c o n v e r t s a d a t a s e q u e n c e in to a n o t h e r s e q u e n c e 

s a t i s f y i n g the p r e v i o u s two r e q u i r e m e n t s f o r b a s e b a n d t r a n s m i s s i o n . 

In a d d i t i o n to the a b o v e p r o p e r t i e s , o t h e r e s s e n t i a l f e a t u r e s 

d e s i r e d of s u c h a c o d e a r e : 

(c) i n - s e r v i c e e r r o r m o n i t o r i n g c a p a b i l i t y ; in o t h e r w o r d s , 

it m u s t p o s s e s s s o m e b u i l t - i n f e a t u r e s t h a t e n a b l e e r r o r s 

to be d e t e c t e d and m o n i t o r e d d u r i n g s y s t e m o p e r a t i o n , 

(d) n a r r o w s p e c t r a l b a n d w i d t h so a s to m i n i m i s e n o i s e and 

i n t e r s y m b o l i n t e r f e r e n c e e f f e c t s , 

(e) s u f f i c i e n t s i m p l i c i t y f o r p r a c t i c a l i m p l e m e n t a t i o n . 

In the p r e l i m i n a r y s t u d i e s on the d a t a h i g h w a y ( 1 ), two 

b i l e v e l c o d e s w h i c h h a v e m e t the a b o v e p r o p e r t i e s t o g e t h e r wi th 

o t h e r d e s i r a b l e f e a t u r e s w e r e s u g g e s t e d . T h e s e a r e d e f i n e d a s 

P h a s e M o d u l a t i o n (PM) and F r e q u e n c y M o d u l a t i o n ( F M ) c o d e s 

r e s p e c t i v e l y ; t h e s e c o d e s a r e a l s o known by the n a m e s of 



B i p h a s e o r M a n c h e s t e r code and Harvard code r e s p e c t i v e l y . 

T h e f o l l o w i n g s e c t i o n s of t h i s c h a p t e r r e p o r t on r e s u l t s of 

t h e o r e t i c a l and e x p e r i m e n t a l s t u d i e s c a r r i e d out to i n v e s t i g a t e 

f u r t h e r the p r o p e r t i e s and p e r f o r m a n c e of the P M and F M codes(14). 

E r r o r d e t e c t i o n by code v i o l a t i o n t e s t i n g i s e x a m i n e d and a s i m p l e 

t h e o r e t i c a l t r e a t m e n t of the e f f e c t i v e n e s s of t h i s t e c h n i q u e i s 

p r e s e n t e d . T r a n s m i s s i o n l i n e d i s t o r t i o n e f f e c t s on the c o d e d 

d a t a i s g i v e n c o n s i d e r a t i o n by c o m p a r i s o n of the e r r o r r a t e 

p e r f o r m a n c e wi th t y p i c a l r e c e i v e d s i g n a l eye d i a g r a m s . T h e u s e 

of r e c e i v e r inpu t f i l t e r i n g to i m p r o v e the s i g n a l - t o - n o i s e 

p e r f o r m a n c e is c o n s i d e r e d and it i s s h o w n t h a t in p r a c t i c e a f i l t e r 

b a n d w i d t h e q u a l to the d a t a bi t r a t e can be u s e d , 

2. 2 T h e o r y of P M and F M Cod ing 

2 . 2 . 1 W a v e f o r m s 

P M C o d e d D a t a 

T h i s m o d u l a t i o n s c h e m e u s e s two c o m p l e m e n t a r y p h a s e s to 

r e p r e s e n t the two s t a t e s in the b i n a r y d a t a to be t r a n s m i t t e d . 

The two b a s i c e l e m e n t s a r e shown in F i g u r e 2 .1(a) and the 

r e s u l t i n g l i n e s i g n a l f o r an a r b i t r a r y d a t a s e q u e n c e i s shown in 

F i g u r e 2. 2 (a) . 

It i s s e e n t h a t t h e r e i s a l w a y s a s i g n a l t r a n s i t i o n in the m i d d l e 

of e a c h bit p e r i o d a n d an a d d i t i o n a l t r a n s i t i o n at the b e g i n n i n g w h e n 

the n e x t s y m b o l h a s the s a m e s t a t e a s the p r e v i o u s b i t . T h e 

i n h e r e n t l a r g e n u m b e r of t r a n s i t i o n s p r o v i d e the d e s i r e d t i m i n g 

i n f o r m a t i o n f o r the d e c o d i n g p r o c e s s . 

F M C o d e d D a t a 

T h e two b i n a r y s t a t e s a r e r e p r e s e n t e d by the p r e s e n c e o r 

a b s e n c e of a m i d - b i t t r a n s i t i o n r e s p e c t i v e l y , a s shown in F i g u r e 

2 .1 (b) . C o r r e s p o n d i n g l i n e s i g n a l f o r the s a m e a r b i t r a r y d a t a 



s e q u e n c e a s P M is a l s o shown in F i g u r e 2. 2(b) . 

In t h i s c a s e h o w e v e r , r e g u l a r t r a n s i t i o n s o c c u r at the b e g i n n i n g 

of e a c h bi t p e r i o d a n d the a d d i t i o n a l t r a n s i t i o n s , s u b j e c t to the 

s a m e d a t a c o n d i t i o n f o r P M , o c c u r in the m i d d l e of a bi t p e r i o d . 

A s f o r the F M c a s e , t h e a d v a n t a g e of the l a r g e n u m b e r of 

t r a n s i t i o n s in the w a v e f o r m i s e v i d e n t . 

P o l a r i t y R e v e r s a l A d v a n t a g e 

The F M w a v e f o r m s of F i g u r e 2. 2(b) s h o w t h a t a m u n d a n e , 

but c e r t a i n l y no t t r i v i a l a d v a n t a g e of t h i s c o d e i s t ha t the p o l a r i t y 

of a c o d e d w a v e f o r m c a n be r e v e r s e d w i thou t a f f e c t i n g the d e c o d i n g 

p r o c e s s . T h i s i s an i m p o r t a n t a d v a n t a g e o v e r P M c o d i n g 

e s p e c i a l l y ^ b a l a n c e d p a i r l i n e , w h e r e i t i s o f t e n d i f f i c u l t to 

e n s u r e c o r r e c t p o l a r i t y of a l l l i n e c o n n e c t i o n s , h a s b e e n c h o s e n 

a s the m e d i u m of t r a n s m i s s i o n f o r the p r o p o s e d h i g h w a y . 

2. 2. 2 S p e c t r a 

T h e s p e c t r a l d e n s i t y f u n c t i o n f o r bo th c o d e s , a s s u m i n g e q u a l 

a p r i o r i p r o b a b i l i t i e s of o n e s and z e r o s in the o r i g i n a l d a t a (random) 

s e q u e n c e , i s the s a m e in g e n e r a l when t h i s c o n d i t i o n i s s a t i s f i e d . 

U s i n g the t e c h n i q u e s d e s c r i b e d in C h a p t e r 19 of (12), the two s i d e d 

p o w e r s p e c t r a l d e n s i t y can be shown to be : 

S(f) = V^T Sin (rrfT/Z) 

(rrfT/Z)^ 

w h e r e V i s the a m p l i t u d e a n d T the d a t a bit p e r i o d . 

A p l o t of the n o r m a l i s e d f u n c t i o n of E q u a t i o n 2 . 1 i s shown in 

F i g u r e 2. 3. The s p e c t r u m h a s l o w e n e r g y at l o w f r e q u e n c i e s and 

no e n e r g y at z e r o f r e q u e n c y (DC) w h i c h s a t i s f i e s the r e q u i r e m e n t 

f o r AC c o u p l i n g to the h i g h w a y . 
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M o s t of the p o w e r i s c o n c e n t r a t e d in the band O . l to 1. 6 

w h e r e i s the bi t r a t e . It h a s b e e n f o u n d h o w e v e r t h a t in p r a c t i c e 

(as w i l l be e x p l a i n e d in s e c t i o n 2 . 3 ) the t r a n s m i s s i o n b a n d w i d t h 

c a n be m u c h l e s s t h a n t h i s . 

2. 2. 3 E r r o r P r o b a b i l i t i e s 

T h r e e t y p e s of bi t e r r o r s c a n be d e f i n e d wi th P M and F M c o d e s . 

T h e s e a r e r e s p e c t i v e l y g iven a s : 

(a) Da ta E r r o r s 

(b) Code E r r o r s 

and (c) U n d e t e c t a b l e E r r o r s . 

B a s i c a l l y , d a t a i s d e t e c t e d by s t r o b i n g the code e l e m e n t s and 

c o m p a r i n g the r e s u l t a n t s t a t e s . D e t a i l s of t h e d e c o d i n g p r i n c i p l e s 

a r e d e s c r i b e d in s e c t i o n 2 . 3 . 1 . 

Da ta E r r o r P r o b a b i l i t i e s 

Da ta e r r o r s a r e c a u s e d by i n v a l i d a t i o n of the r u l e s d e f i n e d 

f o r d a t a s t a t e s '1' and ' O ' w i th in a b i t p e r i o d . F o r F M , d a t a 

bi t e r r o r a r i s e s w h e n e i t h e r , but no t bo th h a l f - b i t e l e m e n t s 

w i th in a b i t p e r i o d a r e in e r r o r . But f o r P M , a d a t a bi t e r r o r 

o c c u r s w h e n on ly o n e j bi t e l e m e n t i s in e r r o r . F r o m the r e s u l t s 

of t h e o r e t i c a l a n a l y s i s g i v e n in A p p e n d i x A. 1, the d a t a bi t e r r o r 

p r o b a b i l i t y f o r P M and F M c o d e d s i g n a l s , a s s u m i n g e q u a l a p r i o r i 

p r o b a b i l i t i e s of z e r o s and o n e s , i s r e s p e c t i v e l y g i v e n a s : 

P (PM) = i erf ^ i S / N ( 2 . 2 ) 

and 

P ^ ( F M ) = 1 - S / N ( 2 . 3 ) 

E q u a t i o n s 2. 2 and 2. 3 s h o w t h a t , t h e o r e t i c a l l y , d a t a bi t e r r o r ro.tC 

f o r F M is t w i c e t h a t f o r P M . 
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Code E r r o r P r o b a b i l i t i e s 

T h e w a v e f o r m s f o r bo th P M and F M c o d e s s h o w t h a t r e g u l a r 

t r a n s i t i o n s o c c u r in the m i d d l e of e a c h bi t p e r i o d f o r P M and 

at the b e g i n n i n g of e a c h bi t p e r i o d in the c a s e of F M . V i o l a t i o n 

of t h i s cod ing r u l e in e i t h e r c a s e , w h i c h r e s u l t s in the a b s e n c e 

of the e x p e c t e d r e g u l a r t r a n s i t i o n , gives r i s e to wha t i s t e r m e d a 

c o d e e r r o r . 

T h e p r o b a b i l i t y of c o d e e r r o r found in A p p e n d i x A. 2 f o r bo th 

c o d e s i s g iven by : 

P ^ ^ ( P M ) = 2 P ^ ( 1 _ P ^ ) ( 2 . 4 ) 

and 

p^cf i r iv t ) == (;%. 5) 

w h e r e P i s the r e s p e c t i v e d a t a bi t e r r o r s g i v e n by E q u a t i o n s 

2. 2 and 2. 3, E q u a t i o n s 2. 4 and 2. 5 show t h a t code e r r o r p r o b a b i l i t y 

i s t w i c e the d a t a bi t e r r o r p r o b a b i l i t y f o r P M and the s a m e f o r F M ; 

i . e . i t i s t he s a m e f o r bo th c o d e s . T h u s if code e r r o r d e t e c t i o n 

i s being e x p l o i t e d P M l o s e s i t s advantage of l o w e r e r r o r probab i l i t y . 

U n d e t e c t a b l e E r r o r P r o b a b i l i t i e s 

U n d e t e c t a b l e e r r o r s a r e c a u s e d by e l e m e n t e r r o r s w h i c h g ive 

r i s e to d a t a e r r o r s but no t d e t e c t e d by code v i o l a t i o n t e s t s . It 

a r i s e s w h e r e the s i g n a l s t a t e s a r e i n v e r t e d in a p a i r (or p a i r s ) 

of 2 b i t s on e i t h e r s i d e of a r e g u l a r t r a n s i t i o n s i n c e t h i s r e s u l t s 

in a p p a r e n t l y l e g a l c o d e c h a r a c t e r s at the d e c o d e r o u t p u t . 

F o r P M t h i s e r r o r c o n d i t i o n i n v o l v e s a s i n g l e d a t a bi t but in 

F M c o d i n g a p a i r of c o n s e c u t i v e d a t a b i t s a r e i n v o l v e d , in w h i c h 

t h e two J b i t e l e m e n t s e i t h e r s i d e of the bi t b o u n d a r y a r e in e r r o r 

and the o t h e r two e l e m e n t s c o r r e c t . Such a c o n d i t i o n a l s o r e s u l t s 

in two data bit e r r o r s . Thus for FM in p a r t i c u l a r , p r e d i c t i o n of 
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u n d e t e c t a b l e e r r o r s on a s i n g l e bi t b a s i s wou ld be i n v a l i d . T h i s 

p r o b l e m i s o v e r c o m e by c o n s i d e r i n g d a t a m e s s a g e s and f r o m the 

r e s u l t s o b t a i n e d , the s i n g l e b i t u n d e t e c t a b l e e r r o r i s e x t r a p o l a t e d . 

T h e t h e o r e t i c a l a n a l y s i s g i v e n in A p p e n d i x A. 3 s h o w t h a t the 

bi t u n d e t e c t a b l e e r r o r f o r bo th P M and F M a r e r e s p e c t i v e l y g i v e n 

by : 

== 1)^,2 (2. 6) 

P 2 
(2-71 

w h e r e P i s the r e s p e c t i v e d a t a bi t e r r o r p r o b a b i l i t i e s g i v e n 

by E q u a t i o n s 2. 2 and 2. 3 . 

The c o r r e s p o n d i n g m e s s a g e e r r o r probab i l i ty ), f r o m 

t h e r e s u l t s of t h e o r e t i c a l a n a l y s i s g i v e n in A p p e n d i x A. 4 b e c o m e , 

( 2 . 8 ) 

P 2 
- Z - <2-91 

T h u s the s l o p e of the g r a p h of P a g a i n s t m s h o u l d g ive 

the r e s p e c t i v e bi t u n d e t e c t a b l e e r r o r p r o b a b i l i t y . 

E x p e r i m e n t a l u n d e t e c t a b l e m e s s a g e e r r o r r a t e t e s t s c a r r i e d 

out to v e r i f y the a b o v e r e s u l t s are descrlbc-d in S e c t i o n 2. 3. 3. 

2. 3 P e r f o r m a n c e of P M and F M C o d i n g 

2 . 3 . 1 D e t e c t i o n and D e c o d i n g T e c h n i q u e s 

C l o c k E x t r a c t i o n 

Two fundamenta l m e t h o d s of c lock e x t r a c t i o n f r o m P M and 

F M c o d e d s i g n a l s , t e r m e d s y n c h r o n o u s and a s y n c h r o n o u s 

e x t r a c t i o n a r e u s e d . T h e f o r m e r u s e s s o m e f o r m of p h a s e l o c k e d 
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l o o p , w h e r e a s t h e l a t t e r i s b a s e d on m o n o s t a b l e t i m i n g e l e m e n t s . 

S y n c h r o n o u s M e t h o d 

T h e f o r m of c i r c u i t s c h e m a t i c f o r t h i s m e t h o d of c l o c k 

e x t r a c t i o n i s s h o w n in F i g u r e 2. 4 (a) . T h e P L L r u n s a t t w i c e 

t h e bi t f r e q u e n c y (f^) s o t h a t a l l e d g e s a r e u t i l i s e d f o r t i m i n g 

c o r r e c t i o n and so t h a t t he s y n c h r o n i s a t i o n t i m e c a n be m a d e a s 

s h o r t a s p o s s i b l e . A d i v i d e - b y - t w o c i r c u i t a t t he o u t p u t of the 

P L L p r o v i d e s t h e r e q u i r e d e x t r a c t e d d a t a bi t c l o c k . T h e 

f r e q u e n c y d i v i s i o n h o w e v e r r e s u l t s in a m b i g u i t y of t he o u t p u t 

c l o c k p h a s e and s e l e c t i o n of t h e c o r r e c t p h a s e i s a c h i e v e d by 

t h e P h a s e S e l e c t L o g i c s h o w n . 

A s y n c h r o n o u s M e t h o d 

T h i s f o r m of c l o c k e x t r a c t i o n i s shown in F i g u r e 2. 4 (b) . 

T h e r e g u l a r l y s p a c e d p u l s e s f r o m t h e e d g e d e t e c t o r a r e s e l e c t e d 

by the c i r c u i t c o m p r i s i n g the m o n o s t a b l e a n d l o g i c g a t e , t h u s 

e l i m i n a t i n g the i r r e g u l a r h a l f - b i t t r a n s i t i o n s f r o m the c o d e d s i g n a l . 

T h i s m e t h o d of c l o c k e x t r a c t i o n h o w e v e r d o e s n o t r e d u c e j i t t e r 

and i t d o e s n o t p r o v i d e c l o c k c o n t i n u i t y in v e r y n o i s y o r l o s s of 

s i g n a l c o n d i t i o n s bu t i t i s a s i m p l e c i r c u i t and it i s e a s y to 

s y n c h r o n i s e . 

D e c o d i n g 

D e c o d i n g of t he P M and F M c o d e d s i g n a l s i s done by the u s e 

of two m e t h o d s n a m e l y , s t r o b e and e d g e d e t e c t i o n . T h e p r i n c i p l e s 

a p p l i e d in bo th c a s e s i s e x p l a i n e d b e l o w . D e t a i l s of t he c i r c u i t s 

u s e d a r e g i v e n in A p p e n d i x B. 

S t r o b e D e t e c t i o n D e c o d e r 

In t h i s t y p e of d e c o d e r the c o d e d s i g n a l s a r e s t r o b e d a t | and 

4 b i t p o s i t i o n s and t h e r e s u l t a n t s t a t e s c o m p a r e d . S e e F i g u r e 2. 5. 

F o r P M on ly o n e e l e m e n t s a m p l e i s r e q u i r e d to d e c o d e the s i g n a l s , 

but f o r F M s i g n a l s bo th e l e m e n t s a m p l e s a r e n e c e s s a r y f o r t he 
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d i f f e r e n t i a l c o m p a r i s o n i n v o l v e d . T h i s m e t h o d of d e c o d i n g i s 

u s e d w i th e i t h e r t y p e of c l o c k e x t r a c t i o n d e s c r i b e d a b o v e . 

E d g e D e t e c t i o n D e c o d e r 

T h i s t y p e of d e c o d e r i n c o r p o r a t e s an a s y n c h r o n o u s c l o c k 

e x t r a c t o r w h i c h d e t e c t s a l l the s i g n a l s t a t e t r a n s i t i o n s . F o r 

P M cod ing , the d e c o d e d d a t a i s d e t e r m i n e d by the d i r e c t i o n of 

t h e r e g u l a r m i d - b i t t r a n s i t i o n s in the i npu t s i g n a l but f o r F M 

c o d i n g , the p r e s e n c e and a b s e n c e of the m i d - b i t e d g e s i s d e t e c t e d 

w h i c h i n d i c a t e s a z e r o o r a o n e r e s p e c t i v e l y . 

2. 3. 2 Bi t E r r o r R a t e T e s t s 

T h e r e s u l t s of bi t e r r o r r a t e t e s t s a r e s u m m a r i s e d in t h i s 

s e c t i o n . T h e c l o c k e x t r a c t i o n and d e c o d i n g t e c h n i q u e s d i s c u s s e d 

above w e r e u s e d t o g e t h e r with the s c r e e n e d twin ax ia l c a b l e in 

a p o i n t - t o - p o i n t l i n k o p e r a t i o n f o r the t e s t s . 

M e a s u r e m e n t S y s t e m 

F i g u r e 2. 6 s h o w s a b lock d i a g r a m of the e x p e r i m e n t a l se t up. 

N o i s e i s c o u p l e d in to the l i n e ( c l o s e to the r e c e i v e r ) v i a a l i n e a r 

l o n g - t a i l e d p a i r a m p l i f i e r w h i c h a c t s a s a h igh i m p e d a n c e s o u r c e 

of e i t h e r d i f f e r e n t i a l o r c o m m o n - m o d e s i g n a l s . Input d a t a f o r the 

t r a n s m i t t e r i s g e n e r a t e d u s i n g a H e w l e t t P a c k a r d d a t a g e n e r a t o r 

t y p e 8 0 0 6 A . Al l t e s t s a r e c a r r i e d out w i th the g e n e r a t o r in 

p s e u d o - r a n d o m m o d e w i t h r e g i s t e r l e n g t h of 15 w h i c h p r o v i d e s a 

s e q u e n c e of l e n g t h 32, 767 bit s . 

D e c o d e d d a t a f r o m the r e c e i v e r i s c o m p a r e d bi t by bi t wi th the 

t r a n s m i t t e r inpu t d a t a s e q u e n c e , s u i t a b l y d e l a y e d in the bi t e r r o r 

r a t e t e s t i n g uni t ( B E R T ) . T h e bit e r r o r r a t e i s m e a s u r e d in t h e s e 

t e s t s by f e e d i n g the RZ e r r o r output into the :B' channel of a 

Hewle t t P a c k a r d C o u n t e r / T i m e r type 5326A se t to d i s p l a y 
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' f r e q u e n c y ' and u s i n g the main c lock as an e x t e r n a l t i m e - b a s e . 

U s e d in t h i s way , the r e a d i n g in M H z d i v i d e d by lO g i v e s the 

e r r o r r a t e n o r m a l i s e d to the bi t r a t e , i . e . t h e e r r o r p r o b a b i l i t y . 

T h e m a i n bi t r a t e c l o c k (CK) i s s u p p l i e d to t h e w h o l e s y s t e m by 

the B E R T unit . 

D e t a i l s of T r a n s m i t t e r , N o i s e G e n e r a t o r and A m p l i f i e r , and 

B E R T u n i t s a r e g i v e n in A p p e n d i c e s C, D and E r e s p e c t i v e l y . 

The two t y p e s of R e c e i v e r s u s e d for the t e s t s and b a s e d on the c l o c k 

e x t r a c t i o n and d e c o d i n g p r i n c i p l e s of s e c t i o n 2. 3 . 1 a r e g iven in 

A p p e n d i x B. 

T e s t P r o c e d u r e s 

F o r a l l t he t e s t s , t he g e n e r a l p r o c e d u r e f o l l o w e d w a s to s e t up 

the c l o c k f r e q u e n c y to a s p e c i f i c v a l u e , a d j u s t t h e c l o c k e x t r a c t i o n 

m o n o s t a b l e s a s a p p r o p r i a t e ( s e e A p p e n d i x B) a n d t h e n f o r e a c h 

c a b l e l e n g t h s e l e c t e d , s e t up t h e d a t a d e l a y and e r r o r s t r o b e d e l a y . 

N o i s e w a s appl i ed d i f f e r e n t i a l l y in a l l c a s e s . The def in i t ion of the 

S / N r a t i o u s e d w a s g i v e n a s : 

S/]\j = s i g n a l p o w e r at t he t r a n s m i t t e r end 
n o i s e p o w e r i n j e c t e d at the r e c e i v e r end 

U s i n g the m e t h o d d e s c r i b e d in Appendix F, the n o i s e g e n e r a t o r 

output v o l t a g e was se t s u c h that the S / N rat io w a s d i r e c t l y g iven 

by the at tenuator se t t ing . 

E r r o r r a t e m e a s u r e m e n t s w e r e m a d e by s e l e c t i n g S / N r a t i o s 

in a p p r o p r i a t e s t e p s and r e a d i n g off the c o r r e s p o n d i n g e r r o r 

p r o b a b i l i t i e s on the H P c o u n t e r . 

T e s t R e s u l t s 

T h e e x p e r i m e n t a l r e s u l t s a r e p r e s e n t e d a s g r a p h s of l o g ^ ^ P 

a g a i n s t S / N in dB, w h e r e P ^ i s the m e a s u r e d bi t e r r o r p r o b a b i l i t y . 
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C o m p a r i s o n of T h e o r e t i c a l and E x p e r i m e n t a l E r r o r R a t e s 

Iri o r d e r to c l o s e l y s i m u l a t e the t h e o r e t i c a l c o n d i t i o n s r e q u i r e d 

f o r c o m p a r i s o n , t h e t e s t s w e r e c a r r i e d ou t wi th a c l o c k ( idea l ) 

f r o m the t r a n s m i t t e r , f e d in to the ' E x t CK« input of the s t r o b e 

d e c o d e r . A v e r y s h o r t l e n g t h of c a b l e w a s a l s o c o n n e c t e d 

b e t w e e n t r a n s m i t t e r and r e c e i v e r . 

F i g u r e 2. 7 s h o w s a plot of l o g P a g a i n s t S / N for both P M 

and F M c o d e s . T h e e x p e r i m e n t a l r e s u l t s a r e shown by the b r o k e n 

l i n e s . It i s s e e n t h a t a t l o w e r S / N v a l u e s t h e r e i s good a g r e e m e n t 

b e t w e e n t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s , w h i c h c o n f i r m s 

the f a c t o r 2 a d v a n t a g e in e r r o r r a t e f o r P M c o d i n g . At h i g h e r 

v a l u e s of S / N , d e v i a t i o n b e t w e e n t h e o r e t i c a l and e x p e r i m e n t a l 

c u r v e s i n c r e a s e s , g iv ing about 1 dB d i f f e r e n c e in S / N at P of 
- 6 e 

a b o u t l O 

T h e t h e o r e t i c a l a n a l y s i s a s s u m e s a p e r f e c t g a u s s i a n n o i s e 

p. d. f. H o w e v e r th i s idea l p. d. f. i s d i f f i cu l t to a c h i e v e in p r a c t i c e 

and t h e n o i s e g e n e r a t o r u s e d i s no e x c e p t i o n in t h i s c a s e , w h i c h 

e x p l a i n s the d e v i a t i o n b e t w e e n the two s e t s of c u r v e s . 

S y n c h r o n o u s and A s y n c h r o n o u s C l o c k E x t r a c t i o n 

F i g u r e 2. 8 s h o w s graph of e x p e r i m e n t a l r e s u l t s for F M coding 

at a bit f r e q u e n c y of 1 M b / s , u s i n g s t r o b e d e t e c t i o n d e c o d e r . D e t a i l s 

of t h e P L L c i r c u i t s u s e d i s g i v e n in A p p e n d i x G. 

T h e r e s u l t s s h o w t h a t 2nd o r d e r P L L g i v e s v i r t u a l l y the s a m e 

e r r o r r a t e a s i d e a l c l o c k and t ha t the a s y n c h r o n o u s c l o c k e x t r a c t i o n 

i s on ly a b o u t 1 d B w o r s e in S / N . P e r f o r m a n c e of the 1st o r d e r P L L 

i s r a t h e r w o r s e wi th S / N d e g r a d a t i o n of the o r d e r of 3 d B . 

T h e a p p a r e n t p o o r p e r f o r m a n c e of the 1st o r d e r P L L i s 

a t t r i b u t e d to j i t t e r e f f e c t s s i n c e no loop f i l t e r w a s p r e s e n t in t h i s 

c a s e . Th i s S / N degradat ion was h o w e v e r o f f s e t by the m u c h f a s t e r 
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s y n c h r o n i s a t i o n t i m e of 2 - 3 b i t s c o m p a r e d w i th 4 - lO b i t s 

o b t a i n e d f o r t h e 2nd o r d e r P L L , w h i c h h a d a l o o p f i l t e r . T h i s 

r e s u l t s h o w s t h a t if P L L c l o c k e x t r a c t i o n i s u s e d t h e n f a s t e r 

s y n c h r o n i s i n g t i m e c a n be o b t a i n e d o n l y a t t he e x p e n s e of s o m e 

d e g r a d a t i o n in S/N<, 

F i g u r e 2. 9 s h o w s s i m i l a r s e t of c u r v e s f o r P M c o d i n g but 

e x c l u d i n g 1st o r d e r P L L . A g a i n , the 2nd o r d e r P L L g i v e s c l o s e r 

p e r f o r m a n c e to t h e i d e a l c l o c k . At h i g h S / N t h e a s y n c h r o n o u s 

c l o c k d e g r a d a t i o n i s o n l y O. 5 d B c o m p a r e d w i t h 1 d B f o r F M . 

G e n e r a l l y p e r f o r m a n c e of t he a s y n c h r o n o u s c l o c k h a s b e e n 

m u c h b e t t e r t h a n e x p e c t e d s i n c e t h e r e i s no j i t t e r r e d u c t i o n w i th 

t h i s m e t h o d of c l o c k e x t r a c t i o n . H o w e v e r t h i s c o m p a r a t i v e r e s u l t 

i s f o r a r e l a t i v e l y s h o r t l e n g t h of c a b l e . F o r l o n g e r c a b l e l e n g t h s 

a n d h i g h e r d a t a r a t e s i t w a s n o t e d t h a t p e r f o r m a n c e d e t e r i o r a t e d 

c o n s i d e r a b l y - t h e d i r e c t r e s u l t of i n c r e a s e d s i g n a l j i t t e r . T h i s 

m e t h o d of c l o c k e x t r a c t i o n , t o g e t h e r w i th i t s o v e r a l l s i m p l i c i t y 

w o u l d t h e r e f o r e be s u i t a b l e f o r u s e w h e r e the c a b l e r u n s a r e s h o r t 

and d a t a r a t e s a r e r e l a t i v e l y l o w ; in e f f e c t it i s s u i t a b l e f o r l ow 

d i s t o r t i o n t r a n s m i s s i o n s y s t e m s . 

On t h e o t h e r h a n d u s i n g t h e P L L c l o c k the a d v a n t a g e of 

p e r f o r m a n c e r e l i a b i l i t y and l o w e r S / N in h i g h j i t t e r e n v i r o n m e n t , 

s u c h a s a l o a d e d h i g h w a y s y s t e m , f a r o u t w e i g h s the p r o b l e m s of 

e x t r a c o m p l e x i t y a n d t i m e to a c q u i r e s y n c h r o n i s a t i o n . T h e P L L 

c l o c k i s t h e r e f o r e r e c o m m e n d e d a s t he m e t h o d of c l o c k e x t r a c t i o n . 

S t r o b e and E d g e D e t e c t i o n D e c o d e r s 

R e s u l t s of t e s t s m a k i n g a d i r e c t c o m p a r i s o n of e d g e and s t r o b e 

d e t e c t i o n d e c o d e r s w i t h z e r o and l O O m c a b l e l e n g t h s and 1 M b / s 

b i t r a t e a r e s h o w n in F i g u r e 2. l O f o r P M and F M r e s p e c t i v e l y . 

T h e c u r v e s s h o w t h a t t h e r e i s o n l y s l i g h t i m p r o v e m e n t in t he 

p e r f o r m a n c e of a s t r o b e d e t e c t i o n d e c o d e r o v e r an e d g e d e t e c t i o n 
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d e c o d e r f o r bo th P M a n d F M . T h i s i m p r o v e m e n t h o w e v e r a p p e a r s 

to be m a r g i n a l l y g r e a t e r for P M data than for F M . C o m p a r e d 

with r e s u l t s of p r e v i o u s t e s t s u s i n g s t r o b e d e t e c t i o n d e c o d e r , 

t he a b o v e r e s u l t s a l s o s h o w an i n t e r e s t i n g d i f f e r e n c e b e t w e e n the 

two d e c o d e r s ; t he t h e o r e t i c a l d e d u c t i o n t h a t P M c o d e d d a t a 

g i v e s l o w e r e r r o r r a t e s t h a n F M d a t a i s not b o r n e out in the 

c a s e of edge d e t e c t i o n d e c o d e r . In f a c t F M p e r f o r m s s l i g h t l y 

b e t t e r t h a n P M . 

In the c a s e of s t r o b e d e t e c t i o n , d e c o d e d d a t a i s d e t e r m i n e d 

by the l e v e l of the i n c o m i n g s i g n a l a t the s t r o b i n g p o i n t s w h e r e a s 

f o r edge d e t e c t i o n , the d e c o d i n g i s d e p e n d e n t on the p o s i t i o n s of 

the t r a n s i t i o n s in the r e c e i v e d c o d e d s i g n a l . It i s t h u s e v i d e n t t h a t 

the t h e o r e t i c a l a n a l y s i s f o r s t r o b e d e t e c t i o n (Append ix A), b a s e d 

on s i g n a l l e v e l s , d o e s n o t a p p l y in the c a s e of edge d e t e c t i o n d e c o d e r . 

H o w e v e r , a p r a c t i c a l e x p l a n a t i o n i s t h a t the p o o r e r p e r f o r m a n c e 

of e d g e d e t e c t i o n d e c o d e r wi th P M m a y be due to the a s y n c h r o n o u s 

c l o c k e x t r a c t i o n loop d r o p p i n g out of s y n c h r o n i s a t i o n by ha l f a bi t 

p e r i o d when r e c e i v i n g l o n g s t r i n g s of a l l ' o n e s ' o r a l l ' z e r o s ' . 

F o r P M s u c h a s i t u a t i o n c a u s e s c o n t i n u o u s d a t a e r r o r s u n t i l 

s y n c h r o n i s a t i o n i s r e g a i n e d a t the e n d of the s t r i n g , but f o r F M 

t h e r e wou ld p r o b a b l y be on ly an e r r o r at e a c h end of the s t r i n g . 

C e r t a i n l y a p o s s i b l e f u t u r e w o r k wou ld be a t h e o r e t i c a l a n a l y s i s 

of t h e e d g e d e t e c t i o n d e c o d e r f o r c o m p a r i s o n wi th the s t r o b e 

d e t e c t i o n d e c o d e r and a l s o f u r t h e r i n v e s t i g a t i o n to s e e if the a b o v e 

p r o p o s e d m e c h a n i s m i s s o l e l y r e s p o n s i b l e f o r P M p e r f o r m a n c e 

d e g r a d a t i o n . 

F o r c o m p a r a t i v e p u r p o s e s , a s y n c h r o n o u s c l o c k e x t r a c t i o n had 

b e e n u s e d in the s t r o b e d e t e c t i o n d e c o d e r f o r the a b o v e t e s t s . 

D e s p i t e the f a c t t h a t c o m p a r a t i v e r e s u l t s w e r e o b t a i n e d f o r bo th 

d e c o d e r s , s t r o b e d e t e c t i o n d e c o d e r h a s the a d d e d a d v a n t a g e of the 

u s e of s y n c h r o n o u s c l o c k e x t r a c t i o n w h i c h g i v e s s u p e r i o r p e r f o r m a n c e , 

a s f ound in the r e s u l t s of the p r e v i o u s s e c t i o n . T h u s f o r bo th P M 

and F M c o d i n g , the s t r o b e d e t e c t i o n d e c o d e r i s m u c h p r e f e r r e d . 
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V a r i a t i o n of Bi t R a t e 

T h e c u r v e s of F i g u r e 2.11 i l l u s t r a t e the e f f e c t of bi t r a t e 

f o r a f i x e d l e n g t h of c a b l e . 

C o m p a r i s o n of the two s e t s of c u r v e s show t h a t : 

(1) a t t he l o w e r bi t r a t e s the p e r f o r m a n c e of P M and F M 

a r e c o m p a r a b l e , w i th on ly s l i gh t i m p r o v e m e n t of P M 

o v e r F M ; 

(2) the i m p r o v e m e n t of P M o v e r F M i n c r e a s e s the h i g h e r 

the bi t r a t e . 

T h i s i n c r e a s e in p e r f o r m a n c e of P M o v e r F M i s e x p l a i n e d 

in t e r m s of l i n e d i s t o r t i o n u s i n g t y p i c a l eye p a t t e r n s o b t a i n e d 

d u r i n g the t e s t s a s shown in F i g u r e 2 . 1 2 . 

Da ta i s d e c o d e d by s t r o b i n g at p o i n t s T^and T ^ , i . e . 25% and 

75% of a bi t p e r i o d f o r F M d a t a , but at T^ on ly f o r P M d a t a . 

At l o w bi t r a t e s the e f f e c t of i n t e r s y m b o l i n t e r f e r e n c e i s m i n i m a l 

and an eye p a t t e r n s u c h a s F i g u r e 2 .12(a ) i s o b t a i n e d . As the bi t 

f r e q u e n c y i n c r e a s e s i n t e r s y n i b o l i n t e r f e r e n c e a l s o i n c r e a s e s , 

g i v i n g r i s e to an eye p a t t e r n s u c h a s F i g u r e 2.12(b) . . It i s s e e n 

t h a t at the l o w e r f r e q u e n c i e s e y e o p e n i n g s at the s t r o b i n g i n s t a n t 

T^ and T^ a r e a l m o s t the s a m e . H o w e v e r a s the bit f r e q u e n c y 

i n c r e a s e s the eye o p e n i n g at T^ b e c o m e s s i g n i f i c a n t l y l e s s t h a n 

at T ^ . S i n c e f o r F M d a t a i s d e c o d e d f r o m d e c i s i o n s a t bo th T^ 

and T ^ , d a t a e r r o r s f o r F M t e n d to i n c r e a s e f a s t e r wi th i n c r e a s i n g 

bit r a t e t h a n f o r P M d u e to the f a s t e r r a t e of c l o s u r e of the e y e 

o p e n i n g at T^ a s o p p o s e d to t ha t a t T ^ . 

Computer c a l c u l a t e d e y e p a t t e r n s obta ined for a 3 0 0 m l ength 

of c a b l e at v a r i o u s bit r a t e s a r e shown in F i g u r e 2 . 1 3 . T h e y do 

i l l u s t r a t e the e f f e c t s d i s c u s s e d a b o v e . 
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T h e g r a p h s of F i g u r e 2 . 1 4 a r e d e r i v e d f r o m F i g u r e 2.11 

to s h o w t h e i n c r e a s e in S / N r a t i o r e q u i r e d to m a i n t a i n c o n s t a n t 

v a l u e of e r r o r r a t e (P ) a s b i t r a t e i n c r e a s e s . The i n c r e a s e s of 

S / N a r e r e l a t i v e to the v a l u e s f o r z e r o l e n g t h of c a b l e ; t h e y a r e 

t h e r e f o r e r e l a t e d to the v a r i a t i o n of l i n e l o s s w i th f r e q u e n c y . T h e 

a p p a r e n t i n c r e a s e in l i n e l o s s f o r F M d a t a a s b i t r a t e i n c r e a s e s 

s c l e a r l y e v i d e n t . T h e F M c u r v e in p a r t i c u l a r s h o w s a t e n d e n c y 

to f o l l o w l i n e l o s s c u r v e a t l o w b i t r a t e s but d e v i a t e m o r e at h i g h e r 

b i t r a t e w h e r e i n t e r s y m b o l i n t e r f e r e n c e b e c o m e s p r e d o m i n a n t . 

V a r i a t i o n of L i n e L e n g t h 

T h e e f f e c t of l i n e l e n g t h f o r a f i x e d b i t r a t e i s s h o w n in 

F i g u r e 2 . 1 5 . T h e r e s u l t s a r e p l o t t e d f o r 3 M b / s d a t a r a t e u s i n g 

i d e a l c l o c k and P M and F M d a t a . T h e g r a p h s of F i g u r e 2. 16 

a r e d e r i v e d f r o m F i g u r e 2 . 1 5 to s h o w the i n c r e a s e in S / N r a t i o 

r e q u i r e d to m a i n t a i n c o n s t a n t e r r o r r a t e a s t he c a b l e l e n g t h v a r i e s . 

A l s o s h o w n i s t he c o r r e s p o n d i n g l i n e l o s s . 

It i s o b s e r v e d t h a t , l i k e the v a r i a t i o n of b i t r a t e , F M i s m o r e 

s u s c e p t i b l e to l i n e l e n g t h i n c r e a s e t h a n P M . 

T h e p o o r e r p e r f o r m a n c e of F M i s a g a i n e x p l a i n e d by the f a s t e r 

r a t e of c l o s u r e of t h e f i r s t ha l f b i t e y e o p e n i n g a s t h e l i n e 

d i s t o r t i o n i n c r e a s e s . F i g u r e 2 ,17 s h o w s the c a l c u l a t e d e y e 

p a t t e r n s f o r a b i t r a t e of 3 M b / s and v a r i o u s l e n g t h s to i l l u s t r a t e 

t he e y e c l o s u r e p h e n o m e n o n . 

G e n e r a l l y , t he r e s u l t s of t e s t s on the e f f e c t of t r a n s m i s s i o n 

l i n e d i s t o r t i o n c o n f i r m s t h e d e p e n d e n c e of the a s s o c i a t e d l o s s on 

bo th b i t r a t e and c a b l e l e n g t h . It a l s o s h o w s t h a t P M i s l e s s 

a f f e c t e d by l i n e d i s t o r t i o n . 
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2. 3. 3 M e s s a g e E r r o r R a t e T e s t s 

A s u m m a r y of r e s u l t s o b t a i n e d f o r t e s t s c a r r i e d out to d e t e r m i n e 

the e f f e c t i v e n e s s of the code v i o l a t i o n e r r o r d e t e c t i o n s c h e m e f o r 

bo th P M and F M c o d e s i s p r e s e n t e d in t h i s s e c t i o n . Bit u n d e t e c t a b l e 

e r r o r s i s o b t a i n e d by e x t r a p o l a t i o n of the m e s s a g e e r r o r r a t e 

c u r v e s and c o m p a r e d wi th t h e o r e t i c a l l y p r e d i c t e d v a l u e s . 

M e a s u r e m e n t S y s t e m 

A b l o c k d i a g r a m of the e x p e r i m e n t a l s e t up i s shown in F i g u r e 

2 .18 . The ' l ink' p o r t i o n of the s y s t e m is the s a m e se t up u s e d f o r 

the bit e r r o r rate t e s t s d e s c r i b e d in s e c t i o n 2. 3 . 2 . P s e u d o - r a n d o m 

d a t a g e n e r a t e d by the ' l i n k ' i s e f f e c t i v e l y a s y n c h r o n o u s l y s u b d i v i d e d 

into m e s s a g e s by the M e s s a g e E r r o r Rate T e s t (MERT) unit ( s e e 

A p p e n d i x H f o r d e t a i l e d d e s c r i p t i o n ) . D u r i n g the m e s s a g e p e r i o d 

wh ich c a n be p r e s e t up to 16 b i t s l o n g , any code e r r o r p u l s e s 

p r o d u c e d by the d e c o d e r s e t a f l i p - f l o p and s i m i l a r l y d a t a e r r o r 

p u l s e s f r o m the B E R T un i t s e t a s e c o n d f l i p - f l o p . In the 3 - b i t 

i n t e r v a l b e t w e e n m e s s a g e s the f l i p - f l o p o u t p u t s a r e s t r o b e d to 

p r o d u c e t h r e e p o s s i b l e p u l s e o u t p u t s i n d i c a t i n g the f o l l o w i n g t y p e s 

of e r r o n e o u s m e s s a g e : 

(a) c o n t a i n i n g one o r m o r e code e r r o r s (MCE) ; 

(b) c o n t a i n i n g one o r m o r e d a t a e r r o r s (MDE) ; 

(c) c o n t a i n i n g one o r m o r e d a t a e r r o r s but no c o d e e r r o r , 

i . e . an u n d e t e c t e d m e s s a g e e r r o r (MUE) . 

M e s s a g e e r r o r r a t e i s m e a s u r e d by f e e d i n g the r e s p e c t i v e 

output (MCE or MDE or MUE) into the 'B' channel of a Hewle t t 

P a c k a r d C o u n t e r / T i m e r t y p e 5326A s e t up to d i s p l a y f r e q u e n c y . 

U s i n g t h e ' e n a b l e ' ou tpu t a s an e x t e r n a l t i m e b a s e , the r e a d i n g in 

MHz d i v i d e d by l O g i v e s the e r r o r r a t e n o r m a l i s e d to the m e s s a g e 

rate and the m e s s a g e e r r o r probab i l i ty . The bit rate c lock to the 

M E R T c i r c u i t i s s u p p l i e d by the s t r o b e p u l s e ou tpu t f r o m t he 

BERT unit . 
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T e s t P r o c e d u r e s 

T h e g e n e r a l p r o c e d u r e f o r the t e s t s w a s to s e t up the ' l i n k ' 

a s in s e c t i o n 2. 3. 2 f o r a p a r t i c u l a r f r e q u e n c y and s i g n a l - t o - n o i s e 

r a t i o to g ive c o n s t a n t d a t a and c o d e e r r o r r a t e s . M e s s a g e e r r o r 

r a t e m e a s u r e m e n t s a r e m a d e by s e l e c t i n g m e s s a g e l e n g t h s in 

a p p r o p r i a t e s t e p s and r e a d i n g off t h e c o r r e s p o n d i n g m e s s a g e e r r o r 

r a t e s on the H, P . c o u n t e r . A d a t a bi t r a t e of 2 5 0 K b / s w a s u s e d 

f o r a l l t h e t e s t s . 

T e s t R e s u l t s 

The e x p e r i m e n t a l r e s u l t s a r e p r e s e n t e d a s g r a p h s of P a g a i n s t 

m w h e r e P ^ i s t h e m e s s a g e e r r o r r a t e and m i s the m e s s a g e l e n g t h 

r e s p e c t i v e l y . 

T y p i c a l m e s s a g e e r r o r r a t e c u r v e s o b t a i n e d u s i n g s t r o b e 

d e t e c t i o n d e c o d e r wi th an i d e a l c l o c k e x t r a c t i o n f o r P M and F M 

c o d e d d a t a a r e shDwn in F i g u r e 2 .19 . T h e g e n e r a l t r e n d of t h e s e 

c u r v e s t e n d to c o n f i r m the t h e o r e t i c a l r e s u l t s of A p p e n d i x A. 4 

t h a t m e s s a g e e r r o r r a t e v a r i e s l i n e a r l y wi th m e s s a g e l e n g t h . 

T h e a p p r o x i m a t e bi t e r r o r r a t e P , o b t a i n e d by f i n d i n g t h e s l o p e s 

of the P v r s m c u r v e s i s s u m m a r i s e d in T a b l e 2 ,1 . It s h o w s the 

f o l l o w i n g g e n e r a l t r e n d : 

C o m p a r i s o n of d a t a e r r o r r a t e s and code e r r o r r a t e s show the 

e x p e c t e d r e l a t i o n s h i p a s g i v e n in A p p e n d i x A. 1 and A. 2, t h a t code 

e r r o r r a t e s a r e e q u a l f o r P M and F M and t ha t d a t a e r r o r r a t e s a r e 

in t h e r a t i o 1 : 2 f o r P M and F M r e s p e c t i v e l y . 

T h e u n d e t e c t a b l e bi t e r r o r r a t e f o r P M s e e m to c o n f i r m the 

r e s u l t s of the t h e o r e t i c a l a n a l y s i s a s g iven in A p p e n d i x A. 3 . 1 t h a t 

f o r PM,unde t ec t ab l e e r r o r r a t e s a r e e q u a l to the s q u a r e of the d a t a 

bit e r r o r r a t e . T h i s r e s u l t i s b o r n e out by the c l o s e n e s s of the 

e x p e r i m e n t a l r e s u l t s to the t h e o r e t i c a l r e s u l t s shown in a 

m a g n i f i e d f o r m in F i g u r e 2. 2 0 , 
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BIT 
P M F M 

ERROR RATE T h e o r e t i c a ^ / ^ x p t . T h e o r e t i c a l / E x p t . 

Pbde P e P e P e P e 

^ b c e 2P e 2 P e P e P e 

P 2 
e L 0 5 P ' 

e 
O. 27P 

e 

Table 2 . 1 

T h e o r e t i c a l and E x p t . Bit E r r o r R a t e s 
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The undetec tab le e r r o r rate for FNt d e t e r m i n e d by the in i t ia l 

s l ope of the c u r v e , on the other hand, i s ra ther l a r g e and s e e m s 

to g ive a va lue w h i c h is p r o p o r t i o n a l to the d a t a bi t e r r o r r a t e r a t h e r 

t h a n i t s s q u a r e a s p r e d i c t e d by t h e t h e o r y g iven in A p p e n d i x A. 3. 2. 

F i g u r e 2 . 2 1 s h o w s s i m i l a r r e s u l t s f o r F M but f o r a l a r g e r v a l u e 

of data bit e r r o r ra te (P = . 0 4 7 5 ) . It i s noted that the in i t ia l 

s l o p e of t h i s c u r v e a l s o g i v e s a v a l u e of t ha t i s p r o p o r t i o n a l 

to H o w e v e r a s the m e s s a g e l ength i s i n c r e a s e d , the s lope 

d e c r e a s e s and tends to g ive a v a l u e of P that i s propor t iona l 
o eu '• ^ 

to P . e 

T h e a b o v e r e s u l t s s e e m to c o n f i r m an e x p e c t e d f a l s e u n d e t e c t a b l e 

e r r o r c o n d i t i o n a r i s i n g f r o m a s i n g l e h a l f - b i t e l e m e n t e r r o r in the 

f i r s t d a t a bi t of the m e s s a g e , and w h i c h would t e n d to g ive e r r o r s 

p r o p o r t i o n a l to the d a t a bi t e r r o r r a t e . H o w e v e r it w a s e x p e c t e d 

t h a t t h i s f a l s e e r r o r c o n d i t i o n wou ld b e c o m e l e s s s i g n i f i c a n t at a 

much l o w e r m e s s a g e l ength than s e e m to be the c a s e ind ica ted by 

t h e r e s u l t s . It r a t h e r s h o w s t h a t a l o n g e r m e s s a g e l e n g t h wou ld 

be r e q u i r e d in o r d e r to a c c u r a t e l y p r e d i c t the u n d e t e c t a b l e e r r o r 

r a t e . 

L a t e r e x p e r i m e n t a l t e s t s , u s i n g a l o g i c a n a l y s e r h o w e v e r 

c o n f i r m e d tha t the o c c u r r e n c e of doub le h a l f - b i t e l e m e n t e r r o r s i s 

in f a c t p r o p o r t i o n a l to the s q u a r e of the c o r r e s p o n d i n g d a t a bi t 

e r r o r r a t e f o r bo th P M and F M c o d e s . 

T h e f o l l o w i n g g e n e r a l c o n c l u s i o n s can be d r a w n f r o m the 

m e s s a g e e r r o r r a t e t e s t s : 

(a) the u n d e t e c t a b l e e r r o r s a s s o c i a t e d w i th e r r o r d e t e c t i o n 

s c h e m e s b a s e d on code v i o l a t i o n t e s t i n g i s p r o p o r t i o n a l 

to the s q u a r e of the data bit e r r o r rate for both P M and 

F M c o d e s . 

(b) for P M the constant of p r o p o r t i o n a l i t y is UNITY 

p r e d i c t e d by t h e o r y ; h o w e v e r for FM, the t h e o r e t i c a l 
as 
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f a c t o r of 2 a d v a n t a g e o v e r P M c o u l d n o t be c o n f i r m e d 

b e c a u s e of t h e r e l a t i v e l y s h o r t m e s s a g e lengths u s e d 

f o r t h e t e s t s . H o w e v e r t h e t r e n d of t h e r e s u l t s o b t a i n e d 

s e e m s to s u g g e s t a c o n s t a n t of p r o p o r t i o n a l i t y of l e s s t h a n 

U N I T Y , w h i c h i s in l i n e w i t h t h e t h e o r y . 

2. 4 R e c e i v e r I n p u t F i l t e r i n g 

T h e r e s u l t s of l o a d i n g s t u d i e s ( r e p o r t e d in C h a p t e r 3) s h o w e d 

t h a t t h e o v e r a l l f r e q u e n c y r e s p o n s e of t h e c o u p l i n g t r a n s f o r m e r s 

c h a n g e w i t h n u m b e r of c o n n e c t e d l o a d s . It t h u s b e c a m e c l e a r t h a t 

to a c h i e v e a w e l l d e f i n e d r e c e i v e r p a s s - b a n d p a r t i c u l a r l y a t t h e 

u p p e r e n d i t w o u l d be n e c e s s a r y to i n s e r t a l o w - p a s s f i l t e r b e t w e e n 

e a c h t e r m i n a l r e c e i v e r and i t s t r a n s f o r m e r . T h e o b j e c t i v e s in t h e 

d e s i g n of t h i s w e r e : 

(a) t o h a v e a c u t - o f f f r e q u e n c y i n d e p e n d e n t of t h e n u m b e r of 

t e r m i n a l s , 

(b) t o p r e s e n t a c o n s t a n t a n d f a i r l y h i g h r e s i s t i v e i n p u t 

i m p e d a n c e o v e r t h e w h o l e p a s s b a n d , 

(c) t o m a x i m i s e t h e p e a k s i g n a l v o l t a g e to r . m . s . n o i s e 

v o l t a g e r a t i o , 

(d) to a v o i d e x c e s s i v e s i g n a l d i s t o r t i o n a n d t h e c o n s e q u e n t 

i n t e r s y m b o l i n t e r f e r e n c e . 

S i m p l e R C n e t w o r k s w e r e r e j e c t e d b e c a u s e t h e y c o u l d n o t 

s a t i s f y r e q u i r e m e n t (b) . Of s e v e r a l o t h e r t y p e s of n e t w o r k w h i c h 

w e r e s t u d i e d o r t e s t e d e x p e r i m e n t a l l y a 2 n d o r d e r B u t t e r w o r t h 

RLC n e t w o r k w a s f i n a l l y s e l e c t e d a s o f f e r i n g t h e b e s t a l l r o u n d 

p e r f o r m a n c e w i t h o u t e x c e s s i v e c o m p l e x i t y . 

R e s u l t s of t h e o r e t i c a l a n d e x p e r i m e n t a l w o r k c a r r i e d o u t 

to d e t e r m i n e t h e p e r f o r m a n c e of t h i s f i l t e r w h e n t h e i n p u t s i g n a l 

i s P M o r F M c o d e d d a t a i s p r e s e n t e d in t h i s s e c t i o n . 
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2 . 4 . 1 O p t i m u m F i l t e r C u t - O f f F r e q u e n c y 

To d e t e r m i n e the v a l u e of the c u t - o f f f r e q u e n c y f (at - 3 d B po in t ) 

w h i c h would s a t i s f y r e q u i r e m e n t (c), an a n a l y s i s w a s m a d e of the 

p e a k s i g n a l to r . m . s . n o i s e v o l t a g e r a t i o at the f i l t e r ou tpu t a s 

a funct ion of the product f^T for a s i n g l e r e c t a n g u l a r p u l s e input 

of wid th T / 2 a c c o m p a n i e d by wh i t e G a u s s i a n n o i s e , f o l l o w i n g the 

t r e a t m e n t of s u b - o p t i m u m f i l t e r s g i v e n in (13). The inpu t p u l s e 

r e p r e s e n t s a h a l f - b i t e l e m e n t of a P M o r F M c o d e d d a t a s i g n a l 

of bit p e r i o d T . See F i g u r e below. 

V 

Inpu t S igna l 

White Noise 
( p . s . d . = Nq ) 

FILTER Output 
S/N( p) 

T h e ou tpu t p e a k s i g n a l to n o i s e r a t i o c a n be e x p r e s s e d in the 

f o r m : 

(2.10) 

2 
V T w h e r e E is the e n e r g y of the inpu t p u l s e (= ) and ct i s a 

p o s i t i v e r e a l f a c t o r A 1. The e q u a l i t y a p p l y i n g on ly f o r a m a t c h e d 

f i l t e r . A graph of C in dB v r s f^T i s g iven in F i g u r e 2. 22 (a) 

w h i c h s h o w s t h a t the m a x i m u m v a l u e of a o c c u r s f o r f T i u s t 
o 

l e s s t h a n 1. 

E x p e r i m e n t a l t e s t s of e r r o r r a t e v r s f T f o r F M c o d e d 
o 

d a t a o v e r z e r o l i n e l e n g t h at c o n s t a n t s i g n a l - t o - n o i s e r a t i o 

c o n f i r m e d that the o p t i m u m va lue of f T w a s j u s t l e s s than 1. 

T y p i c a l e x p e r i m e n t a l r e s u l t s a r e shown in F i g u r e 2. 22 (b). 
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T h e t h e o r e t i c a l c u r v e of P v r s f T shown in F i g u r e 2. 22 (b) 
e o ° 

f o r c o m p a r i s o n w a s d e r i v e d by u s i n g the c a l c u l a t e d p e a k s i g n a l 

to n o i s e r a t i o p i n the t h e o r e t i c a l e q u a t i o n f o r P d e r i v e d in 

A p p e n d i x A. i . e . f o r F M c o d i n g : 

P g = e r f c & ) (2-11) 

= e r f c ( —) 

Now f r o m E q u a t i o n 2. lO 

o o 

T h e inpu t n o i s e p . s . d. f r o m the e x p e r i m e n t a l n o i s e g e n e r a t o r 

"i 

by : 

i v ing a n o i s e p o w e r P o v e r a band of B i s a s s u m e d to be g iven 
° ^ n c ° 

P 
'Where 

c 

Thus pz = J[__ 5 c T a 
n 

= ( ( 2 . 1 2 ) 
in 

g 
w h e r e ( ) i s the m e a s u r e d inpu t s i g n a l to n o i s e r a t i o f o r z e r o 

2 
l i n e l e n g t h and cf a s a f a c t o r of f T i s t a k e n f r o m F i g u r e 2. 22 (a) . 

F o r c o m p a r i s o n wi th the e x p e r i m e n t a l r e s u l t s the f o l l o w i n g 

v a l u e s w e r e t a k e n : 

(S/N^. = 8 dB 
in 

B = 8 ]VKiz 
c 

T = O. 3 3 p s 

w h i c h y i e l d e d an o p t i m u m v a l u e of f — 2 . 7 MHz 
o 
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2. 4. 2 I n t e r s y m b o l I n t e r f e r e n c e 

F i g u r e 2. 23 s h o w s c a l c u l a t e d r e s p o n s e s of F M and P M c o d e s 

at t he f i l t e r ou tpu t f o r f T = 1. T h e y a r e shown f o r : 

(a) s i n g l e j b i t e l e m e n t , 

(b) two s i m i l a r p o l a r i t y e l e m e n t s ( F M "1") 

(c) two o p p o s i t e p o l a r i t y e l e m e n t s ( F M "O") 

Al l t he w a v e f o r m s s h o w t h a t i n t e r s y m b o l i n t e r f e r e n c e e f f e c t s 

a r e m i n i m a l . 

An a n a l y s i s of the i n t e r s y m b o l i n t e r f e r e n c e (ISI) f r o m a s i n g l e 

e l e m e n t , shown in F i g u r e 2 . 2 3 ( a ) , a s a f u n c t i o n o f f T w a s 

c a r r i e d out and the r e s u l t s a r e p r e s e n t e d in F i g u r e 2. 24. The 

two r e l a t i v e ISI f a c t o r s a r e d e f i n e d a s 

P i - y ( T / ^ ) 

and P; - y ( T / 2 ) 

w h e r e y(t) i s the f i l t e r ou tpu t w a v e f o r m , i s a m e a s u r e of the 

ISI at the ne ighbour ing % bit s a m p l i n g point i s a m e a s u r e 

of the ISI c a r r i e d in to the s e c o n d e l e m e n t . It wi l l be s e e n f r o m 

the two c u r v e s thatp^^ =p^ at f T = l . 1. This i s c l e a r by the 

o p t i m u m point in the v i c i n i t y of f T = 1 s i n c e it would tend to 

m i n i m i s e the o v e r a l l e f f e c t of t h e ISL 

E y e P a t t e r n s 

O b s e r v a t i o n of the eye p a t t e r n of c o d e d d a t a a l s o s h o w e d t h a t 

i n t e r s y m b o l i n t e r f e r e n c e e f f e c t s w e r e l o c a l l y m i n i m i s e d at 

i l l u s t r a t e d by the two s e t s of photographs shown 

in F i g u r e 2. 25. The f i r s t s e t i s f o r a d a t a r a t e of 6M b / s and the 



- 29 -

s e c o n d s e t f o r 3 M b / s . It i s i n t e r e s t i n g to n o t e t h a t t he l i n e 

d i s t o r t i o n e f f e c t w h i c h c a u s e s u n e q u a l e y e o p e n i n g of t he r e c e i v e d 

s i g n a l i s e l i m i n a t e d at t h e f i l t e r o u t p u t ; w i th p e a k s of t he j bi t 

e l e m e n t s o c c u r r i n g a t t h e d e s i r e d | T and | t s a m p l i n g p o i n t s . 

F r o m t h e a b o v e r e s u l t s of t e s t s and s t u d i e s on r e c e i v e r 

i n p u t f i l t e r i n g of P M and F M c o d e d d a t a , the f o l l o w i n g c o n c l u s i o n s 

c a n be d r a w n ; 

(1) It i s p o s s i b l e to u s e a m u c h l o w e r c u t - o f f f r e q u e n c y 

t h a n h a d b e e n p r e v i o u s l y t h o u g h t p o s s i b l e , 

(2) o p e r a t i o n c l o s e to the o p t i m u m f o r bo th p e a k s i g n a l 

to n o i s e r a t i o and i n t e r s y m b o l i n t e r f e r e n c e i s p o s s i b l e 

f o r a c u t - o f f ( - 3 dB) f r e q u e n c y e q u a l to t he b i t r a t e . 
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3. E X P E R I M E N T A L LOADING STUDIES 

3 .1 I n t r o d u c t i o n 

S t u d i e s c a r r i e d out d u r i n g the i n i t i a l p h a s e to i d e n t i f y the e f f e c t s 

of l o a d i n g a l e n g t h of t r a n s m i s s i o n l i n e ( lOOm of DRM 68 twin 

a x i a l c a b l e ) wi th a r e l a t i v e l y l a r g e n u m b e r ( g r e a t e r t h a n t en ) 

of h i g h i m p e d a n c e l o a d s r e p r e s e n t i n g t e r m i n a l s on a p a s s i v e 

h i g h w a y s y s t e m and c a r r y i n g b a s e b a n d s i g n a l w i th F M o r P M 

c o d i n g a r e d e s c r i b e d in t h i s c h a p t e r . In p a r t i c u l a r h o w t r a n s f o r m e r 

c o u p l i n g of r e c e i v i n g t e r m i n a l s a f f e c t p e r f o r m a n c e i s i n v e s t i g a t e d . 

Two s i m p l e t h e o r i e s w h i c h a t t e m p t to p r e d i c t c u m u l a t i v e 

a t t e n u a t i o n c a u s e d by m i s m a t c h i n g of the l i n e at the l o a d p o i n t s 

and a l s o t h e o v e r a l l f r e q u e n c y r e s p o n s e in the t r a n s f o r m e r c o u p l e d 

c a s e a r e p r e s e n t e d . T h e s h o r t c o m i n g s of t h e s e s i m p l i f i e d m o d e l s 

of t h e h i g h w a y , u s e d f o r the i n i t i a l d e s i g n and p e r f o r m a n c e p r e d i c t i o n 

i s o u t l i n e d . 

3. 2 T h e o r y 

3 . 2 . 1 M i s m a t c h A t t e n u a t i o n 

T h e m i s m a t c h a t t e n u a t i o n c a u s e d by r e s i s t i v e l o a d s i s t a k e n in to 

a c c o u n t by the c u m u l a t i v e m i s m a t c h t h e o r y p r e s e n t e d in ( 2 ) . T h i s 

s i m p l e t h e o r y n e g l e c t s any i n t e r f e r e n c e e f f e c t s c a u s e d by m u l t i p l e 

r e f l e c t i o n and g i v e s the t o t a l m i s m a t c h a t t e n u a t i o n (in dB) of N 

r e s i s t i v e l o a d s a s 

R 
= 2C)N l o g U + ) (3.1) 

whe r e 

R - l i n e c h a r a c t e r i s t i c i m p e d a n c e 

Ry = l o a d r e s i s t a n c e . 

A d e r i v a t i o n of e q u a t i o n 3 .1 i s g iven in A p p e n d i x I. 
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In a d d i t i o n to t h e m i s m a t c h a t t e n u a t i o n t h e r e i s , of c o u r s e , 

t he l i ne l o s s (in dB) w h i c h d e p e n d s on the t y p e of c a b l e , t he 

l i n e l e n g t h and t h e d a t a bi t r a t e . 

i s g i v e n by 

R 
1.̂  - 1 /] _l 

T h u s the t o t a l a t t e n u a t i o n (A^) 

= A . + 2 0 N l o g (1 + o 
2R L 

( 3 . 2 ) 

3 . 2 . 2 F r e q u e n c y R e s p o n s e 

T h e e f f e c t of t h e i n d u c t i v e c o m p o n e n t of the t r a n s f o r m e r l o a d , 

n e g l e c t e d by t h e a b o v e m i s m a t c h t h e o r y , w a s t a k e n in to a c c o u n t 

by an a p p r o x i m a t i o n of the h i g h w a y w h i c h a s s u m e s the t r a n s f o r m e r 

l o a d s to be e f f e c t i v e l y c o n n e c t e d in p a r a l l e l a c r o s s a s i n g l e 

f i n i t e i m p e d a n c e s o u r c e . T h e e f f e c t of i n t e r w ind ing and s t r a y 

c a p a c i t i e s of the l o a d a r e a s s u m e d n e g l i g i b l e . 

The l o w and high c u t - o f f f r e q u e n c i e s of a n u m b e r of i d e n t i c a l 

t r a n s f o r m e r s c o n n e c t e d in s u c h an a r r a n g e m e n t h a v e b e e n f o u n d 

to be g iven by : 

f - 5 , 
L ZTTL 

( 
1 

1 + 
NR 

) ( 3 . 3 ) 

R 
L 

( I + NRc 
2TrL^' ' -r - J ( 3 . 4 ) 

w h e r e 

Lp - p r i m a r y s e l f - i n d u c t a n c e 

'K p r i m a r y r e f e r r e d l e a k a g e - i n d u c t a n c e 

D e r i v a t i o n s of E q u a t i o n 3. 3 and 3. 4 a r e g i v e n in A p p e n d i x ( j ) . 

It wi l l be s e e n t ha t both c u t - o f f f r e q u e n c i e s i n c r e a s e wi th N but 

for the l o w f r e q u e n c y t h e r e i s an upper bound, i . e . 



- 55 

Llm f 
- m : 

N —>00 P 

I n t e r p r e t a t i o n of R e s u l t s 

T h e a b o v e r e s u l t s show tha t in the p a s s i v e h i g h w a y a r r a n g e m e n t 

the i n d i v i d u a l f r e q u e n c y r e s p o n s e s of t h e t r a n s f o r m e r l o a d s 

i n t e r a c t to p r o d u c e an o v e r a l l r e s p o n s e t h a t i s d i f f e r e n t f r o m t h a t 

of t h e s i n g l e l o a d . F u r t h e r d e g r a d a t i o n of the t r a n s m i t t e d s i g n a l 

t h u s r e s u l t s , in a d d i t i o n to t h a t c a u s e d by t r a n s m i s s i o n l i n e e f f e c t s . 

It h a s b e e n found t h a t in p r a c t i c e i t i s t he l o w c u t - o f f f r e q u e n c y 

r e l a t i o n s h i p w h i c h i s m o r e i m p o r t a n t . T h i s i s b e c a u s e the s t r a y 

and in ter winding c a p a c i t i e s ( n e g l e c t e d in the a n a l y s i s ) and to a 

g r e a t e r d e g r e e t h e t r a n s m i s s i o n l i n e , l i m i t t he h i g h c u t - o f f f r e q u e n c y . 

E x p e r i m e n t a l s i m u l a t i o n of the t r a n s f o r m e r l o a d i n g e f f e c t 

u s i n g a v a r i a b l e s i n g l e - p o l e h i g h - p a s s f i l t e r n e t w o r k s h o w e d t h a t 

f o r P M and F M t r a n s m i t t e d d a t a , a m a x i m u m l o w c u t - o f f f r e q u e n c y 

of no t m o r e t h a n 1 0 % of the d a t a bi t r a t e i s t o l e r a b l e . 

3. 2. 3 C a l c u l a t i o n s 

T h e f o l l o w i n g p a r a m e t e r s w e r e u s e d to f i n d the m i n i m u m 

p e r m i s s i b l e v a l u e s of t r a n s f o r m e r l o a d r e s i s t a n c e ( R ^ ) and 

p r i m a r y s e l f - i n d u c t a n c e (L^) f o r the i n i t i a l t e s t s . A l O O m l e n g t h 

of DRM 68 c a b l e at a d a t a bi t r a t e (f^) of 3M b / s w a s to be u s e d . 

N = 5 0 

]R = 10<3 
o 

A ^ = 2 . 5 dB 

= 6 dB 

f = 9 0 kHz (i. e . 3% of f ) 
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T h e v a l u e of i s a r b i t r a r y and b a s e d on the t r a n s m i t t e d 

v o l t a g e and a m i n i m u m r e c e i v e r inpu t v o l t a g e w h i c h m u s t be 

f a r g r e a t e r t h a n t h e r e c e i v e r t h r e s h o l d v o l t a g e . 

S u b s t i t u t i n g the a b o v e se t of v a l u e s in to E q u a t i o n s 3 . 1 and 

3. 3 g i v e s 

L = 4. 671 mH 
P 

5 . 4 O 4 k 0 

F o r c o n v e n i e n c e t h e n e a r e s t p r e f e r r e d v a l u e of 5. 6 k O w a s u s e d 

f o r R^o 

3. 3 E x p e r i m e n t a l T e s t s 

3 . 3 . 1 Gene r a l 

T h e p r o c e d u r e s and r e s u l t s of i n i t i a l t e s t s c a r r i e d out on a 

l O O m l e n g t h of DRM 68 c a b l e to e v a l u a t e l i n k p e r f o r m a n c e wi th 

the c o n n e c t i o n of v a r i o u s n u m b e r s of e i t h e r r e s i s t i v e and 

t r a n s f o r m e r c o u p l e d l o a d s a r e d e s c r i b e d in t h i s s e c t i o n . 

F i g u r e 3 . 1 s h o w s t h e r e s i s t i v e a n d t r a n s f o r m e r c o u p l e d l o a d s 

u s e d f o r the t e s t s . T h e s e h a v e b e e n d e s i g n e d u s i n g t h e r e s u l t s 

of S e c t i o n 3. 2. 3. T h e f i l t e r w a s d e s i g n e d to g ive f ^ T of u n i t y 

a s e x p l a i n e d in C h a p t e r 2. 4 . 1 . 

3 . 3 . 2 M e a s u r e m e n t S y s t e m 

T h e m e a s u r e m e n t s y s t e m f o r a l l t he t e s t s c o m p r i s e d the b a s i c 

l i nk s e t up d e s c r i b e d in C h a p t e r 2. 3. 2 ( s e e F i g u r e 2. 6), f o r e r r o r 

r a t e m e a s u r e m e n t s . M i n o r m o d i f i c a t i o n s w e r e h o w e v e r m a d e 

to c a t e r f o r the a t t e n u a t i o n and l o w f r e q u e n c y r e s p o n s e m e a s u r e m e n t s . 
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T h e l i n e w a s a l s o b r o k e n up in to r a n d o m s e c t i o n s w i t h 5 m 

m i n i m u m l e n g t h b e t w e e n s e c t i o n s f o r c o n n e c t i o n to t h e t e r m i n a l 

l o a d s . 

L o w F r e q u e n c y R e s p o n s e 

F i g u r e 3. 2 s h o w s a b l o c k d i a g r a m of t h e s e t up f o r l ow f r e q u e n c y -

r e s p o n s e t e s t s of t h e t r a n s f o r m e r c o u p l e d l o a d s . S i n e w a v e s i g n a l s 

f r o m a v i d e o o s c i l l a t o r w e r e d i f f e r e n t i a l l y c o u p l e d on to o n e e n d of 

t h e l i n e v i a t he n o i s e a m p l i f i e r d e s c r i b e d in A p p e n d i x D. An 

o s c i l l o s c o p e w a s c o n n e c t e d to the r e c e i v i n g e n d of t he l i n e to 

m o n i t o r t he r e c e i v e d d i f f e r e n t i a l s i g n a l s , u s i n g the a l g e b r a i c 

a d d f a c i l i t y . 

3. 3. 3 T e s t P r o c e d u r e s 

Al l t e s t s w e r e c a r r i e d ou t w i t h t h e l o a d s d i s t r i b u t e d on the 

l O O m c a b l e in a l l t h r e e m o d e s n a m e l y u n i f o r m , r a n d o m , a n d 

c l u s t e r e d , a s s h o w n in F i g u r e 3, 3. 

E r r o r R a t e 

E r r o r t e s t s w e r e c a r r i e d ou t a s d e s c r i b e d in C h a p t e r 2. 3. 2 

u s i n g s t r o b e d e t e c t i o n d e c o d e r in t he i d e a l c l o c k m o d e and w i t h 

a p s e u d o r a n d o m d a t a s e q u e n c e at a r a t e of 3M b / s . T h e 

d e f i n i t i o n of t h e S / N r a t i o u s e d i s a s g i v e n in C h a p t e r 2. 3. 2. 

F o r e a c h n u m b e r of l o a d s c o n n e c t e d , e r r o r r a t e m e a s u r e m e n t s 

w e r e m a d e by s e l e c t i n g S / N r a t i o s in a p p r o p r i a t e s t e p s and 

n o t i n g t h e c o r r e s p o n d i n g e r r o r p r o b a b i l i t y on the c o u n t e r . 
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A t t e n u a t i o n 

F o r the a t t e n u a t i o n t e s t s the d a t a s e q u e n c e w a s s e t to a l l 

z e r o s and w a s F M c o d e d to g ive w o r s t c a s e l i n e s i g n a l , i . e . a 

3 M H z s q u a r e w a v e . 

T h e p e a k - t o - p e a k t r a n s m i t t i n g end and r e c e i v i n g end v o l t a g e s 

w e r e m o n i t o r e d w i th an o s c i l l o s c o p e f o r e a c h se t of l o a d s 

c o n n e c t e d to the l i n e . The t o t a l a t t e n u a t i o n in dB w a s f o u n d 

by u s i n g the e q u a t i o n 

V 
A = 2 0 l o g ^ dB 

R 

w h e r e 

= p k - p k r e c e i v i n g e n d v o l t a g e 

= p k - p k t r a n s m i t t i n g end v o l t a g e 

L o w F r e q u e n c y R e s p o n s e 

In t h e s e t e s t s f o r e a c h n u m b e r of t r a n s f o r m e r c o u p l e d l o a d s 

c o n n e c t e d the f r e q u e n c y of the s i n e wave s i g n a l w a s v a r i e d to f i n d 

the c o n s t a n t m i d - b a n d r e s p o n s e w h i c h w a s t h e n n o t e d on the 

o s c i l l o s c o p e at the r e c e i v i n g end . T h e f r e q u e n c y w a s t h e n r e d u c e d 

u n t i l t h e d i s p l a y e d v o l t a g e w a s l / V 2 of the m i d - b a n d v a l u e 

( i . e . - 3 d B ) . T h i s v a l u e of c u t - o f f f r e q u e n c y w a s n o t e d f r o m the 

o s c i l l a t o r s e t t i n g . 

3. 3. 4 R e s u l t s 

L o a d i n g Mode - E f f e c t on T r a n s m i t t e d S igna l 

R e s u l t s of the i n i t i a l t e s t s c a r r i e d ou t wi th r e s i s t i v e l o a d s s h o w e d 

tha t the l i nk p e r f o r m a n c e in t e r m s of a t t e n u a t i o n and w a v e f o r m 
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d i s t o r t i o n a t t he f a r end of the l i n e i s i n d e p e n d e n t of t he m o d e of 

l o a d i n g , i . e . u n i f o r m , r a n d o m o r c l u s t e r e d . At i n t e r m e d i a t e p o i n t s 

a l o n g the l i n e h o w e v e r , r e f l e c t i o n s b e c o m e a p p a r e n t . T h e s e v e r i t y in 

t h i s c a s e i s d e p e n d e n t on the m o d e of l o a d i n g . C l u s t e r e d l o a d g i v e s the 

w o r s t d i s t o r t i o n , f o l l o w e d by r a n d o m and u n i f o r m l o a d i n g r e s p e c t i v e l y . 

R e d u c t i o n in t h e s e v e r i t y of w a v e f o r m d i s t o r t i o n w a s r e a l i s e d w i th 

h i g h e r v a l u e of l o a d r e s i s t a n c e a s e x p e c t e d . 

R e s i s t i v e L o a d i n g 

T e s t r e s u l t s f o r a t t e n u a t i o n a n d i n c r e a s e in S / N f o r a c o n s t a n t 

a r e p r e s e n t e d in the g r a p h s of F i g u r e 3 . 4 f r o m w h i c h the f o l l o w i n g i s 

o b s e r v e d : 

(a) the e x p e r i m e n t a l a t t e n u a t i o n c u r v e s h o w s a l i n e a r 

r e l a t i o n s h i p w i t h n u m b e r of l o a d s w h i c h c o n f i r m s the 

t h e o r e t i c a l p r e d i c t i o n s of s e c t i o n 3 . 2 . 1 ; ( a l s o shown in F i g u r e 3 . 4 ) . 

T h e d e v i a t i o n in g r a d i e n t f r o m the t h e o r e t i c a l c u r v e c a n be a c c o u n t e d 

f o r if a v a l u e of l l O Q i s u s e d f o r t he l i n e c h a r a c t e r i s t i c i m p e d a n c e 

i n s t e a d of the n o m i n a l v a l u e of l O O Q a s s u m e d in S e c t i o n 3. 2. 3. P r e v i o u s 

m e a s u r e m e n t s of v a r i o u s s a m p l e s of D R M 6 8 c a b l e s h o w e d a v a r i a t i o n 

b e t w e e n l O O Q a n d 1 2 0 0 s o t h a t l l O Q i s q u i t e l i k e l y . T h e d i f f e r e n c e in 

i n t e r c e p t b e t w e e n t h e t h e o r e t i c a l and e x p e r i m e n t a l r e s u l t s i s e x p l a i n e d by 

s u p e r i m p o s e d n o i s e on the s i g n a l w a v e f o r m , o b s e r v e d d u r i n g the m e a s u r e -

m e n t s and w h i c h i n t r o d u c e d u n c e r t a i n t i e s in t he e s t i m a t i o n of t he c o r r e c t 

p e a k - t o - p e a k s i g n a l v o l t a g e on the o s c i l l o s c o p e . T h e d i f f e r e n c e of a b o u t 

O. 3 d B b e t w e e n the two i n t e r c e p t s , c o r r e s p o n d i n g to a s p r e a d of a b o u t 

3. 5 % , a g r e e s w i t h the o b s e r v e d s u p e r i m p o s e d n o i s e e x c u r s i o n s . It i s 

t h u s p r o b a b l e t h a t t he m e a s u r e of p e a k - t o - p e a k v o l t a g e v a l u e s d u r i n g 

the r e s i s t i v e a t t e n u a t i o n t e s t s w e r e o p t i m i s t i c a l l y e s t i m a t e d c o m p a r e d 

to the c o r r e s p o n d i n g v a l u e u s e d in the t h e o r e t i c a l a t t e n u a t i o n e q u a t i o n . 

(b) c o m p a r i s o n of t he i n c r e a s e in S / N c u r v e s w i t h the 

a t t e n u a t i o n c u r v e s h o w t h a t : 

(i) t h e r e i s a l s o a l i n e a r r e l a t i o n s h i p w i t h N 

(ii) g r a d i e n t s a r e v e r y s i m i l a r but 

( i i i ) t he i n t e r c e p t s a r e a b o u t 1 d B g r e a t e r . 

T h e d i f f e r e n c e in i n t e r c e p t w a s found to be d u e to i n t e r s y m b o l 

i n t e r f e r e n c e a r i s i n g f r o m the l i n e d i s t o r t i o n e f f e c t on the p s e u d o -
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r a n d o m P M and F M c o d e d d a t a s i g n a l s . 

F i g u r e 3. 5 s h o w s t h e e r r o r r a t e P v r s S / N g r a p h s f o r P M 

a n d F M c o d i n g , f r o m w h i c h t h e i n c r e a s e in S / N c u r v e s w e r e d e r i v e d . 

T r a n s f o r m e r C o u p l e d F i l t e r L o a d s 

E r r o r r a t e v r s S / N c u r v e s f o r t r a n s f o r m e r c o u p l e d f i l t e r 

l o a d i n g a r e s h o w n in F i g u r e 3. 6. f o r P M and F M c o d i n g . 

D e r i v e d c u r v e s of i n c r e a s e of S / N f o r c o n s t a n t P a r e i n c l u d e d 
e 

in F i g u r e 3. 4 . F i g u r e 3. 7 s h o w s r e s u l t s f o r t he l o w c u t - o f f 

f r e q u e n c y r e s p o n s e . It i s o b s e r v e d f r o m t h e s e g r a p h s t h a t : 

(a) t he c u r v e s of i n c r e a s e of S / N v r s n u m b e r of l o a d s a r e 

l i n e a r but w i t h a l a r g e r s l o p e and r a t h e r m o r e s c a t t e r 

t h a n t h e r e s u l t s f o r r e s i s t i v e l o a d s ; 

(b) t he i n t e r c e p t s a r e a b o u t 1 dB down on the c o r r e s p o n d i n g 

r e s i s t i v e l o a d i n g r e s u l t s 

(c) t he e x p e r i m e n t a l p o i n t s f o r t he l o w f r e q u e n c y r e s p o n s e 

l i e c l o s e to t he t h e o r e t i c a l c u r v e w h i c h c o n f i r m s the 

t h e o r e t i c a l p r e d i c t i o n s of s e c t i o n 3. 2. 2. 

In c a s e (a) t h e g r e a t e r s c a t t e r c a n be a c c o u n t e d f o r by the m o r e 

v a r i a b l e n a t u r e of t h e t r a n s f o r m e r i n p u t i m p e d a n c e of a p p r o x i m a t e l y 

5. 6 K n ( m a i n l y r e s i s t i v e ) at t he f i l t e r m i d - b a n d . T h e l a r g e r s l o p e 

of t h e c u r v e h a s b e e n f o u n d to be d u e to i n t e r s y m b o l i n t e r f e r e n c e 

e f f e c t s of t h e t r a n s f o r m e r r e a c t i v e c o m p o n e n t s w h i c h h a d no t b e e n 

a c c o u n t e d f o r by the s i m p l e p a r a l l e l - t r a n s f o r m e r t h e o r y . 

T h e r e s u l t of (b) a c c o u n t s f o r t h e S / N i m p r o v e m e n t o b t a i n e d a t 

t h e f i l t e r o u t p u t . R e f e r r i n g to the t y p i c a l e y e p a t t e r n s a t t he 

o u t p u t of t he f i l t e r , a s s h o w n in F i g u r e 2. 25, it w o u l d a p p e a r 

t h a t the r e d u c t i o n in the s i g n a l e y e o p e n i n g w o u l d g i v e p o o r e r S / N 

p e r f o r m a n c e ; h o w e v e r the c o r r e s p o n d i n g n o i s e p o w e r r e d u c t i o n at 
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t h e f i l t e r ou tpu t e x p l a i n s the r e s u l t a b o v e . 

In c a s e (c) it i s i n t e r e s t i n g to n o t e t ha t a l t h o u g h the t h e o r y 

a s s u m e d a l l t he t r a n s f o r m e r s to be c o n n e c t e d in p a r a l l e l a t the s a m e 

po in t on the l i n e , t h e e x p e r i m e n t a l r e s u l t s w e r e i n d e p e n d e n t of 

the p o i n t s of c o n n e c t i o n a l o n g the l i n e . 

T h e r e s u l t s p r e s e n t e d g r a p h i c a l l y in F i g u r e 3 . 4 a r e c o n v e n i e n t l y 

s u m m a r i s e d in T a b l e 3. 1 b e l o w . 

C u r v e I n t e r c e p t 
(dB) 

G r a d i e n t 
( d B / l o a d ) 

A t t e n u a t i o n o r 
I n c r . of S / N f o r 
5 0 l o a d s (dB) 

A t t e n u a t i o n E x p 2. 8 O. 0 8 5 7 . 0 5 

Th R = lOO 
o 

2. 5 O. 0 7 7 6 . 3 5 

Th R = n o 
o 

2. 5 O. 0 8 5 6 . 7 5 

I n c r of S / N 

R e s i s t i v e F M 3. 8 O. 0 8 3 7 . 9 5 

P M 3. 7 O. 0 8 3 7 . 8 5 

T r a n s f o r m e r F M 2. 6 0 . 1 0 7 8. O 

P M 2. 4 0 . 1 0 7 7. 5 

S u m m a r y of E x p e r i m e n t a l R e s u l t s 

3 . 4 C o n c l u s i o n s 

The s i m p l e t h e o r y p r o p o s e d by C C L f o r the c u m u l a t i v e 

a t t e n u a t i o n c a u s e d by m u l t i p l e i d e n t i c a l r e s i s t i v e l o a d s h a s 

been shown to g ive q u i t e a c c u r a t e p r e d i c t i o n s f o r r e s i s t i v e l o a d s . 
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T h e w o r s t c a s e a t t e n u a t i o n i s b e t w e e n the e x t r e m e t e r m i n a l s 

on a l o a d e d l i n e and h a s b e e n f o u n d to be i n d e p e n d e n t of t h e 

d i s t r i b u t i o n of t h e i n t e r v e n i n g t e r m i n a l s . 

T h e i n c r e a s e of l o w c u t - o f f f r e q u e n c y w i t h t h e n u m b e r of l o a d s 

b e h a v e d a s p r e d i c t e d . T h i s m e a n s t h a t a s the n u m b e r of t e r m i n a l s 

on a p a s s i v e h i g h w a y i s i n c r e a s e d the p r i m a r y i n d u c t a n c e h a s to 

b e i n c r e a s e d . 

F o r t r a n s f o r m e r l o a d s i t i s f o u n d t h a t t he r a t e of i n c r e a s e 

of l o s s w i t h n u m b e r of l o a d s i s g r e a t e r t h a n p r e d i c t e d . T h i s 

r e s u l t i d e n t i f i e s t h e m a i n d e f e c t in t h e d e s i g n and p r e d i c t i o n of 

p e r f o r m a n c e of t r a n s f o r m e r l o a d s u s i n g the a b o v e s i m p l e t h e o r i e s . 

C o m p u t e r s i m u l a t i o n s t u d i e s c a r r i e d ou t to i n v e s t i g a t e f u r t h e r 

t h e e f f e c t of t r a n s f o r m e r l o a d s on the p e r f o r m a n c e of the h i g h w a y 

S r e d e s c r i b e d in the n e x t c h a p t e r . 
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4. C O M P U T E R S I M U L A T I O N S T U D I E S 

4. 1 I n t r o d u c t i o n 

T h e r e s u l t s o b t a i n e d in C h a p t e r 3 h a v e shown t h a t the c o n n e c t i o n 

of t r a n s f o r m e r coupled l o a d s in the m u l t i t e r m i n a l p a s s i v e highway-

e n v i r o n m e n t d e g r a d e s a t r a n s m i t t e d s ignal m o r e than has g e n e r a l l y 

been thought p o s s i b l e . The idea l s i tuat ion for ident i fy ing the c a u s e s 

of such degradat ion would be the p h y s i c a l s y s t e m i t s e l f . H o w e v e r 

it would be a p p r e c i a t e d that such an approach would r e q u i r e a 

grea t deal of p h y s i c a l e f f o r t , in addit ion to the l ack of contro l o v e r 

the load p a r a m e t e r s for such i n v e s t i g a t i o n s . It i s in the l ight of 

t h e s e p r a c t i c a l d i f f i c u l t i e s that a c o m p u t e r so lut ion to the p r o b l e m 

has been sought , through the study of the r e s p o n s e s of the h ighway 

u n d e r v a r i o u s c o n d i t i o n s of l o a d i n g . 

4 -1 .1 R e v i e w of e x i s t i n g m e t h o d s 

The p a s s i v e h ighway a r r a n g e m e n t i s , in e f f e c t , a s i n g l e 

t r a n s m i s s i o n l ine with an a r b i t r a r y n u m b e r of d i s c o n t i n u i t i e s 

at v a r i o u s po in t s of the l i n e . T h e o r e t i c a l p r e d i c t i o n of r e c e i v e d 

s ignal w a v e f o r m for such an a r r a n g e m e n t has been c o n s i d e r e d by 

Yao (15) and P o l k (l6), u s i n g L a p l a c e t r a n s f o r m m e t h o d s . The 

a n a l y s i s p r e s e n t e d by both authors a r e h o w e v e r l i m i t e d to l o s s l e s s 

l i n e s with RC d i s c o n t i n u i t i e s . T h e s e l i m i t a t i o n s a r i s e b e c a u s e , 

when appl ied to the l o s s y l i n e c a s e , the L a p l a c e t r a n s f o r m method 

g r e a t l y i n c r e a s e s the c o m p l e x i t y of so lut ion ; th is c o m p l e x i t y of 

so lut ion i s borne out in the a n a l y s i s of l o s s y l i n e s p r e s e n t e d by 

D v o r a k in (17). 

4. 1. 2 M e t h o d of s o l u t i o n u s e d 

The method of so lut ion u s e d for the p r e s e n t i n v e s t i g a t i o n has been 

l a r g e l y i n s p i r e d by the n u m e r i c a l method f i r s t s u g g e s t e d by 

Dvorak (1.8). F o r this method the LC e l e m e n t s of the h ighway l o a d s 
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a r e s i m u l a t e d by t r a n s m i s s i o n l i n e s with, v e r y s m a l l p r o p a g a t i o n 

d e l a y T . T h e m a i n t r a n s m i s s i o n l i n e is a p p r o x i m a t e d by a 

c a s c a d e of s m a l l d i s c r e t e s e c t i o n s s u c h t ha t t h e i r p r o p a g a t i o n 

d e l a y s a r e i n t e g e r m u l t i p l e s of T . The t r a n s i e n t b e h a v i o u r 

of t h e r e s u l t i n g t r a n s m i s s i o n l i n e n e t w o r k is t h e n d e s c r i b e d in 

the d i s c r e t e t i m e d o m a i n in t e r m s of d i f f e r e n c e e q u a t i o n s w h i c h 

a r e t h e n s o l v e d u s i n g a d i g i t a l c o m p u t e r . T h i s m e t h o d of s o l u t i o n 

i s app l i cab le to both l o s s y and l o s s l e s s l i n e s and a l s o not l i m i t e d 

by t h e type of l oad . D e t a i l e d e x p l a n a t i o n of the d i s c r e t e m o d e l l i n g 

m e t h o d i s g iven in s e c t i o n 4 . 3 . 1 . 

F o r t h e p u r p o s e of c o m p a r i s o n , t h e L a p l a c e t r a n s f o r m m e t h o d 

c o n s i d e r e d by Yao (15) f o r c a p a c i t i v e d i s c o n t i n u i t i e s h a s a l s o b e e n 

u s e d but e x t e n d e d to c o v e r the m o r e c o m p l e x c a s e of t r a n s f o r m e r 

c o u p l e d d i s c o n t i n u i t i e s . 

L i n e C o n f i g u r a t i o n 

F i g u r e 4 . 1 s h o w s the l o a d e d l i n e c o n f i g u r a t i o n s t u d i e d . The 

t r a n s m i t t e r i s p o s i t i o n e d at one end of the l i n e and the l o a d s a r e 

t a p p e d a l o n g the l i n e . It w a s found e x p e r i m e n t a l l y ( s e e C h a p t e r 3) 

that this a r r a n g e m e n t , with the r e c e i v e r at the far end of the l ine , 

i s t h e w o r s t c a s e c o n d i t i o n . 

L o a d R e p r e s e n t a t i o n 

The t r a n s f o r m e r c o u p l e d l o a d i s r e p r e s e n t e d in the c o n t i n u o u s 

t i m e domain by an" equiva lent p a r a l l e l RLC ne twork . This 

r e p r e s e n t a t i o n of the t r a n s f o r m e r l o a d m a k e s p o s s i b l e t h e i s o l a t i o n 

of t h e i n d i v i d u a l c o n t r i b u t i o n s of t h e l o a d c o m p o n e n t s to the o v e r a l l 

s i g n a l d e g r a d a t i o n . 

L i n e S igna l 

All the s tud ies have been c a r r i e d out a s s u m i n g a unit vo l tage 



7 2 

p u l s e of d u r a t i o n T / 2 , w h i c h r e p r e s e n t s a h a l f - b i t e l e m e n t of 

the P M and F M c o d e d s i g n a l s . 

4. 2 L a p l a c e T r a n s f o r m M e t h o d 

Le t V = t r a n s m i t t e d v o l t a g e 

= r e c e i v e d v o l t a g e at n th l o a d 

- l o a d r e f l e c t i o n c o e f f i c i e n t 

= l o a d t r a n s m i s s i o n c o e f f i c i e n t 

N = t o t a l n u m b e r of l o a d s 

- d i s t a n c e b e t w e e n l o a d s n -1 and n 

Y = p r o p a g a t i o n c o n s t a n t of l i n e 

Now a s s u m e a l l d = d, 
n 

(i. e . u n i f o r m l o a d i n g s i t u a t i o n ) . 

T h e n , the r e c e i v e d v o l t a g e at t he n th l o a d , n e g l e c t i n g r e f l e c t i o n s 

of s e c o n d o r d e r has been found to be g iven by : 

= V(s)T (s) e 
n _ n d ^ s ) r N_n 

E2(k-1) 2kdY(s) 
T j s ) 

(4.1) 

k=l 

f o r n < N 

At the Nth t e r m i n a l i . e . the " f a r e n d " r e c e i v e r , 

Is 
O 

= V(s) T (s) e ( 4 , 2 ) 

4. 2. 1 T i m e R e s p o n s e 

The t i m e r e s p o n s e at the "far end" r e c e i v e r to the t r a n s m i t t e d 

h a l f - b i t e l e m e n t p u l s e , a s s u m i n g a l o s s l e s s l ine , b e c o m e s : 

_ T j | (N-k- l ) ! T ^ ^ ^ - k - l ) ! Tg ^ 

( 4 . 3 ) 

N-1 

k = 0 '1^ ' : F F N : i n ) / -̂ 2 
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w h e r e , 

N + k - 1 
- T g ) ^ Z-rf 

p = 0 

^ \ / N - 1 N + p - 1 

( ' l - TZ)^ 
( 4 . 4 ) 

D N-k (-1) 
N + k _ l 

^^2 -Ti 

^ ^ N - 1 ^ ^ N + p - 1 

p=o k-py P 

n P 

(TZ -Tl)P 
( 4 . 5 ) 

and , 

f r Tz 
'L 1 ± ( 1 _ r 2 J S _ ) i 

° ^L, ( 4 . 6 ) 

g iven t h a t , 
L 

L 
R 

* o CL 

'O 

1+ 
R 

L 

( 4 . 7 ) 

Equat ions 4 . 3 through 4 . 7 have been p r o g r a m m e d in F O R T R A N 

l a n g u a g e f o r the I C L 2 9 7 0 c o m p u t e r . 

R e s u l t s of l oad ing s t u d i e s us ing th i s p r o g r a m i s p r e s e n t e d in 

s e c t i o n 4. 4. The s t o r a g e and run t i m e s r e q u i r e d for a m a x i m u m of 

19 l o a d s a r e 2 0 K byte and 75 s r e s p e c t i v e l y . 

L i m i t a t i i ons 

In theory , any n u m b e r of l o a d s and c o m b i n a t i o n s of the R , 

and v a l u e s of the load m a y be a n a l y s e d . H o w e v e r , it was 

found out that th i s w a s not g e n e r a l l y the c a s e ; b e c a u s e of the p r o b l e m 
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of " o v e r f l o w " , when o r i s v e r y s m a l l . It w a s t h u s found 

n e c e s s a r y to i n c l u d e s o m e " c h e c k s " in the p r o g r a m to m i n i m i s e 

the f r e q u e n c y of o c c u r r e n c e . The number of l oads and c h o i c e of 

l o a d v a l u e s w a s t h u s l i m i t e d by t h e s t a b i l i t y p r o b l e m a s s o c i a t e d 

wi th t h i s m e t h o d of s o l u t i o n . 

4. 3 N u m e r i c a l M e t h o d 

4 . 3 . 1 P r i n c i p l e s 

The t h e o r e t i c a l p r i n c i p l e s of the n u m e r i c a l m e t h o d u s e d f o r 

s i m u l a t i o n of the l o a d e d h i g h w a y i s d e s c r i b e d in t h i s s e c t i o n . 

T r a n s m i s s i o n L i n e M o d e l l i n g 

Cons ider a l o s s y u n i f o r m l ine with i t s r e s i s t a n c e , inductance 

c a p a c i t a n c e and c o n d u c t a n c e p e r - u n i t - l e n g t h d e s i g n a t e d as 

R, L, C and G, r e s p e c t i v e l y . T h e p a r t i a l d i f f e r e n t i a l e q u a t i o n s 

f o r s u c h a l i n e i s known to be g iven a s (19) 

^ ° K M 

° ( 4 . 9 ) 

where v ( x , t) and i(x, t) a r e the vo l tage and c u r r e n t r e s p e c t i v e l y 

at e a c h p o i n t x a l o n g the l i n e and at e a c h i n s t a n t of t i m e t . 

T h e m e t h o d of s o l v i n g t h e s e e q u a t i o n s , known a s the m e t h o d of 

c h a r a c t e r i s t i c in the l i t e r a t u r e (20), i s b a s e d on a t r a n s f o r m a t i o n 

in the x - t p lane which a c c o m p l i s h e s the c o n v e r s i o n of Equat ions 

4. 8 and 4. 9 into a pa ir of o r d i n a r y d i f f e r e n t i a l equat ions , which 

de f ine the f o r w a r d or inc ident wave and the backward or r e f l e c t e d 

w a v e , r e s p e c t i v e l y . 

The t r a n s f o r m a t i o n u s e s the equat ions 

^ - A 
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w h e r e I / V L C i s the p h a s e v e l o c i t y of the t r a v e l l ing wave . 

T h e r e l a t i o n s h i p b e t w e e n t h e p a r t i a l d e r i v a t i v e s of E q u a t i o n s 

4 . 8 and 4 . 9 and the c o r r e s p o n d i n g o r d i n a r y d e r i v a t i v e s i s g i v e n by 

dv _ ^ ^ 
dt at dt 

di _ d i , Si dx 
dt at dt 

(4.12) 

(4.13) 

See c h a p t e r 15 of (21 ) . 

By a p p r o p r i a t e l y combin ing equat ions 4.10 through 4.13 with 

E q u a t i o n s 4 . 8 and 4 . 9 , the f o l l o w i n g o r d i n a r y d i f f e r e n t i a l 

e q u a t i o n s a r e o b t a i n e d : 

d 
dt v(x, t) + i ( x , t) ^ v(x, t) + ^ i(x, t) 

\ / l Z 

f o r ^ = l / V L C 

(4J4) 

d 
dt 

'(x, t) -Vi l(x, t) -[ ̂  v(x , t) - — i (x, t) 
^ \ / L C 

(4.15) 

f o r - - I / V L C 

E q u a t i o n s 4.14 and 4.15 r e p r e s e n t the t r a n s f o r m e d d i f f e r e n t i a l 

e q u a t i o n s of the l i n e , in the c o n t i n u o u s t i m e d o m a i n , f o r the i n c i d e n t 

and r e f l e c t e d w a v e s r e s p e c t i v e l y . 
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D i s c r e t e So lu t ion 

L e t d = an i n c r e m e n t a l d i s t a n c e t r a v e l l e d by the w a v e 

c o r r e s p o n d i n g i n c r e m e n t a l t i m e 

See F i g u r e 4. 2 (a) . T h e two h e a v y l i n e s r e p r e s e n t the f o r w a r d 

t 

T. 

v(o, -t-ly) 
L (.0,-t-Tj] 

t = o 
X=o 

V (d, 
i Cd, t -1% 

X= d 
% 

C h a r a c t e r i s t i c C u r v e s for a U n i f o r m Lint 

F i g 4 . 2 a 

and backward c h a r a c t e r i s t i c s of the t r a v e l l i n g wave along the l i n e . 

S ince d and T a r e s m a l l we m a y wr i t e , 

dv = Av, di = Ai, dt = T 

s 

w h e r e , Av = d i f f e r e n c e b e t w e e n the v o l t a g e s at the end po ints 

on a g i v e n c h a r a c t e r i s t i c , 

Ai - c o r r e s p o n d i n g d i f f e r e n c e b e t w e e n the c u r r e n t s at the 

s a m e two p o i n t s , 
and Ts = the i n c r e m e n t a l t i m e . 

C o n s i d e r the wave t r a v e l l i n g a long c h a r a c t e r i s t i c l / \ / L C , then 

Av (t) 

A i ( t ) 

= v(d, t) - v ( 0 , t - T ) 
s 

i(d, t ) - UO, t - T \ 
5 / (4.16) 
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S i m i l a r l y , for the w a v e t r a v e l l i n g a long c h a r a c t e r i s t i c - l / V L C , 

we h a v e 

Av ( t ) = v ( 0 , t) - v(d, t - T ) 

Ai(.t) = i ( 0 , t ) - i ( d , t - T g ) (4 .17) 

Subst i tut ing equat ions 4 . 1 6 and 4.17 into Equat ions 4 . 1 4 and 4 .15 

r e s p e c t i v e l y and p u t t i n g dt = T , we o b t a i n a f t e r s o m e r e a r r a n g e m e n t s , 

v(d , t) t 7; i (d , t) = v ( 0 , t - T ) 

(O 

V 
' i ( 0 . t) = v(d, t - T 

1 - ^ T 
G s 
GT 

+ i ( 0 , t - T ) V L ^ ^ s 

C J 
- i(d, t - T ) 

s 
L 

C ^ L C 

RT 

(4.18) 

1 C \ / L C J 

D i f f e r e n c e E q u a t i o n s 

If the u n i f o r m l i n e of l ength t , i s d iv ided into a d i s c r e t e n u m b e r 

of M s m a l l s e c t i o n s s u c h that the l ength and propagat ion d e l a y of 

e a c h s m a l l s e c t i o n i s d a n d T r e s p e c t i v e l y ; and if the c o r r e s p o n d i n g 

n o d e s b e t w e e n s e c t i o n s a r e d e n o t e d by the i n t e g e r s 1, 2, , m , m+1, 

. . . . M. T h e n we m a y r e w r i t e E q u a t i o n s 4. 18 a.S 

1 - ^ T 
C s 

L 
C " 

- V S ' m " > = W - T , ) 
GT 

1 -
C J A -

RT 

c y L c J 

(4 .19) 

L e t r = r e s i s t a n c e of e a c h s m a l l l i n e s e c t i o n 

g = conductance of e a c h s m a l l l ine s e c t i o n 

R - l i n e c h a r a c t e r i s t i c s i m p e d a n c e ( f o r a lossless Lin^) 

Then we can w r i t e , 

RT 
r = !_ 

\ / L C 

G T 
R 
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Substituting the above equations into Equation 4.19 

we o b t a i n , 

v 
m+1 

( 4 . 2 0 ) 

E q u a t i o n 4. 2 0 i s the s e t of d i f f e r e n c e e q u a t i o n s of a v e r y 

short l o s s y line in the tinne domain. It descr ibes the forward 

and backward travell ing waves respect ive ly between the two nodes 

m and m+1 of the short l ine section. 

S o l u t i o n of L i n e V o l t a g e s and C u r r e n t s 

Consider the node m along the l ine (see Figure 4. 2 (b)). 

Then the difference equations describing the forward and backward 

w a v e s t r a v e l l i n g b e t w e e n n o d e m a n d n o d e m+1 a r e a s g i v e n by 

equation 4. 2 0 . 

I X 
0 O - ' ' "O-

r*\ rvTf-l 
—O G 

- J 

D i s c r e t e L i n e S e c t i o n s Fig 4. 2b 

Similarly we can descr ibe the forward and backward travel l ing 

waves between node m-1 and node m by the set of dif ference 
e q u a t i o n s g iven by : 
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+ R i (t) = ( l - g R ) v „ , ( t - T ) + (R - r ) i „ , ( t - T ) 
m o m ® o m - 1 s o m - 1 s 

( 4 . 2 U 

T h e e q u a t i o n s 4 . 2 0 a n d 4 . 21 a r e s i m u l t a n e o u s l y s o l v e d f o r 

v ^ ( t ) a n d i (t) . T h e v , i v a l u e s so c a l c u l a t e d a t n o d e m a t t i m e 

t a r e u s e d a s i n i t i a l v a l u e s in c a l c u l a t i n g t h e v , i v a l u e s a t t h e 

n e x t n o d e m+1. 

T h e i n i t i a l c o n d i t i o n s a r e s t o r e d in m e m o r y b e f o r e s t a r t i n g 

s o l u t i o n . 

L u m p e d N e t w o r k S i m u l a t i o n 

T h e l u m p e d q u a n t i t i e s a n d of a n y n e t w o r k c a n be 

a p p r o x i m a t e d by d i s t r i b u t e d q u a n t i t i e s in the f o r m of l o s s l e s s 

t r a n s m i s s i o n l i n e s p r o v i d e d t h a t t h e t o t a l d e l a y T ^ of t h e s e 

l i n e s i s s m a l l e n o u g h ( 1 8 ) . W h e n t h i s c o n d i t i o n i s s a t i s f i e d , 

("he e q u i v a l e n t c h a r a c t e r i s t i c i m p e d a n c e s of t h e l u m p e d 

a n d Cj^ q u a n t i t i e s a r e r e s p e c t i v e l y g i v e n by 

^ 8 ^ 3 

S e e F i g u r e 4 . 2 (c ) . 
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L R: 

ZD—J 

Tt 

30—' 

R , 

< £ 

T . 

Transmiss ion Line Model of Lumped L and C "ig. 4. 2c 

The additional error capacitance and inductance introduced 
by t h e m o d e l i s g i v e n by 

c = T ; / L ^ L ' 

Thus for small T,these additional e lements become negl igible . 

T h e e q u i v a l e n t t r a n s m i s s i o n l i n e s c a n t h u s be d e s c r i b e d by 

s imi lar difference equations as given by Equations 4 .20and 4.21, 

but in this case , for the l o s s l e s s l ine. 

A p p l i c a t i o n of the d i s c r e t e t r a n s m i s s i o n l i n e m o d e l s to t he 

loaded highway situation is described in the following sect ions . 

4. 3. 2 M o d e l D e s c r i p t i ion 

F i g u r e 4 , 3 i l lustrates the d i scre te - trans miss ion l ine model 

of the basic highway configuration shown in Figure 4.1. Using 
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the principles described above, the length of each section of 

l i n e c o n n e c t i n g the l o a d s i s d i v i d e d in to a n i n t e g r a l n u m b e r of 

elementary sect ions of the same delay T . The parallel 

c a p a c i t a n c e C i s r e p l a c e d by t h e e q u i v a l e n t l o s s l e s s o p e n - c i r c u i t e d 

t ransmiss ion line in s e r i e s with the main line and the paralld. 

inductive load is replaced by an equivalent l o s s l e s s short-

c i r c u i t e d l i n e c o n n e c t e d a c r o s s the m a i n l i n e . 

The equivalent character is t ic impedances of the capacitive 

and i n d u c t i v e l o a d s a r e r e s p e c t i v e l y d e f i n e d a s 

T 
R - ^ 2 - (4.22) 

and 

R 3 " T " (4.23) 
S 

4 . 3 . 3 M o d e l S o l u t i o n T e c h n i q u e s 

T h e m o d e l of F i g u r e 4. 3 i s d i v i d e d in to f o u r b l o c k s w h i c h 

define sect ions of s imi lar configurations. These blocks comprise 

the sending-end, t ransmiss ion l ine, loads, and the termination 

as shown in Figure 4. 4. 

Six sets of di f ference equations, derived from the points 

label led A to F, are used to complete ly descr ibe the highway model. 

Nodal Ass ignments 

3xon The nodes of e lementary sect ions of the cascaded transmiss i , 

l i n e s ( e a c h of d e l a y T^ ) , in e a c h l i n e - b l o c k a r e a s s i g n e d v a l u e s 

from 1 to M + 1, where M is the total number of e lementary sect ions 

within the l ine -b lock . See Figure 4. 5. Each load position is defined 

by the last node of the preceding block and the f irs t node of the 

n e x t b l o c k . 
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T h e f i r s t n o d e of l i n e - b l o c k 1 d e f i n e s t h e i n p u t t e r m i n a l p o i n t 

a n d t h e l a s t n o d e of l i n e - b l o c k (N+1) d e f i n e s t h e p o s i t i o n of t h e 

l i n e t e r m i n a t i o n . 

V a r i a b l e D e f i n i t i o n s 

T h r e e d u m m y v a r i a b l e s (n, m , t) u n i q u e l y d e f i n e t h e v o l t a g e (v) 

and current (i) at each node of the basic segments of t ransmiss ion 

l i n e m a k i n g up t h e m o d e l : 

n = b l o c k n u m b e r 

m = n o d e n u m b e r w i t h i n b l o c k 

t = t i m e v a r i a b l e 

G e n e r a l L i n e V a r i a b l e 

T h e v o l t a g e a n d c u r r e n t a t a n o d e m w i t h i n b l o c k n at t h e t i m e 

i n s t a n t t t h u s b e c o m e s 

a n d 

V ( t ) 
n, m 

i (t) 
n , m 

r e s p e c t i v e l y . S e e F i g u r e 4 . 6 . 

Cy O-

L n, fK (t^ 

m 
—o— 
m+i 

Llock n 

V o l t a g e and C u r r e n t V a r i a b l e s a t a N o d e 
F i g . 4. 6. 
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For convenience of the numerical solution, t is represented 

by 

t = k. T 

w h e r e k i s an i n t e g e r and i s t h e b a s i c t i m e d e l a y b e t w e e n n o d e s . 

D e f i n e d t h i s w a y , t h e f i x e d q u a n t i t y m a y be d r o p p e d s o t h a t t h e 

v o l t a g e a n d c u r r e n t d e f i n i t i o n s b e c o m e 

a n d 
' n . r n ' k l 

' n . m ' k l -

L o a d V a r i a b l e s 

At the load points three additional var iables (Cl, C2, C3) 

define the currents due to the paral le l branches formed by the 

r e s i s t i v e and i n d u c t i v e c o m p o n e n t s of t he l o a d . In t h i s c a s e o n l y 

the two dummy variables n and k are required to uniquely define 

t h e p o s i t i o n of t h e l o a d s . S e e F i g u r e 4 . 7 . 

Block n 

Voltage and Current Variables at a Load 

F i g . 4 . 7 . 
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C l ^ ( k ) = b r a n c h c u r r e n t in to i n d u c t i v e l o a d 

C2^(k) = short circuit current in inductive load 

C3^(k) = branch current into re s i s t ive load 

Input C u r r e n t 

The input current is defined by the values of its amplitude 

at d i s c r e t e t i m e i n s t a n t s g iven by T , 2T . KT T • 
^ s s ' ' ' s 

where T is the bit period, i. e. 

Kk) 

4 . 3 . 4 . A l g o r i t h m 

F r o m t h e v o l t a g e and c u r r e n t d e f i n i t i o n s g i v e n in s e c t i o n 4. 3 . 3 , 

the s ix difference equations describing the complete highway model 

( s e e s e c t i o n 4 . 3. 2) a r e d e t e r m i n e d f r o m t h e p o i n t s l a b e l l e d A 

through F in f igure 4. 4 respect ive ly . The respect ive definitions 
a s s i g n e d to t h e s e e q u a t i o n s a r e g i v e n a s : 

^1 ,1^^^ ' 1^^^ ~ inpu t b o u n d a r y e q u a t i o n s 

^n+1^^'^' ^n+1, 1^^^ ~ f i r s t n o d e of l i n e e q u a t i o n s 

^ n , m^ ^ ^n, g e n e r a l l i n e e q u a t i o n s 

^n, ^n, m+1^^^ " node of l ine equations 

Cl^(k), C2^(%), C3^(k) = load terminal equations 

^N+1,M+1^*^^' ^N+1, M+1̂ *̂ ^ " output boundary equations 

D e r i v a t i o n of t h e g e n e r a l l i n e e q u a t i o n g i v e n by v ( k ) , i ( k ) 
: n , m n , m 

IS given in Appendix K to i l lustrate the general principles involved. 
Details of all s ix equations are given in Appendix L. 

Figure 4. 8 descr ibes the algorithm flow chart used. Details of 
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t h e i n p u t p a r a m e t e r s r e q u i r e d f o r t h e m a i n p r o g r a m a r e d e s c r i b e d 

in Appendix M. The calculated voltage and current values are 

stored as CI (k), C2 (k), C3 (k), v^ ( k ) a n d i (kL 
ii n n, m n, rn 

4. 3 . 5 C o m p u t e r P r o g r a m 

A FORTRAN program based on the above algorithm has been 

written for the ICL 297 O computer. Signal attenuation and 

r e l a t i v e i n t e r s y m b o l i n t e r f e r e n c e (ISI), d e f i n e d in S e c t i o n 4.4, 

are calculated by subprograms using the resul ts from the main 

program. 

L i m i t a t i o n s 

T h e p r i m a r y l i m i t a t i o n of t h e p r o g r a m i s t h e r e l a t i v e l y l a r g e 

s t o r a g e s i z e r e q u i r e d to s t o r e t h e v o l t a g e a n d c u r r e n t v a l u e s a t 

e a c h n o d e of t h e b a s i c l i n e s e c t i o n . T h e c o r r e s p o n d i n g m i n i m u m 

a r r a y s i z e r e q u i r e d , f o u n d f r o m t h e v a r i a b l e d e f i n i t i o n s g i v e n in 

s e c t i o n 4 . 3. 4 . i s g i v e n b y 

ARRAY = N(3 + 2M)Ks 

w h e r e 

N = t o t a l n u m b e r of l o a d s 

M = total number of e lementary sect ions within a 
bio ck 

K g - t o t a l n u m b e r of b a s i c t i m e s t e p s f o r c o m p u t a t i o n 

( C a l c u l a t i o n of Kg i s g i v e n in A p p e n d i x M) . 

The above array s ize thus sets a l imit to the number of loads 

and the length of t ransmiss ion l ine that may be analysed. 

In the present investigation, using a maximum of 19 loads, the 

r e q u i r e d s t o r a g e a n d r u n t i m e of t h e c o m p u t e r a r e 1.4 M b y t e and 

173 s respect ive ly . 



4 . 4 S i m u l a t i o n R e s u l t s 

T h i s s e c t i o n d e s c r i b e s t h e r e s u l t s of i n v e s t i g a t i o n s c a r r i e d 

o u t u s i n g b o t h t h e t r a n s f o r m a n d n u m e r i c a l m e t h o d s of s o l u t i o n . 

The p e r f o r m a n c e cr i t er ia are based on the re lat ive in tersymbol 

in ter ference fac tors of r e c e i v e d signal waveform defined as 

p -

1 v^(T/2) 

V (3T/2) 

Pz = V (T/2 ) 

and the signal attenuation at the hal f -bi t sampl ing interval defined 
a s 

A = 2 0 log^Q v^(T/2) 

w h e r e , 

v^{t) = r e c e i v e d s i g n a l v o l t a g e a t t i m e t 

T = t h e b i t p e r i o d . 

T e s t P a r a m e t e r s 

The fol lowing p a r a m e t e r s were used for the tes t r e su l t s 

d e s c r i b e d in t h i s s e c t i o n : 

C a b l e : l O O m l e n g t h of D R M 68 h a v i n g t h e f o l l o w i n g 

c h a r a c t e r i s t i c s : 

R = 0 . 3 5 Ci /m 

L = O. 60[iH/)Ti 

C = 6 0 . 0 p F / m 

G = O. 019mU/m 

above p a r a m e t e r s were obtained from open-c i rcu i t and short 

c ircuit t e s t s on the cable . 
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Input C u r r e n t (l) : 2 0 m A s q u a r e p u l s e of w i d t h l /6(iS, 

w h i c h c o r r e s p o n d s to a n o - l o a d i n p u t v o l t a g e 

p u l s e a m p l i t u d e e q u a l to UNITY and r e p r e s e n t i n g 

a h a l f - b i t e l e m e n t of P M a n d F M c o d e d d a t a a t 

3A4b/s. 

B a s i c t i m e s t e p (T^ ) : 1. O nS, w h i c h g i v e s a t o t a l n u m b e r of b a s i c 

l i n e s e c t i o n s of 6 0 0 . i . e . I O O V L C / T . 
s 

T e s t C a s e s 

L a p l a c e : a l l t h e t e s t r e s u l t s a s s u m e a l o s s l e s s l i n e . 

Numerical : both the l o s s l e s s and l o s s y line c a s e s are considered. 

4. 4 . 1 R e s i s t i v e L o a d i n g 

W a v e f o r m s 

F i g u r e 4. 9 s h o w s r e c e i v e d s i g n a l w a v e f o r m s f o r v a r i o u s l o a d s 

u s i n g t h e L a p l a c e m e t h o d and a l o s s l e s s l i n e . It i s s e e n t h a t , a s 

e x p e c t e d , t h e s i g n a l a m p l i t u d e r e d u c e s a s t h e n u m b e r of l o a d s is 

i n c r e a s e d , h o w e v e r no d i s t o r t i o n is o b s e r v e d b e c a u s e s e c o n d o r d e r 

e f f e c t s a r e n e g l e c t e d . 

F i g u r e 4. l O s h o w s s i m i l a r w a v e f o r m f o r t h e l o s s l e s s l i n e , u s i n g 

t h e d i s c r e t e m o d e l . D i s t o r t i o n of t he r e c e i v e d s i g n a l due to m u l t i p l e 

r e f l e c t i o n s i s c l e a r l y e v i d e n t in t h i s c a s e . T h i s r e s u l t i s e x p e c t e d 

s i n c e t h e n u m e r i c a l s o l u t i o n , u n l i k e t h e L a p l a c e m e t h o d , i s e x a c t 

a n d t a k e s a l l r e f l e c t i o n s in to a c c o u n t . 

A t t e n u a t i o n 

R e c e i v e d s i g n a l a t t e n u a t i o n a s n u m b e r of l o a d s i s i n c r e a s e d 

f o r v a r i o u s v a l u e s of r e s i s t a n c e i s s h o w n in F i g u r e 4.11. A l l 

t h r e e c a s e s u s i n g the c u m u l a t i v e t h e o r y , t he L a p l a c e m e t h o d and 

t h e d i s c r e t e m o d e l a r e c o m p a r e d . It i s s e e n t h a t t h e r e i s c l o s e 



a g r e e m e n t in a l l c a s e s ; h o w e v e r t h e s p r e a d in t h e c a s e of t h e 

discrete model is slightly greater . This is explained by the effect 

of m u l t i p l e r e f l e c t i o n s a s n o t e d a b o v e . 

T h e r e s u l t s of F i g u r e 4 .12 a r e d e r i v e d f r o m F i g u r e 4,11 

a n d e m p h a s i s e t h e s i g n i f i c a n c e of l o a d r e s i s t a n c e v a l u e on the 

rece ived signal attenuation. It shows that the signal attenuation 

and its rate of change increase sharply for low values of load 

r e s i s t a n c e . T h e l a t t e r e f f e c t i s i m p o r t a n t in c o n s i d e r i n g the a b i l i t y 

of a rece iv ing terminal to accommodate load res i s tance variations 

(such as core l o s s res i s tance of transformer) without significant 

performance degradation. 

A n a l y s i s of f u r t h e r s i m u l a t i o n r e s u l t s , t o g e t h e r wi th t h e u s e 

of t h e c u m u l a t i v e t h e o r y h a s s h o w n t h a t f o r a g i v e n n u m b e r of 

l o a d s N, t h e r a t e of c h a n g e of a t t e n u a t i o n w. r . t . l o a d r e s i s t a n c e , 

re ferred to as Res is tance Spread Attenuation (RSA) by the author 
i s g i v e n by : 

NR 
RSA = - 4 . 3 4 3 2^ dB/O (4.24) 

R o l i n e c h a r a c t e r i s t i c i m p e d a n c e 

Rj^ - load res i s tance 

In pract ice , it would be des ired to keep the RSA smal l . 

The RSA value has in general been found to apply in the case of 

t h e R L C l o a d a s w e l l . 

4. 4. 2 I n d u c t i v e L o a d i n g 

W a v e f o r m 

F i g u r e 4 . 1 3 s h o w s t h e e f f e c t of i n d u c t a n c e on s i g n a l r e s p o n s e 

for various loads using the Laplace method and assuming a l o s s l e s s 

l ine. A res i s tance of IKO is assumed in paral le l with the inductive 

load. The result shows that increasing the number of loads has 

the effect of increas ing the droop of the signal response . This is 

e q u i v a l e n t to d e c r e a s i n g the n e t i n d u c t a n c e of the l i n e wi th s u b s e q u e n t 



increase in its overal l low frequency cut-off . This is in l ine 

w i t h the r e s u l t s of s e c t i o n 3. 2. 2 w h i c h a s s u m e d t h e l o a d s to be 

e f f e c t i v e l y c o n n e c t e d in p a r a l l e l a c r o s s a s i n g l e s i g n a l s o u r c e . 

In Figure 4.14 s imi lar response is obtained using the d iscrete 

model but, as for the re s i s t i ve loading case , ref lect ions caused 

by load mismatches is observed. It will be noted that there is no 

s i g n i f i c a n t e f f e c t of i n d u c t a n c e on the r e f l e c t i o n s . 

Inter symbol I n t e r f e r e n c e 

A m e a s u r e of t h e d e g r e e of w a v e f o r m d i s t o r t i o n c a u s e d by 

i n c r e a s i n g n u m b e r of l o a d s i s s h o w n in F i g u r e s 4 .15 a n d 4. 16 f o r 

various inductance values ; using the Laplace method. There was 

no s i g n i f i c a n t d i f f e r e n c e in s i m i l a r r e s u l t s u s i n g t h e d i s c r e t e 

m o d e l . Bo th r e s u l t s e m p h a s i s e the s i g n i f i c a n t e f f e c t of l o a d 

inductance on signal intersymbol interference . At low values of 

inductance increases sharply with number of loads ; on the 

o t h e r hand, i s g e n e r a l l y s m a l l e r t h a n and a l s o t e n d s to a 

m a x i m u m v a l u e a s t he l o a d i s i n c r e a s e d . C o m p a r a b l e r e s u l t s 

are however obtained at higher values of inductance for both 

pj; and p2- T h e e f f e c t s n o t e d a b o v e wi l l t e n d to r e d u c e t h e n o i s e 

m a r g i n of a t r a n s m i t t e d s i g n a l f u r t h e r , in a d d i t i o n to t h a t c a u s e d 

by re s i s t i ve load mismatches . The maximum-value effect noted 

F i g u r e 4 .16 f o r p2 i s e x p l a i n e d by t h e w a v e f o r m s of F i g u r e 4 , 1 3 

where it is noted that, for the higher load values the tail end 

of the curves tend to decrease faster . 

F i g u r e s 4 .17 a n d 4 . 1 8 a r e d e r i v e d f r o m F i g u r e s 4 . 1 5 a n d 

4 .16 r e s p e c t i v e l y , and s h o w t h a t f o r h igh i n d u c t a n c e v a l u e s v a r i a t i o n 

of l o a d s d o e s no t s i g n i f i c a n t l y a f f e c t s i g n a l i n t e r s y m b o l i n t e r f e r e n c e . 

The resul ts of Figures 4. 19 and 4. 2 0 show the effect of 

variation of load res i s tance on signal intersymbol interference . 

It i s n o t e d t h a t t h e e f f e c t f o r a l l v a l u e s c o n s i d e r e d i s i n s i g n i f i c a n t 

even at low values of inductance. This result is expected and 

conf irms that the re s i s t ive load affects signal attenuation only. 
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A t t e n u a t i o n 

Figure 4. 21 shows graphs of attenuation for various time 

constants as number of loads is increased ; using the Laplace 

method for the l o s s l e s s l ine. Similar resul ts were obtained using 

the d iscrete model. Corresponding resul ts for the purely re s i s t ive 

load case is shown in the roimd dots . Comparison of the two sets 

of resul ts show that the gradient of the inductive load curves is 

greater in all c a s e s . Also for a given N the increase in attenuation 

of the inductive load resul ts over the purely res i s t ive load resul ts 

is a lmost the same for all values of This observation again 

conf irms the minimum dependence of signal intersymbol interferenc 

on the load res i s tance value. The difference between the re s i s t ive 

and inductive load resul ts represent the attenuation due to signal 

distortion caused by the inductive loads. Figure 4. 22 shows variation 

of the distortion l o s s with load inductance, derived by subtracting 

the resul ts of Figure 4. 21. it ^hat for low 

values of inductance the distortion l o s s increase s sharply, which 

demonstrates yet again the significant effect of the inductance value 

on signal degradation. The effect of variation of load res i s tance is 

observed to be insignificant as noted ear l i er . 

4. 4. 3 Capaci t ive Loading 

Figure 4. 23 shows signal response resul ts for various loads 

using the Laplace method. A s imi lar result for a single loading 

condition using the d iscrete model is shown in Figure 4. 24 ; a l o s s y 

line is used. Three significant ef fects of capacitive loads on the 

signal waveform are general ly observed, namely ; r i se t ime, delay 

and multiple re f lec t ions . The delay in the case of the discrete 

model is not evident because in this case the program was organised 
to o u t p u t n o n - z e r o r e s u l t s o n l y . 

R i s e t i m e and D e l a y 

It IS seen from Figure 4. 23 that both the signal r i s e t ime and 

delay increase with number of capacitive loads even though the 

tinie constant for each load remains the same . Equally, it has 
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b e e n f o u n d t h a t f o r a f i x e d n u m b e r of l o a d s t h e s i g n a l r i s e t i m e a n d 

d e l a y a l s o i n c r e a s e a s t h e l o a d t i m e c o n s t a n t s a r e i n c r e a s e d . 

T h e i n c r e a s e in r i s e t i m e s h o w t h a t , l i k e t h e i n d u c t i v e c a s e , 

t h e c o n n e c t i o n of a n u m b e r of c a p a c i t i v e l o a d s a f f e c t s t h e o v e r a l l 

f r e q u e n c y r e s p o n s e of t h e l i n e in t h e f o r m of a r e d u c t i o n of t h e 

h i g h c u t - o f f f r e q u e n c y . 

T h e c a p a c i t i v e l o a d t i m e c o n s t a n t i s g i v e n by 

C ^ R , 
g - ( 4 . 2 5 ) 

w h e r e 

= l o a d c a p a c i t a n c e 

= l o a d r e s i s t a n c e 

F i g u r e 4 . 25 s h o w s t y p i c a l r e s u l t s of v a r i a t i o n of r i s e t i m e 

a n d d e l a y w i t h n u m b e r of l o a d s . It i s o b s e r v e d t h a t t h e s i g n a l 

d e l a y s e e m s to i n c r e a s e l i n e a r l y w i t h n u m b e r of l o a d s w h e r e a s 

t h e r i s e t i m e e x h i b i t s a n e x p o n e n t i a l i n c r e a s e . 

B o t h e f f e c t s h a v e b e e n f o u n d to be d e p e n d e n t a l s o on t h e l o a d 

d i s t r i b u t i o n . F o r a g i v e n n u m b e r of l o a d s t h e d e l a y i s f o u n d to be 

m i n i m u m f o r c l u s t e r e d l o a d i n g a n d m a x i m u m f o r u n i f o r m l o a d i n g ; 

h o w e v e r t h e i n c r e a s e o v e r t h e m i n i m u m c a s e i s n o t v e r y l a r g e 

a n d d o e s n o t a p p e a r t o be w o r t h y of c o n s i d e r a t i o n in d e s i g n . T h e 

s i g n a l r i s e t i m e , on t h e o t h e r h a n d , i s f o u n d to be m i n i m u m f o r 

u n i f o r m l o a d i n g a n d m a x i m u m f o r c l u s t e r e d l o a d i n g ; t h i s i s 

b e c a u s e c o n c e n t r a t i o n of t h e l o a d s t e n d to i n c r e a s e the e f f e c t i v e 

t i m e c o n s t a n t of t h e l o a d s . 

M u l t i p l e R e f l e c t i o n s 

F r o m F i g u r e 4. 24 it i s s e e n t h a t , u n l i k e t h e i n d u c t i v e c a s e , 

the capac i t i ve l oads tend to e x a g g e r a t e the pure ly r e s i s t i v e load 
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r e f l e c t i o n s in t h e f o r m of o s c i l l a t i o n s . T h e s e v e r i t y of o s c i l l a t i o n s , 

in t e r m s of n u m b e r , h a s b e e n f o u n d to be d e p e n d e n t on ly on t h e l o a d 

d i s t r i b u t i o n ; t he s h o r t e r t h e l o a d s p a c i n g ( t h i s i s d i r e c t l y 

e q u i v a l e n t to i n c r e a s i n g n u m b e r of l o a d s f o r the u n i f o r m l y 

d i s t r i b u t e d c a s e ) , t h e m o r e t h e n u m b e r of o s c i l l a t i o n s . T h i s i s 

e x p l a i n e d by t h e i n c r e a s e in the n u m b e r of t i m e s t h e r e f l e c t e d 

s i g n a l t r a v e l s b e t w e e n t h e c l o s e l y s p a c e d l o a d s . 

It i s a l s o s e e n f r o m F i g u r e 4. 24 that the w o r s t c a s e r e f l e c t i o n 

(i . e . t h e m a x i m u m n e g a t i v e d e v i a t i o n f r o m the w a v e w i t h o u t 

r e f l e c t i o n s ) , o c c u r s at the n e g a t i v e half c y c l e of the f i r s t o s c i l l a t i o n . 

T h i s i s a g a i n d e m o n s t r a t e d by t h e r e s u l t s of F i g u r e s 4. 26 and 

4. 27 . T h e l a t t e r i s a p h o t o g r a p h of t h e p h y s i c a l s i t u a t i o n f o r 

c o m p a r i s o n with the c o m p u t e r s i m u l a t i o n r e s u l t s of F i g u r e 4. 26 . 

T h e s i m i l a r i t y of t he c o m p u t e r and e x p e r i m e n t a l r e s u l t s i s c l e a r ; 

t h e d i f f e r e n c e s t h a t a r e a p p a r e n t a r e the s m a l l e r a m p l i t u d e of 

o s c i l l a t i o n of t he p h y s i c a l c a s e . T h i s d i f f e r e n c e i s e x p l a i n e d by the 

fac t that s k i n - e f f e c t r e s i s t a n c e of the l i n e , w h i c h would tend to 

l i m i t the c a b l e f r e q u e n c y r e s p o n s e , w a s not c o m p l e t e l y taken into 

a c c o u n t in t h e m o d e l s o l u t i o n : t he l o s s r e s i s t a n c e u s e d w a s t a k e n 

at 3 M H z . It h a s b e e n f o u n d t h a t the w o r s t c a s e r e f l e c t i o n i s 

dependent on both the s p a c i n g and t i m e c o n s t a n t of the l o a d s . 

G e n e r a l l y it would be e x p e c t e d that a s the l o a d s p a c i n g d e c r e a s e s 

(i. e. n u m b e r of l o a d s i n c r e a s e ) , the w o r s t c a s e r e f l e c t i o n would 

i n c r e a s e s i n c e the r e f l e c t e d w a v e w o u l d t r a v e l s h o r t e r d i s t a n c e s 

and thus g ive r i s e to s e v e r e r e f l e c t i o n s . On the c o n t r a r y , r e s u l t s 

o b t a i n e d i n d i c a t e that f o r a g i v e n l o a d t i m e c o n s t a n t , t h e w o r s t 

c a s e r e f l e c t i o n d e c r e a s e s w i t h i n c r e a s i n g n u m b e r of l o a d s . T h i s 

IS e x p l a i n e d by the i n c r e a s e of s i g n a l a t tenuat ion due to the r e s i s t i v e 

l o a d c o m p o n e n t m i s m a t c h e s a s t h e n u m b e r of l o a d s i n c r e a s e s . 

S e e s e c t i o n 4 . 4 . 1 . F i g u r e 4. 28 s h o w s the v a r i a t i o n of p e r c e n t 

w o r s t c a s e r e f l e c t i o n w i th n u m b e r of l o a d s f o r v a r i o u s t i m e 

c o n s t a n t s . T h e d e c r e a s e w i t h n u m b e r of l o a d s n o t e d a b o v e i s 

c l e a r . It i s s e e n h o w e v e r that for a g i v e n n u m b e r of l o a d s , an i n c r e a s e 

in the t i m e c o n s t a n t of t he s i n g l e l o a d h a s the e f f e c t of i n c r e a s i n g 

t h e p e r c e n t w o r s t c a s e r e f l e c t i o n . 
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4 . 4. 4 T r a n s f o r m e r L o a d 

T h e c o m b i n e d e f f e c t of t he l o a d c o m p o n e n t s c o m p r i s i n g the 

r e s i s t a n c e , i n d u c t a n c e and c a p a c i t a n c e on s i g n a l r e s p o n s e i s 

demonstrated in Figures 4. 29 and 4. 30 . All the e f fec ts noted 

in t h e p r e v i o u s s e c t i o n s , n a m e l y r e s i s t i v e l o a d a t t e n u a t i o n , 

inductive load droop and capacitive load delay and multiple 

ref lect ions are evident. This result shows that in fact the 

individual e f fects in t erms of degradation of signal noise margin 

may be treated separately and their ef fects added together. Thi 

IS confirmed by the physical sys tem tes t s presented in the next 

s e c t i o n of t h i s c h a p t e r . 

M i s m a t c h A t t e n u a t i o n P r e d i c t i o n 

The total mismatch attenuation of the RLC load, assuming 

n e g l i g i b l e c a p a c i t a n c e e f f e c t s , h a s b e e n f o u n d to be g i v e n by 

the following approximate relationship ; 

^ 2 0 N l o g ( r ^ ) + [ 2 0 ( N - l ) l o g ( l - n ) - 8 . 6 8 6 ^ ] ( 4 . 2 6 ) 

G i v e n t h a t , 

r = ^ 

s 

o R 
1 + ° 

T — 

- R -
o 

t h e n . 

w h e r e , 

n- T 
4r, r 

L o 

T - t h e bi t p e r i o d . 

The above equation is derived from the time response equation 

for the Laplace method given by Equation 4. 3 ; by neglecting the 

capacitance t erms i. e. = O in Equation 4. 6. 
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It w i l l be n o t e d f r o m E q u a t i o n 4 . 26 t h a t t h e f i r s t t e r m i s in 

f a c t t h e r e s i s t i v e m i s m a t c h l o s s p r e d i c t e d in t h e t h e o r y g i v e n 

in S e c t i o n 3 . 2 . T h e o t h e r t e r m s a c c o u n t f o r t h e i n d u c t i v e d i s t o r t i o n 

l o s s n e g l e c t e d in the p r e v i o u s t h e o r y . 

T h i s e q u a t i o n h a s b e e n f o u n d to c l o s e l y p r e d i c t t h e p h y s i c a l 

s i t u a t i o n , a s w i l l be n o t e d in the n e x t s e c t i o n . 

4. 5 C o m p u t e r S o l u t i o n and P h y s i c a l S y s t e m E x a m p l e s 

In t h i s s e c t i o n e x p e r i m e n t a l t e s t s c a r r i e d out to v e r i f y the 

d i s c r e t e m o d e l s i m u l a t i o n r e s u l t s i s p r e s e n t e d . R e s u l t s of 

a t t e n u a t i o n p r e d i c t i o n s u s i n g t h e r e s i s t i v e m i s m a t c h t h e o r y and 

t h e t h e o r e t i c a l l o s s g i v e n by E q u a t i o n 4. 26 a r e i n c l u d e d f o r 

c o m p a r i s o n . 

Al l t h e t e s t s w e r e c a r r i e d out u s i n g a l O O m l e n g t h of D R M 6 8 

c a b l e and a d a t a b i t r a t e of 3 M b / s . T h e s i m u l a t i o n t e s t s h o w e v e r 

a s s u m e a | b i t e l e m e n t p u l s e of d u r a t i o n T / 2 . M e a s u r e m e n t s of 

s i g n a l to n o i s e r a t i o and e r r o r r a t e w e r e c a r r i e d out f o l l o w i n g the 

p r o c e d u r e s p r e s e n t e d in C h a p t e r 3. 

4 . 5 . 1 T e s t E x a m p l e s 

E x a m p l e 1 

T h e R L C l o a d c o m p o n e n t s u s e d w e r e r e s p e c t i v e l y ; 

R = 1K 

L = 1 .3rnH 

and C = 47 p F 

E x a m p l e 2 

T h i s t e s t e x a m p l e u s e d the s a m e t r a n s f o r m e r d e s i g n e d f o r the 

t e s t s d e s c r i b e d in s e c t i o n 3. 2. 3. T h e m e a s u r e d p a r a l l e l R L C 

equivalent parameters were : 
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R = 5. 6 K 

L = 4. 7 mH 

and C = 2 0 pF 

4. 5. 2 R e s u l t s 

Figure 4. 31 shows resul ts of t e s t s for the paral le l RLC load 

of Example 1. The c l o s e n e s s of the experimental and simulation 

resul ts is rather encouraging and conf irms the validity of the 

d i screte model used. It is observed that the attenuation variation 

tend to fluctuate about a mean value ; this fluctuation is in fact 

due to multiple ref lect ions and represents a measure of its effect . 

The theoretical result given by Equation (4. 26) also fol lows the 

experimental result c lose ly but as the number of loads i n c r e a s e s 

It begins to deviate. This is expected because it is only an 

approximation to the physical situation since the e f fec ts of l ine 

distortion and capacitve load ref lect ions is not taken into account 

by this theory. However the result show that for smal l load 

capacitance and number of loads Equation (4. 26) fairly accurately 

predicts the total mismatch attenuation. The improved prediction 

over the re s i s t ive mismatch theory is c learly demonstrated by the 

over -opt imis t i c resul ts shown by the heavy curve. 

The resul ts of tes ts for Example 2, using the transformer coupled 

l o a d s i s s h o w n in F i g u r e 4. 32, A g a i n a s in t h e p r e v i o u s r e s u l t s , 

there is c lose agreement of the experimental and simulation 

resul t s . The theoretical prediction using Equation (4. 26) a lso gives 

an improved result over the re s i s t ive mismatch theory. 



4. 6 C o n c l u s i o n s 

T h e u s e of t h e two s i m u l a t e d m o d e l s of t he h i g h w a y h a v e 

e n a b l e d p r e c i s e i d e n t i f i c a t i o n of t he e f f e c t s of t he L C R c o m p o n e n t s 

of the t r a n s f o r m e r l o a d on the p e r f o r m a n c e of t he b a s e b a n d s y s t e m . 

It has been shown that the d i scre te transmiss ion line method 

provides an exact solution of the highway modelfor both l o s s y and 

l o s s l e s s l ine c a s e s , without the additional complexi t ies identified 

with the more conventional Laplace method of solution. 

T h e s t u d i e s c a r r i e d out on the two h i g h w a y m o d e l s h a v e s h o w n 

t h a t : 

(a) The core l o s s re s i s tance of the transformer load large ly 

accounts for the transmitted signal attenuation. 

(b) T h e a d d i t i o n a l s i g n a l l o s s of t he t r a n s f o r m e r c o u p l e d l o a d i n g 

t e s t s , noted in Chapter 3, is due to the signal distortion 

caused by the pr imary self inductance of the transformer load. 

r m e r (c) The stray and interwinding capacitances of the transfo 

l o a d a c c o u n t f o r t h e s i g n a l d e l a y , r i s e t i m e d e g r a d a t i o n , 

and multiple re f l ec t ions . 

The sever i ty of the above e f fec ts on the signal have been found 

to increase as the number of loads is increased ; however, contrary 

to e x p e c t a t i o n s , i t h a s b e e n f o u n d t h a t the s e v e r i t y of t he w o r s t 

case ref lect ions tend to d e c r e a s e as the number of loads is 

increased . This is explained by the fact that as the number of 

loads is increased the corresponding increase of the re s i s t i ve 

load mismatch l o s s , l imi t s the amplitude of the ref lect ions . 
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5. MODULATED CARRIER SYSTEMS 

5. 1 I n t r o d u c t i o n 

Tne r e s u l t s of s tudies c a r r i e d out in the prev ious chapters 

have shown that the baseband s y s t e m s u f f e r s f r o m both l ine 

dis tort ion and loading e f f e c t s which set l i m i t s to the total l ine 

length and to the acceptable number of t e r m i n a l s for re l iab le 

o p e r a t i o n . 

A m o r e f l ex ib le means of i n c r e a s i n g the number of t e r m i n a l s 

would be the use of mult ip lex ing techniques with high frequency 

modulated c a r r i e r s i gna l s . If the s ignal is narrowband, with 

most of i ts energy in the v ic in i ty of the c a r r i e r , then the e f fec t 

of l ine dis tort ion would a l so be m i n i m i s e d ; thus ra i s ing further , 

the thresho ld for re l iab le s y s t e m operat ion. In addition to the 

above, the s y s t e m no i se thresho ld and hence the m a x i m u m to lerabl 

number of loads can be i n c r e a s e d by us ing lower l o s s coaxia l 

cable with no common mode i n t e r f e r e n c e and no EMI radiat ion. 

This chapter repor t s on the, des ign of an exper imenta l c a r r i e r 

modulated s y s t e m and the r e s u l t s of t e s t s c a r r i e d out to v e r i f y 

Its p e r f o r m a n c e . The min imum shift keyed modulation (MSK), 

which IS becoming an i n c r e a s i n g l y popular technique, (22), (23), 

(24), has been used b e c a u s e of i ts narrowband p r o p e r t i e s . The 

cable used for the t e s t s is the low l o s s c o a x ( A n d r e w f l ex i " tvoe 

L D F 4 / 5 0 ) . 

Two sub-opt imum types of demodulators for the MSK signal 

have been i n v e s t i g a t e d , n a m e l y : 

(a) correlation demodulator , and 

(b) d i f ferent ia l s trobe demodulator ; a l so ca l l ed f i l t er 

threshold demodulator by French (25). 

e 
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In p r i n c i p l e b i t c l o c k c a n be r e c o v e r e d in t h e d e m o d u l a t i o n 

p r o c e s s t h u s no a d d i t i o n a l b a s e b a n d c o d i n g i s n e c e s s a r y . 

P a r t i c u l a r a t t e n t ion w a s g i v e n to t h e d e s i g n of c o u p l i n g n e t w o r k ; 

for the t r a n s m i t t e r and r e c e i v e r c i r c u i t s during the ini t ia l s t a g e s ; 

It was r e q u i r e d that the network should be m o r e e f f i c i e n t b e c a u s e 

of the narrowband t r a n s m i t t e d s igna l . Two a p p r o a c h e s s tudied in 

t h e r e a l i s a t i o n of t h e a b o v e w e r e ; 

(a) i m p e d a n c e m a t c h i n g of i n p u t a n d o u t p u t p o r t s to t h e l i n e , 

(b) high input i m p e d a n c e p a r a l l e l connec t ions as in the baseband 

s y s t e m . 

m o r e The high i m p e d a n c e method of coupl ing was found to be the 

su i table for b id i rec t iona l t r a n s m i s s i o n on the l ine which i s inherent 

in a p a s s i v e h i g h w a y . 

5. 2 T h e o r y of MSK 

D e f i n i t i o n 

ion 
Minimum shif t key ing (MSK) i s a type of digi tal modulatic 

which can be v i e w e d as a f o r m of coherent f r e q u e n c y - s h i f t - k e y e d 

( F S K ) m o d u l a t i o n h a v i n g t h e f o l l o w i n g p r o p e r t i e s : 

(a) T h e f r e q u e n c y s h i f t A f i s e x a c t l y | f ; 

(b) There i s p h a s e continuity of the modulated RF c a r r i e r 

a t t h e i n t e r b i t s w i t c h i n g i n s t a n t s ; 

(c) Re la t ive to the c a r r i e r , the RF phase v a r i e s l i n e a r l y 

during each bit p e r i o d T = 1/f with total changes of 

± 9 0 ° ; 

(d) In g e n e r a l f^ a n d a r e c o n s e c u t i v e m u l t i p l e s of 1 /2 f ; 

e . g . fi = 2 k f b / 2 , f ; = ( 2 k f n f b / 2 . k = 1 , 2 , . . . ' 

W a v e f o r m 

T h e MSK s i g n a l c a n be e x p r e s s e d as 
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w h e r e , 

u( t ) = c o s [ 2rrf^t + O (t) ] (5.1) 

0 < t < T 

= (£i + 

a n d t h e c o n t i n u o u s p h a s e f u n c t i o n 

=(|)(0) - T T t / 2 T 

A t y p i c a l MSK s i g n a l f o r f^ = 2 f^ a n d f^ = 2^ f ^ i s s h o w n in 

F i g u r e 5.1 (a) . F i g u r e 5 . 1 (b) i s a s p e c i a l c a s e MSK s i g n a l 

and r e p r e s e n t s t h e m i n i m u m p o s s i b l e k e y i n g f r e q u e n c i e s , 

i . e . f^ = ^ f y a n d f^ = f ^ . It w i l l be n o t e d t h a t t h i s w a v e f o r m i s 

s i m i l a r to t h e b i f r e q u e n c y b a s e b a n d c o d i n g ( F M ) , u s i n g s i n e 

r a t h e r t h a n s q u a r e w a v e s . See F i g u r e 2. 2. 

S p e c t r a 

When m o d u l a t e d by a r a n d o m b i n a r y d a t a h a v i n g e q u a l 

p r o b a b i l i t i e s o f l ' s and O ' s , t h e s i n g l e s i d e d p o w e r s p e c t r a l 

d e n s i t y i s g i v e n by (26) 

^ [ l + c o s 2 T (caJ-cj ) ] 
S(f) = 8TT̂ %T 1̂ ( 5 . 2 ) 

where Pc = c a r e e r poujev co > o 

T h e a b o v e e x p r e s s i o n i s p l o t t e d in F i g u r e 5. 2. It i s n o t e d t h a t 

m o s t of t h e s i g n a l p o w e r i s c o n c e n t r a t e d w i t h i n a b a n d w i d t h of 

a b o u t 1. 5 f, . 
b 

In c o n n e c t i o n w i th an F D M s i t u a t i o n t h e t o t a l p o w e r l y i n g 

o u t s i d e an a l l o c a t e d c h a n n e l p a s s b a n d of f^ — B /2 i s g i v e n by 

f +B / 2 
R C C 

P g B " ' - I S{f) d£ (5. 3) 

w h i c h i s p l o t t e d in F i g u r e 5. 3. 

The a r e a under the to ta l p o w e r = UNITY. It i s i l l u s t r a t e d that 
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99 p e r c e n t of the power of a n o n - f i l t e r e d MSK s ignal i s conta ined 

w i t h i n a c h a n n e l b a n d w i d t h of 1.15 f ^ . T h i s r e s u l t s h o w s t h a t MSK 

r e q u i r e s l e s s p o s t m o d u l a t i o n f i l t e r i n g b e c a u s e of the a b s e n c e of 

s ign i f i cant amounts of e n e r g y outs ide this bandwidth. High data 

r a t e s a r e t h u s p o s s i b l e in p r i n c i p l e s i n c e the r e l a t i v e l y n a r r o w 

o c c u p i e d b a n d w i d t h e n a b l e s c h a n n e l s to be c l o s e l y s p a c e d w i t h o u t 

r e q u i r i n g c r i t i c a l f i l t e r i n g . 

E r r o r P r o b a b i l i t y 

The opt imum e r r o r p e r f o r m a n c e of the MSK modulat ion has 

b e e n f o u n d to be g i v e n by (27 )̂  

P g ^ e r f c " % [ ^ (5. 4) 
o 

w h e r e , 

E = i n p u t s i g n a l e n e r g y p e r b i t 

N ~ n o i s e s p e c t r a l d e n s i t y 

5- 3 T r a n s m i t t e r D e s i g n 

5. 3. 1 G e n e r a l 

A block d i a g r a m of the t r a n s m i t t e r a r r a n g e m e n t i s shown in 

F i g u r e 5. 4. The MSK s ignal at the output of the modulator i s 

t r a n s l a t e d f r o m the IF s u b c a r r i e r f r e q u e n c y f to the RF c a r r i e r 
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f r e q u e n c y in t h e m i x e r . ( T h e t r a n s l a t i o n f r e q u e n c y f ^ i s 

h e n c e f o r t h r e f e r r e d to a s t h e R e f e r e n c e C a r r i e r ) . T h e o u t p u t 

of t h e z o n a l b a n d - p a s s f i l t e r , c e n t r e d a t t he c a r r i e r f r e q u e n c y 

f g^ves the d e s i r e d RF modulated MSK s ignal which 

is subsequent ly a m p l i f i e d and t r a n s m i t t e d . 

The modulator des ign i s b a s e d on the v i s u a l i s a t i o n of MSK 

as a f o r m of coherent FSK modulat ion which g i v e s the s ignal 

p r o p e r t i e s n o t e d in S e c t i o n 5 . 2 . 1 . 

T h e p o s t m o d u l a t i o n f i l t e r i s a t u n e d c i r c u i t d e s i g n e d to p a s s 

the MSK s ignal and s u p p r e s s the r e f e r e n c e c a r r i e r ( f^) . The 

r e d u c e d r e f e r e n c e c a r r i e r c o m p o n e n t i s r e g e n e r a t e d at the r e c e i v e r 

f o r t h e d e t e c t i o n p r o c e s s a s e x p l a i n e d in S e c t i o n 5. 4 .1 . 

5. 3. 2 M o d u l a t o r 

A block d i a g r a m of the modulator i s shown in F i g u r e 5 . 5 . 

The b a s i c operat ion of the modulator i s such that during any keying 

i n t e r v a l of d u r a t i o n T, o n e of two s q u a r e w a v e s a t e i t h e r 2f^ 

or 2f^ i s gated to the output of a f l i p - f l o p which d iv ides down to 

1̂ ^2' a r r a n g e m e n t e n s u r e s the r e q u i r e d phase cont inuity . 

2f. = kf, 
1 b 

2f^ = (k+l)f 
(5. 5) 

k = 1, 2, . . . 

i . e . Af = f_ - f = i f 
2 1 b 

The r e s u l t i n g s p e c t r u m is c e n t r e d on the apparent s u b c a r r i e r 

f r e q u e n c y 

' ^s " \ ^ ( 5 . 6 ) 

A c o m p l e t e d e s c r i p t i o n of t h e m o d u l a t o r c i r c u i t , d i g i t a l l y 

i m p l e m e n t e d f o r k = 4, i s g i v e n in Appendix N. 

It i s obv ious that o ther v a l u e s of k are p o s s i b l e , h o w e v e r the 
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v a l u e k = 4 r e p r e s e n t s t h e m i n i m u m p o s s i b l e f o r t h e m e t h o d of 

d i g i t a l g e n e r a t i o n u s e d . 

The modula tor i s d e s i g n e d to accept a bit rate of = 3M b / s . 

5. 3. 3 C i r c u i t D i a g r a m 

w 

The c o m p l e t e c i r c u i t d i a g r a m of the t r a n s m i t t e r , i m p l e m e n t e d 

i th t h e M o t o r o l a E C L lO , OOO l o g i c f a m i l y i s s h o w n in F i g u r e 

5 . 6 . D e t a i l s of s o m e b a s i c c h a r a c t e r i s t i c s of the E C L log i c 

f a m i l y , r e l e v a n t to t h e p r e s e n t a p p l i c a t i o n , a r e g i v e n in A p p e n d i x 

R. 

The b inary data input s ignal at the T T L log i c l e v e l i s 

t r a n s l a t e d to E C L l o g i c l e v e l by U8/1 ex terna l ly , and t r a n s m i t t e d 

v i a b a l a n c e d t w i s t e d p a i r to t h e t r a n s m i t t e r . T h i s i s o l a t e s the 

E C L l o g i c f r o m the n o i s y T T L e n v i r o n m e n t . The IZOOres i s tor 

at t h e inpu t of t he r e c e i v e r Ul / 2 , w h i c h i s the typical c h a r a c t e r i s t i c 

i m p e d a n c e (Z^) of the t w i s t e d pa ir , i s n e c e s s a r y to m i n i m i s e 

r e f l e c t i o n s a t t h e r e c e i v e r . 

T h e m o d u l a t o r c i r c u i t i s a s described in A p p e n d i x N. 

O s c i l l a t o r 

T h e o s c i l l a t o r u s e s an a d j u s t a b l e L C t u n e d c i r c u i t to s e l e c t 

t h e 3 r d h a r m o n i c of t h e crystal. T h e c i r c u i t i s b a s e d on s u g g e s t e d 

d e s i g n s in t h e ECL a p p l i c a t i o n notes g i v e n in (28). U l / 1 i s 

e s s e n t i a l l y a v e r y high s p e e d l i n e a r d i f f erent ia l a m p l i f i e r with 

s t a n d a r d ECL o u t p u t s . See A p p e n d i x R.2 f o r d e t a i l s of t he 

d i f f e r e n t i a l a m p l i f i e r , and A p p e n d i x R. 3 f o r the 

o s c i l l a t o r c i r c u i t . 

S p e c i f i c a t i o n s 

' Crystal type: l260 (60N/1Hz) 
A m p l i f i e r gain : 14 dB 

A m p l i f i e r , i npu t i m p e d a n c e : 50 KQ 

O u t p u t frequency : 6 0 M H z 
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F i l t e r 

The output f i l t e r of the t r a n s m i t t e r i s shown as the s i n g l e -

s t a g e L C R t u n e d c i r c u i t a t the i n p u t of t h e d i f f e r e n t i a l a m p l i f i e r 

U I O / L 

S p e c i f i c a t i o n s 

A m p l i f i e r g a i n 

A m p l i f i e r i npu t 
i m p e d a n c e 

C e n t r e f r e q u e n c y 

B a n d w i d t h 

14 dB 

50 kO 

6 6 . 7 5 A4HZ 

3 MHz, 

M e a s u r e d P e r f o r m a n c e 

The m e a s u r e d f r e q u e n c y r e s p o n s e at the output of the a m p l i f i e r 

i s s h o w n in F i g u r e 5. 7. 

D r i v e r 

The t r a n s m i t t e r output d r i v e r , shown in the c i r c u i t 

d i a g r a m , e m p l o y s two d i f f e r e n t i a l a m p l i f i e r s c o n n e c t e d in p a r a l l e l 

as shown. This a r r a n g e m e n t is p o s s i b l e b e c a u s e of the open 

e m i t t e r f o l l o w e r outputs prov ided . See Appendix R. 2. The need 

f o r t h e p a r a l l e l c o n n e c t i o n w a s to o b t a i n the r e q u i r e d o u t p u t s i g n a l 

p o w e r . 

T r a n s m i t t e r C o n s t r u c t i o n 

The c o m p l e t e t r a n s m i t t e r c i r c u i t has been built on a double 

s i d e d e p o x y g l a s s P C B with an e a r t h b a c k p l a n e , w i t h p a r t i c u l a r 

attention paid to the layout gu ide l ines s u g g e s t e d in the m a n u f a c t u r e r s 
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appl icat ion no te s (28). B a s i c a l l y the l ine l engths w e r e kept as 

short as p o s s i b l e in o r d e r to m i n i m i s e l ine r e f l e c t i o n s . D e t a i l s of 

t h e s e g u i d e l i n e s are g iven in Appendix R. 4. 

T r a n s m i t t e r Specifications 

Data bit rate : 3 M b / s 

C a r r i e r f r e q u e n c y : 6 6 . 7 5 MHz 

O u t p u t s i g n a l p o w e r : 7 m W 

Output c a r r i e r p o w e r : 3 mW 

Off i m p e d a n c e : 2 4 O 0 

5. 4 R e c e i v e r D e s i g n 

5. 4 . 1 G e n e r a l 

F i g u r e 5. 8 shows a block d i a g r a m of the r e c e i v e r a r r a n g e m e n t . 

The MSK s ignal at the IF s u b - c a r r i e r f r e q u e n c y f^ i s r e c o v e r e d 

f r o m the i n c o m i n g RF s igna l by the f r e q u e n c y down c o n v e r t e r . 

The baseband c l o c k and the r e f e r e n c e s i g n a l s r e q u i r e d for the 

demodulat ion p r o c e s s a r e subsequent ly r e g e n e r a t e d by the r e f e r e n c e 

a n d c l o c k r e c o v e r y c i r c u i t s . 

F r e q u e n c y Down Conver s ion 

A block d i a g r a m of the c o n v e r t e r i s shown in F i g u r e 5. 9. 

The reduced r e f e r e n c e c a r r i e r component f ^ at the r e c e i v e r input 

IS d e t e c t e d by a h igh -Q tuned f i l t e r and a m p l i f i e d to r e s t o r e the 

or ig ina l power l e v e l . The r e g e n e r a t e d r e f e r e n c e c a r r i e r s igna l 

IS c o r r e l a t e d with the r e c e i v e d s ignal in the m i x e r to obtain the 

d e s i r e d IF s u b - c a r r i e r s igna l . 

The E C L i m p l e m e n t a t i o n of this c i rcu i t i s shown l a b e l l e d 

in the r e c e i v e r c i rcu i t of F i g u r e 5 .14 . 

C l o c k and R e f e r e n c e S i g n a l R e c o v e r y 

F i g u r e 5 . 1 0 shows a block d i a g r a m of the a r r a n g e m e n t u s e d 

f o r t he c l o c k a n d r e f e r e n c e s i g n a l r e c o v e r y . T h e I F s i g n a l input 
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i s doubled in f r e q u e n c y which r e s u l t s in an FSK s ignal having 

s p e c t r a l l i n e s a t Zf^ and (29) . T h e s e c o m p o n e n t s a r e e x t r a c t e d 

by the two p h a s e - l o c k l oop c i r c u i t s to p r o d u c e the two m a r k and 

s p a c e r e f e r e n c e s i g n a l s . T h e o u t p u t of t he m i x e r p r o d u c e s the 

f r e q u e n c i e s 2f^ + 2f^ and Zf^ - 2f^, but f r o m the p r o p e r t i e s 

of the MSK s ignal noted in Equat ion 5. 5, ^2 " 1̂ " 2 Thus the 

output of the l o w - p a s s f i l t e r g i v e s the r e g e n e r a t e d baseband c lock 

s i g n a l 2 (f^ - i^) = f ^ . F i g u r e 5. 11 s h o w s a p h o t o g r a p h of the 

s p e c t r u m of the doubled MSK s igna l . The s p e c t r a l l i n e s 

r e f e r r e d to c a n be c l e a r l y s e e n . 

The clock and reference recovery circuits are also implemented 
in E C L l o g i c e x c e p t f o r the p h a s e - l o c k l o o p s w h i c h a r e s i g n e t i c s 

N E 5 6 l I C s . T h e c i r c u i t s a r e s i m i l a r l y s h o w n l a b e l l e d in F i g u r e 

5. 14. 

5. 4 . 2 D e m o d u l a t o r s 

(a) S u b - o p t i m u m C o r r e l a t i o n D e m o d u l a t o r 

F i g u r e 5 .12 shows a block d i a g r a m of this demodula tor . The 

p r i n c i p l e i s b a s e d on t h e w e l l k n o w n two p a t h c o r r e l a t i o n r e c e i v e r 

f o r FSK s i g n a l s (Z7). T h e r e g e n e r a t e d m a r k and s p a c e f r e q u e n c y 

2f^ and 2f2 are u s e d as the coherent r e f e r e n c e s i g n a l s for the 

d e t e c t i o n p r o c e s s . T h e d e m o d u l a t i o n p r o c e s s i s b a s e d on a 

s i n g l e b i t - p e r i o d and a l s o t h e p h a s e i n f o r m a t i o n c o n t a i n e d in the 

MSK s ignal g iven by Equation 5 .1 i s not fu l ly explo i ted ; it t h e r e f o r e 

h a s a l o w e r p e r f o r m a n c e t h a n t h e o p t i m u m d e m o d u l a t o r . 

A c o m p l e t e d e s c r i p t i o n of t he d e m o d o - l a t o r i s g i v e n in A p p e n d i x {? 

S / N P e r f o r m a n c e 

Le t T = bi t p e r i o d 

E = s ignal e n e r g y per bit 
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N - n o i s e p o w e r s p e c t r a l d e n s i t y 

f - f i l t e r c u t - o f f f r e q u e n c y -

T h e n , t h e e r r o r r a t e p e r f o r m a n c e (P ) of the d e m o d u l a t o r h a s 

b e e n f o u n d to be g i v e n by ; 

P g ~ 2 • 2 f ~ T ( 5 . 7 ) 
o o 

T h e d e r i v a t i o n of E q u a t i o n 5. 7 i s g i v e n in A p p e n d i x P . 

C i r c u i t D i a g r a m 

The demodula tor c i rcu i t i s shown l a b e l l e d in the r e c e i v e r 

c i rcu i t of F i g u r e 5 .14 . The f i l t e r cut -o f f f r e q u e n c y is se t at 

3 MHz, which g i v e s f^T = 1 in Equat ion 5. 7. The d e s i g n of th is 

f i l t e r , which is a s e c o n d - o r d e r Butterworth type, i s g iven in 

A p p e n d i x S . 

(b) D i f f e r e n t i a l S t r o b e D e m o d u l a t o r 

P r i n c i p l e s 

T h e MSK s i g n a l w a v e f o r m f o r an a r b i t r a r y d a t a s e q u e n c e i s 

shown in F i g u r e 5.13 (a). It i s o b s e r v e d f r o m this w a v e f o r m that 

within a bit p e r i o d T, f^ conta ins an e v e n number of h a l f - c y c l e s 

and f^ an odd number ; the po lar i ty of the shaded ^ c y c l e of f̂  

i s t h u s t h e same a s the c o r r e s p o n d i n g h a l f - c y c l e in the previous 

bit but in the c a s e of f^ the shaded h a l f - c y c l e e l e m e n t . i s oppos i t e to 

the c o r r e s p o n d i n g elerheht in the p r e v i o u s bit. Thus the s y m b o l va lue 

of a c u r r e n t t r a n s m i t t e d d a t a c a n be u n i q u e l y d e t e r m i n e d by c o m p a r i n g 

the p o l a r i t y of t he c u r r e n t h a l f - c y c l e e l e m e n t w i t h the p r e v i o u s o n e . 

C i r c u i t D i a g r a m 

F i g u r e 5 .13 (b) s h o w s the c i r c u i t d i a g r a m of the demodulator 

w h i c h implements t h e a b o v e p r i n c i p l e . The d e m o d u l a t o r c o m p a r e s 

e a c h po lar i ty d e c i s i o n with the p r e v i o u s one at t ime t = 8 T / 9 when 
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the m a x i m u m s ignal i s ava i lab le ( s e e F i g u r e 5.13 (c)), in an 

e f f e c t i v e l y d i f f erent ia l decoding p r o c e s s . A 'mark' is de tec ted 

if the p o l a r i t i e s are the s a m e and a ' s p a c e ' if oppos i te . 

S / N P e r f o r m a n c e 

The f i l t e r l i m i t s the addit ive n o i s e into the demodulator and hence 

d e t e r m i n e s i ts S / N p e r f o r m a n c e . In the p r e s e n t inves t igat ion , a 

l o w p a s s f i l t e r with a cut -o f f f r e q u e n c y f^ = 3f^ has been u s e d ; this 

p a s s e s the s ignal contained in the band to the f i r s t upper m i n i m u m 

of the MSK s p e c t r a . Ideal ly , a bandpass f i l t e r with bandwidth 

^(T^b could be u s e d s i n c e , as noted in the p r o p e r t i e s of MSK 

given in Sect ion 5. 2, about 99% of the s igna l e n e r g y i s contained 

within this band. Such a f i l t er has been built however e x p e r i m e n t a l 

t e s t s u s i n g t h i s band p a s s f i l t e r h a d no t b e e n c a r r i e d out at the t i m e 

of wri t ing this report . 

The t h e o r e t i c a l e r r o r rate p e r f o r m a n c e of this demodulator for 

= 3f^ i s g iven by: 

f c ^ 0 . 3 2 3 ( ^ ) ( 5 . 8 ) 
° o 

P g - e r f c - ^ O . 323 ( ^ ) - e r f c ^ J ^ 323 i— 
o " 

Derivation of E q u a t i o n 5 . 8 i s g i v e n in Appendix Q. 

5 . 4 . 3 Circui t D i a g r a m 

F i g u r e 5 .14 shows the c o m p l e t e r e c e i v e r c ircu i t d iagram, 

us ing both the c o r r e l a t i o n demodulator and the d i f f erent ia l s trobe 

demodula tor . The var ious units of the r e c e i v e r s y s t e m , d e s c r i b e d 

e a r l i e r are shown l a b e l l e d in the d i a g r a m . D e s i g n of the low p a s s 

Butterworth f i l t e r s are given in Appendix S . The p r i n c i p l e s of the 

frequency doubling c i rcu i t , l abe l l ed 'X2' in the c i rcu i t d i a g r a m is 

described b e l o w ; 
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F r e q u e n c y D o u b l i n g C i r c u i t 

T h e w a v e f o r m s of F i g u r e 5.15 i l l u s t r a t e t h e f r e q u e n c y d o u b l i n g 

p r i n c i p l e . T h e f r e q u e n c i e s of t he w a v e f o r m s A and B a r e the 

same, h o w e v e r w i t h B d e l a y e d f r o m A a s s h o w n , a m o d u l o - 2 

addition of the two w a v e f o r m s r e s u l t s in a s igna l w a v e f o r m at tw ice 

t he f r e q u e n c y . T h e p u l s e w i d t h of t he d o u b l e d s i g n a l i s d e t e r m i n e d 

by the de lay b e t w e e n A and B. 

The c i r c u i t f o r m e d by U 3 / 2 , U 3 / 3 and U 2 / 2 , shown in F i g u r e 

5 .14, i m p l e m e n t the above p r i n c i p l e . U 3 / 2 and U 3 / 3 and the two 

r e s p e c t i v e f eedback r e s i s t o r s make up a Schmit t t r i g g e r which 

s p e e d s up the e d g e s of the i n c o m i n g MSK s igna l to obtain the squa 

w a v e s as shown in F i g u r e 5 .15 . The E x c l u s i v e - O R gate p r o v i d e s 

modulo-.2 addition to obtain the doubled f r e q u e n c y output. Thus the 

input s igna l s e q u e n c e c o m p r i s i n g f̂^ and f^ i s doubled to obtain a 

s e q u e n c e of 2f^ and 2f^ at the output of U2 / 2 . The de lay i s se t 

to g ive t^ = l/(4f^) = O. IT. 

R e c e i v e r C o n s t r u c t i o n 

The c o m p l e t e r e c e i v e r c i r c u i t has been c o n s t r u c t e d on a 

s i m i l a r double s ided P C B as the t r a n s m i t t e r , and fo l lowing the 

s a m e l a y o u t g u i d e l i n e s as g i v e n in A p p e n d i x R. 4. 

re 

5.4.4 M e a s u r e d P e r f o r m a n c e 

M e a s u r e m e n t s w e r e made to v e r i f y the t h e o r e t i c a l r e s u l t s for 

the c o r r e l a t i o n demodula tor and the f i l t e r t h r e s h o l d d e m o d u l a t o r s . 

Al l m e a s u r e m e n t s w e r e made u s i n g the r e g e n e r a t e d c l o c k s igna l . 

The m e a s u r e m e n t s y s t e m is fu l ly d e s c r i b e d in Sect ion 5. 6. The m i n i m u m 

r e c e i v e r input s ignal power for s a t i s f a c t o r y operat ion of the c o r r e l a t i o n 

d e m o d u l a t o r w a s m e a s u r e d a s 0 . 2 5 m W , w h i c h c o r r e s p o n d s , t r a n s m i t t e d 
Signal d e g r a d a t i o n of a b o u t 15 d B . 
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F i g u r e 5 , 1 6 (a) s h o w s t h e t h e o r e t i c a l c u r v e s g i v e n by E q u a t i o n s 

5. 7 a n d 5. 8 f o r t h e t w o d e m o d u l a t o r s r e s p e c t i v e l y . T h e o p t i m u m 

d e t e c t o r c a s e i s a l s o s h o w n f o r c o m p a r i s o n . E x p e r i m e n t a l 

r e s u l t s f o r O m and l O O m c a b l e l e n g t h s a r e s h o w n in F i g u r e 

5 .16 (b). It i s s e e n t h a t t he r e s u l t s f o r O m in bo th c a s e s c l o s e l y 

a g r e e with the c o r r e s p o n d i n g t h e o r e t i c a l v a l u e s . C o m p a r e d with 

the opt imum r e s u l t s h o w e v e r , it i s s e e n that the c o r r e l a t i o n 

demodula tor g i v e s about 3 dB p e r f o r m a n c e degradat ion and the d i f fer-

ential s t robe about 5 dB degradat ion . The e x p e r i m e n t a l r e s u l t s 

for the lOOm cab le length show that the i n c r e a s e in S / N r e l a t i v e 

to Om is g r e a t e r for the d i f f e r e n t i a l s t robe demodula tor than the 

c o r r e l a t i o n d e m o d u l a t o r . T h e S/N i n c r e a s e f o r t h e c o r r e l a t i o n 

demodula tor i s accounted for by the cable l o s s which is 2 . 4 dB 

at the operat ing f r e q u e n c y of 66. 75 MHz. The d i f f e r e n t i a l s t robe 

demodula tor g i v e s an i n c r e a s e of about 3. 5 dB : the addit ional 

l o s s i s exp la ined by the poor j i t t er p e r f o r m a n c e of this demodulator 

c a u s e d by t h e r e l a t i v e l y c r i t i c a l p e a k s a m p l i n g i n t e r v a l a s shown 

in t h e s i g n a l e y e d i a g r a m of F i g u r e 5 ,13 (c) . T h e r e s u l t i s t h a t 

d e v i a t i o n s f r o m t h e s a m p l i n g i n s t a n t r e d u c e t h e n o i s e m a r g i n and 

hence a degradat ion of the S / N p e r f o r m a n c e . 

5. 5 L i n e C o u p l i n g D e s i g n 

5. 5 . 1 R e c e i v e r Coupling 

F i g u r e 5 .17 s h o w s the n e t w o r k u s e d f o r c o u p l i n g the r e c e i v e r s 

to t h e t r a n s m i s s i o n l i n e . 

Ax 

F i e . 5 . 1 7 

Re c e i v e r C o u p l i 
N e t w o r k 
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It c o m p r i s e s a s i m p l e u n m a t c h e d t r a n s f o r m e r w i t h a v a r i a b l e 

t a p r a t i o to g i v e t h e r e q u i r e d t ap l o s s e s . It i s t r e a t e d a s a 

h i g h i m p e d a n c e b r o a d b a n d d e v i c e w i t h o u t s e l e c t i v e t u n i n g . 

T a p L o s s e s 

T h r e e k i n d s of l o s s e s a r e d e f i n e d w h i c h r e l a t e t he m i s m a t c h 

e f f e c t of t h e d e v i c e on t h e t r a n s m i s s i o n l i n e . T h e s e a r e 

r e s p e c t i v e l y , the coupl ing l o s s (A^), i n s e r t i o n l o s s (A^) and 

r e t u r n l o s s ( A ^ ) . See F i g u r e 5 . 1 8 . 

T h e ,vol tage r a t i o s a s s o c i a t e d w i t h t h e s e l o s s e s a r e r e s p e c t i v e l y 

d e f i n e d a s ; 

coupl ing l o s s rat io p = t r a n s m i t t e d v o l t a g e rat io 
X r e c e i v e d l o a d v o l t a g e r a t i o 

i n s e r t i o n l o s s r a t i o R. = t r a n s m i t t e d f r o m p o i n t A 
1 v o l t a g e i n c i d e n t a t p o i n t A 

r e t u r n l o s s r a t i o R = r e f l e c t e d f r o m p o i n t A 
r r v o l t a g e i n c i d e n t a t p o i n t A 

F r o m t h e a b o v e d e f i n i t i o n s it i s s e e n t h a t 

= t r a n s m i s s i o n c o e f f i c i e n t a t A 

Pj. - r e f l e c t i o n c o e f f i c i e n t a t A 

A d i a g r a m of the tap showing the var ious l o s s e s i s shown in 

F i g u r e 5 . 1 8 . 

IN^Ef^TIOIW LOSS 

INPUT a ! o O U T P U T 

R e t uAA/ 

CDuuLine fFig. 5 . 18 . 
Lozr ' 

T a p L OS se s 



128 

In t e r m s of t h e p a r a m e t e r s g iven in F i g u r e 5 .17 , the r e s p e c t i v e 

v o l t a g e r a t i o s a r e g i v e n by ; 

2nR 
P c = ^7- ( 5 -9 ) 

R +2n R-
o L 

2 n ^ R . 
P i = 2 - - ( 5 . 1 0 ) 

R +2n R , 
o L, 

- R 
o 

R +2nZR, 
o L 

(5.11) 

The d e r i v a t i o n s of the above equat ions are g iven in Appendix T. 

A plot of the tap l o s s A^, Aĵ  and A ^ as a funct ion of tap 

rat io n, for R^ = S O O a n d R^^ = l O O O i s shown in F i g u r e 5 . 2 0 . 

The expanded i n s e r t i o n l o s s c u r v e i s shown in F i g u r e 5 .21 . 

It i s o b s e r v e d f r o m the a b o v e graphs that as n i n c r e a s e s , 

i n c r e a s e s but A j d e c r e a s e s . A ^ , w h i c h i s a m e a s u r e of the 

tap r e f l e c t i o n s i s s e e n to i n c r e a s e rapidly with n. G e n e r a l l y 

a h i g h e r v a l u e of A ^ i s d e s i r e d to k e e p r e f l e c t i o n s to a m i n i m u m . 

Total T r a n s m i s s i o n L o s s 

C o n s i d e r i n g the p a s s i v e highway a r r a n g e m e n t with N such 

taps connec ted as shown in F i g u r e 5 .19 , the total s igna l l o s s 

(in dB) to the o u t p u t of t he Nth t e r m i n a l i s g i v e n by 

• ^ T (N-l)Ar + A +A, 
J- c L 

(5.12) 

where A ^ i s t h e total m i s m a t c h l o s s g i v e n by 
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(5 .13) 

In p r a c t i c e it w o u l d be d e s i r e d to k e e p l o w . 

0"mini Jjlii 

Ac 

G 

f ' 'O 

A T 

T a p p e d T r a n s m i s s i o n L in t 
F i g . 5 .19 

T a p D e s i g n 

It i s s e e n f r o m Equat ions 5 . 9 , 5 . 1 0 and 5.13 that the total 

m i s m a t c h l o s s i s d e p e n d e n t on bo th the t o t a l n u m b e r of 

l o a d s and the t a p r a t i o n . F o r a g i v e n t o t a l n u m b e r of l o a d s , t he 

tap rat io n r e q u i r e d to g ive the m i n i m u m p o s s i b l e total m i s m a t c h 

l o s s i s f o u n d to be g i v e n by 

n = "x/ (2N_1)R / 2 R 
o' \L (5.14) 

T h e a b o v e e x p r e s s i o n i s f o u n d by m a k i n g d A ^ / d = O. 

T h e p a r a m e t e r s u s e d to f i n d n w e r e ; 

N = 5(3 

R = 5 0 0 
o 

A ̂  = 2 . 4 d B a t 6 6 . 7 5 

= l O O O 

14 dB 
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Note . The r e l a t i v e l y s m a l l v a l u e of i s b e c a u s e of the 

E C L a m p l i f i e r conf igurat ion u s e d , which r e q u i r e s 

a l o w v a l u e of r e s i s t a n c e at the input to prov ide the 

s i g n a l and b i a s v o l t a g e a t bo th of i t s c o m p l e m e n t a r y 

i n p u t s . See A p p e n d i x R. 3. 

Using the above p a r a m e t e r s and equat ions , the f o l l o w i n g w e r e 

obtained ; 

Ti ~ 4:. 97 (a v a l u e of n = 5 w a s u s e d f o r c o n v e n i e n c e ) 

= O. 0 9 dB 

A^= 14. O dB 

A^= 4 0 . 0 d B 

S e e A p p e n d i x V f o r d e t a i L j of Tcup. 

F r o m e q u a t i o n 5 .12 the t o t a l t r a n s m i s s i o n l o s s e q u a t i o n t h u s 

b e c o m e s ; 

A^(dB) = O. 0 9 (N-1) + 2 . 4 (5.15) 

M e a s u r e d P e r f o r m a n c e 

M e a s u r e m e n t s of t he t a p l o s s e s to v e r i f y the p r e d i c t e d 

p e r f o r m a n c e w e r e c a r r i e d out u s i n g the HP Vector V o l t m e t e r 

T y p e No. 8 4 0 5 A . 

F i g u r e s 5. 22 and 5. 23 s h o w r e s u l t s of coupling l o s s a n d 

i n s e r t i o n l o s s m e a s u r e m e n t s of the tap as a funct ion of f r e q u e n c y . 

In bo th c a s e s t h e results g ive t h e p r e d i c t e d v a l u e s at the operating 

f r e q u e n c y of 66. 75 M H z . The increase of i n s e r t i o n l o s s a s the 

f r e q u e n c y d e c r e a s e s i s e x p e c t e d s ince the e f f e c t i v e induct ive 

r e a c t a n c e of t he tap i s d e c r e a s e d . T h e coupling l o s s h o w e v e r 

tends to r e m a i n f a i r l y constant o v e r the range of f r e q u e n c i e s 

c o n s i d e r e d . 

T h e r e s u l t s o b t a i n e d c o n f i r m t h e t h e o r y but s u g g e s t s t h a t it 

i s no t v a l i d a t t h e low frequencies w h e r e the shunt i n d u c t a n c e 

tends to load the l ine . 
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5 . 5 . 2 T r a n s m i t t e r C o u p l i n g 

T h e t r a n s m i t t e r coupling network i s shown in F i g u r e 5 , 2 4 . 

The p r i n c i p l e of o p e r a t i o n of t h e a r r a n g e m e n t i s s u c h t h a t w h e n 

a t r a n s m i s s i o n i s r e q u e s t e d , t he c o n t r o l s i g n a l s w i t c h e s on the 

constant c u r r e n t g e n e r a t o r s which dr ive su f f i c i ent c u r r e n t to 

f o r w a r d b i a s t h e P I N d i o d e s . T h e low f o r w a r d b i a s r e s i s t a n c e 

of t h e d i o d e s a l l o w t h e R F s i g n a l f r o m t h e a m p l i f i e r to be 

t r a n s m i t t e d t h r o u g h t h e w i d e - b a n d t r a n s f o r m e r to t he l i n e . 

At t he end of t h e t r a n s m i s s i o n t h e c u r r e n t s o u r c e s a r e t u r n e d 

off by the c o n t r o l s i g n a l to r e v e r s e b i a s t h e d i o d e s . A v e r y h i g h 

i m p e d a n c e load is p r e s e n t e d to the l ine in th is s ta te , thus overcoming 

t he p r o b l e m of t he l o w o f f - s t a t e o u t p u t i m p e d a n c e of t h e t r a n s m i t t e r . 

P I N D i o d e C h a r a c t e r i s t i c 

F i g u r e 5 . 2 5 shows a typica l c h a r a c t e r i s t i c curve of the PIN 

d i o d e . It i s s e e n t h a t f o r a c h a n g e of c u r r e n t f r o m l [ iA to l O O m A 

the diode r e s i s t a n c e wi l l change f r o m o v e r lOK to about 10. 

C u r r e n t G e n e r a t o r 

A c i r c u i t d i a g r a m of the c u r r e n t generator i s shown in 

F i g u r e 5. 24 (b). It i s b i a s e d s u c h t h a t the o f f - s t a t e c u r r e n t i s l e s s 

t h a n 1 pA a n d t h e o n - s t a t e c u r r e n t i s l O O m A . T h e g e n e r a t o r i s 

ON when the contro l v o l t a g e (V ) i s l o w and O F F when V i s 

l u ^ h . ^ ^ 

O u t p u t T r a n s f e r me r 

F i g u r e 5, 26 s h o w s the c i r c u i t and w i r i n g d i a g r a m s and c o i l 

data of the balun t r a n s f o r m e r u s e d . It c o n s i s t s of a s i n g l e 

t w i s t e d pair winding with an ex tra l ength of winding added to 

c o m p l e t e the m a g n e t i s i n g current path. D e s i g n of the t r a n s f o r m e r 

was c a r r i e d out e x p e r i m e n t a l l y based on the gu ide l ines g iven in 

(30) . T h e m a i n r e q u i r e m e n t w a s to o b t a i n a f l a t r e s p o n s e o v e r 

t h e f r e q u e n c y b a n d f o r m e d by the m a i n signal l o b e , i . e . 65. 5 M H z 
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to 7 0 . 0 MHz. T w i s t e d pair w i r e s w e r e u s e d to i m p r o v e the 

high f r e q u e n c y r e s p o n s e of the t r a n s f o r m e r by e n s u r i n g c l o s e 

coupl ing between p r i m a r y and s e c o n d a r y windings to reduce 

in terwinding capac i ty . 

M e a s u r e d P e r f o r m a n c e 

The m e a s u r e d c h a r a c t e r i s t i c s of the o v e r a l l coupl ing network 

i s g iven be low ; 

l o w f r e q u e n c y cut -o f f f = 2 0 . 5 MHz 

high frequencycut - o f f f = 95. 5 MHz 

off ~ s t a t e i m p e d a n c e 
p r e s e n t e d to the l ine = 4 5 , 5 kO 

i n s e r t i o n l o s s of PIN diode = 1 . 0 dB 

5- 6 E x p e r i m e n t a l Loading T e s t s 

5. 6. 1 G e n e r a l 

This s e c t i o n d e s c r i b e s the p r o c e d u r e s and t e s t s c a r r i e d out 

on a 1 0 5 m l e n g t h of c o a x i a l c a b l e ( A n d r e w f l e x t y p e L D F 4 / 5 0 ) 

to eva luate the modulated c a r r i e r l ink p e r f o r m a n c e with the 

connect ion of s e v e r a l t r a n s f o r m e r tap l o a d s . The t r a n s f o r m e r 

l o a d s are d e s c r i b e d in S e c t i o n 5. 5. B e c a u s e of the r e l a t i v e l y 

high impedance and l o w i n s e r t i o n l o s s of the t r a n s m i t t e r coupl ing, 

in c o m p a r i s o n with the r e c e i v e r tap i n s e r t i o n l o s s , the m e a s u r e m e n t s 

d e s c r i b e d in this s e c t i o n a s s u m e d the ir e f f e c t on the o v e r a l l l ine 

load ing to be n e g l i g i b l e , thus only the r e c e i v e r coupl ing i s u s e d . 

Al l t e s t s w e r e c a r r i e d out with a cont inuous p s e u d o r a n d o m b inary 

data s e q u e n c e at a rate of 3 M b / s . 

The r e s u l t s a r e p r e s e n t e d as e r r o r rate aga ins t S / N be tween 

a t r a n s m i t t e r at one end of the l ine and a r e c e i v e r at the other end. 



133 

5 . 6 . 2 M e a s u r e m e n t S y s t e m 

T h e m e a s u r e m e n t s y s t e m , w h i c h i s s i m i l a r to t h a t u s e d in 

the baseband t e s t s , i s shown in F i g u r e 5 . 2 7 . N o i s e i s coupled 

in to t h e r e c e i v e r v i a a w i d e band t r a n s f o r m e r , h a v i n g s i m i l a r 

c h a r a c t e r i s t i c s a s t he t r a n s m i t t e r c o u p l i n g t r a n s f o r m e r . T h e 

cable w a s in short s e c t i o n s of lOm, 15 m and 2 0 m lengths and 

connec ted v i a P C B m o d u l e s e a c h of which prov ided a through 

c o n n e c t i o n in SQAstripline f o r m to m a t c h the c a b l e . T h e s e b o a r d s 

w e r e u s e d as the tapping po ints for s i m u l a t e d t e r m i n a l l o a d s . 

Details of t h e p e r f o r m a n c e of t h e n o i s e g e n e r a t o r and the P C B 

m o d u l e s a r e g i v e n below ; 

N o i s e G e n e r a t o r 

N o i s e bandwidth : 5 0 MHz 

Centre f r e q u e n c y : 6 0 MHz 

M a x i m u m o u t p u t 
p o w e r into 5 0 0 : 25 mW 

P C B M o d u l e 

Inser t ion l o s s : O . O l dB 

A c o m p l e t e d e s c r i p t i o n of t he n o i s e g e n e r a t o r and a m p l i f i e r 

c i r c u i t s i s g i v e n in A p p e n d i x U. F u r t h e r d e t a i l s of the P C B 

module a r e g iven in Appendix V. 

5. 6. 3 T e s t P r o c e d u r e s 

C a l i b r a t i o n 

B e f o r e c o m m e n c i n g t h e e r r o r r a t e m e a s u r e m e n t s , t he s e t 

up w a s c a l i b r a t e d for O dB S / N rat io . The def ini t ion of S / N 

r a t i o u s e d i s t h a t u s e d in t h e p r e v i o u s b a s e b a n d t e s t s ; 
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— = s i g n a l p o w e r a t t h e t r a n s m i t t e r end 
N N o i s e power in jec ted at the r e c e i v e r 

R e f e r r i n g to the l ink d i a g r a m of F i g u r e 5. 27, the fo l l owing 

p r o c e d u r e s were f o l l o w e d : 

1. cable i s r e p l a c e d by a v e r y short length of l ine (Om) ; 

2. s i g n a l p o w e r a t t he t r a n s m i t t e r end A i s m e a s u r e d ; 

3. with the n o i s e s o u r c e cut off , the s igna l power at the r e c e i v e r 

i n p u t i s m e a s u r e d a n d n o t e d ; 

4. the t r a n s m i t t e d s ignal i s cut off and the n o i s e s o u r c e gain 

and attenuation s e t t ings a r e adjusted to g ive the s a m e power 

at r e c e i v e r input B as r e c o r d e d in (3). This s e t t ing then 

c o r r e s p o n d s to the O dB S / N rat io condit ion. 

5 / N R a t i o M e a s u r e m e n t 

With the Om l ine r e p l a c e d by the t e s t cab le , the g e n e r a l 

p r o c e d u r e f o l l o w e d w a s to connect the r e q u i r e d number of l oads in 

i n c r e a s i n g s t e p s and for e a c h n u m b e r of l o a d s , m e a s u r e the e r r o r 

rate by s e l e c t i n g S / N r a t i o s in appropr ia te s t eps with the attenuator, 

5, 6. 4 R e s u l t s 

F i g u r e s 5. 28 and 5. 29 s h o w the r e s u l t s of e r r o r r a t e t e s t s 

for v a r i o u s l o a d s us ing the c o r r e l a t i o n demodulator and the di f ferent ia l 

s t robe demodula tor r e s p e c t i v e l y . The g e n e r a l trend of the two 

s e t s of r e s u l t s i s evident ; that i s as the number of l o a d s i s 

i n c r e a s e d , the S / N degradat ion i n c r e a s e s . 

The r e l a t i v e i n c r e a s e in S / N w. r . t . Om to g ive a constant 

e r r o r rate of = lO"^ fo r both d e m o d u l a t o r s is shown in 

F i g u r e 5. 3 0 . T h e s e r e s u l t s a r e d e r i v e d f r o m the r e s p e c t i v e 

c u r v e s of F i g u r e s 5. 28 and 5. 29. The t h e o r e t i c a l total s ignal 

l o s s as the number of l oads i s i n c r e a s e d , g iven by Equation 5 .15 , 

i s a l s o shown for c o m p a r i s o n . It i s s e e n that the r e s u l t s for the 

c o r r e l a t i o n demodula tor c l o s e l y a g r e e with the theory , which 
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c o n f i r m s t h a t s i g n a l d e g r a d a t i o n d u e to l o a d i n g i s m a i n l y c a u s e d 

by the i n s e r t i o n l o s s of the taps . The r e s u l t s for the f i l t e r 

t h r e s h o l d demodula tor h o w e v e r show that the total l o s s as the 

n u m b e r of l o a d s i s i n c r e a s e d i s no t a c c o u n t e d f o r by the t ap 

i n s e r t i o n l o s s only. A s noted in S e c t i o n 5. 4. 6. , th is addit ional 

l o s s i s a c c o u n t e d f o r by t h e p o o r j i t t e r p e r f o r m a n c e of this 

d e m o d u l a t o r . T h i s a s s e r t i o n i s f u r t h e r c o n f i r m e d by the l a r g e r 

g r a d i e n t of t he r e s u l t s b e c a u s e the e f f e c t of j i t t e r w o u l d i n c r e a s e 

a s t h e n u m b e r of l o a d s i s i n c r e a s e d . The r e s u l t s s h o w t h a t on 

a v e r a g e there i s an addit ional S / N degradat ion of about O. 0 3 dB 

f o r e a c h a d d i t i o n a l l o a d c o n n e c t e d , in a d d i t i o n to t h a t due to the 

l i n e and t a p i n s e r t i o n l o s s . 

5. 7 C o n c l u s i o n s 

T h e s u b - o p t i m u m c o r r e l a t i o n d e m o d u l a t o r h a s b e e n sho wn to 

give s u p e r i o r p e r f o r m a n c e o v e r the d i f f e r e n t i a l s t robe demodula tor . 

T h e a d d i t i o n a l d e g r a d a t i o n of t he l a t t e r h a s b e e n f o u n d to be due to 

i t s s u s c e p t i b i l i t y to t he e f f e c t s of j i t t e r and it i n c r e a s e s w i t h n u m b e r 

of l o a d s . 

R e s u l t s of t he l o a d i n g t e s t s h a v e s h o w n t h a t f o r t he c o r r e l a t i o n 

d e m o d u l a t o r , t h e S / N i n c r e a s e d u e to l o a d i n g i s a c c o u n t e d f o r bv 

t h e r e s p e c t i v e i n s e r t i o n l o s s of t he l o a d s w h i c h a g r e e s w i t h the 

t h e o r e t i c a l p r e d i c t i o n . T h i s r e s u l t i s r a t h e r e n c o u r a g i n g f o r i t 

v a l i d a t e s t h e m a i n p r e d i c t e d b e h a v i o u r of t h e m o d u l a t e d c a r r i e r 

s y s t e m ; i . e . the m i n i m i s a t i o n of s ignal l o s s due to l ine d i s tor t ion 

e f f e c t s by t h e u s e of n a r r o w band s i g n a l l i n g . 

T h e t a p p e d t r a n s f o r m e r n e t w o r k u s e d h a s p r o v e d to be a s i m p l e 

and e f f e c t i v e m e t h o d of c o u p l i n g the l i n e to t he r e c e i v e r s . The 

a d d e d a d v a n t a g e of i t s p r e d i c t a b l e b e h a v i o u r s h o w s t h a t it i s a 

v i a b l e a l t e r n a t i v e to the m o r e s o p h i s t i c a t e d c o m m e r c i a l c o u p l e r s . 
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The s imple PIN diode arrangement has fac i l i ta ted the d irect 

coupling of the t r a n s m i t t e r to the l ine , with a t ransmi t t ed s ignal l o s s 

of only 1 dB when ac t ive , and neg l ig ib le d is turbance to the l ine when 

in the o f f - s t a t e . The additional c o s t of the t r a n s f o r m e r and control 

c i rcu i t ry required i s however o f f se t by the apparent power gain of 

about 14 dB which r e p r e s e n t s the additional power that would be 

required to o v e r c o m e the coupling l o s s , if the s a m e technique as 

for the r e c e i v e r coupling had been used . 

The m e a s u r e d to lerab le total t r a n s m i s s i o n l o s s of about 15 dB 

and the tap l o s s of O . l dB, shows that up to lOO t e r m i n a l s can be 

readi ly a c c o m m o d a t e d on a t r a n s m i s s i o n l ine length of 2 0 0 m . This 

c o m p a r e s with the baseband s y s t e m of Chapter 3, which shows that 

a s i m i l a r number of t r a n s f o r m e r coupled t e r m i n a l s can be 

accommodated with a total l o s s of about 15 dB. (See Table 3.1) . 

However , the above r e s u l t s of this chapter show that potent ia l ly , 

a modulated c a r r i e r s y s t e m can be des igned to a c c o m m o d a t e more 

t e r m i n a l s on the highway than the baseband s y s t e m , because of the 

added advantage of reduced s ignal d is tort ion e f f e c t s and the 

predictable performance. 

One important outcome of this study has been the s u c c e s s f u l 

implementat ion of the comple te t ransmi t t er and r e c e i v e r s y s t e m 

in an all digital f o r m us ing ECL log ic . It i s apprec ia ted , 

however , that implementat ion of the f i l t e r s and a m p l i f i e r s has 

been p o s s i b l e b e c a u s e of the l e s s s tr ingent band width and power 

r e q u i r e m e n t s of the exper imenta l s y s t e m . In a prac t i ca l 

s y s t e m however the use of conventional f i l t e r s and a m p l i f i e r s 

would be r e c o m m e n d e d . 
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6. CONCLUSIONS 

6. 1 Gene r a l 

The pr imary achievement of this work has been a full a s s e s s m e n t 

of the e f f e c t s of loading when a large number of t r a n s f o r m e r s are 

connected a c r o s s a t r a n s m i s s i o n l ine represent ing t ermina l s in a 

p a s s i v e highway configuration and a l so of the per form ance of an 

equivalent modulated c a r r i e r s y s t e m . Further detai led proper t i e s 

and exper imental per formance data re lat ing to the use of biphase 

and bifrequency baseband codes have been es tabl i shed. Part icu lar 

attention has been given to evolving a d i s cre t e computer s imulat ion 

model of the baseband s y s t e m which provides a powerful tool for 

evaluation and predict ion of highway p e r f o r m a n c e . A s impler 

des ign approach to the modulated c a r r i e r s y s t e m has been adopted 

which p r o v i d e s p r e d i c t a b l e p e r f o r m a n c e . 

6. 2 C o m p a r i s o n of B a s e b a n d C o d e s 

Comparison of the p e r f o r m a n c e s of the two techniques of 

decoding the biphase and bifrequency codes shows that the 

strobe detection decoder g ives superior per form ance than the 
edge d e t e c t i o n d e c o d e r . 

It has been es tab l i shed that for strobe detection the PM 

code is l e s s a f fected by t r a n s m i s s i o n l ine distort ion than the 

FM code ; this finding could be important where high speed and/or 
l o n g l i n e l e n g t h s i t u a t i o n s a r e i n v o l v e d . 

Also s ignif icant is the finding that a r e c e i v e r f i l ter bandwidth 

equal to the data b i t -rate can be used sa t i s fac tor i ly for both codes . 

Code violation tes t ing has been shown to be a s imple but 

powerful method of error detection. However, for PM the code 

e r r o r rate of two t i m e s the data e r r o r rate and the a s s o c i a t e d 

undetectable e r r o r rate of two t i m e s the corresponding value 
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for F M shows that if this error detection scheme is used, P M 

loses its advantage of lower error probability. Except for the 

case of undetectable error rate for F M coded signals the use of 

the message error measurement technique has facilitated the 

experimental confirmation of the various theoretical error 

probabilities associated with the two baseband codes. 

F r o m the above findings it is recommended that ; 

(i) strobe detection method of decoding be used 

because of the added advantage of the use of 

synchronous clock extraction which gives improved 

performance. 

(ii) Code violation testing should be used as an additional 

form of error detection. 

(iii) F M code be used because of its polarity reversal 

advantage over P M . This is particularly useful 

for the passive highway configuration where the large 

number of terminal connections demand a high degree 

of ease of practical implementation. The superior 

error rate performance of P M coding is nullified if 

code violation error detection is employed. 

6. 3 B a s e b a n d L o a d i n g S t u d i e s 

T r a n s f o r m e r c o u p l e d l o a d i n g of t h e p a s s i v e h i g h w a y h a s b e e n 

found to cause more performance degradation than had been 
previously thought. 

A n important outcome of the investigations carried out in this 

area has been the p r e c i s e identification and the means of predicting 

the individual effects of the three components of the transformer 

load, namely ; signal attenuation due to the core loss component ; 

signal distortion due to the pr imary self-inductance ; and multiple 

ref lect ions , degradation of r i s e - t i m e s and additional delay caused by 

the stray capacitance. 
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The major contributions of the load components to the overall 

signal degradat ion has been found to be l a rge ly due to the core loss 

r e s i s t a n c e and p r i m a r y se l f - induc tance . Both of these e f fec t s 

have been found to i n c r e a s e with the number of loads . 

The effect of r e f l ec t i ons on the signal d is tor t ion has been found 

to be generally negligible because it decreases as the number of 

loads is increased and also because it is l imited by the skin 

effect d is tor t ion of the t r a n s m i s s i o n l ine . 

On the o ther hand, the signal r i s e t i m e and delay have been 

found to i n c r e a s e s ignif icant ly as the number of loads is i n c r e a s e d . 

This r e su l t is impor tan t , cons ider ing the intended high speed 

appl icat ions where fas t s ignal r i s e t i m e and min imum delay between 

t e r m i n a l s is d e s i r e d . It is thus n e c e s s a r y to keep the s t r a y 

capaci tance of the t r a n s f o r m e r load sma l l in o r d e r to min imise 

the above e f f ec t s . 

An equation for predicting the mismatch loss of the transformer 

coupled loads has been formulated and veri f ied experimentally. 

The res i s t ive l o s s component of this equation has been shown 

to correspond to the cumulative res i s t ive loss predicted in the 

CCL r epo r t (2). Using this equation, it is poss ib le to e s t i m a t e 

the r equ i r ed p r i m a r y self inductance for a given total number 

of loads and core loss r e s i s t a n c e . 

To fac i l i t a te a more f lexible and m o r e convenient method of 

investigating the pass ive highway loading problem two computer 

s imulat ion models were developed. The model using Laplace 

t r a n s f o r m techniques r e p r e s e n t s the m o r e conventional approach 

to the p r o b l e m . The l e s s well known d i s c r e t e t r a n s m i s s i o n l ine 

method used is a fairly recent and very significant advance in the 

general solution of e lectr ical network problems. An important 

feature of this technique is that an exact solution of all aspects 

of the signal waveform at any terminal along the highway under any 

predetermined loading condition is possible without increasing the 

complexi ty of the solution, as would be n e c e s s a r y in the case of the 

Laplace transform technique. noted by Johns in his recent 
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p a p e r (31), t h e r e i s a n e e d to c o n s i d e r d i s c r e t e m o d e l s o l u t i o n s 

a s v i a b l e a l t e r n a t i v e s to t h e w e l l e s t a b l i s h e d c o n t i n u o u s m o d e l 

s o l u t i o n of p h y s i c a l p h e n o m e n a . T h e c l o s e n e s s of t h e s i g n a l 

w a v e f o r m s o b t a i n e d to t h e p h y s i c a l s i t u a t i o n c o n f i r m t h i s a s s e r t i o n . 

It i s w o r t h n o t i n g t h a t t h e a d d i t i o n a l c a p a b i l i t i e s of t h e d i s c r e t e 

m o d e l d e v e l o p e d i n c l u d e the p o s s i b i l i t y of open c i r c u i t and s h o r t 

c i r c u i t f a u l t a n a l y s i s of t he h i g h w a y . In the a n a l y s i s p r e s e n t e d , 

s k i n - e f f e c t d i s t o r t i o n w a s r e p r e s e n t e d a s a f i x e d r e s i s t a n c e 

p e r un i t l e n g t h a p p r o p r i a t e to t h e o p e r a t i n g f r e q u e n c y . T h e 

p o s s i b i l i t y of c o m p l e t e l y d e s c r i b i n g t h i s e f f e c t in t h e o v e r a l l 

d i s c r e t e m o d e l i s an a r e a w o r t h i n v e s t i g a t i n g . 

6. 4 M o d u l a t e d C a r r i e r S t u d i e s 

T h e MSK m o d u l a t i o n t e c h n i q u e u s e d h a s b e e n shown to be a 

s u i t a b l e m e t h o d f o r t h e p r o p o s e d h i g h s p e e d s e r i a l h i g h w a y a p p l i c a t i o n s . 

T h e u s e of s u b - o p t i m u m d e m o d u l a t i o n t e c h n i q u e s , i n t e n d e d to t r a d e -

off s i m p l i c i t y of i m p l e m e n t a t i o n w i t h p e r f o r m a n c e d e g r a d a t i o n h a s 

b e e n f o u n d to be s u c c e s s f u l in the c a s e of the c o r r e l a t i o n d e m o d u l a t o r . 

On the o t h e r h a n d , t h e d i f f e r e n t i a l s t r o b e d e m o d u l a t o r h a s b e e n f o u n d 

to be v e r y s u s c e p t i b l e to t he e f f e c t s of j i t t e r and i t s u s e i s no t 

r e c o m m e n d e d . 

An i m p o r t a n t o u t c o m e of t he l o a d i n g t e s t s h a s b e e n t h e p r e d i c t a b l e 

b e h a v i o u r of the r e s u l t s o b t a i n e d ; i . e . t he S / N d e g r a d a t i o n due to 

t h e c o n n e c t i o n of t h e t e r m i n a l l o a d s i s a c c o u n t e d f o r by the i n s e r t i o n 

l o s s of t h e l o a d s . T h i s s h o w s t h a t by u s i n g t h e n a r r o w b a n d s i g n a l l i n g , 

t h e t r a n s m i s s i o n l i n e d i s t o r t i o n e f f e c t s on the s i g n a l w e r e m i n i m a l , 

t h u s c o n f i r m i n g o n e of t he m a i n p r e d i c t e d a d v a n t a g e s of t h e m o d u l a t e d 

c a r r i e r s y s t e m o v e r t h e b a s e b a n d s y s t e m . 

T h e t a p p e d t r a n s f o r m e r n e t w o r k u s e d h a s p r o v e d to be a s i m p l e , 

e f f e c t i v e and p r e d i c t a b l e m e t h o d of c o u p l i n g t h e l i n e to the r e c e i v e r s . 

E q u a t i o n s p r e d i c t i n g i t s p e r f o r m a n c e h a v e b e e n f o u n d to a g r e e w i t h 

t h e e x p e r i m e n t a l r e s u l t s . By u s i n g the b r o a d b a n d a p p r o a c h to the 

d e s i g n of the t a p s , F D M t e c h n i q u e s a s we l l a s t he b r o a d c a s t m o d e of 

o p e r a t i o n of t h e s e r i a l h i g h w a y i s m a d e p o s s i b l e . T h e s i g n i f i c a n c e 
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of these results is that it shows that despite the apparent 

simplicity of the coupling device, its performance matches the 

more sophisticated commercial couplers in use. 

T h e i d e n t i f i e d a d v a n t a g e of t he m o d u l a t e d c a r r i e r s y s t e m i s t h a t 

signal distortion and intersymbol interference effects suffered 

by the baseband system are significantly reduced. Also noted 

i s t h e m o r e p r e d i c t a b l e p e r f o r m a n c e c o m p a r e d w i t h the b a s e b a n d 

s y s t e m . P o t e n t i a l l y , t he m o d u l a t e d c a r r i e r s y s t e m c a n a c c o m m o d a t e 

m o r e t e r m i n a l s t h a n t h e b a s e b a n d s y s t e m ; in p a r t i c u l a r , the 

experimental sys tem developed can tolerate up to 15 dB total 

transmiss ion lo s s which represents up to a lOO terminals on a 

t r a n s m i s s i o n l i n e l e n g t h of 2 0 0 m f o r a l o s s p e r t e r m i n a l of 0 . 1 dB , 

An i n c r e a s e in t h e t e r m i n a l l o a d s f o r t h e m o d u l a t e d c a r r i e r 

system is possible by simply using a higher tap ratio ; this 

compares with the more stringent requirements of the baseband 

system which demands that all of the core characteris t ics of the 

t r a n s f o r m e r s u s e d be u n i f o r m if p r e d i c t a b l e p e r f o r m a n c e i s to 

be real ised. The baseband experimental sys tem using the 

transformer loads having the LCR values of 4. 7 mH, 2 0 pF and 

5. 6 KO typically gives a l o s s per terminal of about O. l dB ; this 

means that up to a lOO terminals can equally be accommodated 

on a 2 0 0 m l e n g t h of c a b l e , t h e t o t a l l o s s b e i n g a b o u t 15 d B . 

The above comparative evaluation of the baseband and the 

modulated carr ier sys tems show that, in terms of the proposed 

highway, the maximum of 64 terminals over a 3 0 0 m length of 

c a b l e i s f e a s i b l e in bo th c a s e s . H o w e v e r , c o s t b e i n g an 

i m p o r t a n t f a c t o r b e c a u s e of t h e l a r g e n u m b e r of t e r m i n a l u n i t s , 

t h e b a s e b a n d s y s t e m i s r e c o m m e n d e d b e c a u s e of i t s r e l a t i v e 

s i m p l i c i t y of i m p l e m e n t a t i o n . In m a k i n g t h i s r e c o m m e n d a t i o n . 

It IS a l s o s t r o n g l y s u g g e s t e d t h a t t he c h a r a c t e r i s t i c s of e a c h 

t r a n s f o r m e r be e x p e r i m e n t a l l y t e s t e d to e n s u r e t h a t i t i s w i t h i n 

the d e s i g n e d s p e c i f i c a t i o n s . 

Whilst appreciating that because of the technical and economic 

advances in fibre optic cable technology in recent years the work 
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d e s c r i b e d in t h i s r e p o r t m a y n o t be of m u c h r e l e v a n c e in the 

f u t u r e , n e v e r t h e l e s s the g e n e r a l c o n t r i b u t i o n m a d e i s of 

s i g n i f i c a n c e to c u r r e n t h i g h w a y s y s t e m d e v e l o p m e n t . 
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APPENDIX A 

E r r o r P r o b a b i l i t i e s in F M and P M C o d e s 

A n a l y s i s of e r r o r p r o b a b i l i t i e s c o n s i d e r e d f o r bo th P M and 

F M c o d e s in t h i s r e p o r t i s g iven b e l o w . 

A. 1 Bit e r r o r p r o b a b i l i t y in the p r e s e n c e of G a u s s i a n n o i s e 

A p p l e b y ( 3) h a s shown t h a t the f b i t e l e m e n t e r r o r p r o b a b i l i t y 

(P ) a s s o c i a t e s w i t h P M and F M c o d e d d a t a i s g i v e n by e s to / 

P e s = i 1 - erf ( S/N) (Al) 

w h e r e the s i g n a l to n o i s e r a t i o i s g i v e n by 

S / N = 

V = p e a k v o l t a g e of i npu t s q u a r e w a v e 

O' = r m s v o l t a g e of G a u s s i a n n o i s e 

T h i s r e l a t i o n s h i p a s s u m e s z e r o l e v e l t h r e s h o l d d e t e c t i o n and an 

i d e a l s y n c h r o n o u s d e c o d e r . 

A. 1.1 F M C o d e d S i g n a l s 

F o r F M d a t a bi t e r r o r a r i s e s w h e n e i t h e r , but not bo th j bi t 

s a m p l e s a r e in e r r o r . If P i s t h i s e r r o r p r o b a b i l i t y t h e n , 

P e = (1 - P „ ) lAZ) 

= 2 P - 2 P ^ 
e s e s 

— 2 P f o r s m a l l P 
e s e 

P = 1 - erf S /N ) 
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A. 1. 2 P M C o d e d S i g n a l s 

F o r P M a d a t a b i t e r r o r o c c u r s w h e n on ly one j b i t e l e m e n t 

i s in e r r o r ; in t h i s c a s e the d a t a b i t e r r o r p r o b a b i l i t y , 

P = P 
e e s 

CA3) 

P 1 - erf S/N) 

A. 2 C o d e E r r o r P r o b a b i l i t y 

C o d e e r r o r s a r e d e t e c t e d by c h e c k i n g f o r the p r e s e n c e of 

r e g u l a r t r a n s i t i o n s ( s a m e f o r b o t h F M and P M c o d i n g ) . T h e 

p r o b a b i l i t y of c o d e e r r o r o u t p u t s i s t h e n the p r o b a b i l i t y of j u s t 

o n e - h a l f b i t e l e m e n t b e i n g in e r r o r out of a p a i r of e l e m e n t s . 

Se e F i g u r e Al , i . e . 

P = 2P (1 - P ) 
ec e s e s 

F o r P M , r e f e r r i n g to E q u a t i o n (A3) ; 

P = 2P (1 - P ) 
ec e e 

P C:!2P 
ec e C&4) 

F o r F M , r e f e r r i n g to E q u a t i o n (A2) 

P = P 
ec e CA5) 

A. 3 U n d e t e c t a b l e e r r o r p r o b a b i l i t y 

A. 3. 1 P M c o d e d s i g n a l s 

For PM an undetectable data bit error is produced if both ^ bit 
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e l e m e n t s a r e in e r r o r , i . e . 

2 
P = P 

eu e s 
CA6) 

w h e r e P = p r o b a b i l i t y of e r r o r in e a c h j b i t e l e m e n t ( s e e 

F i g u r e A2) . 

1/2 bit 
element 

T 

F i g u r e A 2 . 

A l s o f o r P M t h e t o t a l d a t a bi t e r r o r p r o b a b i l i t y i s g i v e n by 

P = P 
e e s 

CA7) 

h e n c e w e c a n w r i t e 

P = P 
e u e CA8) 

A 3 . 2 F M C o d e d S i g n a l s 

In F M c o d i n g t h e u n d e t e c t a b l e e r r o r c o n d i t i o n i n v o l v e s a p a i r of 

c o n s e c u t i v e d a t a b i t s in w h i c h t h e two j b i t e l e m e n t s e i t h e r s i d e of 

t h e b i t b o u n d a r y a r e in e r r o r and t h e o t h e r two e l e m e n t s a r e 

c o r r e c t . S i n c e s u c h c o n d i t i o n w o u l d r e s u l t in two d a t a bi t e r r o r s , 

P i s g i v e n by 
e u ^ ' 

P = 2 P ^ (1 - P 
e u e s e s 

CA9) 
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F o r F M the t o t a l d a t a b i t e r r o r p r o b a b i l i t y i s g i v e n by 

= Z P e s <1 - P e s ' 

t h u s f r o m E q u a t i o n s A9 and A lO the u n d e t e c t a b l e e r r o r 

p r o b a b i l i t y b e c o m e s 

A. 4 M e s s a g e e r r o r p r o b a b i l i t y 

L e t m = t o t a l n u m b e r of b i t s in m e s s a g e , 

P = p r o b a b i l i t y of o n e bi t in e r r o r 

and P = p r o b a b i l i t y of e r r o r in m e s s a g e 

P r o b a b i l i t y of a l l b i t s be ing c o r r e c t in m e s s a g e 

= (1 - p^) m 

, . P r o b a b i l i t y of e r r o r in m e s s a g e i s 

P ^ = 1 - (1 - P^)"' (A12) 

U s i n g the b i n o m i a l e x p a n s i o n , 

(1 - P )" = 1 - m P + P 2 . 
e e 6 e 

1 - (A13) 

( n e g l e c t i n g h i g h e r o r d e r t e r m s f o r s m a l l P ) 
e 

S u b s t i t u t i n g A13 in A12, we ge t 
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E q u a t i o n A14 g i v e s a n a p p r o x i m a t e r e l a t i o n s h i p b e t w e e n m e s s a g e 

e r r o r a n d the c o r r e s p o n d i n g m e s s a g e l e n g t h . T h i s b e i n g a l i n e a r 

r e l a t i o n s h i p , the s l o p e of t h e g r a p h of P a g a i n s t n g i v e s the 

a p p r o x i m a t e b i t e r r o r p r o b a b i l i t y P . 
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APPENDIX B 

R e c e i v e r C i r c u i t s 

B. 1 S t r o b e d e t e c t i o n d e c o d e r 

After the f irs t few tes t s the timing of the f irs t strobe point 

in the F M d e c o d e r w a s c h a n g e d f r o m i m m e d i a t e l y a f t e r t he 

regular transition to 125% of a bit period by connecting the clock 

input to f l ip-f lop U3/1 to the CK3 output of the clock extraction 

c i r c u i t s . T h e o r i g i n a l c i r c u i t i s shown in F i g u r e Bl . 

B. 2 E d g e d e t e c t i o n d e c o d e r 

The circuit diagram is shown in Figure B2. The l ine inputs can 

be either capacitive or transformer coupled into a high impedance 

differential l ine rece iver UO/1. The monostables Ul/1 and Ul /2 

d e t e c t the r i s i n g and f a l l i n g e d g e s of the c o d e d s i g n a l f r o m the l i n e 

rece iver and produce a 5 0 ns pulse for each edge detected. The 

m o n o s t a b l e s U3/1 , U 3 / 2 and U 7 / 1 a r e a d j u s t e d to g ive p u l s e w i d t h s 

of 3 / 4 , 1 / 4 and 1 /2 bi t p e r i o d s r e s p e c t i v e l y . 

For PM coding, the decoded data is determined by the direction 

of the regular mid-bit transit ions in the input signal. A r is ing 

edge corresponds to binary 'one' and a fall ing edge a binary 'zero' . 

The 5 0 ns pulse resulting from a regular edge is gated through UZ/3 

o r U 2 / 4 and e i t he r , c l e a r s o r p r e s e t s f l i p - f l o p U5/1 , d e p e n d i n g on 

w h e t h e r i t w a s a f a l l i n g o r a r i s i n g e d g e r e s p e c t i v e l y . At t he 

same t ime, the SO ns pulse which is gated through U2/1 and U2/2 

t he m o n o s t a b l e s U 3 / 2 a n d U3 /1 . T h e l o w s t a t e of t he Q 

output of U3/1 disables the gates U2/2, U2/3 and U 2 / 4 for the next 

3 / 4 bi t p e r i o d t h u s p r e v e n t i n g i n t e r m e d i a t e e d g e p u l s e s c h a n g i n g 

the s ta te of U 5 / 1 o r t r i g g e r i n g U 3 / 2 . A f t e r 1 / 4 b i t p e r i o d , t h e 

ris ing edge of the Q output of U3/2 clocks in the data at the Q 

o u t p u t of U 5 / 1 in to f l i p - f l o p U 5 / 2 , t h e Q o u t p u t of w h i c h g i v e s the 

d e c o d e d P M d a t a . 
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F o r an F M c o d e d s i g n a l r e g u l a r t r a n s i t i o n s o c c u r a t the d a t a 

b i t b o u n d a r i e s and the p r e s e n c e o r a b s e n c e of a m i d - b i t t r a n s i t i o n 

i n d i c a t e s a d a t a z e r o o r o n e r e s p e c t i v e l y . R e g u l a r e d g e p u l s e s p a s s 

t h r o u g h g a t e U 2 / 2 , t r i g g e r the U3 m o n o s t a b l e s and p r e s e t f l i p - f l o p 

U 6 / l a t t he b e g i n n i n g of e a c h bi t p e r i o d . G a t e U 2 / 2 i s d i s a b l e d , 

a s e x p l a i n e d a b o v e , up to 3 / 4 b i t p e r i o d . G a t e U 4 / 1 i s e n a b l e d 

d u r i n g the i n t e r v a l f r o m 1 / 4 to 3 / 4 b i t p e r i o d , so t h a t if a m i d - b i t 

e d g e o c c u r s t he c o r r e s p o n d i n g p u l s e w i l l c l e a r the f l i p - f l o p U 6 / l . 

T h u s the s t a t e of t he Q o u t p u t of U 6 / l at the 3 / 4 b i t p o s i t i o n 

r e p r e s e n t s t h e d e c o d e d d a t a and i s s t r o b e d in to f l i p - f l o p U 6 / 2 

by the r i s i n g e d g e of the Q o u t p u t of U3 /1 . 

A c o d e e r r o r c o n d i t i o n i s d e t e c t e d f o r e i t h e r F M o r P M c o d e d 

s i g n a l s if a r e g u l a r t r a n s i t i o n d o e s no t o c c u r in the i n t e r v a l 3 / 4 to 

11/4 bi t p e r i o d a f t e r the p r e v i o u s r e g u l a r t r a n s i t i o n . T h i s i s 

a f f e c t e d by s t r o b i n g the Q o u t p u t of m o n o s t a b l e U 3 / 1 in to f l i p - f l o p 

U S / 1 w i t h t h e t r a i l i n g e d g e of the o u t p u t of m o n o s t a b l e U 7 / 1 a t 1 

1 / 4 b i t p e r i o d . 
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A P P E N D I X C 

F M / P M T r a n s m i t t e r C i r c u i t 

T h e c i r c u i t i s s h o w n in f i g u r e CI . C o d i n g of t h e d a t a i n p u t 

i s c a r r i e d out by J - K f l i p f l o p U 2 / 1 and t h r e e NAND g a t e s 

U l / 1 - 3 , F M o r P M c o d i n g b e i n g s e l e c t e d by m e a n s of s w i t c h 

SWl. T h e c o d e d s i g n a l i s f e d to bo th l i n e d r i v e r s in U3 w h o s e 

o u t p u t s a r e c o n n e c t e d in p a r a l l e l to t h e l i n e o u t p u t s o c k e t s , t h u s 

p r o v i d i n g t w i c e the output c u r r e n t ( n o m i n a l l y 24 m A "pu l l -pu l l" ) . 

T h e c o m m o n e n a b l e i n p u t to U3 h a s b e e n b r o u g h t ou t to a f r o n t 

pane l s o c k e t so that if r e q u i r e d the t r a n s m i t t e r output c a n be 

c o m p l e t e l y d i s a b l e d . 

T h e c l o c k i npu t to t h e c o d e r c i r c u i t s c o n s i s t s of v e r y s h o r t 

p u l s e s at t w i c e the s y s t e m bit r a t e . The c l o c k input ( f r o m BERT) 

i s a s q u a r e w a v e a t t h e b i t r a t e t he p o s i t i v e g o i n g e d g e s of w h i c h 

t r i g g e r m o n o s t a b l e U 4 / 1 a n d t h e n e g a t i v e go ing e d g e s t r i g g e r 

m o n o s t a b l e U 4 / 2 . E a c h m o n o s t a b l e i s c o n n e c t e d to p r o d u c e i t s 

m i n i m u m p u l s e width of about 4 0 n s . T h i s width i s f u r t h e r 

r e d u c e d by i n v e r t i n g the Q output and e f f e c t i v e l y A N D i n g it with 

t he Q o u t p u t . S i n c e the Q o u t p u t i s d e l a y e d by l O n s r e l a t i v e 

to Q and t h e n f u r t h e r d e l a y e d by l O n s in t h e i n v e r t e r t he o v e r l a p 

i s a b o u t 2 0 n s . T h e s h o r t e n e d (and i n v e r t e d ) o u t p u t s a r e t h e n 

e f f e c t i v e l y ORed t o g e t h e r in NAND gate U l / 4 . The s tar c o n n e c t e d 

t e r m i n a t i o n n e t w o r k i s c o n t a i n e d within the s h e l l of a 2 p o l e f r e e 

p l u g c o n n e c t o r , a s s h o w n in f i g u r e CI. A s i m i l a r t e r m i n a t i o n 

w a s u s e d at t he r e c e i v e r . 



176 

D a-ta. i/p 

a f / i 

t < 
Erâ k 
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APPENDIX D 

N o i s e g e n e r a t o r and a m p l i f i e r c i r c u i t : 

The noise generator circuit is shown in Figure Dl . The 

output provides wideband noise with a bandwidth of up to lO MHz 

at a variable level up to 1 volt r. m. s. into a SOQload. The noise 

is generated in the f irs t stage of a S-s tage high gain video 

ampli f ier , each stage being a wideband differential IC ampli f ier 

{ S i g n e t i c s N E 592) . N o i s e b a n d w i d t h v a r i a t i o n i s o b t a i n e d by 

c h a n g i n g the c o m p o n e n t v a l u e s of the R C n e t w o r k a t the o u t p u t of 

t he t h i r d - s t a g e . T h e o u t p u t s t a g e i s e s s e n t i a l l y a l o n g - t a i l e d p a i r 

differential amplif ier compris ing TR2 and TR3 with TRl acting as the 

t a i l c u r r e n t s o u r c e . T r a n s i s t o r s TR.4 and T R 5 a c t a s d» c . c u r r e n t 

sources and provide most of the d. c. bias current for the long-

t a i l e d p a i r . 

Figure D2 shows the final circuit of the noise ampl i f ier . 
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APPENDIX E 

Bit E r r o r R a t e T e s t (B. E . R. T . ) C i r c u i t 

F i g u r e E l s h o w s a c o m p l e t e c i r c u i t d i a g r a m of t h e B E R T 

u n i t . It c o m p r i s e s t h r e e b a s i c s u b - c i r c u i t s n a m e l y ; C l o c k 

Generator, Variable Data Delay, and E r r o r Detector Circuits . 

E . 1 C l o c k G e n e r a t o r 

The basic signal generator is formed by U8/1 and the RC 

f e e d b a c k n e t w o r k . S w i t c h S W 7 / a s e l e c t s t he c a p a c i t o r v a l u e s 

corresponding to the des ired range of clock frequencies , and 

VR3 provides fine clock frequency tuning. The output of U8/1 

i s g a t e d t h r o u g h U 8 / 2 , w h i c h s p e e d s up t h e s i g n a l e d g e s , in to 

t h e d i v i d e - b y - t w o t o g g l e U14 /2 to o b t a i n the c l o c k s i g n a l . 

E . 2 V a r i a b l e D a t a D e l a y 

The clock output from U14/2 is fed through SW3 which se l ec t s 

either edge of the clock signal to tr igger the monostable U6/1. 

T h e ou tpu t p u l s e w i d t h r a n g e i s v a r i e d u s i n g SW4, a n d \ / R l p r o v i d e f i n e 

adjustments to the pulse width which is l e s s than the bit period T. 

T h e i n c o m i n g r e f e r e n c e d a t a i s f e d to t h e i n p u t of U1 t h r o u g h 

U9/1 , and U 5 / 2 . U s i n g S W 9 / a and the c i r c u i t f o r m e d by U 9 / 2 

and U13/2 , t h e d a t a i s i n v e r t e d o r p a s s e d d i r e c t l y to Ul . T h e 

d a t a i s c l o c k e d by t h e s i g n a l output of U 6 / 1 i n to t h e c a s c a d e d 

s h i f t r e g i s t e r a r r a n g e m e n t of Ul, U2, and U3 to g i v e a d e l a y of 

one bit to a maximum of 12 bits or transferred without any delay, 

depending on the position of the se lector switches SWl and SW2. 

Fine setting of the data delay is obtained by varying VRl. 

E . 3 E r r o r D e t e c t o r 

T h e d e l a y e d r e f e r e n c e d a t a a t the o u t p u t of SW2 / c i s c o m p a r e d 

with the rece ived data in the gating arrangement formed by U4/1, . U4/2, 
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U 4 / 3 and U 5 / 1 . T h e o u t p u t of U 5 / 1 i s h i g h if the r e f e r e n c e 

d a t a and the r e c e i v e d d a t a a r e at t he s a m e l o g i c s t a t e a n d l o w 

if o t h e r w i s e . T h i s o u t p u t s t a t e of U 5 / 1 i s d e t e c t e d by U 4 / 4 w i th 

s t r o b e p u l s e s , w h i c h i s s e t to the m i d - b i t p o i n t , and d e r i v e d f r o m 

the c l o c k o u t p u t of U14/2 by the m o n o s t a b l e U7. A h i g h o u t p u t 

f r o m U 4 / 4 c o r r e s p o n d to a d e t e c t e d d a t a e r r o r . T h e w i d t h of 

t he s t r o b e p u l s e ( < T / 2 ) i s v a r i e d w i t h SW6 a n d VR2, and SW5 

s e l e c t s e i t h e r the p o s i t i v e o r t he n e g a t i v e e d g e of t he c l o c k . 
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A P P E N D I X F 

S i g n a l - t o - n o i s e r a t i o m e a s u r e m e n t 

A b lock d i a g r a m of the m e a s u r e m e n t s y s t e m i s shown i 

F i g u r e F l . The d e f i n i t i o n of S / N r a t i o u s e d i s g i v e n a s 
in 

S / N = Signal v o l t a g e at t r a n s m i t t e r endl^ 
N o i s e v o l t a g e a t r e c e i v e r end 

T h i s d e f i n i t i o n p r o v i d e s a d e f i n i t e b a s i s f o r c o m p a r i s o n of l i n e 

p e r f o r m a n c e s i n c e the t r a n s m i t t e r end v o l t a g e i s c o n s t a n t and 
e a s i l y m e a s u r e d . 

F r o m the a b o v e d e f i n i t i o n , the e x p r e s s i o n f o r t he S / N i s 

d e r i v e d . R e f e r r i n g to F i g u r e F l . 

l e t - r . m . s . s e n d i n g e n d s i g n a l v o l t a g e 

~ ^ ' ^ o i s e o u t p u t f r o m g e n e r a t o r 

= v o l t a g e gain of n o i s e a m p l i f i e r 

*̂ n ~ ^ ^ ° i s e v o l t a g e i n j e c t e d a t r e c e i v e r end 

A = a t t e n u a t i o n in d B of a t t e n u a t o r 

F r o m the d e f i n i t i o n of S / N ra t io a b o v e , 

V 2 
S / N = ( — L ) 

cm 

S /N_j3 = 2 0 l o g - 2 0 

At tenuat ion i s g i v e n by 

A = 2 0 logcTQ - 2 0 l o g ( g l _ ) 
V 

f r o m \vhich 
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2 0 l o g or̂  = 2 0 l o g (G^. Og ) - A 

S u b s t i t u t i n g in to (F l ) g i v e s 

( S / N ) ^ g = 2 0 l o g - 2 0 l o g (G^. ) + A 

A, if = G .Cg 

V 
T w a s m e a s u r e d as the peak v a l u e of the d i f f e r e n t i a l v o l t a g e 

w a v e f o r m s i n c e the r . m . s . and p e a k m a g n i t u d e s of a r e c t a n g u l a r 

p o l a r w a v e f o r m a r e e q u a l . 
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APPENDIX G 

Phase Lock Loop (PLL) Clock Extraction Ci r cu i t 

Figure G1 shows the P L L clock extraction circuit which was 

developed by P . I. Poskett (32) for the measurements on the 

b a s e b a n d s y s t e m . T h e c i r c u i t i s b a s i c a l l y an a n a l o g u e P L L 

operating at twice the data bit rate of 1 MHz. 

T h e t r a n s i t i o n a l e d g e s of t he i npu t c o d e d d a t a s t r e a m a r e 

detected by the two monostables Ul/1 and Ul /2 to produce pulses of ^ 

bit rate 2 MHz at the output of U2/1. The arrangement of the 3 

D-type bistables U3/1, U3/2 and U4/1 provide the phase comparator 

network. The result is 2 waveforms at the outputs of U3/2 and U4/1, 

which are summed to obtain the control voltage. The output of U3/2 is set 

high by the +ve edge of the pulses at the output of U3/1, and set low by 

the +ve edge of the V. C. O. and hence represents the phase difference 

between the two s ignals . The absence of mid-bit transit ions in the 

coded P M / F M data is compensated for by the signal output of U4/1. 

It IS set low by the -ve edge of the output of U3/2 and set high by the 

-ve edge of the V. C.O. The outputs of U3/2 and U4/1 are summed 

and f i l tered to provide the V. C. O. control voltage. The V . C . O . 

output at a frequency of 2 MHz is divided by 2 to give the extracted 
clock signal at the output of U4/2 . 
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APPENDIX H 

M e s s a g e e r r o r r a t e t e s t (M. E . R . T. ) c i r c u i t 

T h e c i r c u i t d i a g r a m i s s h o w n in F i g u r e HI . T h e r e q u i r e d 

m e s s a g e l e n g t h i s g i v e n b y t h e o n e s c o m p l e m e n t of t h e s e l e c t e d 

b i n a r y i n p u t to t h e c o u n t e r U 6 / l . 

A l o w o u t p u t a t g a t e U 3 / 1 c l e a r s f l i p - f l o p s U 4 / 1 a n d U 4 / 2 

a n d e n a b l e s t h e l o a d i n p u t of c o u n t e r U 6 / 1 . T h e r i s i n g e d g e of 

t h e f i r s t s t r o b e p u l s e t o t h e c o u n t e r , f o l l o w i n g t h e l o w o u t p u t a t 

g a t e U 3 / 1 , p r e s e t s U 6 / 1 o u t p u t to t h e s e l e c t e d b i n a r y i n p u t d a t a . 

At t h e s a m e t i m e , t h e f a l l i n g e d g e of t h e p u l s e R C K w h i c h i s g a t e d 

t h r o u g h U 2 / 3 p r e s e t s t h e f l i p - f l o p U 5 / 1 . T h e l o w s t a t e of t h e Q 

o u t p u t of U 5 / 1 d i s a b l e s t h e g a t e U 3 / 1 a n d t h e c o r r e s p o n d i n g h i g h 

s t a t e of t h e Q o u t p u t e n a b l e s t h e i n p u t g a t e U l / 1 a n d U l / 2 . W i t h 

t h e c a r r y o u t p u t of c o u n t e r U 6 / l , t h e o u t p u t g a t e s U 2 / 1 , U 2 / 2 

a n d U 2 / 3 a r e d i s a b l e d t h r o u g h g a t e U 3 / 2 . T h e r i s i n g e d g e of 

s u b s e q u e n t s t r o b e p u l s e s a d v a n c e t h e c o u n t e r U 6 / l t h r o u g h t h e 

s e l e c t e d m e s s a g e l e n g t h . W i t h i n t h e m e s s a g e p e r i o d , t h e p r e s e n c e of 

a n y c o d e o r d a t a e r r o r s i s t r a n s m i t t e d t h r o u g h g a t e s U l / 1 a n d 

U l / 2 w h i c h p r e s e t f l i p - f l o p s U 4 / 1 and U 4 / 2 r e s p e c t i v e l y ; o t h e r w i s e 

t h e f l i p - f l o p s r e m a i n in t h e r e s e t s t a t e . A m e s s a g e u n d e t e c t a b l e 

e r r o r , w h i c h o c c u r s w h e n o n e o r m o r e d a t a e r r o r s o c c u r bu t no 

c o d e e r r o r i s d e t e c t e d b y g a t e U l / 3 w h i c h g i v e s a l o w o u t p u t . 

A c a r r y o u t p u t i s g e n e r a t e d b y t h e c o u n t e r U 6 / l a t t h e e n d of 

m e s s a g e , c o r r e s p o n d i n g to a l l o n e s of i t s o u t p u t . T h i s c a r r y 

p u l s e i s g a t e d t h r o u g h U 3 / 2 w h i c h c l e a r s t h e f l i p - f l o p U 5 / 1 a n d 

enables the output gates U2/2 and U2/3 . At the same time the low 

s t a t e of t h e Q o u t p u t of U 5 / 1 d i s a b l e s t h e i n p u t g a t e s U l / 1 a n d U l / 2 . 

A high output is produced at the output of gates U2/1, U2/2 and U2/3 

if c o d e , d a t a a n d u n d e t e c t a b l e e r r o r s o c c u r r e d . T h e r i s i n g e d g e 

of t h e t h i r d s t r o b e p u l s e a f t e r t h e c a r r y o u t p u t p r e s e t s t h e c o u n t e r 

o u t p u t s to t h e s e l e c t e d b i n a r y i n p u t d a t a , r e s t a r t i n g t h e c y c l e o v e r 

agau^ 
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APPENDIX I 

Cumulative Attenuation due to Mismatches 

Consider a single load resistor connected across an ideal 

transmission line of characteristic impedance R q correctly 

terminated at both ends as shown in F igure I 1(a). The sect ion 

of line to the right acts as an additional load resistance R q across 

as shown in Figure I 1(b). Thus the transmit ted pulse 

amplitude is given by 

= T/; (1 +t) (11) 

where Te is the reflection coefficient given by 

& T -

^ 11^ + Rio (12) 

where R _ is the parallel combination of R and R . . 
^ JL, O 

Substituting for fc in I 1 

Rrp - R „ 

2Rt, 

= "i ' + Rq' 

Defining the transmission coefficient as 

V 
T •• = 

and substituting 

= 

gives . 

t 
o V. 

1 

T = 
o Z R ^ + R ^ - 1 + R o / Z R ^ (14) 
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N o w consider a line with N identical loads connected as 

shown in Figure 12. Neglecting the interference of reflected 

pulses the cumulative attenuation is given by 

" = ,1 

or in (dB), 

= 2 0 N lag (1 + ^ ) 
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APPENDIX J 

M u l t i p l e T r a n s f o r m e r C u t - O f f F r e q u e n c i e s 

Consider the equivalent circuit of n identical t rans formers 

a n d l o a d s c o n n e c t e d in p a r a l l e l a c r o s s a c o m m o n s o u r c e a s shown 

in F i g u r e J l ( a ) w h e r e 

Rg = s o u r c e r e s i s t a n c e 

= p r i m a r y r e f e r r e d l o a d r e s i s t a n c e 

~ p r i m a r y r e f e r r e d l e a k a g e i n d u c t a n c e 

Lp = p r i m a r y se l f i n d u c t a n c e . 

B e c a u s e of t h e a s s u m e d s i m i l a r i t y of the t r a n s f o r m e r e q u i v a l e n t 

c i r c u i t s a l l the p o i n t s m a r k e d x wi l l be a t t he s a m e p o t e n t i a l 

and can thus be assumed to be connected together. Therefore 

t he o v e r a l l e q u i v a l e n t c i r c u i t c a n be r e p r e s e n t e d a s in F i g u r e J l ( b ) . 

T h i s c i r c u i t c a n now be a n a l y s e d by m a k i n g the u s u a l a p p r o x i m a t i o n s 

to f ind the l o w and h i g h c u t - o f f f r e q u e n c i e s . T h u s at l o w f r e q u e n c y 

t h e c i r c u i t r e d u c e s to t h a t s h o w n in F i g u r e J l ( c ) and the c u t - o f f 

f r e q u e n c y i s g i v e n by 

W 

R 
Rr 

L 
n 

L L R_ 
(Rc + n n 

R 
L nR, 

) ( J l ) 

S i m i l a r l y f r o m c i r c u i t (d) t he h i g h c u t - o f f f r e q u e n c y i s g i v e n by 

W 

R 
R „ + — 

S n 
L 

H 

R 

~u 
L (1 + 

nR; 

~ R " (J2) 
L 

n 
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APPENDIX K 

D e r i v a t i o n of G e n e r a l L i n e D i f f e r e n c e E q u a t i o n s 

F i g u r e K1 s h o w s a s e c t i o n of t h e n u m e r i c a l m o d e l r e p r e s e n t i n g 

t h e g e n e r a l t r a n s m i s s i o n l i n e . 

2. 
0- 4-

4 
""O— — —O-

""O— — —O— 

Lint B/ocK H-

fv\ 
-O-

TVctx NA-t-t 
• "O-* — —"Q" 

M (K̂  

o "O— — -o-

T h e G e n e r a l L i n e 
Fig. K1 

Consider the mth node within l ine block n of the sys tem 

m o d e l . T h e s e t of d i f f e r e n c e e q u a t i o n s r e l a t i n g t h e c u r r e n t a n d 

v o l t a g e a t n o d e s m a n d m - 1 , u s i n g t h e r e s u l t s of E q u a t i o n 4 . 1 8 

and 4.19 becorne : 

""n, m " ' ' + ' ^ o ' n , m " ' ' ^ ' " n , 

^ ( k - 1 ) (K2) 

S i m i l a r l y t h e s e t of d i f f e r e n c e e q u a t i o n s r e l a t i n g n o d e s m a n d m+1 

b e c o m e : 

V (k)+R i J, 
n, m+i o n , m t l 

(k)=(l_R^g)v^^ 

S i n c e w e a r e i n t e r e s t e d in f i n d i n g the v o l t a g e a n d c u r r e n t 

r e l a t i o n s h i p s a t n o d e m , t h e r e l e v a n t e q u a t i o n s a r e g i v e n b y 

(KI ) a n d (K4) . T h e n , f r o m 

(K1) + (K4) w e g e t 

or 
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(K5) 

S i m i l a r l y f r o m 

(KI) - (K4) we o b t a i n 

(K6) 

Equations K5 and K6 thus give the required general l ine difference 
e q u a t i o n s . 
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APPENDIX L 

Discrete Model Difference Equations for Computer Solution 

L . 1 I n p u t B o u n d a r y 

^1,1^^) " ̂ 1^1, 

(LI) 

w h e r e , k - 2 , 3 , . . . . K +1 
s 

Yi = 
R^d+R^g) 

1 2R 

, _ ' ' o ( R o - ) 
^2 2R 

R - r 
^3 = -2& 

o 

1-R 
y -

4 2R 
o 

R R o s 

a n d 

'1 2R 
o 

R 
^̂ 2 = W " 

o 

~ l i n e c h a r a c t e r i s t i c i m p e d a n c e 

r - r e s i s t a n c e of e l e m e n t a r y l i n e s e c t i o n 

g = conductance of e lementary l ine section 

- t o t a l n u m b e r of t i m e s t e p s f o r c o m p u t a t i o n . 

(See A p p e n d i x M) . 
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L . 2 G e n e r a l l i n e 

v 
n 

'n, = ""S [""n, + ̂ 3 ['n, ] 

( L 2 ) 

n - 1 , 2 , . . . . N+1 

rn = 2, 3,.... ]W+l 

k = 2, 3, K 

w h e r e . 

1 2 

R - r 
X, - ° 

2 2 

1-R ! 

3 2R 
o 

R - r 
x, - ° 
4 2R 

o 

N - t o t a l n u m b e r of l o a d s 

M = t o t a l n u m b e r of b a s i c t i m e s t e p s b e t w e e n 

l i n e s e c t i o n s . 

L- 3 L a s t N o d e of L i n e 

n+1, r 

-^4[Cl^(k-l)+C3^(k_l)+i^^^(k-l)] (L3) 

'n,IVl+l(^)=^5''n, (k-l)-z.^v^_^^(k_l) 

+zg [Cl^(k.l)+C3^(k_l)+i^_^^(k.l)] 
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w h e r e , 

n = 1 , 2 , N 

k = 2 , 3, K +1 
s 

R ^ d - R g) 
z^ = 
"1 R +R^ 

o 2 

R.(R - r ) 
z. = Z o 
'2 R +R_ 

o Z 

R 
z -3 R +R_ 

o 2 

R R^ 

4 R +R^ 
O Z 

1 - R 

5 R +R_ 
o 2 

R - r o 
z 6 R +R_ 

o 2 

z - : 7 R +R_ 
o 2 

^2 

^o+^2 

Rg - e q u i v a l e n t c h a r a c t e r i s t i c i m p e d a n c e of 

l o a d c a p a c i t a n c e . 

L . 4 F i r s t N o d e of L i n e 

'n+l, zlk-ll-az'n+l, 2""-"+='3''„, M tl""" 

+ = 4 [ ' n , M + l ' k - l l - C Z ^ ( k - l ) ] (L4) 
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n = 1 , 2 , N 

w h e r e , 

k = 1 , 2 , Kg+1 

a = R R^+R R^+R^R_+R R ^ R _ / R , 
o o Z o i c 5 o Z i L 

a 
R^Rjd - R^g) 

1 a 
o 

a 
*Z%3lRo-'l 

2 a 
o 

^3 

a 

R R . 
o 3 
a 

o 

R R ^ R . 
o 2 3 

4 a o 

a 
( R 2 + R ^ + R 2 R ^ / R ^ ) ( R - r ) 

5 a 
o 

(R^+Rg+RgRg/Rj^XR^-r) 
a^= _ E! 

R^ 

^7 " I T 
o 

%2*3 
an a 

o 

Rg = e q u i v a l e n t c h a r a c t e r i s t i c i m p e d a n c e of 

l o a d i n d u c t a n c e 

Rj^ = l o a d r e s i s t a n c e 
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L . 5 L o a d T e r m i n a l 

CI (k) = d .v , , J k ) + C2 (k-1) 
n 1 n + i , i n 

C2 (k) = d .v J k - 1 ) + CI (k-1) (L5) 
n i n+ l , 1 n 

V ,. , (k) 

n = 1, 2, N 

k = 2, 3, +1 
s 

w h e r e , 

L . 6 O u t p u t B o u n d a r y 

^N+1, " ^l^N+1, ^2^N+1, 

^N+1, ^o^N+1, M+1^^^ 

(L6) 

k = 2 , 3, K +1 
s 

w h e r e , 

1 - R ; 
d - ° 

1 2R 
o 

R - r 
d. = ° 

2 2 R 
o 
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A P P E N D I X M 

I n p u t P a r a m e t e r s f o r N u m e r i c a l S o l u t i o n 

T h e r e q u i r e d d a t a i n p u t s a r e c l a s s i f i e d i n t o t h r e e c a t e g o r i e s 

n a m e l y ; 

l i n e p a r a m e t e r s 

l o a d p a r a m e t e r s 

and t e r m i n a l p a r a m e t e r s . 

L i n e P a r a m e t e r s 

T h e s e a r e g i v e n a s 

i = t r a n s m i s s i o n l i n e l e n g t h ( m ) 

R = r e s i s t a n c e p e r u n i t l e n g t h W m ) 

L = i n d u c t a n c e p e r u n i t l e n g t h ( H / m ) 

C = c a p a c i t a n c e p e r unit l e n g t h ( p / m ) 

G = c o n d u c t a n c e p e r unit l e n g t h (u /m) 

L o a d P a r a m e t e r s 

L ^ = l o a d i n d u c t a n c e (H) 

= l o a d c a p a c i t a n c e (f ) 

Rj^ = l o a d r e s i s t a n c e (Q) 

N = t o t a l n u m b e r of l o a d s 

" d i s t a n c e b e t w e e n l o a d s n and n - 1 (m) 

n = 1 , 2 , 

F o r the u n i f o r m l y d i s t r i b u t e d l i n e , a l l d = d 
n 
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T e r m i n a l P a r a m e t e r s 

- b a s i c t i m e s t e p (S) 

l ( k ) - i n p u t c u r r e n t s a m p l e s a t d i s c r e t e t i m e 

i n t e r v a l s ( T ^ ) (A) 

k = 1 , 2 , N C 

' d u r a t i o n of i n p u t c u r r e n t w a v e f o r m 

R : s o u r c e r e s i s t a n c e (Q) 

M. 1 I n i t i a l C a l c u l a t i o n s 

T h e r e l e v a n t s e c o n d a r y d a t a r e q u i r e d in the m a i n p r o g r a m i s 

c a l c u l a t e d u s i n g t h e f o l l o w i n g r e l a t i o n s h i p s : 

L i n e c h a r a c t e r i s t i c i m p e d a n c e 

R„ = (Ml) 

D e l a y of u n i t l e n g t h of l i n e 

R e s i s t a n c e of e l e m e n t a r y l i n e s e c t i o n of d e l a y T 
s 

r = 11 T g / T j ( A 4 3 ) 

C o n d u c t a n c e of e l e m e n t a r y l i n e s e c t i o n of d e l a y T 

g = G T g / T j (&44) 

E q u i v a l e n t c h a r a c t e r i s t i c i m p e d a n c e of l o a d c a p a c i t a n c e 

^ 2 = (M5) 

s 

E q u i v a l e n t c h a r a c t e r i s t i c i m p e d a n c e o f l o a d i n d u c t a n c e 

V T g (M6) ^3 = L/n 
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N u m b e r of b a s i c t i m e s t e p s w i t h i n l i n e s e c t i o n n 

S = d T,/T (&47) 
n n d s 

n=L2, N 

N u m b e r of b a s i c t i m e s t e p s w i t h i n i n p u t s i g n a l p e r i o d 

C =t,/T (]U8) 
s d s 

T o t a l n u m b e r of c o m p u t a t i o n t i m e s t e p s 

L e t J be t h e l o a d t e r m i n a l n u m b e r a t w h i c h t h e v o l t a g e o r 

c u r r e n t o u t p u t i s d e s i r e d . 

T h e n t h e t o t a l n u m b e r of b a s i c t i m e s t e p s t o t h e l o a d , 

f r o m t h e s o u r c e i s g i v e n by 
J 

+ Sg + +SJ. + J - J + ^ 

n= l 

N o t e : t h e a d d i t i o n of J a c c o u n t s f o r t h e u n i t d e l a y s i n t r o d u c e d 

by t h e l o a d c a p a c i t a n c e s . 

T h e n , t a k i n g t h e i n p u t s i g n a l d u r a t i o n i n t o a c c o u n t , t h e t o t a l 

n u m b e r of c o m p u t a t i o n t i m e s t e p s a t l o a d J b e c o m e s : 

J 

K = C S (M9) 
s s n 

n=l 

At the l i n e o u t p u t 

N+1 

Kg = Cg + J + ^^2 (MIO) 

n=i 
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A P P E N D I X N 

D e s c r i p t i o n of M S K M o d u l a t o r 

F i g u r e N1 i l l u s t r a t e s the d i g i t a l c i r c u i t that w a s u s e d to 

i m p l e m e n t the g e n e r a t i o n of the MSK s i g n a l . The m a s t e r 

o s c i l l a t o r g e n e r a t e s a f r e q u e n c y at the r a t e g i v e n by f ^ = p(p+l ) f^ = 2 0 f y . 

The output of the m a s t e r o s c i l l a t o r c l o c k s the 4 - s t a g e and 5 - s t a g e s h i f t 

r e g i s t e r s c o n n e c t e d in a f e e d b a c k a r r a n g e m e n t , w h i c h c o n t i n u a l l y 

c i r c u l t a t e s the d a t a s e q u e n c e s OOOl and OOOOl r e s p e c t i v e l y . ( T h i s 

data IS i n i t i a l l y p r e s e t ) . The m a r k and s p a c e f r e q u e n c i e s , 2f^, 

and 2f^, a r e d e r i v e d f r o m the outputs and Q of the s h i f t 

r e g i s t e r s r e s p e c t i v e l y . T h e c l o c k f r e q u e n c y f ^ i s o b t a i n e d by 

N A N D i n g the f i r s t s t a g e output s A^ and A^ of the two s h i f t r e g i s t e r s . 

The a r r a n g e m e n t of the threeNAND g a t e s and the f l i p - f l o p F F l 

g i v e an FSK s i g n a l w i t h c e n t r e f r e q u e n c y 2f^ = f^ +f^ and f r e q u e n c y 

d e v i a t i o n Af = f^ at p o i n t C. F i n a l l y t h e r e q u i r e d MSK s i g n a l 

i s d e r i v e d f r o m t h e o u t p u t D of t h e d i v i d e - b y - t w o f l i p - f l o p F F 2 

to g i v e a c e n t r e f r e q u e n c y f^ = (f^ + f^) / 2 a n d f r e q u e n c y d e v i a t i o n 

Af = f ^ / 2 . 

s-s-tftcb 

Ai 

o 

C: 

4-st^(r£ fH'Pr $ 

DATA 
i/p 

0 

k, c, D, e, 

FFd 

^ > 1 
± i 

2 

1)41 
D q> 

4 

' o/p 

FF:2_ 

MSK M o d u l a t o r 
F i g . N . 1 
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A P P E N D I X P 

E r r o r P r o b a b i l i t y of C o r r e l a t i o n D e m o d u l a t o r 

T h e d e m o d u l a t o r c i r c u i t of F i g u r e 5. 13 i s r e p r o d u c e d in 

F i g u r e P I b e l o w f o r c o n v e n i e n c e . 

C o r r e l a t i o n D e m o d u l a t o r 

L e t f^ = ' m a r k ' f r e q u e n c y 

^2 - ' s p a c e ' f r e q u e n c y 

b i t f r e q u e n c y 
b 

T 

A 
v 

N 
o 

0 

V 

E 

b i t p e r i o d 

i n p u t s i g n a l a m p l i t u d e 

n o i s e s p e c t r a l d e n s i t y 

n o i s e r . m . s . v o l t a g e 

s i g n a l a m p l i t u d e a t d e c i s i o n p o i n t E 

i n p u t s i g n a l e n e r g y p e r b i t 

P . l O u t p u t W a v e f o r m 

R e f e r r i n g to F i g u r e P I , the M5K s i g n a l at A c a n be 

e x p r e s s e d a s 
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s ^ ( t ) A c o s 
V 

TT(f^ + i^)t - T T t / 2 T 

O < t < T 

P . 1 

T h e s i g n of the s e c o n d t e r m wi th in the b r a c k e t i s p o s i t i v e fo: 

s p a c e , a n d n e g a t i v e f o r m a r k . 

A t B, a f t e r f r e q u e n c y d o u b l i n g w e g e t , 

S g ( t ) = A c o s Zrr (f^+f2)t - TTt/T P . 2 

O < t < T 

At C, the input s i g n a l i s c o r r e l a t e d wi th the r e f e r e n c e s i g n a l 
to g i v e 

= s ^ (t) C O S 4TTf t P . 3 

At D, t h e f i l t e r p a s s e s t h e l o w f r e q u e n c y c o m p o n e n t s of t h e 

s i g n a l a t C t o g i v e 

A 

'D 
(t) = C O s - f^)t — t r t / T 

But f o r t h e MSK s i g n a l 2 ( f - _ f ) = f - 1 /t , 
T T 1 b ' 
H e n c e , 

1 ' m a r k ' t r a n s m i t t e d 

A 
=d''' = 

c o s 2 n t / T ' s p a c e t r a n s m i t t e d 

S i m i l a r l y at D' we o b t a i n 
CO s 2 n t / T 

'D 

A 
,(t) = 

' m a r k ' 

' s p a c e ' 

T h e s i g n a l a t t h e d e c i s i o n p o i n t E t h u s b e c o m e i 

'E 

A 
(t) = ^ 

1 - CO sZTTt/ T ' m a r k ' 

• ( l - c o s Ztrt /T) ' s p a c e ' 

P . 5 

0 < t < T 
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The p e a k s i g n a l o c c u r s at T / 2 and i s g i v e n by 

V - - P . 6 

T h e s i g n a l w a v e f o r m g i v e n by ( P 5 ) f o r an a r b i t r a r y i n p u t d a t a 

s e q u e n c e i s s h o w n in F i g u r e P 2 . 

T y p i c a l e x p e r i m e n t a l w a v e f o r m o b t a i n e d at po in t E i s s h o w n in 

F i g u r e P . 3. T h e d e c o d e d b i n a r y data i s a l s o s h o w n . 

P . 2 E r r o r P r o b a b i l i t y 

R e f e r r i n g to F i g u r e P 2 , t h e s i g n a l a t t h e d e c i s i o n i n p u t i s 

d e c o d e d by s t r o b i n g the j bit p o i n t s w h e r e the p e a k s i g n a l o c c u r s . 

T h e p r o b a b i l i t y of G a u s s i a n z e r o m e a n n o i s e of r . m . s . l e v e l o" 

e x c e e d i n g the p e a k s i g n a l v o l t a g e V at the s t r o b i n g i n s t a n t i s g i v e n 
by 

P - i e r f c ( — ^ 2 e r f c ( — — ) ( p Y 

A f t e r p a s s i n g t h r o u g h t h e l o w - p a s s f i l t e r of b a n d w i d t h f , 

the n o i s e p o w e r at po in t E i s e f f e c t i v e l y d o u b l e d b e c a u s e , s i n c e 

w h i t e n o i s e i s a s s u m e d , t h e v a r i a n c e s a d d a t t h e o u t p u t of t h e 

s u b t r a c t o r . 

F o r a n o i s e s p e c t r a l d e n s i t y g i v e n b y ^ t h e n t h e n o i s e 

p o w e r at p o i n t E b e c o m e s , 

2 
(7 -2Nofo p,g 

S u b s t i t u t i n g (P6) and (P8) into (P7) we obta in , 

A ^ 
Pe = i V - f - - 2 ^ 

o o 

/ A / l 

= i e r f c "Y - o l T T - r P . 9 '2N f T 
o o 
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But the e n e r g y p e r bit of the i n c o m i n g MSK s i g n a l i s g i v e n by 

E ~ T / 2 , a n d ( P 9 ) b e c o m e s 

- 1 e r f c . ' E 1 1 

N o ' 2 
P . I O 

0 

m s rv\ nr> S 

• T > 

D e m o d u l a t e d S i g n a l 

F%e.P.2 
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Output Waveform and Decoded Data of 
Correlation Demodulator 

FIG P3 
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A P P E N D I X Q 

E r r o r P r o b a b i l i t y of D i f f e r e n t i a l S t r o b e D e m o d u l a t o r 

F i g u r e 5 , 1 8 s h o w s t h e t i m i n g d i a g r a m of t h e d e m o d u l a t o r . T h e 

e y e d i a g r a m of t h e r e c e i v e d MSK s i g n a l i s a l s o s h o w n in F i g u r e 5 , 1 3 . 

T h e p r o b a b i l i t y of G a u s s i a n z e r o m e a n n o i s e of r . m . s . l e v e l Cf 

e x c e e d i n g a s i g n a l v o l t a g e l e v e l V i s g i v e n by 

^ " ' c 1 ^ - ; ^ I Q - 1 

At t h e d e c i s i o n t i m e , w h e n t h e two s i g n a l l i n g w a v e f o r m 

a m p l i t u d e s a r e e q u a l a s s h o w n in F i g u r e 5 , 1 3 , 

t = 8T/9 
and V = O. 9 8 4 8 v\^ Q. 2 

F o r a n o i s e s p e c t r a l d e n s i t y N ^ t h e n o i s e p o w e r a t t h e 

o u t p u t of t h e f i l t e r w i t h c u t - o f f f r e q u e n c y f b e c o m e s , 

Q. 3 

S u b s t i t u t i n g (Q2) and (Q3) into (Ql) w e ge t 

' 2 
A 

V 1 
2 • 1 . 0 3 1 N f 

o o 

9 

= f eHc - "v T 

But t h e s i g n a l e n e r g y p e r b i t . 

2 
A^ T 

F = —2 ' a n d (Q4) b e c o m e s 

= - T O S I T T 0 - 5 
o o 
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T h e d e c o d i n g p r o c e s s i s e f f e c t e d b y t h e c o m p a r i s o n of t h e 

p o l a r i t i e s of t w o c o n s e c u t i v e b i t s a n d m a k e s t h e d e c i s i o n : 

' m a r k ' : if the p o l a r i t i e s a r e the s a m e , 

' s p a c e ' : if t h e p o l a r i t i e s a r e o p p o s i t e . 

An e r r o r o c c u r s if e i t h e r o n e of t h e t w o c o n s e c u t i v e b i t s i s 

in e r r o r , t h e o t h e r b e i n g c o r r e c t . 

S i n c e i s the p r o b a b i l i t y of o n e bit e r r o r the p r o b a b i l i t y 

of e r r o r in t h e d e c o d i n g p r o c e s s (P ) b e c o m e s 

P e = P e l " - P e l ' + ^ e l » " ^ e l ' 

= 2Pel<l - Pel' Q. 6 

M a k i n g the s u b s t i t u t i o n for (Q5) in (Q6) we o b t a i n 

P e " "fc MI • T i k r T - V R • n f k r r 
u o ^ O o 
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A P P E N D I X R 

T h e E C L l O O O O L o g i c 

T h e i n f o r m a t i o n g i v e n h e r e a r e t h e r e l e v a n t e x c e r p t s 

f r o m the m a n u f a c t u r e r s a p p l i c a t i o n n o t e s (28) on the E C L l O O O O 

l o g i c , h i t h e r to r e f e r r e d a s M E C L a s p e r the m a n u f a c t u r e r s ; 

and t h e l a y o u t p r i n c i p l e s u s e d f o r t he t r a n s m i t t e r a n d r e c e i v e r 

b o a r d s . 

R. 1 B a s i c B u i l d i n g B l o c k 

A b a s i c b u i l d i n g b l o c k of the f a m i l y , t h e g a t e shown in 

F i g u r e Rl , i s an e m i t t e r c o u p l e d ( c u r r e n t m o d e ) s w i t c h w i t h 

e m i t t e r - f o l l o w e r o u t p u t s . M E C L c i r c u i t o p e r a t i o n i s s i m i l a r 

to t h a t of a l i n e a r d i f f e r e n t i a l a m p l i f i e r . 

Inpu t p u l l d o w n r e s i s t o r s of 5 0 K Q m a i n t a i n t h e i n h e r e n t h i g h 

inpu t i m p e d a n c e of t he M E C L g a t e and to c o n s e r v e p o w e r 

d i s s i p a t i o n on the c h i p . 

NOR 

OR 

" C I < " C 2 

< 5 

6 6 6 6 

OR 
O U T P U T 
—o 

N O R 
O U T P U T 

IVIECL 10 ,000 Basic Gate 
F i g . R . 1 



2 1 4 

R. 1. 1 L o g i c L e v e l s 

IS 

T h e r e f e r e n c e v o l t a g e a b o u t w h i c h t h e M E C L g a t e s w i t c h e s 

' V g g ( N o d e D ) of F i g u r e R l , a s s h o w n in F i g u r e R 2 . A 

h i g h l o g i c l e v e l i s o b t a i n e d if t h e i n p u t v o l t a g e g o e s a b o v e 

V g g a n d a l o w l o g i c l e v e l if t h e i n p u t v o l t a g e d r o p s b e l o w V 
B B 

lu o 

-J 

> w 

li 
D 
O 

, -0.650 

-0.850 

-1.050 

-1,250 

-1.450 

-1.650 

-1.850 

-2.050 
- 2 . 0 

1 

11 j r— 

N / 

NOR n UTf UT UTf UT 

1 
-1.6 -1 .2 - 0 . 8 -0.4 

Vjn, INPUT VOLTAGE (VOLTS) 

F i g . R. 2 

R. 2 C h a r a c t e r i s t i c s a n d P i n C o n n e c t i o n s 

T h e c h a r a c t e r i s t i c s a n d p i n c o n n e c t i o n s of a l l t h e M E C L 

p a c k a g e s u s e d a r e g i v e n b e l o w : 

IVICIOIOZ 

QUAD 2-INPUT GATE 

120 Xo-
130 —y >̂2-

- 0 1 5 

- 0 9 

V c c (GROUND) = PINS 1,16 
Vee (-5.2 Vdc) - PIN 8 

Fig. E. 3 

Slow Rise And Fall T i m e s — 3.5 ns 
High Speed — 2 .0 ns 
L o w Power - 25 m W / G a t e 
High F a n o u t - 50 m A / O u t p u t 
50 Q, Line Driving Capabi l i ty 
High Z Inpu t Pu l ldowns 
O p e n E m i t t e r Fo l lower O u t p u t s 
Wire O R Capabi l i ty 
C o m p l e m e n t a r y O u t p u t s — F o r A d d e d 

Versat i l i ty 
S tandard End Power Pins — F o r 

Conven t iona l L a y o u t 
Separate V ^ C - Maintain High Speed 

And Minimize Crosstalk And Noise Gen-
era t ion 

C o m p a t i b l e W i t h M E C L III ( M C I 0 1 0 2 I s 

Pin C o m p a t i b l e MCI 6 6 2 ) 
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14 

15 

IVICIOlO? 

TRIPLE EXCLUSIVE 
OR/EXCLUSIVE NOR 

4 0-J»4I — O 2 

— 0 1 

O-*-^ "NO»»-—01 
— o i 

Slow Rise A n d Fall T i m e s - 3 .5 n s 
High S p e e d - t p j - 2 .0 ns 
L o w P o w e r — 1 15 m W / p k g 
High F a n o u t - 5 0 m A 
O p e n E m i t t e r F o l l o w e r O u t p u t s — 
For\VkeOR 

C o m p l e m e n t a r y O u t p u t s — S i m u l a n e o u s 
F u n c t i o n s 

S t a n d a r d E n d P o w e r P ins - C o n v e n t i o n a l 
L a y o u t 

S e p a r a t e V ^ C P ins M a i n t a i n High S p e e d and 
Min imize Cross t a lk and No i se G e n e r a t i o n 

C o m p a t i b l e Wi th M E C L III - F o r V e r y High 
Speed A p p l i c a t i o n s 

F i e . R. 4 

IVIC10116/IVIC10216 
A 

TRIPLE D IFFERENTIAL 

LINE RECEIVER 

10 O "" 

12 O O 

o n 
Vcc= 1, 16 
Vgg = 8 

High Speed - 2 .0 ns ( 1 0 1 1 6 , i 15) or 
1.5 ns (1021 

L o w Power - 2 0 mW/Rece iver 
High Z Inputs - For Reduced P o w e r 

Diss ipa t ion 
O p e n E m i t t e r F o l l o w e r O u t p u t s 
High F a n o u t 
5 0 12 L ine Driving Capab i l i t y 
Wire O R C a p a b i l i t y 
S t a n d a r d E n d P o w e r P ins 
V g B R e f e r e n c e 
Excel lent C o m m o n M o d e No i se 
Compat ib le With MECL HI ( 1 0 

C o m p a t i b l e With T h e 1692) 
C o m p a t i b l e With 1 0 2 1 6 ) 

Separate V c C Pins Maintain High Speed And 
Minimize Crosstalk and Noise Generat ion 

C o m m o n M o d e Gain = 12 V / V 
Balanced Twisted Pair Receiving A n d 

Driving Capab i l i t y 

Reject ion 
I 15 is Pin 
(10116 IS 

L> 

re re re 2 
c 
E 

J : f f 
VEE 

M C I 0 1 1 5 Circuit Schematic 

Fig . R. 5 
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IVIC10124 

QUAD MTTL TO MECL TRANSLATOR 
WITH STROBE 

5 O -

G O — » 

70-

e-

1 0 0 -

1 1 0 -

- "Y—o 4 
• / o 2 

"Y—o 3 
J- O •> 

i 

•—I > — o 

12 
-015 

13 

14 

GND = 16 

^CC (^5.0 Vdc) = 9 

V g g (-5.2 Vdc) = 8 

High Speed — t p j = 6 ns 
Dif fe ren t ia l I n p u t s A n d " T o t e m Pole Ou t -

p u k T ' O n 10125 
Standard T T L I n p u t s A n d O p e n E m i t t e r 

Fo l lower O u t p u t s On 1 0 1 2 4 
F o u r Trans la to r s Per Package 

F i g . R. 6 

IVIC10131/IVIC10231 

DUAL " D " FLIP-FLOPS 

n o -

i l o 

1 0 0 

1 2 0 

V g g (GROUND) = PINS 1, 16 
CLOCKED TRUTH TABLE 

'EE -5.2 Vdc) = PIN 8 

R-S TRUTH TABLE 

R S q h + I Q n + 1 

L L 0 " d " 

L H H L 

H L L H 

H H N.D. N.D, 

D *C CE + 1 
L L L On 
L L H On 
L H L L 

L H H On 

H L L On 
H L H On 
H H L H 

H H H On 

High Speed - 150 MHz ( 1 0 1 3 1 , 10135) , 
2 0 0 NKk ( 1 0 2 3 1 ) 

Low Power — 225 mW/pkg 
Slow Rise A n d Fall T i m e s — 4.5 ns Delay 
High F a n o u t — Be t t e r AC P e r f o r m a n c e 
50 12 Line Driving Capabi l i ty 
High Z I n p u t Pu l ldown Resis tors — M i n i m u m 

P o w e r Dissipat ion A n d Ease O f L a y o u t 
Master Slave Ope ra t ion — F o r Dependab i l i t y 
Clock Can Be Con t ro l l ed On Chip - Sep-

pe ra t e Clock Enab le 
S t a n d a r d End Power Pins 
C o m p a t i b l e With MECL III — F o r Very High 

Speed O p e r a t i o n 

N.D, = Not Defined 

F i g . R . 7 
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IVIC10141 

4-BIT UNIVERSAL SHIFT REGISTER 

SHIFT IN LEFT O -

SYSTEM _ 
CLOCK ° 

Do O — O Co 

0 2 0 — O Q z 

— O 0 3 

S ^ o 

FUNCTION TABLE 

Select Operating Mode 

Si S2 

L L Parallel Entry 

L H Shift Right 

H L Shift Left 

H H Stop Shift 

SHIFT IN RIGHT O -

Slow Rise And Fall Times — 3.5 ns 
High Speed — 100 MHz Shi f t F r e q u e n c y 
Low P o w e r 
High F a n o u t — 50 niA 
50 Line Driving Capabi l i ty On All O u t p u t s 
High Z I n p u t Pulldovvns — L o w e r P o w e r 

Dissipat ion 
O p e n E m i t t e r Fo l lower O u t p u t s - Al low 

C o m p l e t e T e r m i n a t i o n Flexib i l i ty 
Chip — R e d u c e s Sys tem Package C o u n t 
S tandard End Power Pins 
Separa te V c C Pins Mainta in High Speed A n d 

Minimize Crosstalk And Noise Generation 

iFig.'R. 8, 
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R. 3 R e l e v a n t C i r c u i t A p p l i c a t i o n s 

T h e c i r c u i t s and n o t e s g i v e n h e r e a r e t h e s u g g e s t e d 

a p p l i c a t i o n s of t h e M E C L l o g i c w h i c h w e r e a p p l i e d to t h e d e s i g n 

of t h e t r a n s m i t t e r a n d r e c e i v e r c i r c u i t s . 

Overtone Crystal Oscillator 

— H D i — ^ 

0.001 ^ f 

-o Vbb 

Vcc 

510 

VEE 

Small Signal Amplifier 

GmCH 

»100 -O^out 

330 

Hf- 1 
•'ee 

Schmitt Trigger 

# — 

(» Wv- '510 

F i g . R 9 

F i g . R I O 

'BB 

F i g . R l l 
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R. 4 L a y o u t P r i n c i p l e s of T r a n s m i t t e r a n d R e c e i v e r B o a r d s 

In o r d e r to a c h i e v e t h e h i g h s p e e d a v a i l a b l e to M E C L lO, OOO 

s y s t e m s , two s i d e d p r i n t e d c i r c u i t b o a r d s a s r e c o m m e n d e d , w e r e 

u s e d . One s i d e of the b o a r d s e r v e s a s a g r o u n d p l a n e . 

See F i g u r e R12. 

T h e g r o u n d p l a n e s e r v e s two p u r p o s e s . It p r o v i d e s a t r a n s m i s s i o n 

l i n e e n v i r o n m e n t f o r h igh s p e e d s i g n a l p r o p a g a t i o n , a n d a v e r y 

l o w i n d u c t a n c e p a t h f o r g r o u n d c u r r e n t s . 

B e c a u s e s i g n a l i n t e r c o n n e c t s on bo th the t r a n s m i t t e r a n d 

r e c e i v e r b o a r d s w e r e l e s s t h a n 12 i n c h e s , a n o n - t e r m i n a t e d 

l i n e c o n f i g u r a t i o n a s r e c o m m e n d e d , w a s u s e d . T h i s a r r a n g e m e n t 

i s shown in F i g u r e R13. 

A s i n g l e p u l l down r e s i s t o r ( R g ) to p r o v i d e s a p a t h f o r 

o u t p u t c u r r e n t . T h e r e c o m m e n d e d v a l u e s of R „ i s 4 . 5 Z to 
E o 

lO Z , w h e r e Z i s t h e c h a r a c t e r i s t i c i m p e d a n c e of t he t r a n s m i s s i o n o o 
l i n e f o r m e d by the m i c r o s t r i p i n t e r c o n n e c t s . 

R. 4 . 1 C a l c u l a t i o n of Z 
o 

T h e e p o x y - g l a s s p r i n t e d c i r c u i t b o a r d u s e d h a s the c r o s s -

s e c t i o n a l d i m e n s i o n s a s s h o w n in F i g u r e R14. R e f e r r i n g to t h i s 

f i g u r e , t he c h a r a c t e r i s t i c i m p e d a n c e of t h e l i n e f o r m e d w a s 

c a l c u l a t e d u s i n g the r e l a t i o n s h i p , 

34. 4 log R'l 

A v a l u e of Z^ - l O O Q w a s u s e d f o r a l l the i n t e r c o n n e c t s , 

and f r o m E q u a t i o n Rl , t h e c o r r e s p o n d i n g w i d t h of t he m i c r o s t r i p 

w a s c a l c u l a t e d ; i . e . W = O. 0 2 6 i n s . 
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Signal Isolation Using Ground Plane 

CC SIDE OF BOARD 

Vgc (GROUND) 

F i g . R12 

Unterminated Line Over Ground Plane 

L < 1 2 " 

Rg < GROUND PLANE 
o 

F i g . R13 

I I 

h = 0 . 0 6 2 

t= 0 . 0 0 1 5 

F i g . R14 
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A P P E N D I X S 

L o w P a s s F i l t e r C i r c u i t 

F i g u r e SI s h o w s the c i r c u i t d i a g r a m of the l o w p a s s f i l t e r 

n e t w o r k u s e d . 

F i l t e r 

F i g . SI 

It i s an a c t i v e i m p l e m e n t a t i o n of a 2nd o r d e r B u t t e r w o r t h RC 

f i l t e r . T h e o p - a m p in t h i s c a s e i s t h e ECL/ r e c e i v e r t y p e 10116. 

D e s i g n E q u a t i o n s 

T h e n o r m a l i s e d e l e m e n t v a l u e s of t h e f i l t e r a s g i v e n by s t a n d a r d 

t a b l e s a r e : 

CI = 1 . 4 1 4 

C2 = O. 7 0 7 1 

R = l.() 

S. 1 

L e t R ' , C I ' , C 2 ' be t h e d e s i r e d p h y s i c a l e l e m e n t v a l u e s , t h e n 
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f-i t - CI 

- arf^ • TT' s. 2 

~ ZfiT • rr~ ®' ̂  
o 

w h e r e = 3 d B c u t off f r e q u e n c y . 

E x a m p l e 

C o n s i d e r t h e d e s i g n of a l o w p a s s f i l t e r w i t h t h e f o l l o w i n g 

s p e c . I i c a t i o n s : 

I npu t r e s i s t a n c e R' = 4 7 0 0 

C u t off f r e q u e n c y f = 6 M H z 
o 

T h e n f r o m t h e a b o v e e q u a t i o n j 

P I _ 1 - 4 1 4 1 
1 ZTTX 6 X l O ^ • 4 7 0 

7 9 . 8 p F 

C , ^ O . 7 0 7 1 

^ 6 X lo'- • 

3 9 . 9 p F 
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A P P E N D I X T 

T r a n s f o r m e r T a p L o s s 

C o n s i d e r a s e c t i o n of a m a t c h e d t r a n s m i s s i o n l i n e w i t h a 

tapped l o a d c o n n e c t e d on the l i n e a s shown in F i g u r e T l . 

A, 

T a p p e d L i n e 
F i e . Tl 

T h e r e f l e c t i o n c o e f f i c i e n t a t t h e t a p p i n g p o i n t A i s g i v e n by 

• Z 
r = 

c Z + 2 Z 
o p T . 1 

The c o r r e s p o n d i n g t r a n s m i s s i o n coeff ic ient b e c o m e s . 

T = 1 + r 
o c 

2 Z 

Z + 2 Z 
a p 

T. 2 

T . 1 T r a n s f o r m e r T a p A n a l y s i s 

F r o m f i g u r e 5 . 1 7 , t h e e f f e c t i v e l o a d r e s i s t a n c e ' s e e n ' in 

p a r a l l e l w i t h the l i n e i s g i v e n b y 



2 2 4 

T h e r e f l e c t i o n c o e f f i c i e n t a t p o i n t A d u e to m i s m a t c h t h e n 

b e c o m e s 

- R 

^ R +2n^R, 
o L, 

Zn^R. 
T - ^ 

° R fZn^RT 
o L 

T h e r e c e i v e d v o l t a g e r a t i o = 1/ n . 

Then f r o m the l o s s r a t i o d e f i n i t i o n s g i v e n in s e c t i o n 5 . 5 . 1 : 

T ZnRy 

o L 

Zn^R 

o L 

R +2n^RT 
o L 

T. 5 
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A P P E N D I X U 

W i d e b a n d N o i s e G e n e r a t o r 

o 

F i g u r e U1 s h o w s t h e c i r c u i t d i a g r a m of the f i r s t two s t a g e s 

of t h e 7 s t a g e n o i s e g e n e r a t o r . N o i s e i s g e n e r a t e d b y t h e d i o d e 

w h i c h i s s u i t a b l y b i a s e d i . e . r e v e r s e b i a s e d , to g i v e an o u t p u t n o i s e 

f O . 5 m V ( r m s ) m a x i m u m . T h e n o i s e s o u r c e c o v e r s t h e f r e q u e n c y 

r a n g e 3 0 0 k H z to 1 G H z w h i c h i s t h e n l i m i t e d a t t h e o u t p u t of t h e 

a m p l i f i e r to a b a n d w i d t h of 5 0 M H z , w i t h c e n t r e f r e q u e n c y of 

60 M H z . S t a g e s 3 to 6 of the g e n e r a t o r a r e s i m i l a r to the 2nd 

s t a g e c i r c u i t . 

The g a i n of the s t a g e s i s kep t l o w to i n c r e a s e the s t a b i l i t y 

f a c t o r and r e s i s t o r VRl a c t s a s the ga in c o n t r o l . T h e s u p p l y 

r a i l i s d e c o u p l e d in e a c h s t a g e b y L C R a r r a n g e m e n t s h o w n , 

to e n s u r e a g a i n s t p a r a s i t i c o s c i l l a t i o n s . 

P o w e r O u t p u t S t a g e 

T h e o u t p u t s t a g e of t h e n o i s e g e n e r a t o r i s s h o w n in F i g u r e U2 . 

It e m p l o y s a d a r l i n g t o n p a i r a s a s i n g l e t r a n s i s t o r to b o o s t t h e 

c u r r e n t g a i n of t h e l o n g - t a i l p a i r a r r a n g e m e n t . 

N o t e . T h e s o u r c e of t h e d e s i g n of t h e a b o v e n o i s e g e n e r a t o r c i r c u i t 

i s g i v e n in (33 ). 
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A P P E N D I X V 

C o u p l i n g P . C . B. 

A s c h e m a t i c d i a g r a m of t h e P C B m o d u l e i s s h o w n in F i g u r e VI . 

T h e c a b l e s a r e c o n n e c t e d to t h e b o a r d v i a 5 0 Q N - t y p e c o n n e c t o r s . 

T h e 5 0 Q m i c r o s t r i p p r o v i d e s a t h r o u g h c o n n e c t i o n f o r t h e c a b l e s ; 

it i s a l s o u s e d a s the t a p p i n g p o i n t s f or the s i m u l a t e d t e r m i n a l 

l o a d s . 

T h e d e t a i l s of t h e e p o x y - g l a s s P C B a n d t h e m i c r o s t r i p d e s i g n 

e q u a t i o n s a r e g i v e n in A p p e n d i x R. 4 . 1. 

3 SOjx 

C o u p l i n g P C B F i g . V I 

I Qlp D aito. 

Toircx-L er of H 

W>re 6 auu-gf f- 3 3 r. w.g. 

Cart T y pe -r Air Corecf 

U)vv\c\-CtÂ  cliCL -

Wjcr. UwjtU f- 0^^ 

1 5" 


