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ABSTRACT 

I n t h e p a s t , s p e c t r a l a n a l y s i s o f A r c t i c Sea ambient 

n o i s e has been c a r r i e d out by o c t a v e band p a s s f i l t e r i n g and 

l i n e a r r e c t i f i c a t i o n , f o l l o w e d by a n a l o g u e I n t e g r a t i o n . To r e ­

l a t e t h i s i n t e g r a l t o t h e power s p e c t r a l d e n s i t y o f t h e n o i s e , 

t h e a m p l i t u d e d i s t r i b u t i o n o f t h e n o i s e has b e en assumed t o be 

G a u s s i a n , g i v i n g r i s e t o c e r t a i n e r r o r s . 

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

v a r i a b l e g a i n f o l l o w e d by a . p o l a r i t y c o i n c i d e n c e s t a t i s t i c a l 

w a t t m e t e r and measures t h e power s p e c t r a l d e n s i t y o f a m bient 

n o i s e a f t e r band p a s s f i l t e r i n g . The w a t t m e t e r w i l l h a n d l e an 

i n p u t s i g n a l dynamic r a n g e o f a t l e a s t 20 dB and does so r e g a r d ­

l e s s o f t h e s t a t i s t i c a l n a t u r e o f t h e n o i s e . T h i s dynamic r a n g e 

i s e x t e n d e d d y n a m i c a l l y by c o n t r o l l i n g t h e g a i n o f t h e d r i v i n g 

s t a g e . The g a i n l e v e l i s a u t o m a t i c a l l y a d j u s t e d d u r i n g a one 

m i n u t e " a d a p t i v e " t i m e i n t e r v a l so t h a t t h e n o i s e d e l i v e r e d t o 

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

Measurement o f t h e power s p e c t r a l d e n s i t y o f t h e a m bient n o i s e i s 

t h e n made i n t h e s u b s e q u e n t f o u r m i n u t e i n t e r v a l . 

A p r o t o t y p e w a t t m e t e r has been c o n s t r u c t e d and t e s t e d . 

The g a i n l e v e l i s d e t e r m i n e d by r e q u i r i n g t h a t t h e n o i s e n o t ex­

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

T h i s a u t o m a t i c a d j u s t m e n t i s c a r r i e d o u t d u r i n g a one m i n u t e 

a d a p t i v e t i m e i n t e r v a l , and a r e l a t i v e l y a c c u r a t e measure o f t h e 

mean s q u a r e v a l u e o f t h e n o i s e i s d e t e r m i n e d d u r i n g t h e f o u r 

11 



m i n u t e s t h a t f o l l o w . 

F o r p u r p o s e s o f t e s t i n g t h e p r o t o t y p e , d . c . i n p u t s and 

s i n u s o i d a l i n p u t s o f wide f r e q u e n c y and a m p l i t u d e r a n g e s were 

u s e d . The a c t u a l r o o t mean s q u a r e v a l u e o f t h e i n p u t s was meas­

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

The r e s u l t s o f t h e s e t e s t s show t h e r e g i o n o f o p e r a t i o n where t h e 

i n p u t - o u t p u t r e l a t i o n s h i p o f t h e w a t t m e t e r i s l i n e a r . From t h e s e 

r e s u l t s , s u g g e s t i o n s a r e made.as t o how t h e p r o p o s e d s y s t e m c o u l d 

be m o d i f i e d t o r e p l a c e t h e a n a l o g u e s y s t e m u s e d f o r A r c t i c Sea 

am b i e n t n o i s e s p e c t r a l a n a l y s i s . 

i i i 
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1 . INTRODUCTION 

1•1 R e q u i r e m e n t f o r A r c t i c Sea S p e c t r a l A n a l y s i s 

I n r e c e n t y e a r s , t h e D e f e n c e R e s e a r c h E s t a b l i s h m e n t 

P a c i f i c , ( D . R . E ; P . ) , has c a r r i e d out a s t a t i s t i c a l a n a l y s i s o f 

A r c t i c Sea a m b i e n t n o i s e . One o f t h e r e a s o n s f o r d e t e r m i n i n g 

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

t i v e s y s t e m s , i n o r d e r t o o p t i m i z e t h e s i g n a l - t o - n o i s e r a t i o , t h e 

f r e q u e n c i e s o f t r a n s m i s s i o n must l i e i n a r a n g e where t h e a m b i e n t 

n o i s e power s p e c t r a l d e n s i t y i s r e l a t i v e l y low. I n p a s s i v e s y s ­

tems, t h e a p r i o r i knowledge o f t h e power s p e c t r a l d e n s i t y would 

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

1.2 C h a r a c t e r i s t i c s o f t h e A r c t i c Sea (1) 

O c e a n o g r a p h i c knowledge o f t h e A r c t i c Sea has d e v e l o p e d 

c o n s i d e r a b l y s i n c e t h e 1950's.. The s e a c o n s i s t s o f a C a n a d i a n 

b a s i n w i t h a d e p t h o f a b o u t 2000 f a t h o m s and a E u r a s i a n b a s i n 

w i t h a d e p t n o f a b o u t 2300 f a t h o m s . T h e s e a r e s e p a r a t e d by a 

r i d g e t h a t i s a p p r o x i m a t e l y 700 f a t h o m s below s e a l e v e l . I n t h e 

C a n a d i a n b a s i n t h e u p p e r w a t e r c i r c u l a t e s i n a c l o c k w i s e d i r e c ­

t i o n ; i n t h e E u r a s i a n b a s i n t h e f l o w i s by t h e most d i r e c t p a t h 

t o w a r d s G r e e n l a n d , and i s o f t h e o r d e r o f 1.5 i n c h e s p e r s e c o n d . 

The m e l t i n g and f r e e z i n g o f i c e s t r o n g l y i n f l u e n c e s t h e 

s a l i n i t y o f t h e A r c t i c Sea w a t e r , w h i c h v a r i e s between 2 8 . 0 and 

3 3 . 5 grams o f s a l t p e r k i l o g r a m o f w a t e r ( % o ) . The s e a t e m p e r ­

a t u r e i s a l s o c o n t r o l l e d by t h e m e l t i n g and f r e e z i n g o f I c e and, 

as a c o n s e q u e n c e , r e m a i n s c l o s e t o f r e e z i n g ( - 1 . 5 °C a t 2 8 . 0 °/oo 

t o - 1 . 8 °C a t 3 3 . 5 °/oo). T h e s e v a l u e s a r e t y p i c a l o f t h e u p p e r 



2. 

30 f a t h o m s o f t h e e n t i r e s e a and a r e s u b j e c t t o s e a s o n a l v a r i a t i o n s 

o f 0.2 C° i n t e m p e r a t u r e and 2.0 °/6o i n s a l i n i t y . 

I c e i n t h e A r c t i c Sea p r e d o m i n a n t l y o r i g i n a t e s f r o m t h e 

f r e e z i n g o f s e a w a t e r , f i r s t d e v e l o p i n g as s l u s h and e v e n t u a l l y 

b e c o m i n g p a n c a k e and s h e e t i c e . At -30 ° C , 3 c e n t i m e t e r s o f i c e 

ca n f o r m i n one hour and 30 c e n t i m e t e r s i n t h r e e d a y s , t h e r a t e 

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

o f h e a t . 

The p o l a r i c e cap c o v e r s a b o u t 70 % o f t h e s e a and i s 

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

t h e E a s t G r e e n l a n d c u r r e n t . The a v e r a g e t h i c k n e s s i s 8 f e e t i n 

summer and 11 f e e t i n w i n t e r w i t h an o c c a s i o n a l b u i l d up o f up t o 

30 f e e t . 

O u t s i d e o f t h e i c e cap i s p a c k i c e c o v e r i n g a b o u t 25 % 

o f t h e s e a , t h e c o v e r a g e b e i n g g r e a t e s t i n May and l e a s t I n 

September b e c a u s e some o f t h e i c e m e l t s o r i s c a r r i e d away. Sho r e 

i c e r e a c h e s a maximum t h i c k n e s s o f 6 f e e t i n w i n t e r b u t c o m p l e t e l y 

m e l t s d u r i n g t h e summer months. 

1.3 Summary o f R e s u l t s o f A r c t i c Sea Ambient N o i s e R e s e a r c h ^ > ^ 

N o i s e measurements by D.R.E.P. have been made f r o m a b o a r d 

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

f r o m s t a t i o n s s e t up on t h e i c e . The ambient n o i s e was r e c o r d e d , 

u s i n g a l o w e r e d h y d r o p h o n e , and power s p e c t r a l d e n s i t i e s c a l c u l a t e d . 

I t was f o u n d t h a t t h e w a t e r f l o w was s u f f i c i e n t t o c a u s e t h e 

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

n o i s e l e v e l s w h i c h r e s u l t e d i n ambiguous r e s u l t s . 



The r e s u l t s o f t h e s e e x p e r i m e n t s d i d , hov/ever, g i v e 

some i n d i c a t i o n as t o t h e n a t u r e o f t h e ambient n o i s e by showing 

t h a t t h e r e a r e two d i s t i n c t components. The f i r s t component 

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

i c e c r a c k i n g . The s e c o n d component has a G a u s s i a n a m p l i t u d e d i s ­

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

a r e a , c a u s e s o s c i l l a t i o n o f t h e s u r f a c e . The power s p e c t r a l d e n ­

s i t y o f t h i s component v a r i e s i n p r o p o r t i o n t o t h e wind s p e e d . 

D u r i n g d e c r e a s i n g s u r f a c e a i r t e m p e r a t u r e s t h e 

i m p u l s i v e n o i s e component i s t h e dominant c o n t r i b u t o r t o t h e 

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

b o t h components a r e p r e s e n t . The wind d r i v e n n o i s e component i s 

l i m i t e d t o f r e q u e n c i e s below 1000 h e r t z and t h e i m p u l s i v e n o i s e 

component i s l i m i t e d t o f r e q u e n c i e s below 16 k i l o h e r t z . T y p i c a l 

power s p e c t r a f o r t h e s e two components, and t h e v a r i a t i o n o f 

s u r f a c e a i r t e m p e r a t u r e w i t h t i m e o f day a r e shown i n F i g u r e s 1 

and 2, 

The A r c t i c Sea ambient n o i s e has been shown, i n t h e 

D.R.E.P. e x p e r i m e n t s , t o be s t a t i o n a r y f o r a n a l y s i s p e r i o d s o f 

between two and f i v e m i n u t e s and n o n s t a t i o n a r y o v e r l a r g e r p e r i o d s . 

D u r i n g t h e s t a t i o n a r y p e r i o d s , t h e mean s q u a r e v a l u e s o f t h e two 

n o i s e components can d i f f e r by as much as 40 dB, and o v e r d i f ­

f e r e n t f i v e m i n u t e i n t e r v a l s , t h e mean s q u a r e v a l u e o f t h e a d d i t i v e 

n o i s e c an v a r y by an a d d i t i o n a l 35 dB. T h e s e s h o r t a n d - l o n g t e r m 

dynamic r a n g e s i m p l y a t o t a l dynamic r a n g e o f 75 dB. 

To overcome some o f t h e d i f f i c u l t i e s i n o b t a i n i n g d a t a , 

r e t r i e v a b l e i n s t r u m e n t a t i o n p a c k a g e s ( R . I . P , ) , c a p a b l e o f r e c o r d ­

i n g a measure o f t h e ambient n o i s e power s p e c t r a l d e n s i t y o v e r 



p 8 ( f ) 

—i 
2 

4 8 16 f (kHz 

F i g u r e 1 ( a ) T y p i c a l Power S p e c t r u m o f 
I m p u l s i v e N o i s e Component 

P s ( f ) 

| 

300 f (Hz. 

F i g u r e 1 (b) T y p i c a l Power S p e c t r u m o f 
Wind D r i v e n N o i s e Component 

F i g u r e 2. T y p i c a l V a r i a t i o n o f S u r f a c e A i r 
T e m p e r a t u r e W i t h Time o f Day 



5. 

p e r i o d s i n e x c e s s o f one y e a r , have been p l a c e d by D.R.E.P. a t 

s e v e r a l l o c a t i o n s i n t h e A r c t i c S e a . E a c h p a c k a g e c o n s i s t s o f 

s i x o c t a v e band p a s s f i l t e r s , s w i t c h e d by means o f an " A c c u t r o n " 

w a t c h movement, t o p r o v i d e i n p u t s t o a w a t t m e t e r ( t o be d e s c r i b e d 

l a t e r ) i n s u c h a manner t h a t o u t p u t s o f t h e e n t i r e bank o f f i l t e r s 

a r e s c a n n e d i n a t w e n t y - f o u r m i n u t e t i m e i n t e r v a l . The w a t t m e t e r 

o u t p u t s a p p e a r i n d i g i t a l f o r m and a r e r e c o r d e d i n "IBM" compat­

i b l e f o r m a t on m a g n e t i c t a p e f o r p r o c e s s i n g upon r e c o v e r y o f t h e 

p a c k a g e . The l o c a t i o n s o f t h e p a s s bands a r e as shown i n T a b l e 1. 

CHANNEL 1 2 3 4 5 6 

PASS 10-20 40 - 8 0 0 .15-0.30 0 . 5 0 - 1 . 0 2 . 0-4 . 0 8 . 0 - 1 6 . 0 
BAND Hz. Hz. kHz. kHz. kHz. kHz. 

CENTRE 15.0 60.0 0.225 0.75 3.0 12.0 
FREQUENCY Hz. Hz. kHz. kHz. kHz. kHz. 

T a b l e 1. P a s s Band L o c a t i o n s 

The b a s i c o p e r a t i o n o f t h e R . I . p a c k a g e s a f t e r band p a s s 

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

i n t e g r a t i o n f o r f o u r m i n u t e s and d i g i t a l c o n v e r s i o n . T h i s method 

o f a n a l y s i s i s b a s e d on t h e p r e m i s e t h a t t h e n o i s e e s s e n t i a l l y has 

a G a u s s i a n a m p l i t u d e d i s t r i b u t i o n and i s s t a t i o n a r y o v e r t h e t i m e 

o f a n a l y s i s . I n a d d i t i o n , t h e s y s t e m o p e r a t e s "wide open" a t a l l 

t i m e s so t h a t t h e r e i s no change i n g a i n l e v e l t o accommodate t h e 

dynamic r a n g e o f t h e ambient n o i s e . 

I t a p p e a r s w o r t h w h i l e t o use a method o f a n a l y s i s w h i c h 

does n o t assume t h a t t h e ambient n o i s e has a G a u s s i a n a m p l i t u d e 

d i s t r i b u t i o n and t h a t c a n accommodate t h e dynamic r a n g e o f t h e 
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n o i s e . A w a t t m e t e r b a s e d on p o l a r i t y c o i n c i d e n c e t e c h n i q u e s i s 

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

c o n c e p t i s r e p o r t e d i n t h e pages t o f o l l o w . 



7. 
2. THEORETICAL STUDY OF ARCTIC SEA AMBIENT NOISE 

2,1 The Power S p e c t r a l D e n s i t y E s t i m a t e o f A r c t i c Sea N o i s e 

The A r c t i c Sea ambient n o i s e c a n be c o n s i d e r e d t o be a 

zero-mean s t a t i o n a r y random p r o c e s s s ( t ) , f o r w h i c h t h e a u t o ­

c o r r e l a t i o n f u n c t i o n i s 
T 

R s ( T ) = l i m i t J L \ s ( t ) s ( t + T ) d t (1) 
T->« T J 

0 
I n p r a c t i c e , t h e t i m e i n t e r v a l T i s f i n i t e o r t h e i n t e g r a t i o n i s 

r e p l a c e d by s a m p l i n g and summation so t h a t e s t i m a t e s o f (1) a r e 

c a l c u l a t e d f r o m 

T 

$ S ( T ) = s ( t ) s ( t + x ) d t , 

0 
and 

N-1 

$ S ( T ) = _ 1 _ ) s ( t + n T s ) s ( t + n T S + T ) , (2) 

n=0 

where T I s t h e t i m e i n t e r v a l between c o n s e c u t i v e s a m o l e s , and N s * 

i s t h e number o f sam p l e s t a k e n o v e r t h e t i m e i n t e r v a l T. 

The power s p e c t r a l d e n s i t y f u n c t i o n i s u s e d t o d e s c r i b e 

t h e f r e q u e n c y c o m p o s i t i o n i n terms o f t h e mean square s p e c t r a l 

a m p l i t u d e a n d , p r o v i d e d t h e random p r o c e s s i s s t a t i o n a r y , i s t h e 

F o u r i e r T r a n s f o r m o f t h e a u t o c o r r e l a t i o n f u n c t i o n 

P . ( f ) = \R ( T ) e ~ J 2 * f T dx, (3) 
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where 

R s ( T ) = \ P s ( f ) e + J 2 i r f T d f , 

When t h e a mbient n o i s e , s ( t ) , i s t h e i n p u t t o a f i l t e r 

w i t h t r a n s f e r f u n c t i o n H ( f ) and t h e f i l t e r o u t p u t i s u ( t ) 

s ( t ) H ( f ) u ( t ) 

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

t h a t o f s ( t ) by 

P u ( f ) = P s ( f ) H ( f ) H * ( f ) , (<0 

where * means t h e complex c o n j u g a t e . F o r t h e c a s e where H ( f ) 

r e p r e s e n t s an o c t a v e band p a s s f i l t e r 

H(f) H f 1 *\f\* 2f1 

e l s e w h e r e . 

F o r any one v a l u e o f f , knowledge o f P u ( f ) does n o t 

i m p a r t any knowledge o f P _ ( f ) o u t s i d e t h e p a s s band d e f i n e d by 

H ( f ) , b u t , i f s e v e r a l s u c h bands a r e c o n s i d e r e d , t h e n an e s t i m a t e , 

P _ ( f ) , o f P 0 ( f ) c a n be p r o d u c e d f r o m P , , ( f ) . O v e r t h e p a s s band, s * s u 

t h e a v e r a g e v a l u e o f P u ( f ) I s 

2f n 

1_ 

f -
P u ( f ) d f 

R u ( ° ) 

2 f n 

'u 
2f-
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where o u

2 i s t h e v a r i a n c e o f u ( t ) . The e s t i m a t e o f P s ( f ) 

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

A 3a 2 

P s < f c > = TF ' (5) 
c 

and by m e a s u r i n g a 2 f o r s e v e r a l v a l u e s o f f , t h e o r i g i n a l power 

s p e c t r u m o f s ( t ) c a n be r e p r o d u c e d . 

The a p p r o x i m a t i o n t h a t P u ( f ) i s s u f f i c i e n t l y f l a t ( o r 

smooth) o v e r t h e p a s s band so t h a t P ( f c . ) i s a good e s t i m a t e o f 

P s ( f ) i s assumed i n t h e D.R.E.P. s y s t e m as w e l l as i n t h e p r o p o s e d 

s y s t e m . E r r o r s c a u s e d by s u c h an a p p r o x i m a t i o n c a n be r e d u c e d by 

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

band p a s s f i l t e r s . 

2.2 An A p p r o x i m a t i o n t o t h e A u t o c o r r e l a t i o n and Power S p e c t r a l  

D e n s i t y F u n c t i o n s o f t h e A r c t i c Sea Ambient N o i s e 

M e n t i o n was made i n S e c t i o n 1.3 o f t h e two d i s t i n c t 

components o f t h e A r c t i c Sea am b i e n t n o i s e and t h e i r t y p i c a l power 

s p e c t r a shown i n F i g u r e 1. F o r use i n C h a p t e r 3, i t i s d e s i r a b l e 

t o know t h e c l a s s o f a u t o c o r r e l a t i o n and power s p e c t r a l d e n s i t y 

f u n c t i o n s t o w h i c h t h e s e components b e l o n g . 

The power s p e c t r u m o f t h e wind d r i v e n n o i s e component 

has t h e same shape as t h a t o f t h e o u t p u t o f a s e c o n d o r d e r LCR 

underdamped c i r c u i t when t h e i n p u t i s w h i t e n o i s e , i . e . 

P s ( f ) = K a s
2 

K 2 + 4TT 2(f + f 0 ) 2 K 2 + 4 T T 2 ( f - f 0 ) 2 

where 2K i s t h e h a l f power b a n d w i d t h . An e s t i m a t e o f K may be 

d e t e r m i n e d by a s s u m i n g t h a t 
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P s ( f = 0) - P s ( f = 500), 

w h i c h , f o r f e q u a l t o 300 h e r t z , g i v e s 

K = 140 h e r t z . 

I n t h e c a l c u l a t i o n o f P c ( f „ ) , i t i s assumed t h a t t h e 
o C 

power s p e c t r u m i s f l a t o v e r t h e p a s s band so t h a t t h e a u t o c o r r e l a ­

t i o n f u n c t i o n o f u ( t ) c a n be d e t e r m i n e d by t h e a p p r o x i m a t i o n 

+ » 2 f 1 

R u ( T ) = \^ P u ( f ) e + J 2 » f T d f = 2 P u ( f ) ^ c o s ( 2 T r f x ) d f 

f l 

2P ( f ) 
= s l n d r ^ T ) c o s ( 3 i r f i T ) . 

TTT 

B e c a u s e R u ( 0 ) i s ' e q u a l t o o" u
2, t h e r e s u l t i n g a p p r o x i m a t e a u t o ­

c o r r e l a t i o n and power s p e c t r a l d e n s i t y f u n c t i o n s o f t h e w i n d 

d r i v e n n o i s e component a r e 

2 
R U ( T ) = - 2 i i - . s l n ( i r f 1 T ) c o 5 ( 3 T r f 1 T ) , 

and 
Tf f JIT 

ro^ (6) 
2 f 1 f I JT I «S 2 f x 

0 e l s e w h e r e . 

The f u n c t i o n s g i v e n by (6) a r e a l s o assumed t o be t h e 

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

a d d i t i v e n o i s e 

u ( t ) = u ( t ) l m p u l s i v e + u ( t ) w . n d d r . v e n 

b e c a u s e t h e two components, r e s u l t i n g f r o m two e n t i r e l y d i f f e r e n t 

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



t h e i m p u l s i v e n o i s e component, as shown by F i g u r e 1, i s f l a t , as i s 

t h e a p p r o x i m a t i o n t o t h e power s p e c t r a l d e n s i t y o f t h e win d d r i v e n 

n o i s e component a f t e r band p a s s f i l t e r i n g . 

2.3 D.R.E.P. S p e c t r u m A n a l y s i s and A s s o c i a t e d E r r o r s ^ 2 ) 

A s y s t e m f u n c t i o n a l l y s i m i l a r t o t h a t u s e d by D.R.E.P. 

i n t h e a n a l y s i s o f A r c t i c Sea am b i e n t n o i s e i s shown i n F i g u r e 3. 

LINEAR 
H ( f ) RECT­

IFIER 
COMPAR­
ATOR 

BINARY 
COUNTER COMPAR­

ATOR 

BINARY 
COUNTER 

F i g u r e ' j . F u n c t i o n a l E q u i v a l e n c e t o D.R.E.P. System 

To p r o d u c e t h e e s t i m a t e o f P _ ( f ) i t i s assumed t h a t 
s 

s ( t ) , and t h e r e f o r e u ( t ) , i s a s t a t i o n a r y G a u s s i a n random p r o c e s s , 

and by m e a s u r i n g t h e mean v a l u e o f r ( t ) , t h e l i n e a r l y r e c t i f i e d 

v e r s i o n o f u ( t ) , a v a l u e o f o u c a n be o b t a i n e d . F o r t h e c a s e o f 

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

o f r ( t ) i s 

(7) 

wh e r e <5_^(y) i s t h e u n i t s t e p f u n c t i o n 



12. 
0 y<0 

6 _ 1 ( y ) = U Y * 0 , 

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

a' G a u s s i a n random p r o c e s s , i s 

P u ( y ) = — — e x p ( - Y
2 / 2 a u

2 ) 
a u /2~7r 

The mean v a l u e o f r ( t ) i s o b t a i n e d by i n t e g r a t i n g (7) 

r ( t ) «= \ Y P r ( y ) d y = / - o u , 

and. t h e e s t i m a t e o f P 0 ( f ) i s o b t a i n e d u s i n g (5) as 

A 3* 
P s ( f c ) = ( r ( t ) } 2 . ( 8 ) 

8 f c 

W i t h r e f e r e n c e t o F i g u r e 3, t h e s y s t e m f u n c t i o n a l l y s i m i l a r t o 

t h a t u s e d by D.R.E.P. i n t e g r a t e s r ( t ) u n t i l t h e i n t e g r a t o r o u t p u t 

r e a c h e s a l e v e l -P v o l t s . T h i s c a u s e s t h e c o m p a r a t o r t o s w i t c h t o 

t h e h i g h o u t p u t s t a t e , w h i c h i n t u r n , by means o f a s w i t c h , s h o r t 

c i r c u i t s t h e c a p a c i t o r C, The i n t e g r a t o r o u t p u t r i s e s t o z e r o 

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

t h e low s t a t e . T h i s h i g h - t o - l o w t r a n s i t i o n o f t h e c o m p a r a t o r 

s t a t e s i n c r e m e n t s t h e b i n a r y c o u n t e r by one and t h e i n t e g r a t i o n o f 

r ( t ) c o n t i n u e s , so t h a t a f t e r a t i m e T 

1 \ / • \ j . 1 
r ( t ) = -±- \ r ( t ) d t = 

T 
0 

T , l T 2 

r ( t ) d t + J r ( t ) d t + 
0 T-, 
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T 

T 

r ( t ) d t + \ r ( t ) d t 

n 

At t i m e T. t h e i n t e g r a t o r o u t p u t i s z e r o v o l t s and a t t i m e T 
I & ^ i + 1 

t h e o u t p u t i s 

T i + 1 
f 1 f + 1 i = 0, 1, 2, n-1 

v ( t ) = \ r ( t ) d t = - P , RC T = 0 o 

so t h a t 

r ( t ) = PRC n + r ( t ) d t , ( 9 ) 

T n 

where n i s t h e c o u n t a p p e a r i n g i n t h e b i n a r y c o u n t e r . 

The s e c o n d t e r m i n ( 9 ) i s a " r o u n d o f f " t e r m and i s 

n e g l e c t e d b e c a u s e i t i s assumed t o be s m a l l when compared t o 
PRC 
- i i — n, so t h a t t h e D.R.E.P. e s t i m a t e o f P g ( f ) i s 

* 3TT 

M f c > B 7 
8f. 

PRC 
n 2 . (10) 

D e s p i t e t h e a p p a r e n t s i m p l i c i t y o f t h i s method t h e 

r e s u l t s o b t a i n e d w i t h t h e use o f (10) may be i n c o n s i d e r a b l e 

e r r o r . T h i s e r r o r a r i s e s i n two ways: ( i ) t h e " r o u n d o f f " t e r m 

o f ( 9 ) i s n o t s m a l l compared t o PRC 
T 

n, a n d , ( i i ) t h e ambient n o i s e 

does n o t a l w a y s have a G a u s s i a n a m p l i t u d e d i s t r i b u t i o n . To 

a s c e r t a i n t h e e r r o r w h i c h may o c c u r i n t h e s e measurements, t h e 

" r o u n d o f f e r r o r " i s d e t e r m i n e d f o r t h e c a s e when u ( t ) i s a 

s i n u s o i d . The e r r o r a r i s i n g b e c a u s e u ( t ) does n o t have a G a u s s i a n 

a m p l i t u d e d i s t r i b u t i o n I s t h e n c a l c u l a t e d f o r n o n - G a u s s i a n i n p u t s : 
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( I ) s i n u s o i d a l i n p u t , 

( i i ) l e v e l i n p u t , 

( i i i ) i n p u t w i t h a L a p l a c i a n p r o b a b i l i t y d e n s i t y 

f u n c t i o n , and 

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

f u n c t i o n . 

2.3.1 Round O f f E r r o r 

F o r an i n p u t 

u ( t ) = B s i n ( 2 T r f t ) , 

t h e r e c t i f i e d s i g n a l r ( t ) i s 

r ( t ) = B| s i n ( 2 i r f t )| , 

and t h e mean v a l u e o f r ( t ) , a v e r a g e d o v e r one p e r i o d o f r ( t ) i s 

l / 2 f 
2B 

r ( t ) = 2 f j B s i n ( 2 i r f t ) d t = . 

0 

U s i n g t h e D.R.E.P. method o f a n a l y s i s , b e c a u s e i s t h e t i m e 

r e q u i r e d f o r ;he i n t e g r a t o r o u t p u t t o r e a c h -P v o l t s , 

and 
T T 

Tit) = — \ r ( t ) d t + — \ r ( t ) d t . 
T J T J 

0 nT^ 

E v a l u a t i n g t h i s f i r s t i n t e g r a l g i v e s 

T l T i 

P = — \ r ( t ) d t = ̂ — \ | s i n ( 2 n f t ) |dt 
RC J RC J 

0 0 

\ 

mB + _ J _ s i n 2 ( 7 r f x ) j  

TrRCf i r R C f 
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where 

T = -£L_ + x , 
1 2 f 

and m i s t h e l a r g e s t i n t e g e r s u c h t h a t 

1 
• - • • • • • 

2 f 
0 ^ x < — 

Then 

' T , - J * £ - L + x - B l n ' d r f x ) p _ _ ( 1 2 ) 

2B 2 f 

where s i n 2 " ( T r f x ) i s t h e f r a c t i o n a l p a r t o f 7 T p R C f . 
B 

The " r o u n d o f f " t e r m o f (9) i s 

T 

r ( t ) d t = i B - - n - ™ , 
TT T 

nT. 
1 

and c o r r e s p o n d s t o a p e r c e n t a g e e r r o r i n t h e measurements o f 

T 

.PRC ) J L i C 
2B T J 

% e r r o r = 100— _ \ r ( t ) d t = 100 - 50Tri-^n, 
BT 

nT-, 
(13) 

where n i s t h e i n t e g r a l p a r t o f t h e r a t i o o f T t o T^. The 

p e r c e n t a g e e r r o r g i v e n by (13) has been e v a l u a t e d f o r f r e q u e n c i e s 

t h e same as t h o s e o f t h e c e n t r e f r e q u e n c i e s o f t h e o c t a v e p a s s 

bands as l i s t e d i n T a b l e 1 and f o r a r a n g e o f a m p l i t u d e s B. I n 

t h e a b s e n c e o f d e t a i l e d i n f o r m a t i o n a b o u t t h e D.R.E.P. s y s t e m , 

v a l u e s o f c o n s t a n t s u s e d i n t h e s e c a l c u l a t i o n s v/ere: 

P = 5.0 v o l t s , and 

RC = 1.0 s e c o n d s . 

The v a l u e o f T was t h a t u s e d i n t h e D.R.E.P. s y s t e m , i . e . , 240.0 



s e c o n d s . The r e s u l t s o f t h e s e c a l c u l a t i o n s show t h a t t h e 

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

s i n u s o i d and a " p e r c e n t a g e e r r o r bound" i s i l l u s t r a t e d i n F i g u r e 4 

e r r o r bound ( a b s . v a l u e ) 

240.0 s e c o n d s 
5.0 v o l t s 
15.0 Hz. 
1.0 s e c o n d s 

10.0 100.0 

B ( v o l t s ) 

1000.0 

F i g u r e 4. Round O f f E r r o r o f D.R.E.P. S y s t em 

F o r s i n u s o i d a l i n p u t s a l i m i t a t i o n o f t h i s method w i l l 

o c c u r i f t h e t i m e i s g r e a t e r t h a n t h e t i m e T so t h a t a c o u n t o f 

z e r o w i l l be o b t a i n e d , i . e . 

T]_ * P R C T T 5. T _ 

2B 

C o r r e s p o n d i n g t o t h i s l i m i t a t i o n , t h e minimum a m p l i t u d e o f t h e 

s i n u s o i d a l i n p u t i s 

B. mm 
P R C T T 

2T 
( I D 
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2.3.2 Error Resulting when the Input i s Non-Gaussian 

When s( t ) i s a zero-mean random process the estimate 

of P s ( f ) i s as given by (5) 

3a 2 

s c 

However, i f s(t) i s not a zero-mean random process the estimate 

of P (f) i s s 
3 

P (f ) = u 2 ( t ) (15) 
S C Jjf 

( i ) u(t) = Bsin(2irft) 

The mean square value of u ( t ) , averaged over one 

period i s 

1/f 
B 2 

u 2 ( t ) = f \ B 2sin 2(2-Trft) dt « , 

0 

and the mean value of r ( t ) i s 

— r r r 2B r (t) = • 
IT 

The actual estimate of P (f) i s 
s 

Vfc>.et 

and that given by the D.R.E.P. system i s 

P (f ) «i2! 
r s U c ; D R E P 

The difference i n the estimates then gives r i s e to a percentage 



e r r o r o f 
A 

nnn P s ( f c ) a c t ~ p s ( f c > D R E P e r r o r = 100 

V fc>act 
= 100(1 - - i ) = _27.3 % . 

(11) u ( t ) = B 

The mean s q u a r e v a l u e o f u ( t ) i s 

U 2 ( t ) = B 2 , 

and t h e mean v a l u e o f r ( t ) i s 

r ( t ) = B. 

The a c t u a l e s t i m a t e o f P ( f ) i s 
s 

c 

and t h a t g i v e n by t h e D.R.E.P. s y s t e m i s 

. P (f ) - I s l i . 

r s V I c ; D R E P g f 

T h i s d i f f e r e n c e i n t h e e s t i m a t e s g i v e s r i s e t o an e r r o r % e r r o r = 100(1 - J L ) = -57.1 % . 
2 

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

P ( Y ) = - ^ — e x p ( - | Y | / b ) . 
u 2b 

The v a r i a n c e o f u ( t ) i s 

a 2 = 2b2, u ' 

and t h e mean v a l u e o f r ( t ) i s 



r ( t ) = b . 

The a c t u a l e s t i m a t e o f P _ ( f ) i s 
S 

s c a c t 2 f 

and t h e D.R.E.P. e s t i m a t e i s 

P ( f ) 

The d i f f e r e n c e i n t h e e s t i m a t e s g i v e s r i s e t o an e r r o r c 

% e r r o r = 100(1 --£.)> 21.5 2 . 
4 

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

The v a r i a n c e o f u ( t ) i s 

2 

U 
rr 2 - b 
a — * 

and t h e mean v a l u e o f r ( t ) i s 

r ( t ) = — 
2 

The a c t u a l e s t i m a t e o f P ( f ) i s 
s 

A v b 2 

W a c t - — ' 
1 c 

and t h e D.R.E.P. e s t i m a t e i s 

P ( f ) = ^s.— 
s c DREP 3 2 f 

c 
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The d i f f e r e n c e i n t h e e s t i m a t e s g i v e s r i s e t o an e r r o r o f 

% e r r o r = 100(1 - — ) = -17.8 JK. 

8 

From t h e s e examples i t i s s e e n t h a t when t h e ambient 

n o i s e , s ( t ) , does n o t have a G a u s s i a n a m p l i t u d e d i s t r i b u t i o n , v e r y 

s i g n i f i c a n t e r r o r s c a n a r i s e and an i n c o r r e c t power s p e c t r a l d e n s i t y 

e s t i m a t e w i l l be made. 

2.4 A r c t i c Sea Ambient N o i s e Dynamic Range 

The l a r g e dynamic r a n g e o f t h e A r c t i c Sea ambient n o i s e 

as d i s c u s s e d i n S e c t i o n 1.3 may be u s e d t o d e t e r m i n e t h e r e l a t i v e , 

m a g n i t u d e s o f t h e r a n g e o f a u
2 t h a t c a n be e n c o u n t e r e d I n t h e 

a n a l y s i s . The dynamic r a n g e i s 

P o 2 

umax- .„ , umax 
dynamic r a n g e = 10 l o g 1 Q = 10 l o g ^ P -0 2 

r u m i n °umin 

F o r a dynamic r a n g e o f 75 dB t h e n a u
2 w i l l l i e i n t h e r a n g e 

dB. 

o 2 • £ a 2 fi a 2 = 107.5 0 2 . . . . . (16) 'umm w
u ~ uumax x w u u m i n ' 

I f an e s t i m a t e o f o u
2 were known p r i o r t o commencing t h e a n a l y s i s , 

t h e i n s t r u m e n t c o u l d be a d j u s t e d so as t o c a r r y o u t t h e a n a l y s i s 

w i t h minimum e r r o r . T h i s s u g g e s t s t h e d e s i r a b i l i t y o f an a d a p t i v e 

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

i n s t r u m e n t i s a d j u s t e d a c c o r d i n g l y . 



3. T H E PROPOSED S Y S T E M 

3.1 S a m p l i n g F r e q u e n c y 1 

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

a n d q u a n t i z a t i o n . I t i s n e c e s s a r y t h a t t h e s a m p l i n g f r e q u e n c y b e 

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

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

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

c a l c u l a t i o n s a r e t o be made f r o m s i n g l e r e c o r d s o f l e n g t h T s e c ­

o n d s , B e n d a t a n d P i e r s o l s u g g e s t a s a m p l i n g i n t e r v a l 

T 
s 

9 

w h e r e N i s t h e s a m p l e s i z e a n d f i s t h e m a x i m u m f r e q u e n c y p r e s e n t 

i n t h e s a m p l e . I n t h e A r c t i c S e a a m b i e n t n o i s e a n a l y s i s , T i s 

e q u a l t o 2 4 0 . 0 s e c o n d s a n d f i s e q u a l t o 1 6 . 0 k i l o h e r t z s o t h a t 

t h e s a m p l i n g i n t e r v a l a n d s a m p l e s i z e a r e 

T g = 2 5 . 0 x 1 0 - 6 s e c o n d s , a n d 

N = 9.6 x 1 0 6 s a m p l e s . 

3 . 2 P o l a r i t y C o i n c i d e n c e S t a t i s t i c a l W a t t m e t e r ^ ) 

T h e e s t i m a t e o f P „ ( f ) a s g i v e n b y . ( 5 ) c a n be made w i t h 
O w 

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

n i q u e s o f p o l a r i t y c o i n c i d e n c e . S u c h a m e t e r i s s h o w n i n F i g u r e 5 . 
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u ( t ) 

+1] f z l +1] 

-1 

x ( t ) 

+1 
z 2 

W2 
-1 
W2 

-1 

• LOGIC UP-DOWN 
MULT. 

» 
COUNTER MULT. 

» 
COUNTER 'N 

F i g u r e 5 . P o l a r i t y C o i n c i d e n c e S p e c t r u m 
A n a l y z e r w i t h A d j u s t a b l e G a i n 

The o p e r a t i o n o f t h i s m e t e r i s b a s e d upon a t h e o r e m 

w h i c h i s r e p r o d u c e d w i t h o u t p r o o f i n S e c t i o n 3 . 3 . A p r o o f o f t h i s 

t h e o r e m i s c o n t a i n e d i n r e f e r e n c e ( 5 ) . 

3 . 3 Theorem 

L e t x-̂, x2, ..., X q be c o n t i n u o u s random v a r i a b l e s w i t h 

e a c h x̂  bounded, Ix^J* A^. L e t n^, n 2 , be c o n t i n u o u s 

random v a r i a b l e s , i n d e p e n d e n t o f e a c h o t h e r and o f t h e X j _ and e a c h 

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

6 - l ( Y + A i ) ~ 6 - i ( Y - A i > • 

D e f i n e t h e random v a r i a b l e s 

P n (y) = — 
n i 2A. 



where 
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w 1 = - n i , and 

z 1 = sgn(w±) , 

+1 w i * 0 
s g n ( w 1 ) = ' 

" -1 w i < 0 

Then 

X;LX 2 .. .Xq = ^1^2 • • * A q z l z 2 • * * z q • ^ 1 7 ^ 

3.4 R e a l i z a t i o n o f P o l a r i t y C o i n c i d e n c e S t a t i s t i c a l W a ttmeter 

To d e t e r m i n e t h e mean s q u a r e v a l u e o f a random v a r i a b l e , 

l e t q = 2 i n t h e t h e o r e m o f S e c t i o n 3.3, and w i t h 

x-j_ = x 2 = x ( t ) = - a u ( t ) , 

where " a " i s t h e g a i n o f t h e a m p l i f i e r shown i n F i g u r e 5, t h e n 

x 2 ( t ) = A 1 A 2 z 1 z 2 , (18) 

where 

z-i = s g n { x ( t ) - n'-i ( t ) } , and 
1 (19) 

z 2 = s g n { x ( t ) - n 2 ( t ) } . 

U s i n g d i g i t a l c i r c u i t s i t i s s t r a i g h t f o r w a r d t o measure 

z 1 z 2 b e c a u s e t h e f u n c t i o n z ^ z 2 c a n assume o n l y t h e v a l u e s +1 and 

-1. I f z x z 2 i s sampl e d a t I n t e r v a l s o f T s s e c o n d s so t h a t a t o t a l 

o f N samples a r e t a k e n , t h e n 

N-1 

"zT^T = — > z, ( t + nT ) z ? ( t + n T s ) = f l L , . . . . (20) 
N Z— N 

n=0 
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where i s t h e c o u n t t h a t a p p e a r s i n an up-down c o u n t e r where, 

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

o r d e c r e a s e d by one i f z^ and z 2 a r e o f t h e same o r o p p o s i t e s i g n s 

r e s p e c t i v e l y . I f U^ and r e p r e s e n t t h e number o f up and down 

c o u n t s r e s p e c t i v e l y , t h e n a f t e r N samples have been t a k e n 

C N = U N - V a n d 

N = U N + D N, 

so t h a t 

C N = 2 U N - N. 

The up-down c o u n t e r may be r e p l a c e d by an up c o u n t e r w h i c h , upon 

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

i f and z 2 a r e o f t h e same p o l a r i t y . The mean s q u a r e v a l u e o f 

x ( t ) i s t h e n g i v e n by 

x 2 ( t ) = A-^A2 

2 U N - N 

N 
.(21) 

I f Y^ and Y 2 r e p r e s e n t t h e B o o l e a n a l g e b r a i c o u t p u t s o f 

t h e two q u a n t i z e r s , t h e n t h e LOGIC MULTIPLY r e a l i z a t i o n i s 

Y3 = Y^Y 2 + 2̂.̂ 2 ' 

w h i c h i s t h e " e x c l u s i v e OR complement". 

3 .5 P r o v i s i o n o f L a r g e Dynamic Range o f I n p u t S i g n a l s i n  

P r o t o t y p e D e s i g n 

The i m p l i c a t i o n s o f t h e dynamic r a n g e o f t h e A r c t i c Sea 

a m b i e n t n o i s e as d i s c u s s e d i n S e c t i o n 2,4 r e s u l t i n a wide v a r i a ­

t i o n o f o u
2 a n d , i n t h e p r o p o s e d s y s t e m o f m e a s u r i n g <? u

2, two 
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c r i t i c a l c a s e s e x i s t . The f i r s t c a s e c o r r e s p o n d s t o one o f t h e 

l i m i t a t i o n s o f t h e D.R.E.P. method o f a n a l y s i s and o c c u r s f o r v e r y 

s m a l l i n p u t s ( | u ( t ) | « A ^ ) . F o r l e v e l i n p u t s t o t h e q u a n t i z e r s o f 

F i g u r e 5, i t i s shown i n S e c t i o n 3.6, t h a t t h e mean s q u a r e e r r o r 

o f t h e e s t i m a t e o f u 2 ( t ) i s l e a s t i f x ( t ) , b e i n g r e p r e s e n t a t i v e o f 

u ( t ) , i s a l s o a l e v e l i n p u t e q u a l t o ± ( A 1 A 2 ) 1 / 2 . The s e c o n d c a s e 

o c c u r s i f o u
2 i s l a r g e and t h e r e f o r e |u(t)|>A^ f o r a l a r g e p o r t i o n 

o f t h e t i m e o f a n a l y s i s , t h e r e b y i n v a l i d a t i n g t h e use o f t h e 

t h e o r e m q u o t e d i n S e c t i o n 3.3. 

B o t h o f t h e s e c a s e s c a n be h a n d l e d t o any d e s i r e d d e g r e e 

o f a c c u r a c y by i n c o r p o r a t i n g a s c a l e change between u ( t ) and t h e 

i n p u t t o t h e w a t t m e t e r . To p r o v i d e s u c h a s c a l e change a v a r i a b l e 

g a i n a m p l i f i e r i s u s e d , t h e g a i n o f w h i c h i s d e t e r m i n e d by some 

means d u r i n g t h e a d a p t i v e t i m e i n t e r v a l i m m e d i a t e l y p r e c e d i n g t h e 

a c t u a l c o m p u t a t i o n o f x 2 ( t ) . F o r s m a l l i n p u t s i g n a l s a l a r g e g a i n 

i s u s e d and v i c e v e r s a . The r a n g e o f g a i n i s d i r e c t l y r e l a t e d t o 

t h e r a n g e o f a 2 and a l s o t o t h e . p e r c e n t a g e o f t i m e t h a t | x ( t ) | > A . 
Cl • 1 

w i l l be a l l o w e d . The g a i n s t e p s a r e d i s c r e t e and f i n i t e i n number 

so t h a t t h e c h o i c e o f g a i n i s made by c h o o s i n g t h e l a r g e s t g a i n 

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

f i x e d amount and l e s s t h a n some o t h e r f i x e d amount. I n t h i s man­

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

s m a l l r a n g e o f o u
2 and t h e r e l a t i v e e r r o r s w i l l be t h e same o v e r 

e a c h r a n g e . 

I n t h e p r o p o s e d s y s t e m an o p e r a t i o n a l a m p l i f i e r i s 

e mployed as a s c a l e c h a n g e r and 

x ( t ) = - a u ( t ) 

where t h e g a i n " a " I s v a r i a b l e and c o n t r o l l e d by t h e r a t i o o f 
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f e e d b a c k ( v a r i a b l e ) t o I n p u t ( c o n s t a n t ) i m p e d a n c e s . W i t h t h e 

i n t r o d u c t i o n o f s u c h a s c a l e c h a n g e , e q u a t i o n s r e l a t i n g P ( f ) t o 

P x ( f ) c o n t a i n t h e f a c t o r a 

P x ( f ) = a 2 p u ( f ) , 

and t h e e s t i m a t e o f t h e power s p e c t r a l d e n s i t y o f t h e ambient 

n o i s e I s 

/, 3A A 
P „ ( _ % ) = — 1 2 ! \ _ i 

N 
(22) 

The p r o p o s e d i n s t r u m e n t m e asures ^ s ( f c ) u s i n g (22) as 

an a v e r a g e o v e r a p a s s band o f w h i c h f i s t h e c e n t r e f r e q u e n c y . 

V a l u e s o f f c , " a " , and U"N must be known f o r e a c h sample p e r i o d 

b u t f c , b e i n g one o f a f i x e d s e t o f f r e q u e n c i e s , need n o t be 

r e c o r d e d . and " a " a r e r e c o r d e d i n b i n a r y f o r m on m a g n e t i c 

t a p e . 

3 . 6 S t a t i s t i c a l E r r o r s due t o S a m p l i n g 

B a s e d on d i g i t a l measurements, <i>x(0) i s t h e e x p e c t e d 

v a l u e o f R x ( 0 ) and i d e a l l y t h e e x p e c t e d v a l u e o f 0 X ( O ) i s e q u a l 

t o R Y ( 0 ) . I f s o , <t>v(0) i s an u n b i a s e d e s t i m a t e o f R v ( 0 ) . F o r 

f i x e d N, t h e f a c t t h a t <f i
x(0) i s u n b i a s e d does n o t i m p l y t h a t 

<f> (0) w i l l be c l o s e t o R v ( 0 ) and t h e r e may be c o n s i d e r a b l e d e v i a -
•A X 

t i o n . To s t u d y t h e s e c a s e s t h e mean s q u a r e e r r o r , e x
2 , o f t h e 

e s t i m a t e i s d e t e r m i n e d 

ex 2 =
 2[{4> x(0) ~ V°) } 2] 

= E [ U x ( 0 ) - E [ $ x . ( 0 ) ] + E [ * x ( 0 ) ] - R x ( 0 ) > 2 ] 
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where 

= E [ U ( 0 ) - E [ * ( 0 ) ] } 2 ] + E [ { E | V ( 0 ) ] - R Y ( 0 ) } 2 ] 

+ 2 E [ { * X ( 0 ) - E [ ^ x ( 0 ) ] } { E [ < j > x ( 0 ) ] - R x ( 0 ) } ] 

= E [ U x ( 0 ) - E [ 4 , x ( 0 ) ] } 2 . ] + E [ { E [ * x ( 0 ) ] - R x ( 0 ) } . 2 ] 

= V a r T x ( 0 ) + E [ { E [ + ( 0 ) ] - R ( 0 ) } 2 ] , 

V a r < { , x ( 0 ) = E [ U x ( 0 ) - E [ ^ ( 0 ) ] } 2 ] 

= E [ U x ( 0 ) } 2 ] _ [ E [ t > x ( 0 ) ] ] 2 f 

and 
N-1 

• x ( 0 ) J"x2(t + n T g ) 
n = 0 

The e x p e c t e d v a l u e o f $ ( 0 ) I s 
x 

N-1 N-1 

E U ( 0 ) ] =-1 ) E [ x 2 ( t + n T , ) ] = — > R ( 0 ) = R ( 0 ) , 

N Z _ N /__ X X 

n = 0 n= 0 

so t h a t * ( 0 ) i s an u n b i a s e d e s t i m a t e o f R Y ( 0 ) and t h e mean s q u a r e 
A • " . 

e r r o r o f t h e e s t i m a t e i s 
e 2 = E [ { 4 ( 0 ) } 2 ] - R 2 ( 0 ) . 
A A X 

<(> Y (0) i s measured u s i n g (18) 
X N-1 

_ \ A 2 <j> x(0) = A 1 A 2 z 1 z 2 = _ i _ £ \ z ( t + n T s ) z 2 ( t + n T g ) , 
N / 

n = 0 

and 
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E [ U Y ( 0 ) } 2 ] = 
N 

2 N - 1 N-1 

l l E [ z 1 ( t + n T s ) z 2 ( t + n T s ) 

z 1 ( t + m T s ) z 2 ( t + m T s ) ] . n= 0 m=0 

From t h e t h e o r e m o f S e c t i o n 3.3 and b e c a u s e Zj_(t) i s e i t h e r +1 o r 

-1 t h e n 

E [ z 1 ( t + n T s ) z 2 ( t + n T s ) z ± ( t + m T s ) z 2 ( t + m T s ) ] 

f 1, m = n 

( 2 4 ) 

± E [ x 2 ( t + n T )x 2(t+mT<,)], my n . 
L ( A 1 A 2 ) 2 s 

The d i s c u s s i o n o f t h i s f o u r t h o r d e r moment r e q u i r e s knowledge o f 

o r a s s u m p t i o n s a b o u t t h e s t a t i s t i c s o f x ( t ) ; t h r e e c a s e s a r e 

c o n s i d e r e d : 

The f i r s t c a s e i s i n c l u d e d t o v e r i f y t h e s t a t e m e n t , made i n 

S e c t i o n 3.5, t h a t t h e mean s q u a r e e r r o r o f t h e e s t i m a t e c an be 

m i n i m i z e d i f t h e i n p u t i s a c o n s t a n t . To v e r i f y t h a t t h e s t a t i s ­

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

l i n e a r o u t p u t when t h e i n p u t v a r i e s o v e r a wide dynamic r a n g e , a 

l a b o r a t o r y p r o t o t y p e has been c o n s t r u c t e d . T h i s i n s t r u m e n t was 

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

I n p u t t o o u t p u t d e t e r m i n e d . The t h e o r e t i c a l mean s q u a r e e r r o r c a n 

t h e n be compared t o t h e a c t u a l mean s q u a r e e r r o r . R e s u l t s o f t h e 

D.R.E.P. e x p e r i m e n t s showed t h a t t h e A r c t i c Sea am b i e n t n o i s e v e r y 

o f t e n has a G a u s s i a n a m p l i t u d e d i s t r i b u t i o n so t h a t t h e e v a l u a t i o n 

o f e x
2 f o r a G a u s s i a n random p r o c e s s i s m e a n i n g f u l . I n a d d i t i o n , 

( i ) x ( t ) a l e v e l i n p u t , 

x ( t ) a s i n u s o i d a l i n p u t , and 

x ( t ) a s t a t i o n a r y G a u s s i a n random p r o c e s s . 

( i i ) 

( i i i ) 
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the fourth order moment of (24) i s eas i l y evaluated when x(t) i s 

a Gaussian random process. 

3.6.1 Mean Square Error Evaluation 

( i ) x(t) = -au ( A]_ A2 ̂ 1 / 2 » v ~ c o n s t a n t multiplying factor. 

The second and fourth order moments required for (23) 

and (24) are 

R x(0) = x 2 ( t ) = a 2u 2A 1A 2, 

and ; 
x 2(t+nT s)x 2(t+mT s) = a ' V ( A - ^ ) 2 . 

The mean square error i s 
N-1 N-1 

( A X A 2 ) 2 1 V " V " 
G x 2 = — a % M A 1 A 2 ) 2 + — 1 ) a % l t ( A 1 A 2 ) 2 

n=0 m=0 
m ^ n 

(AjAp) 2 

N N d 

(A-.A 2) 2 

= 1 (1 - a V ) . . • • (25) 
N 

Therefore, with a l e v e l input u(t) equal to w(A- LA 2) 1 / 2, the mean 

square error of the estimate i s minimized by choosing "a" such 

that. 

ya = ±1. 

( i i ) x(t) = -aBsin(2Trft). 

To determine the second and fourth order moments 

required by (23) and (24), the respective products are integrated 

over one period of the sinusoid. 



and 

3 0 . 

1 / f 

R x ( 0 ) = a 2 B 2 f ^ s i n 2 ( 2 T r f t ) d t = 

0 

E [ x 2 ( t + n T ) x 2 ( t + m T „ ) ] 

1 / f 

= a ^ B ^ f \ s i n 2 ( 2 i r f ( t + n T s ) ) s i n 2 ( 2 T r f ( t + m T s ) ) d t 

+ — ^ c o s C i J T r f (n-m)T ) . 
4 8 s 

The mean s q u a r e e r r o r i s g i v e n by 
N-1 N-1 

= ( A 1 A 2 ) 2 ^ + a „ B „ 

N 4 4N2 

n= 0 m=0 
m*n 

N-1 N-1 
( A / 2

) 2 a 1 ^ , a ^ B 4 

c 2 1 + c o s ( 4 f f f ( n - m ) T ? ) 

LL 12 a^T + \ \ c o s ( 2 | 7 T f ( n _ m ) T }. 
N 4N 8N 2 ' ' S 

n= 0 m=0 
m?*n 

I t i s shown t h a t s u c h d o u b l e summations may be w r i t t e n a s a 

s i n g l e summation p r o v i d e d t h a t t h e f u n c t i o n b e i n g summed i s an 

even f u n c t i o n o f i t s argument, 

N-1 N=l N-1 

co s ( 4 T r f ( n - m ) T s ) = 2 ^ ( N - n ) c o s (47rfnT g ) . 

ri^O m=0 n = l 
m^n 

J o l l e y p r o v i d e s c l o s e d f o r m s o l u t i o n s f o r t h e summations 
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and 

N-1 

c o s ( n o ) = c o s ( — ) s i n ( (N-l)-§-)csc (-£-) , 
2 2 2 

n = l 

N 
N-1 

) n c o s ( n e ) = — s i n ( (2N-1 ) i ) c s c ) 
Z_ 2 2 2 
n = l 

( l - c o s ( N 6 ) ) 
c s c 2 ( J L ) 

2 

Then 

where 

N-1 

2 > ( N - n ) c o s ( 4 r r f n T ) = 2Ncos ( M ) s i n ( (N-1 )£)csc (JL) 
/ s 2 2 2 
n = l 

- N s i n ( ( 2 N - l ) I ) c s c ( i ) + ( l - c ° s ( N e ) ) C S C 2 ( i ) 
2 2 2 2 

M , ( l - c o s ( N e ) ) 
= -N + CSC z ( - 2 _ ) , 

2 2 

6 = W T . 
s 

The e x p r e s s i o n f o r t h e mean s q u a r e e r r o r c a n t h e n be w r i t t e n as 

2 _ _ (A-^Ag ) 2 

N. 

3atB" + a V 
8N 8 N 2 

s'in(2iffNTe ) 
s i n ( 2 T r f T s ) 

. . . . (26) 

P r o v i d e d f ± 0, an u p p e r bound t o t h e s i n u s o i d a l t e r m o f (26) i s 

s i n ( 2 T f f N T R ) 
s i n ( 2 T r f T s ) (2 TT f Tg ) 2 

so t h a t an u p p e r bound t o t h e mean s q u a r e e r r o r o f t h e e s t i m a t e i s 

r ( A , A 2 ) 2 

e 2 < 1 1 + a B 
N 8N 4 TT 2 f 2 NT 2 

s 

- 3 (27) 
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( i i i ) x ( t ) i s a s t a t i o n a r y G a u s s i a n i n p u t 

When x ( t ) i s a s t a t i o n a r y G a u s s i a n i n p u t , t h e f o u r t h 

o r d e r moment o f (24) i s ^ ) 

E [ x 2 ( t + n T s ) x 2 ( t + m T s ) ] = R x
2 ( 0 ) + 2 R X

2 ( ( n - m ) T s ) , 

and t h e d o u b l e summation i n t h e e x p r e s s i o n f o r E[<f> x
2(0)] i s 

e q u i v a l e n t t o a s i n g l e summation g i v e n b y ^ ^ 

N-1 N-1 

E [ x 2 ( t + n T c . ) x 2 ( t + m T C 3 ) ] = N(N-1)R 2 ( 0 ) 
b S X 

n=0 m=0 
n^m N-1 

+ 4 ) ( N - n ) R x
2 ( n T g ) , 

n ^ l 

and t h e e x p r e s s i o n f o r t h e mean s q u a r e e r r o r r e d u c e s t o 

N-1 
_ ( A L A 2 ) 2 R x

2 ( 0 ) _ 4 

e 2 = - - ± ) ( N - n ) R Y
2 ( n T q ) . 

N N N 2 

n = l 

. . (28) 

I n S e c t i o n 2.2 an a p p r o x i m a t e e x p r e s s i o n f o r t h e a u t o c o r r e l a t i o n 

f u n c t i o n o f t h e A r c t i c Sea am b i e n t n o i s e , a f t e r band p a s s 

f i l t e r i n g , was f o u n d t o be 

° u 2 

R U ( T ) = s i n ( 7 r f 1 T ) c o s ( 3 i r f 1 T ) , 

so t h a t 

R X ( T ) = s i n ( i r f T )cos(3irf-J^T ) = s i n ( T r f 1 x ) c o s ( 3 i r f 1 T ) , 
T T f - ^ T n f ^ T 

The summation i n (28) may be e x p r e s s e d as 
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N-1 

4_ 
N 2 

* f l T
£ 

n" 
n = l 

N-1 

^ Z l L ) s l n 2 ( T t f 1 n T ) c o s 2 ( 3 * f nnT ) 
,2 I S I S 

nf-. NT 
L 1 f 

(N-n) 

n' 
n = l 

l - c o s ( n a ) — c o s (2nct ) + cos (3na ) 
2 

- = c o s ( 4 n a ) 
2 

a = . 

To e v a l u a t e t h e s e sums, t h e u p p e r l i m i t , N-1, was assumed t o 

a p p r o a c h i n f i n i t y b e c a u s e N i s v e r y l a r g e (N = 9.6 x 1 0 6 ) , 

e x c e p t i n t h e c a s e 

N-1 
1 

J 
n 

n = l 

w h i c h i s w i t h o u t bound i f t h e u p p e r l i m i t o f t h e summation i n d e x 

a p p r o a c h e s i n f i n i t y . 

T h e s e summations c a n t h e n be h a n d l 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 ^ ^ 

1 0 6 

-i- = 14.39273 , 
n 

n = l 

co 



34. 

and 

cos(na) 

n=l 
n 

-ln(2sin(«.)) , 
2 

cos(na) _ 
n' 

l ( a - rr) 2 - - l l 
4 12 

n=l 

provided 

The sum 

0<a<2Tr . 

N-1 

n 

n=l 

i s approximated by 

N-1 10( 
9.6xl0 6 

1 — + 
n / _ n 

n=l n=l 10 6 

dn 
n 

- 14.39273 + l n ( 9 . 6 ) = 1 6 . 7 . 

Substitution into (28) gives 

_ _ ( A l A 2 ) 2 a * 

N 
x , ii 

+ ° x 
N x 

'(1 - 2f,T ) I s 

( T r f 1 N T s ) 2 
17.4 - -In 

2 

f 1NT s 

sin' (1«) 

s i n 2 (oL)sinasin(2a) 
2 

The sinusoidal term i n t h i s expression w i l l be i n f i n i t e when 2a i s 

equal to kir where k i s an integer. The case when k i s equal to 

zero i s excluded as thi s implies that f i s equal to zero. The 
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l o w e s t v a l u e o f f ^ w h i c h does g i v e an i n f i n i t e r e s u l t c o r r e s p o n d s 

t o k e q u a l t o 1, and t h i s v a l u e f o r f 1 i s g i v e n by 

2a - ^ i r f ^ T g = * » and 

f-i = — = I O 4 h e r t z . 
" T s 

In t h e a n a l y s i s o f t h e A r c t i c Sea ambient n o i s e , t h e l a r g e s t v a l u e 

o f f-^ i s e q u a l t o 8.0 k i l o h e r t z so t h a t t h e s i n u s o i d a l t e r m w i l l 

n e v e r be i n f i n i t e . T h e n , n e g l e c t i n g t e r m s d i v i d e d by N 2 , t h e mean 

s q u a r e e r r o r o f t h e e s t i m a t e i s 

( A 1 A 2 ) 2 o " 
2 1 d . x 

X N N L f l T s 
- 3 (29) 

3 . 6 . 2 C o n s t r a i n t o f Mean S q u a r e E r r o r E s t i m a t e s 

E x p r e s s i o n s ( 2 5 ) , ( 2 7 ) , and (29) g i v e t h e e s t i m a t e s o f 

t h e mean s q u a r e e r r o r f o r t h e c l a s s e s o f i n p u t s c o n s i d e r e d as a 
( A X A 2 ) 2 

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

s q u a r e o f t h e mean s q u a r e v a l u e o f t h e i n p u t . F o r t h e c a s e o f t h e 

l e v e l i n p u t , as shown, t h e mean s q u a r e e r r o r c a n be m i n i m i z e d . 

The mean s q u a r e e r r o r f o r a s i n u s o i d a l i n p u t i s a l s o m i n i m i z e d i f 

t h e g a i n " a " I s s u c h t h a t 

a 4 = J L ( A A 9 ) 2 > 
3 B 4 1 2 

and i f t h e f r e q u e n c y c a n be w r i t t e n as 

f = , k = 1 ,2 ,3 , ...,N -1 . 

480 
The mean s q u a r e e r r o r e s t i m a t e f o r t h e G a u s s i a n i n p u t c a n n o t , by 

i n s p e c t i o n o f (29), be m i n i m i z e d . B e c a u s e t h e g a i n l e v e l s a r e d i s ­

c r e t e and f i n i t e i n number, i t i s more c o n v e n i e n t t o c o n s t r a i n t h e 
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mean s q u a r e e r r o r t o be some f i n i t e , n o n - z e r o v a l u e . T h i s c an be 

a c c o m p l i s h e d by c h o o s i n g " a " s u c h t h a t a x i s m a i n t a i n e d a t some 
u 

f i x e d v a l u e . 

3 . 7 E r r o r R e s u l t i n g f r o m t h e V a r i a b l e G a i n O p t i o n 

i r i i i rnii fir* n • • • i i i i n i • • i i n 1 n IT • n i - i r i • i - -

E r r o r s e n c o u n t e r e d i n t h e s y s t e m b e c a u s e o f t h e v a r i a b l e 

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

t i o n s o f t h e random v a r i a b l e s , ( w ^ ( t ) } . U s i n g t h e s t a n d a r d 
(7) 

n o t a t i o n o f c o n d i t i o n a l p r o b a b i l i t y 

P w > ( Y | n i = S ) = p x ( Y + 3 | n i = 3 ) = p x ( y + B ) , and 

Tnen +» +» 

P w ( Y ) = \ P ( Y s 6 ) d B = \ p x ( y + 3 ) p n ( 3 ) d 6 
W i w i » n i . X n i 

+ A i 
P X ( Y ^ ) 
— d e . ( 3 0 ) 

-A 
A i 

I n S e c t i o n 1 . 3 i t was m e n t i o n e d t h a t t h e A r c t i c Sea ambient n o i s e 

o f t e n has a G a u s s i a n a m p l i t u d e d i s t r i b u t i o n so t h a t x ( t ) has a 

G a u s s i a n p r o b a b i l i t y d e n s i t y f u n c t i o n 

P * ( Y ) = , 1 w / z « P < - TV2<V > , 
O x ( 2 T T ) 1 / Z 

and t h e r e s u l t i n g p r o b a b i l i t y d e n s i t y f u n c t i o n o f w . ( t ) i s 
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P w ( Y ) = 
2A.o ( 2 u ) 1 / 2 

i x 

+A, 

-A, 

e x p ( - ( Y + B ) 2 / 2 a 2 ) d g 

1 
2A, 

( 3 D 

where t h e w e l l - t a b u l a t e d "Q" f u n c t i o n i s d e f i n e d as 

Q ( z ) = — - \ e x p ( - t 2 / 2 ) d t , 
( 2 , r ) 1 / 2 J 

z 
w i t h 

Q(0) = — , Q ( - z ) = 1 - Q ( z ) z * 0 . 
2 

The p r o b a b i l i t y t h a t | w ^ ( t ) | - v i s g i v e n by t h e 

i n t e g r a t i o n o f (3D and t o e v a l u a t e t h i s i n t e g r a l , a bound on Q ( z ) 

i s u s e d 

and 

Q ( z ) a — e x p ( - z 2 / 2 ) , 
2 

-v 

P [ | w i | s v ] P w (Y)3Y + \ p „ (Y)dY w, 
+v 

a x ( 2 1 r ) 1 ^ 

2A. 

v-A.\ /v+A. 
( 3 2 ) 

There a r e two v a l u e s o f v f o r w h i c h t h e p r o b a b i l i t y 

g i v e n by ( 3 2 ) i s i m p o r t a n t . The i n p u t s i g n a l s , x ( t ) and n ^ ( t ) > 

a r e a p p l i e d t o a d i f f e r e n t i a l c o m p a r a t o r , t h e maximum d i f f e r e n t i a l 

i n p u t v o l t a g e o f w h i c h i s 5 . 0 v o l t s , c o r r e s p o n d i n g t o v = 5 . 0 . I n 

S e c t i o n 3 . 3 i t was assumed t h a t | x ( t ) | - A^ v/hich i s n o t t r u e when 

x ( t ) has a G a u s s i a n p r o b a b i l i t y d e n s i t y f u n c t i o n , and b e c a u s e t h e 
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maximum v a l u e o f 1 v/^ ( t ) [ i s 2A f o r e x a c t r e s u l t s o f t h e t h e o r e m 

o f S e c t i o n 3 . 3 , t h e p r o b a b i l i t y g i v e n by (32) f o r v e q u a l t o 2A^ 

s h o u l d be c o n s t r a i n e d t o be l e s s t h a n some f i x e d number. 

The p r o b a b i l i t y t h a t | x ( t ) | = A± i s 

- A j L +«> 

P [ | x ( t ) h A ± ] = \ p x ( Y ) d Y + \ P x ( y ) d y 

+ A i 

= 2Q(_i) , (33) 
°x 

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

maximum v a l u e o f a 2 i s g i v e n by (21) w i t h U e q u a l t o N, i . e . 

°xmax = A 1 A 2 • 

I n o r d e r t o c o n s t r a i n t h e p r o b a b i l i t i e s as g i v e n by (32) 

and ( 3 3 ) , °"x i s r e q u i r e d t o l i e w i t h i n a f i x e d r a n g e , o r a t a 

f i x e d v a l u e . The p r o b a b i l i t y t h a t | x ( t ) | - A^ c a n be d e t e r m i n e d by 

t h e p r o p o s e d s y s t e m , and i s d i r e c t l y r e l a t e d t o t h e c o u n t , UJQ» 

t h a t a p p e a r s a f t e r a t i m e i n t e r v a l T^, when n.j_(t) i s e q u a l t o 

( - l ) a A ^ , 1=1,2. D u r i n g T^, a c o u n t i s made f o r e a c h o c c u r r e n c e o f 

| x ( t ) | = A± and 

UN1 T 

P [ | x ( t ) | = A.] = — = - § - U M . (34) 
N l T x

 i N i 

3•^ R e q u i r e d G a i n L e v e l s and G a i n S e l e c t i o n Methods 

T h e r e a r e s e v e r a l methods f o r d e t e r m i n i n g w h i c h l e v e l 

o f g a i n i s t o be u s e d d u r i n g t h e a n a l y s i s o f t h e A r c t i c Sea ambient 

n o i s e , two o f w h i c h a r e d i s c u s s e d i n t h i s s e c t i o n . The c h o i c e o f 

w h i c h method t o use u l t i m a t e l y depends upon t h e a c c u r a c y r e q u i r e d 
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o f t h e r e s u l t s and upon I n s t r u m e n t a t i o n l i m i t a t i o n s ( e . g . , 

minimum power c o n s u m p t i o n ) . I n t h e two c a s e s c o n s i d e r e d h e r e , use 

i s made o f an a d a p t i v e t i m e i n t e r v a l T-̂  d u r i n g w h i c h t h e l e v e l o f 

g a i n r e q u i r e d i s d e c i d e d , f o l l o w e d by an a n a l y s i s t i m e i n t e r v a l 

T; o v e r t h e t o t a l t i m e i n t e r v a l T^ + T t h e i n p u t i s assumed 

s t a t i o n a r y , 

3.8.1 R e q u i r e d G a i n L e v e l s 

The l e v e l s o f g a i n t h a t must be a v a i l a b l e a r e d e t e r m i n e d 

by t h e f o l l o w i n g c r i t e r i a : x ( t ) i s assumed t o be a G a u s s i a n random 

v a r i a b l e and t h e v o l t a g e l e v e l s and A 2 a r e e q u a l . The p r o b a ­

b i l i t y t h a t | x ( t ) | - A i s g i v e n by (33) so t h a t f o r n l e v e l s o f 

g a i n and t h e r e q u i r e m e n t t h a t t h e r e be a t l e a s t W and a t most W„„ 
H m M 

p e r c e n t a g e o f c l i p p i n g , o x must s a t i s f y 

Wm = 200Q(A_) = wM . (35) 
a x 

E a c h l e v e l o f g a i n i s s u c h t h a t , f o r a r a n g e o f a ^ , where i s 
°x 

e q u a l t o , t h i s i n e q u a l i t y i s s a t i s f i e d . T a k i n g t h e i n v e r s e o f 
a 

t h e " Q " f u n c t i o n g i v e s 

°xmin 0 x axrnax , 

where 

and 

•xrnin - , - , , « ! » _ , ( 3 6 , 
200 

°xmax ~ Q - ^ W J L J * ( 3 7 ) 

200 

The maximum and minimum " e f f e c t i v e " g a i n l e v e l s a r e 
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xmax a = , 
max c 

umin 

l m i n 
xmin 

umax 

Th e s e a r e " e f f e c t i v e " g a i n l e v e l s b e c a u s e t h e y c o r r e s p o n d t o V/ 

c l i p p i n g f o r a u m ± n and w M JT c l i p p i n g f o r a umax 

m 
F o r n l e v e l s o f 

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

g a i n a t t h e g e o m e t r i c mean o f t h e k s u c h i n t e r v a l i s 

a, = a k max 
a m i n 

L amax j 

k = 1 , 2 , . . « , n . 

By t h i s d i v i s i o n i n t o n s u c h i n t e r v a l s 

0 x = ( 0 x m i n G x m a x ^ 1 / 2 , (38) 

and 

where 

xmin 

a k " a l 

'xmax 
a m i n n+1 

. amax 
= a xmax 

CTumin 

L umaxJ 

_1_ 
n 

umin 

_ °umax _ 

k - 1 
n 

l k - l 
umin 

L umaxJ 

n 

a l = 

xmax 

a u m i n 

a u m i n 

L aumax. 

• • * * * 

(39) 

(40) 

3 . 8 . 2 G a i n S e l e c t i o n Method 1 

I f t h e maximum p e r c e n t a g e o f c l i p p i n g i s % and i f 

d u r i n g T^ a c o u n t i s made f o r e v e r y o c c u r r e n c e o f | x ( t ) | - A t h e n 

1 0 0 — U 
Ti 

N l w M > 
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w 

so t h a t t h e n o r m a l i z e d c o u n t must be l e s s t h a n M . By s e t t i n g 
100 

t h e g a i n t o t h e maximum l e v e l , a-^, and o b s e r v i n g U^, t h e n i f a t 

any t i m e T | d u r i n g t h e c o u n t r e a c h e s 

100T. 

t h e g a i n i s r e d u c e d t o a.^ a n < ^ t h e p r o c e s s c o n t i n u e d . A f t e r t he 

time T. has elaDsed, a g a i n l e v e l w i l l have been r e a c h e d s u c h t h a t 
' ~ WM t h e n o r m a l i z e d c o u n t i s a l w a y s l e s s t h a n . I n p r a c t i c e , i t i s 

100 * 
no t t h e c o u n t n o r m a l i z e d t o T' b u t t h e c o u n t n o r m a l i z e d t o T. t h a t 

1 1 

i s c o n s t r a i n e d . The i n a c c u r a c y so I n t r o d u c e d w i l l have l i t t l e 

e f f e c t i f n i s s m a l l as e a c h g a i n l e v e l w i l l c o v e r a wide r a n g e o f 

V 

3.83 G a i n S e l e c t i o n Method 2 

T h r o u g h o u t t h e t i m e i n t e r v a l T a n o m i n a l g a i n , a , i s ° 1 3 * nom' 
u s e d t o d e t e r m i n e an e s t i m a t e o f a u

2 

V - A 

a-nom 

2U N l 
N l 

- 1 

and t h e k ^ n g a i n l e v e l I s u s e d i f a u l i e s i n t h e r a n g e 

umm 
umax 

°umin. 

, k-1 
n 

a u < umin 
'umax 

.°umin, 

n 

o r i f l i e s i n t h e r a n g e 

N l 
2 

1 + nom 9 
0 z . 

^2 umm 

- - 2 k - 2 i — 

°umax n 
N l 2 

1 + 

-°umin. 

nom ? 
A 2 

- 2k] 
°umax n 

5umin . 
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3.9 Prototype System Parameters 

In the prototype system, four lev e l s of gain were 

available and the f i r s t method of gain selection was used. In 

th i s instrument a maximum of 5 % c l i p p i n g of x(t) was allowed and 

A was chosen to be equal to 2.0 v o l t s . Corresponding to these 

parameters are: the maximum root mean square value of x(t) 

°xmax " 1 - 0 2 v o l t s » 
the minimum root mean square value of x(t) 

axmin = ° - 1 1 8 v o l t s » 
and the geometric mean, root mean square value of x(t) 

o Y = 0.348 v o l t s . 

These values r e s u l t i n consecutive gain lev e l s 

a k = a k - i 
a umin 
0 umax 

JL 
n = 0.115a k-1 * 
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4. INSTRUMENTATION OF PROTOTYPE SYSTEM 

4.1 B a s i c S y s t e m 

A p r o t o t y p e i n s t r u m e n t has been c o n s t r u c t e d t o e n a b l e 

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

t e c h n i q u e s t o be v e r i f i e d as b e i n g s u i t a b l e f o r A r c t i c Sea a m b ient 

n o i s e . The o u t p u t o f t h i s i n s t r u m e n t must be l i n e a r o v e r a r o o t 

mean s q u a r e i n p u t s i g n a l r a n g e o f 40 dB. 

I t was assumed t h a t t h e i n p u t was b a n d - l i m i t e d so t h a t 

t h e i n s t r u m e n t a t i o n o f t h e o c t a v e band p a s s f i l t e r s was n o t c o n ­

s i d e r e d . T h i s r e s u l t e d i n a s y s t e m composed o f f i v e main u n i t s : 

( i ) t i m i n g c i r c u i t s , 

( i i ) random n o i s e g e n e r a t o r s , 

( i i i ) v a r i a b l e g a i n a m p l i f i e r , 

( i v ) q u a n t i z e r s and l o g i c a l m u l t i p l i c a t i o n , and 

( v ) s y s t e m o u t p u t . 

E a c h p e r i o d o f a n a l y s i s c o n s i s t s o f a 58-second 

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

f o l l o w e d by 4 m i n u t e s s p e n t m e a s u r i n g t h e mean s q u a r e v a l u e o f 

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

g a i n i s s e t t o maximum and c o r r e s p o n d i n g l y r e d u c e d by one s t e p 

whenever t h e number o f samples f o r w h i c h | x ( t ) | * A r e a c h e s a 

p r e d e t e r m i n e d number. 

4.2 T i m i n g C i r c u i t s 

I n o r d e r t o s e t t h e s y s t e m i n t h e a p p r o p r i a t e s t a t e a t 

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

v o l t a g e l e v e l s a p p e a r i n g when r e q u i r e d a t t h e v a r i o u s o u t p u t 



terminals of the timing c i r c u i t . This c i r c u i t consists of two 

binary counters, of six and three bits each, counting seconds and 

minutes respectively. I n i t i a l l y a l l f l i p - f l o p s In these counters 

are set to the one state (positive l o g i c ) which corresponds to a 

time of 7 minutes and 63 seconds. Thereafter the s i x - b i t counter 

i s toggled every second and upon the occurrence of 60 such toggle 

pulses the s i x - b i t counter f l i p - f l o p s are reset to the zero state 

which i n turn toggles the three-bit counter. The control orders 

are 

TIME 
MINUTES SECONDS CONTROL ORDER 

07 63 a = a x 

n-̂  = -A 

n 2 = +A 

Commence sampling 

00 00 Clear output counter 

Allow gain determination to be made 

Record gain 

00 58 n x = n 1 ( t ) 

n 2 = n 2 ( t ) 

00 59 Clear output counter 

04 59 Stop sampling 

At the start of the analysis, the reset t i n g of the 

control order c i r c u i t so that a l l f l i p - f l o p s are i n the one state 

sets the amplifier gain to the maximum l e v e l , the random noise 

generators to produce voltage lev e l s of +A and -A, and starts 

sampling the LOGIC MULTIPLY output. One second l a t e r , the output 

counter i s cleared and over the next 58 seconds the gain desired 



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

c o u n t e r w i l l c o n t a i n a c o u n t o f l e s s t h a n 2 1 7 ( c o r r e s p o n d i n g t o 

a p p r o x i m a t e l y 5 % c l i p p i n g a t a s a m p l i n g i n t e r v a l o f 25 x 1 0 ~ 6 

s e c o n d s and a s a m p l i n g t i m e o f 58 s e c o n d s ) . Upon c o m p l e t i o n o f t h e 

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

p u t s t o t i m e - v a r y i n g o u t p u t s , and a t s e c o n d 5 9 , t h e o u t p u t c o u n t e r 

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

e s . The o u t p u t i s r e a d a t a t i m e o f 4 m i n u t e s and 59 s e c o n d s when 

s a m p l i n g o f t h e LOGIC MULTIPLY o u t p u t has been t e r m i n a t e d . The 

n e x t a n a l y s i s commences when t h e c o n t r o l o r d e r c i r c u i t f l i p - f l o p s 

a r e r e s e t t o t h e one s t a t e , t h i s b e i n g a manual o p e r a t i o n . 

C o n t r o l o r d e r v o l t a g e l e v e l s a r e l e d f r o m t h e c o n t r o l 

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

c i r c u i t s and t h e n t o o t h e r main u n i t s o f t h e s y s t e m . A b l o c k 

d i a g r a m o f t h e p r o t o t y p e i s shown i n F i g u r e 6. 

4.3 Random N o i s e G e n e r a t o r s 

I f a d e t e r m i n i s t i c t r i a n g u l a r wave, w i t h maximum and 

minimum o f +A and -A r e s p e c t i v e l y , i s s a m p l e d a t a f r e q u e n c y w h i c h 

i s n o t commensurate w i t h t h a t o f t h e d e t e r m i n i s t i c waveform, t h e 

r e s u l t i n g s i g n a l w i l l be pseudo-random w i t h a u n i f o r m p r o b a b i l i t y 

d e n s i t y f u n c t i o n o v e r [-A,+A], Such a c o n j e c t u r e has been e x t e n ­

s i v e l y i n v e s t i g a t e d by W a r m a n ^ ) ^ where i t was shown t h a t i f t h e 

f r e q u e n c i e s o f t h e two d e t e r m i n i s t i c waveforms were r e l a t e d by a 

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

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

random n o i s e g e n e r a t o r s w i t h pseudo-random n o i s e g e n e r a t o r s i s 

m i n i m a l . 



COxMTROL 
ORDER 
CIRCUIT 

0000 

-0.0.59 

EXCLUSIVE "OR" 
COMPLEMENT 
MODIFIED AND 

* SAMPLED 

UP 
COUNT 

UN 

F i g u r e 6 . P r o t o t y p e S y s t e m 



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

computed o v e r r e a s o n a b l y l a r g e p a s s bands and o t h e r a p p r o x i m a t i o n s 

a r e made, i t i s c o n s i d e r e d t h a t t h e e r r o r i n t r o d u c e d by t h e use 

o f p seudo-random n o i s e g e n e r a t o r s w i l l be n e g l i g i b l e . The t r i ­

a n g u l a r wave g e n e r a t o r p r o p o s e d by Warman h a s , w i t h m o d i f i c a t i o n s , 

been u s e d t o p r o d u c e a t r i a n g u l a r wave, n ^ ( t ) , w h i c h v a r i e s 

between -2 and +2 v o l t s . 

Two s w i t c h e s , e a c h u s i n g two f i e l d - e f f e c t t r a n s i s t o r s 

and w i t h i n p u t s n ^ ( t ) and ( - l ) ^ A , were u s e d t o p r o v i d e an i n p u t 

t o e a c h q u a n t i z e r . The r e s e t (0763) and 0058 c o n t r o l o r d e r s were 

u s e d to, d r i v e t h e s e s w i t c h e s . The o t h e r q u a n t i z e r i n p u t (common 

f o r b o t h q u a n t i z e r s ) was t h e v a r i a b l e g a i n a m p l i f i e r o u t p u t . 

H.4 V a r i a b l e G a i n A m p l i f i e r 

The v a r i a b l e g a i n a m p l i f i e r was c o n s t r u c t e d u s i n g an 

" A n a l o g D e v i c e s M o d e l 106" o p e r a t i o n a l a m p l i f i e r e mployed i n a 

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

by r e s i s t o r s w i t c h i n g I n t h e f e e d b a c k l o o p . When a p a r t i c u l a r 

c o u n t i n t h e o u t p u t c o u n t e r was r e a c h e d , a t w o - b i t c o u n t e r was 

t o g g l e d and t h e g a i n l e v e l d e t e r m i n e d by t h e combined s t a t e s o f 

t h e two f l i p - f l o p s . T h e s e s t a t e s were made a v a i l a b l e v i s u a l l y , 

as w e l l as u s e d t o d r i v e t h e f i e l d - e f f e c t t r a n s i s t o r s w i t c h e s o f 

t h e f e e d b a c k r e s i s t o r s . 

4.5 Q u a n t i z e r s and L o g i c a l M u l t i p l i c a t i o n 

The a m p l i f i e d s i g n a l , x ( t ) , and t h e d e t e r m i n i s t i c 

t r i a n g u l a r waveforms n ^ ( t ) were compared u s i n g " F a i r c h i l d yA710" 

d i f f e r e n t i a l c o m p a r a t o r s , t h e o u t p u t b e i n g a r e p r e s e n t a t i o n o f t h e 
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s i g n o f x ( t ) - n^Ct). As m e n t i o n e d i n S e c t i o n 3.4 t h e LOGIC 
MULTIPLY r e a l i z a t i o n i s an " e x c l u s i v e OR complement" and t o p r e ­

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

m o d i f i c a t i o n t o t h e " e x c l u s i v e OR complement" c i r c u i t was made. 

The " e x c l u s i v e OR complement" and 25 m i c r o s e c o n d c l o c k p u l s e were 

combined i n s u c h a manner so t h a t d u r i n g t h e c l o c k p u l s e , t h e 

" m o d i f i e d e x c l u s i v e OR complement" was m a i n t a i n e d a t t h e l e v e l o f 

t h e " e x c l u s i v e OR complement" a t t h e b e g i n n i n g o f t h e c l o c k p u l s e . 

The p o s i t i v e - g o i n g edge o f t h e c l o c k p u l s e was u s e d t o t r i g g e r a 

m o n o s t a b l e d e s i g n e d t o have a p u l s e w i d t h o f 0,25 m i c r o s e c o n d s , 

and u s i n g an AND c o n f i g u r a t i o n , v/as m u l t i p l i e d w i t h t h e " m o d i f i e d 

e x c l u s i v e OR complement". T h i s r e a l i z a t i o n i s shown i n F i g u r e 7 

w i t h t y p i c a l c i r c u i t waveforms shown i n F i g u r e 8. 

4.6 Sy s t e m O u t p u t 

The o u t p u t c o u n t e r c o n s i s t e d o f t w e n t y - f o u r b i t s , and 

b e c a u s e t i m i n g p r o b l e m s w o u l d n o t be e n c o u n t e r e d , was c o n s t r u c t e d 

as a r i p p l e c o u n t e r o f w h i c h any p a r t i c u l a r f l i p - f l o p w ould 

change i t s s t a t e i f and o n l y i f t h e p r e c e d i n g f l i p - f l o p had u n d e r ­

gone a h i g h - t o - l o w t r a n s i t i o n . The t o g g l e waveform f o r t h e f i r s t 

f l i p - f l o p was t h e n e g a t i v e - g o i n g edge o f t h e 0,25 m i c r o s e c o n d 

m o n o s t a b l e a n d , as e x p l a i n e d i n S e c t i o n 4.5, o c c u r r e d o n l y i f t h e 

" e x c l u s i v e OR complement" had been i n t h e h i g h s t a t e a t t h e s t a r t 

o f t h e c l o c k p u l s e . The c o u n t e r o u t p u t , U N , was r e a d v i s u a l l y i n 

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

r e c o r d i n g on m a g n e t i c t a p e as r e q u i r e d i n t h e D.R.E.P. s y s t e m . 
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x 

F i g u r e 7. R e a l i z a t i o n o f M o d i f i e d E x c l u s i v e OR Complement 
( E n c i r c l e d Numbers R e f e r t o F i g u r e 8) 
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4,7 P r o t o t y p e O p e r a t i o n Modes 

To p r o v i d e v a r i o u s modes o f t e s t i n g f o r t h e p r o t o t y p e 

s y s t e m , s e v e r a l r e d u n d a n t s t a g e s were i n c o r p o r a t e d . Power s u p ­

p l i e s u s e d were t h o s e a v a i l a b l e "on t h e s h e l f " and t h e r e was no 

a t t e m p t t o m i n i m i z e power c o n s u m p t i o n ( t h i s i s a r e q u i r e m e n t i n 

t h e D.R.E.P. s p e c i f i c a t i o n s ) , A s e t o f s e v e n mode c o n t r o l s w i t c h e s 

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

BUTTON/SWITCH OPERATION 

1 R e s e t s e n t i r e s y s t e m t o s t a r t o f a d a p t i v e 
mode 

2 ON 1 s e c o n d p u l s e i s a p p l i e d t o t i m i n g c i r c u i t 
OFF T i m i n g c i r c u i t i s s t o p p e d 

3 ON A l l o w s a u t o m a t i c g a i n c h a n g i n g d u r i n g T^ 
OFF A l l o w s manual g a i n c h a n g i n g d u r i n g 

4 Changes g a i n one s t e p when 3 i s OFF 

5 ON C o u n t e r t o g g l e d as p e r n o r m a l o p e r a t i o n 
OFF C o u n t e r t o g g l e d by c l o c k p u l s e 

6 ON C o u n t e r t o g g l e d as p e r 5 
OFF C o u n t e r n o t t o g g l e d 

7 ON x ( t ) i s a m p l i f i e r o u t p u t 
OFF x ( t ) i s h e l d a t g r o u n d . 
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5. PROTOTYPE TESTS 

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

To d e t e r m i n e t h e r e g i o n o f o p e r a t i o n o f t h e p r o t o t y p e 

s y s t e m f o r w h i c h t h e o u t p u t was l i n e a r l y r e l a t e d t o t h e mean 

s q u a r e v a l u e o f t h e i n p u t , s i n u s o i d a l s i g n a l s o f a l a r g e a m p l i t u d e 

and f r e q u e n c y r a n g e were u s e d . T h e s e i n p u t s were a p p l i e d t o t h e 

s y s t e m d e s c r i b e d i n C h a p t e r 4, w i t h t h e use o f t h e c i r c u i t shown 

i n F i g u r e 9. 

F i g u r e 9. P r o t o t y p e I n p u t S i g n a l C i r c u i t 

A " U n i p i v o t T h e r m a l M i l l i a m m e t e r * * ((jT)in F i g u r e 9) was 
u s e d t o measure t h e r o o t mean s q u a r e c u r r e n t , I , t h r o u g h t h e 

m i l l i a m m e t e r i n t e r n a l r e s i s t o r , r . The R^ and R 2 r e s i s t o r combina^ 

t i o n was a " G e n e r a l R a d i o V o l t a g e D i v i d e r " w i t h a t o l e r a n c e o f 

±0.05 %. The i n p u t s i g n a l V ( t ) was a f i x e d a m p l i t u d e s i n e wave 

V ( t ) = B s i n ( 2 T r f t ) , 

and t h e v a l u e o f B was c a l c u l a t e d f r o m t h e v a l u e o f I as r e a d f r o m 
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t h e t h e r m a l m i l l i a m m e t e r . The i n p u t t o t h e p r o t o t y p e , as s e e n 

f r o m F i g u r e 9, was 

u ( t ) 1 2 

r 1 R 2 + R 1 ( r 1 + R 2 ) 

and i n t h e G.R. v o l t a g e d i v i d e r 

R l + R 2 = 1 0 o h m s » a n d 

= m , 
R 2 

R x+R 2 

where m i s t h e G.R. box c o e f f i c i e n t and i s v a r i a b l e . U s i n g t h e 

t h e r m a l m i l l i a m m e t e r c u r r e n t I 

B 2 = 2 ( R + r ) 2 I 2 , 

so t h a t t h e mean s q u a r e v a l u e o f t h e I n p u t , u ( t ) , i s 

u 2 ( t ) = ( I R + I r ) 2 

r-^m 

r 1+m(l-m)10 l 4 _ 

2 
. ( 42) 

5.2 T e s t E q u i p m e n t C a l i b r a t i o n 

5 . 2 . 1 T h e r m a l M i l l i a m m e t e r 

B e c a u s e t h e v a l u e o f r was n o t known e x a c t l y , i t was 

n e c e s s a r y t o c a l i b r a t e t h e t h e r m a l m i l l i a m m e t e r t o e n a b l e i t s use 

as an a c c u r a t e r o o t mean s q u a r e v o l t m e t e r . T h i s c a l i b r a t i o n was 

made w i t h t h e use o f a "John F l u k e D i f f e r e n t i a l D.C. V o l t m e t e r " 

and l e d t o r e l a t i o n s h i p s 

(1.6327)1-0.017143 v o l t s . I<0.780 ma. 

I r = ( v 2 ( t ) ) 1 / 2 = 

( 1 . 7 3 8 D I - 0 . 0 9 8 0 9 5 v o l t s . 1^0.780 ma. 

(43) 
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5 .2.2 P r o t o t y p e S ystem 

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

waves, symmetry a b o u t z e r o v o l t s may n o t have been a c h i e v e d . I n 

a d d i t i o n , t h e o p e r a t i o n a l a m p l i f i e r , u s e d t o p r o d u c e x ( t ) f r o m 

u ( t ) , may have had a d . c . o f f s e t v o l t a g e . T h e s e d e v i a t i o n s f r o m 

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

i n p u t - o u t p u t r e l a t i o n s h i p o f t h e s t a t i s t i c a l w a t t m e t e r , as g i v e n 

by ( 2 1 ) , t o a r e l a t i o n s h i p 

( 2 A 1 - 6 1 ) ( 2 A 2 - 6 2 ) ( 2 U N - N ) ( 6 1 + 6 2 ) 6 1 6 2 

x 2 ( t ) = ± ± 1 1 « + £ - X ( t ) -

4N 2 4 

(44) 

where 

x ( t ) = - a u ( t ) + b , 

and "b" i s t h e o f f s e t v o l t a g e o f t h e o p e r a t i o n a l a m p l i f i e r when 

g a i n l e v e l " a " i s u s e d . I n ( 4 4 ) , t h e d e t e r m i n i s t i c t r i a n g u l a r 

waves a r e bounded by [ - ( A ^ - 6 ^ ) j A ^ ] and [ - ( A 2 - 6 2 ) , A 2 ] . B e c a u s e u ( t ) 

i s a z e r o mean i n p u t , t h e mean s q u a r e v a l u e o f u ( t ) i s 

u 2 ( t )=L 
a 2 

( 2 A 1 - 6 1 ) ( 2 A 2 - 6 2 ) ( 2 U N - N ) ( 6 x + 6 2 ) 6±&2 ^ 

4N 2 4 

(45) 

To c a l i b r a t e t h e p r o t o t y p e , u ( t ) was made e q u a l t o 

z e r o v o l t s and t h e v a l u e s o f and N r e c o r d e d , so t h a t 

(6-L+6 2) 6 1 6 2 ( 2 A 1 - 6 1 ) ( 2 A 2 - 6 2 ) ( 2 U ( 0 ) - N ( 0 ) ) 

2 4 4 N ( 0 ) 

(46) 



55. 
The r e s u l t i n g i n p u t - o u t p u t r e l a t i o n s h i p o f t h e s t a t i s t i c a l 

w a t t m e t e r i s 

( 2 A 1 - 6 1 ) ( 2 A 2 - 6 2 ) 
U 2 ( t ) = 

2a: 

u N U(0) 

N N(0) 
(47) 

I n t h e i d e a l w a t t m e t e r , t h e r a t i o o f U(0) t o N(0) w i l l 

be - i - and, by c h o o s i n g b, o r e i t h e r o f 6^ o r 6 2 , s u c n t h a t 

b = -±- , 
2 

o r b = — > 
2 

t h e n t h e l e f t hand s i d e o f (46) i s i d e n t i c a l l y z e r o and t h e i d e a l 

r a t i o has been a c h i e v e d . However, x ( t ) must s a t i s f y 

- ( A 1 - « 1 ) , - ( A 2 - 6 2 ) s x ( t ) = - a u ( t ) + b s A 1 , A 2 

f o r t h e use o f t h e t h e o r e m o f S e c t i o n 3.3 t o be v a l i d . 

5.3 T e s t R e s u l t s 

S even s e r i e s o f t e s t s were c o n d u c t e d , s i x u s i n g 

s i n u s o i d a l i n p u t s o f t h e c e n t r e f r e q u e n c i e s as l i s t e d i n T a b l e 1, 

and one u s i n g a d . c ; i n p u t . The r e s u l t s o f t h e s e t e s t s have been 

p l o t t e d , u s i n g l o g a r i t h m i c s c a l e s , and a r e shown i n F i g u r e s 10 

t h r o u g h 16. I n e a c h o f t h e s e f i g u r e s , t h r e e p l o t s o f t h e r a t i o 
'N 

— — w e r e made as f u n c t i o n s o f t h e a c t u a l v a l u e o f u 2 ( t ) w h i c h 
N 
c o r r e s p o n d t o : 

C u r v e 1 

C u r v e 2 

C u r v e 3 

CM _ 2 \ _ 1 
N N ~ 2 

N 

\ U(0) 
N _N N(0) 

u 2 ( t ) = A 1 A 2 T • 

and 



1.0 



0.0001 0.001 0.01 0.1 1.0 

F i g u r e 11. S i n u s o i d T e s t R e s u l t s f = 60.0 Hz. —J 



F i g u r e 12. S i n u s o i d T e s t R e s u l t s f = 2 2 5 . 0 Hz. 
CO 





F i g u r e 14. S i n u s o i d T e s t R e s u l t s ' f = 3.0 kHz. 



1.0 -f 

F i g u r e 15. S i n u s o i d T e s t R e s u l t s f = 12.0 kHz. 





63. 
From t h e r e s u l t s shown g r a p h i c a l l y i n F i g u r e s 10 t h r o u g h 

16, t h e r e does n o t a p p e a r t o be any i n p u t s i g n a l f r e q u e n c y d e p e n d ­

ence upon t h e s y s t e m o u t p u t . The r a n g e o f l i n e a r i t y o f t h e i n p u t -

o u t p u t r e l a t i o n s h i p i s s e e n t o be o v e r a mean s q u a r e i n p u t o f 0.01 

t o 2.0 v o l t s 2 , w h i c h i s l e s s t h a n t h e d e s i r e d r a n g e o f 40 dB. 

B e c a u s e t h e maximum i n p u t s i g n a l was r e s t r i c t e d by t h e maximum 

d i f f e r e n t i a l v o l t a g e o f t h e c o m p a r a t o r s , t h e minimum mean s q u a r e 

s i g n a l t o p r o v i d e t h e d e s i r e d 100:1 a m p l i t u d e r a n g e was c o m p a r a b l e 

t o t h e s y s t e m n o i s e . The c a l c u l a t e d a v e r a g e o f t h e r a t i o was 
N(0) 

0.5015, and f o r mean s q u a r e i n p u t s between 0.0001 and 0.01 v o l t s 2 , U.T 
t h e r a t i o — ^ was a l s o o f t h i s m a g n i t u d e , so t h a t t h e d a t a shown i n 

N 

t h e s e r e g i o n s a r e u n r e l i a b l e . The n o n - l i n e a r i t y a t t h e u p p e r 

r a n g e o f i n p u t s i g n a l s i s a r e s u l t o f e x c e s s i v e c l i p p i n g o f t h e 

i n p u t o v e r t h e r e f e r e n c e l e v e l s . The p e r c e n t a g e o f c l i p p i n g 

v a r i e s up t o 50 % % As i n d i c a t e d by c u r v e s 3, t h e s l o p e o f c u r v e s 2 

s h o u l d be e q u a l t o 1.0. The d e v i a t i o n i n t h e s l o p e o c c u r r e d i n 

t h e l o w e r r e g i o n o f t h e l i n e a r i n p u t - o u t p u t r e l a t i o n s h i p and i t 

was f e l t t h a t t h i s d e v i a t i o n was c a u s e d by t h e use o f an a v e r a g e 

v a l u e f o r ^}®\ w h i c h was o f t h e same o r d e r o f m a g n i t u d e as t h e 
u ' 

r a t i o o f I f , i n t h e p l a c e o f t h e " F a i r c h i l d uA710" compara­

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

were u s e d , i t i s f e l t t h a t t h e i n p u t - o u t p u t r e l a t i o n s h i p w o u l d be 

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

method o f a n a l y s i s s u i t a b l e f o r A r c t i c Sea ambient n o i s e . 
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6. SUMMARY AND CONCLUSIONS 

A p o l a r i t y c o i n c i d e n c e s t a t i s t i c a l w a t t m e t e r has been 

p r o p o s e d whereby t h e A r c t i c Sea ambient n o i s e power s p e c t r a l 

d e n s i t y c o u l d be measured w h i l e no a s s u m p t i o n s need be made c o n ­

c e r n i n g t h e s t a t i s t i c s o f t h e n o i s e . By v a r i a t i o n o f t h e i n p u t 

mean s q u a r e v a l u e , u s i n g a v a r i a b l e g a i n a m p l i f i e r , a r a n g e , 

somewhat g r e a t e r t h a n 20 dB, o f i n p u t s i g n a l s c a n be a n a l y z e d . By 

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

ways o v e r t h e same r a n g e o f i n p u t mean s q u a r e v a l u e and i s o v e r a 

r e g i o n where s y s t e m o p e r a t i o n i s o p t i m a l . The g a i n l e v e l s r e q u i r e d 

have been c a l c u l a t e d and two methods o f g a i n l e v e l d e t e r m i n a t i o n 

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

r a n g e o f l i n e a r i t y o f t h e i n p u t - o u t p u t r e l a t i o n s h i p , has shown 

t h a t t h e r a n g e o f l i n e a r i t y was n o t as l a r g e as d e s i r e d , b u t i t i s 

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

r a n g e c o u l d be a c h i e v e d . 

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

R . I . p a c k a g e s ( d i s c u s s e d i n C h a p t e r 1) as u s e d i n t h e a n a l y s i s o f 

A r c t i c Sea ambient n o i s e , t h e two m a j o r i n s t r u m e n t a t i o n changes 

a r e ( i ) e x t e n s i o n o f t h e r a n g e o f l i n e a r i t y o f t h e i n p u t - o u t p u t 

r e l a t i o n s h i p by methods as o u t l i n e d i n C h a p t e r 5, and ( i i ) r e d u c ­

t i o n i n i n s t r u m e n t power c o n s u m p t i o n . I t i s f e l t t h a t , w i t h t h e 

a d v e n t o f low power i n t e g r a t e d c i r c u i t c o n f i g u r a t i o n s , t h i s l a t t e r 

c hange c o u l d be made s u c h t h a t t h e D.R.E.P. s y s t e m r e q u i r e m e n t s 

a r e met. 

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

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

i n s t r u m e n t was c a l i b r a t e d , u s i n g one o f t h e s e c l a s s e s , t o e l i m i n a t e 



t h e e f f e c t o f d . c . v o l t a g e s w h i c h may. have a p p e a r e d as a r e s u l t 

o f t h e a m p l i f i e r o f f s e t o r as a r e s u l t o f pseudo-random n o i s e 

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

I t had been hoped t h a t a c t u a l A r c t i c Sea ambient n o i s e r e c o r d s 

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

t h e mean s q u a r e v a l u e as measured u s i n g some i n d e p e n d e n t i n s t r u m e n t . 

T h i s c o m p a r i s o n has n o t been made so t h a t t h e a d a p t i v e f e a t u r e has 

n o t been t e s t e d w i t h random i n p u t s , and e r r o r s o t h e r t h a n t h e non-

l i n e a r i t y o f t h e i n p u t - o u t p u t r e l a t i o n s h i p i n t h e p r o t o t y p e t e s t s , 

have n o t been d e t e r m i n e d . 

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

t h e s p e c t r a l a n a l y s i s o f t h e A r c t i c Sea ambient n o i s e would r e ­

q u i r e m o d i f i c a t i o n s t o meet t h e r e q u i r e m e n t s o f t h e D e f e n c e 

R e s e a r c h E s t a b l i s h m e n t P a c i f i c . At a f i x e d g a i n , t h e w a t t m e t e r 

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

dynamic r a n g e o f t h e i n p u t r a t h e r l e s s t h a n t h e d e s i r e d 40 dB. 

By i n c l u d i n g s e v e r a l g a i n l e v e l s t h e t o t a l dynamic r a n g e o f 75 dB 

o f t h e i n p u t s h o u l d be a c h i e v e d . The o u t p u t o f t h e p r o p o s e d 

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

a v a i l a b l e f o r r e c o r d i n g on m a g n e t i c t a p e and f u r t h e r a n a l y s i s . 

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

A r c t i c Sea am b i e n t n o i s e a n a l y s i s , f u r t h e r t e s t i n g o f t h e 

p r o t o t y p e , w i t h t h e m o d i f i c a t i o n s as n o t e d , must be made w i t h 

random i n p u t s . 
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