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INTRODUCTION

The t r a n s i s 't o 'e  wag to r e n t e d  h y  s c i e n t i s t s  o f  th e  B e l l  

T e lep h o n e  L a b o ra to r ie B  i n  1948 arid r e p o r t e d  i n  t h e  J u ly  1 5 s 

1 9 4 8 s i s s u e  o f  th e  P h y s io a l  ReTleWo A ccording: t o  B ardeen  a n d .- 

B ra tta iB g  th e  in v e n to r y :  nJk th r e e -e le m e n t  e l e e t r o n i e  d e v io e  -

w hich  u t i l i z e s  a  new ly  d is c o v e re d  p r i n c i p l e  in v o lv in g  a  se m i­

c o n d u c to r  a s  b a s ic  e le m e n t i s  d e s c r ib e d 0 I t  may b e  eflp loyed  

a s  an  e m p l i f i e r gv o s e i l l a t o r /  and f o r  o t h e r  p u rp o s e s  f o r  

w h ich  v a c u W  tu b e s  a r e  b r d l n a r i l y  u sedo^ ;

W ith  t h i s  anhouncam ent 3' new d o o rs  w ere opened  in  th e  

f i e l d  o f a p p l ie d  e l e c t r o n i c s o  N e a r ly  e v e ry  le a d in g  company 

i n  th e  c o u n try  u n d e r to o k  r e s e a r c h  to w a rd  t h e  d ev e lo p m en t and ' 

im provem ent o f  s e m i-c o n d u c to r  d e v i c e s »

S in c e  t h e n .many new p r o p e r t i e s  o f  s e m i-c o n d u c to r  d e v ic e s  

h ave  been  d isc o v e re d ;,-  and  many new c i r c u i t s  have  been  de­

v e lo p e d , A lth o u g h  i t  i s  j u s t  a  b e g in n in g s r e s u l t s  a re  v e ry  

e n co u ra g in g o  W id esp read  s t u d i e s  show , t h a t  fft h e  sem i­

c o n d u c to r  m a t e r i a l s  have  v e ry  p ro m is in g  p r o p e r t i e s  In  th e
, - .- . . ; . ; . ■ . ' ; . ... . . 2 . ' ■ : 

f i e l d  o f - e l e c t r o n i c s  w here  vacuum  tu b e s  a r e - u s e d o 85 ■

I t  h a s ' been  s a i d  t h a t  th e  t r a n s i s t o r  m ig h t be th e

lo  J 0 B ard een  and  W0Ho B r a t t a i n s " T r a n s i s t o r —A Sem i­
c o n d u c to r  T r io d e :3n The P h y s ic a l  R ev iew , J u l y  1 5 , 1 9 4 8 0

2 o S h e a , ^ T r a n s i s to r  C i r c u i t s



2

s u c c e s s o r  o f  th e  vacuum  tube*. T h is  i s  n o t  e n t i r e l y  j u s t i f i e d  

a s  you can  s e e  fro m  th e  f o l lo w in g  summary o f some p r o p e r t i e s  

o f  t r a n s i s t o r s :

lo  R e la t i v e ly ,  l a r g e  n o i s e  f i g u r e

2 C C om plete  f re e d o m  fro m  s h o r t - c i r c u i t  i n s t a b i l i t y  
f i n  j u n c t i o n  ty p e  o n ly )

3 = H igh  g a in

: ■ 4o T e ry  s m a ll  pow er h a n d lin g  c a p a c i ty  and e f f i c i e n c y  

. J<, Z reedom  fro m  m ic ro p h o n ie s

' 60 R uggedness and s m a l l 's i z e .

7» L im ited  freg u en ey  r esp o n se
- - . ; ' ; ■ • ■ ' . ' ' ■ ; ■ 3

‘ : 80 O p e ra t io n  w i th  e x c e e d in g ly  sm a ll pow er con su m p tio n  ' '  -"

T h is  l i s t  c l e a r l y  shows th e  a d v a n ta g e s  and l i m i t a t i o n s  o f  

th e  t r a n s i s t o r = A s tu d y  o f  th e  l i s t e d  p r o p e r t i e s  shows t h a t  

t r a n s i s t o r s  w i l l  have m any a d v a n ta g e s  o v e r  t h e  vacuum  tu b e s  s 

e s p e c i a l l y  w i th  r e s p e c t  t o  h ig h  g a i n s h ig h  e f f i c i e n c y 8 and  ■ 1 

ru g g e d n e ss  0 Vacuum tu b e s  •■ a r e  c h a r a c t e r i z e d  by l im i t e d  and 

u n p r e d ic t a b l e  l i f e ,  i n e f f i c i e n t  power consu m ption , and m echan­

i c a l  b u lk in e s s  and f r a g i l i t y o  S h o u ld  we su c c e e d  in  d e v e lo p ­

in g  a  good and e f f i c i e n t  t r a n s i s t o r ,  th e n  w e  s h a l l  b e  f r e e  

f ro m  some o f  th e  d is a d v a n ta g e s  o f  vacuum  tu b e s  s th o u g h  th e  

t r a n s i s t o r  d is a d v a n ta g e s  w i l l  rem a in *

A d e t a i l e d  s tu d y  o f  t h e  c h a r a c t e r i s t i c s  o f  t r a n s i s t o r s
■ : : a  • ■

. and  t h e i r  a s s o c i a t e d  c i r c u i t s  has been  madea

3 .0 . S I ,  " T r a n s is to r  T h eory ," . J u ly  1951 ,̂  p 0 9 ,0.

. 4p B hea j  op* c i t *
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The o b j e c t  o f  t h i s  p a p e r  i s  t o  s tu d y  th e  e f f e c t i v e  

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

fe e d -b a c k o  T h is  s tu d y  h a s  been  done e x p e r i i i e n t a l l y  a s  w e ll  

a s  t h e o r e t i c a l l y 0 I n  a d d i t i o n ,  a  b r i e f  i n t r o d u c t i o n  i s  p ro ­

v id e d  to  g iv e  th e  r e a d e r  a  r e a s o n a b le  f a m i l i a r i t y  w i th  sem i­

c o n d u c to r  p h y s ic s  and w ith  th e  v a r io u s  t y p e s  o f  t r a n s i s t o r s  6 

. T r a n s i s t o r s  assum e many d i f f e r e n t  p h y s ic a l  fo rm s and 

ty p e s  o The t r e a tm e n t  iias been  g e n e r a l  r a t h e r  th a n  s p e c i f i c ;  

th e  d i s t i n c t i o n  b e tw e e n  p - n - p  and  n = p -n  u n i t s  i s  a v o id e d 0

The f i r s t  c h a p te r  d e a l s  w i th  t h e  p h y s i c a l  a n d  e l e c t r i c a l  

c h a r a c t e r i s t i e s  o f  t r a n s i s t o r s e The e x p la n a t io n s  a r e  b r i e f  

I n  n a tu r e o

The e q u iv a le n t  c i r c u i t  m ethod I s  w id e ly  u se d  i n  vacuum  " 

tu b e  c i r c u i t s  and th e  r e s u l t s  a r e  e x tr e m e ly  s a t i s f a c t o r y o  

T h is  sh o u ld  h o ld  f o r  t h e ' c i r c u i t s  w here  t r a n s i s t o r s  a r e  usedo 

T h e r e f o r e  t h e  seco n d  c h a p te r  h as  b een  d e v o te d  t o  th e  s tu d y  

and d ev e lo p m en t o f  th e  e l e c t r i c a l  e q u iv a le n t  c i r c u i t s  o f th e  

t r a n s i s t o r s  and t h e i r  vacuum  tu b e  a n a lo g u e s»

I n  t h e  t h i r d  c h a p te r ,  fo rm u la s  f o r  th e  e f f e c t i v e -  tra m s  =? 

c o n d u c ta n c e s  o f; t r a n s i s t o r  a m p l i f i e r s  a r e  d e v e lo p ed  th e o ­

r e t i c a l l y  f o r  t h r e e  d i f f e r e n t  t r a n s i s t o r  c o n n e c tio n s  s 

g ro u n d ed  e m i t t e r ,  g ro u n d ed  b a s e , and g ro u n d ed  c o l l e c t o r  

ty p e so  The fo rm u la s  have  been  d e v e lo p e d  f o r  tw o c a s e s :  one

i n  th e  p re s e n c e  o f  i n t e r n a l  f e e d - b a c k ,  and th e  o th e r  in  th e  

a b se n c e  o f  i n t e r n a l  f e e d - b a c k 0

E x p e r im e n ta l - d a ta  a r e  in c lu d e d  i n  t h e  l a s t  c h a p te r  t o  

d e te rm in e  th e  a c c u ra c y  of th e  a n a l y t i c a l  m eth o d 0.
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o m p T m .T \

T E M S IS f OHS

t r a n s i s t o r  i s  th e  name g iv e n  t o  a  o r y s t a l l i n ©  t^rpe of

a m p li fy in g  e le m e n t made o f  a  s e m i^ e o n iu o to r  su c h  as  s i l i e o n  /
■■ ' ■ 1 - . ■■■■ : ■ ■- .

' o r  germ aninm 0. A t p r e s e n t  th e  m ost common t r a n s i s t o r  i s

e q u iv a le n t  t o  a  vacuum  tu b e  t r io d e c  I t s  p h y s ic a l  s t r u c t u r e  

is,, v e ry  s m a ll  j, a lm o s t  a s  s m a ll  a s; a  p e a 9 b u t when used  a s  an  - 

.am pl.ifie .r i t s  a b i l i t y  t o  a m p li fy  does n o t  d ep en d  upon i t s  " ’• .

: s i z e 0 t r a n s i s t o r s  'a r e  made-’ o f  s e m i=eondu .c to r d e v ic e s  su ch  a s  .' 

germ an ium i so  t h a t  a  s tu d y  o f  th e  c h a r a c t e r i s t i c s  o f  se m i­

c o n d u c to r  m a t e r i a l s  i s  n e c e s s a r y  to  a c h ie v e  an  u n d e r s ta n d in g  

o f  t r a n s i s t o r  a c t io n *

I n t r o d u c t i o n  t o  Semi- c o n d u c to r  T h eo ry

. T r a n s i s t o r  th e o r y  r e p re s e n ts ,  a  r a d i c a l  d e p a r tu r e  fro m  t h e  : 

vacuum  tu b e  th e o r y  = T h e re f  o re  i f  i s  d e s i r a b l e  t h a t  th e  r e a d e r  ,

h av e  - a  g e n e r a l  know ledge o f  th e  p h y s i c a l  p r o c e s s e s  in v o lv e d * ,

, T hey a r e  n o t i c e a b l y  • d i f f e r e n t  f ro m v a o u u m  tu b e  t h e o r y  0- We ;-"'t 

can  b e s t  u n d e rs ta n d  th e  o p e r a t io n  o f  th e  t r a n s i s t o r  i f  we -■

- l o : Jo h n  A* Doremus s " T r a n s i s t o r — S u c c e s s o r  t o  th e  Vacuum 
Tub 55 - • :

. 2 o Abraham G oblenz  and  H a rry  J* Owenss " T r a n s i s t o r  T h e- : 
o ry  and A p p l i c a t i o n , ” B i e e t r o n i c s o'; M arch 1 9 5 3 * P* 98 *



f i r s t  re v ie w  some o f  th e  e h a r a c t e r l s t  1 es o f  se m i^ eo B .d u e to rs0

Some e le m e n ts  e x h ib i t  th e  p r o p e r t i e s  of. i n s u l a t o r s  u n d e r

c e r t a i n  c o n d i t i o n s 9 w h ile  th e y  b eh av e  l i k e  c o n d u c to rs  u n d e r

o th e r  c o n d it io n s o  T hese e le m e n ts  h av e  been  g iv en , th e  name o f

se m i°e o n d u e to rs*  S e m i-c o n d u c to rs  a r e  s o l i d  m a t e r i a l s  9 b u t

th e y  a r e  n e i t h e r  good i n s u l a t o r s  n o r  good e o n d u c to rso

■ I n  t h e  m o le c u la r  s t r u c t u r e  o f  a  m a t e r i a l  l i k e  diam ond

(s e e  F ig u r e  1 ) P a l l  v a le n c e  bonds a re  s a t i s f i e d  and th e  a a -
' ..."3 - . . .

t e r i a l  b e h a v e s  l i k e  an  i n s u l a t o r *  . I f  h e a t  i s  a p p l ie d  t o

c r y s t a l , th e  th e r m a l  e n e rg y  can  c a u s e  a  v a la n c e  e l e c t r o n  to  

be knocked  o u t o f i t s  , i n t  e r - a to m ic  b o n d , and t h i s  n e g a t iv e ly  

c h a rg e d  e l e c t r o n  i s  f r e e  to  move a ro u n d  w i th in  t h e  c r y s t a l »

The r e g io n  v a c a te d  by  th e  e l e c t r o n  h a s  a n e t  p o s i t i v e  c h a rg e ,  

and t h i s  b ro k e n  v a le n c e  bond i s  c a l l e d  a  h o l e „ - T h e  diam ond 

can  now c o n d u c t b e c a u se  t h e r e  a r e  f r e e  c h a rg e s  p r e s e n t = T here  

a r e  some o t h e r  e le m e n ts  l i k e  s i l i c o n  and germ anium  t h a t  r e ­

q u ire  ' l e s s .e n e r g y ; t o  knock  e l e c t r o n s  o u t  o f  th e  v a le n c e  b o n d !  

T h is  c an  o c c u r  a t r o o m  t e m p e r a tu r e ;  th e s e  e le m e n ts  a re  c a l l e d  

I n t r i n s i c  s e m i-c o n d u c to rso  F ig u r e  2 sh o re  d i a g r a m a t i e a l l y  t h e  

s t r u c t u r e  o f  i n t r i n s i c  s i l i e o n o  'When an e l e c t r i c  f i e l d  i s  ap= 

p l i e d  t o  an i n t r i n s i c  s e m i-c o n d u c to r  th e  e l e c t r o n s  move t o ­

ward th e  p o s i t i v e  t e r m in a l  and t h e  h o le s  move to w a rd  th e  n e g a ­

t i v e  t e r m in a ls

The c o n d u c t iv i t y  of a  s e m i-c o n d u c to r  d e p en d s  upon th e

3= D orem us, o p 0 c i t o



5a

-Ar'-J photon

F i g ,  1 , S t r u c t u r e  o f 
a diam ond 
atom

F i g ,  2 , S t r u c t u r e  o f  an
i n t r i n s i c  s i l i c o n
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i m p a r i t i e s  in  t h e  se m i-e o n d u e to ra  Ifhen an I m p u r i ty  f ro m  t h e  

5 th  eolum n o f  th e  p e r i o d i c  t a b l e  i s  p r e s e n t a a tom s o f  t h i s  

im p u r i ty  r e p l a c e  atom s o f th e  s e m i-e o n d u e to r  i n  t h e  c r y s t a l  

s t r u c tu r e o  B ut e le m e n ts  t h a t  b e lo n g  t o  5t h  colum n in  th e  

p e r i o d i c  t a b l e  h ave  5 v a la n c e  e l e c t r o n s ;  th e  e x t r a  e l e c t r o n  

i s  e a s i l y  f r e e d  fro m  th e  p a r e n t  a to m  w i th o u t  t h e  f o rm a t io n  

o f a  ho leo  C o n d u c tio n  i s  by  e l e c t r o n s p and th e  sem i­

c o n d u c to r  i s  c a l l e d  an  E - ty p e  ( n e g a t iv e )  s e m i-c o n d u c to r  =

Ifhen t h e r e  i s  an  im p u r i ty  p r e s e n t  f ro m  t h e  3 rd  colum n o f t h e  

p e r i o d i c  t a b l e ,  th e  im p u r i ty  a t o m s 's i m i l a r l y  r e p l a c e  atom s o f  

th e  o r i g i n a l  m a t e r i a l  i n  c r y s t a l » . 'T h ird  eo lm m  e le m e n ts  h av e  

3 v a la n c e ,  e l e c t r o n s ,  and t h e r e f o r e  one v a la n c e  bond i s  l e f t  

u n s a t i s f i e d o  T h u s, “h o l e s 58 a r e  fo rm ed  i n  th e  v a la n c e  bond 

s f r u e t u r e  and t h e s e  h o le s  a r e  f r e e  to  move w i th in  t h e  c r y s ­

t a l  » H ere  th e  c o n d u c tio n  i s  by  h o l e s  ( p o s i t i v e  c h a rg e s )  and 

th e  m a t e r i a l  i s  c a l l e d  B -ty p e  s e m i-c o n d u c to r=

I n  F ig u r e s  3a and 3h th e  s t r u c t u r e  o f  a  n e u t r a l  a to m  and  

th e  rem o v a l o f  one e l e c t r o n  fro m  a  n e u t r a l  a to m  a r e  showno 

T h ere  a r e  tw o o th e r  im p o r ta n t  p r o p e r t i e s  o f  sem i­

c o n d u c to r s :

' l o  H o le s  c a n  b e  i n j e c t e d  in to  E - ty p e  m a t e r i a l s . a n d  e l e c ­
t r o n s  c a n  be" i n j e c t e d  i n to  P - ty p e  s e m i-c o n d u c to rs  by 
p a s s in g  c u r r e n t ' th ro u g h  them .4

2 0 E le c t r o n s  t r a v e l  much s lo w e r  in  a  s e m i-c o n d u c to r  th a n  
th e y  do i n  a  c o n d u c to r ,  a n d  h o le s  t r a v e l  even  s lo w e r  
th a n  e l e c t r o n s o  F o r  germ anium  th e s e  v e l o c i t i e s  a r e :

4 o D orem us, o p 0 c i t  0
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■ E le c t r o n s  3700 e m /s e e /v o l t /e s io  

H o le s  1700 o m /s e c /v e l t/e m o

B ecau se  f?h o l e s {$ p la y  an im p o r ta n t  p a r t  In  t h e  th e o r y  o f 

t r a n s i s t o r s , ; i t  I s  Im p o r ta n t  t o  know some o f  t h e i r  oharao=  

t e r i s t i c s  su ch  a s  t h e  m o b i l i ty  and l i f e  o f i n j e c t e d  h o le s  i n  

germaniiuiio The m o b i l i ty  o f  a  charged, p a r t i c l e  m oving in  an  

e l e c t r i c  f i e l d  by d e f i n i t i o n  i s :

: : y  v/B . s ; • • •

w here v i s  th e  v e l o c i t y  o f th e  p a r t i c l e ,  o r

v  ® m e te r / s e c o  . ; .

and E i s  th e  e l e c t r i c ,  f i e l d  i n t e n s i t y  in  v o l t / m e t e r  u n i t s  <, 

A f t e r  t h i s  g e n e r a l  d e f i n i t i o n ,  l e t  us c o n s id e r  h o le  a c t i o n = 

The a v e ra g e  v e l o c i t y  o f  th e  h o le s  i s  e q u a l  to  t h e •d i s ­

ta n c e  be tw een  c o l l e c t o r  and e m i t t e r  d iv id e d  b y  t h e  t r a n s i t  

t im e  r e q u i r e d  t o  t r a v e l  f io m  e m i t t e r  to  c o l l e c t o r , ,  T h e re fo re  

' : t' ' y  : "' : v
■ ■ ... ;■ ; : : ; : ' . ' • v •'

b u t  - 1  . W
v -  ^  _ . an d  ' ' B ^  ^  ?

w here V i s ' t h e  a p p l i e d  v o l t a g e  betw een  e m i t t e r  and c o l l e c t o r = 

When e x p r e s s e d ■i n  te rm s  o f  1 , 7 , t ,  t h e  m o b i l i t y  becom es

■ - 1 .  1 ; L2 .

5 o I0R0 Haynes" and i f 0 S h o e k ly , P h y s ic a l  R ev iew , J u ly  15
1 9 4 8 o
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The t r a n s i t  t im e 5, d i s t a n e e  be tw een  e m i t t e r  and  c o l l e c t o r .

and th e  a p p l i e d  v o l t a g e  oan be m e a su re d » t h e r e f o r e  we can
- : . - 6 

c a l c u l a t e  th e  m o b i l i ty  of  a  h o le  i n  germ anium o

; The l i f e t i m e  o f  a  h o le  i s  - th e  tim e  be tw een  h o le  f o r m a t io n  

and r e c o m b in a t io n  w ith  an e l e c t r o n 0 T herefo reg , u n l ik e  e l e c ­

t r o n s  s h o le s  have f i x e d  l i f e t i m e s » The d i s t a n c e  a  f r e e  h o le  ; 

t r a v e l s  b e f o r e  i t  com bines w ith  an e l e c t r o n  i s  e q u a l  t o  t h e  

p ro d u c t  o f  i t s  l i f e t i m e  and i t s  v e l o c i t y 0 %

The i n j e c t e d  h o le s  in  H-ts^pe germ anium  reco m b in e  w i th  

e l e c t r o n s  a c c o rd in g  t o  t h e  e q u a t io n

:: ■ . _

H ere  slb®  i s  th e  num ber o f, o r i g i n a l  h o le s  and M i s  th e  num ber 

o f  th e  h o le s  a f t e r  th e y  r e  comb in e  w ith  e l e c t r o n s ;  t  i s  t h e  

tifiB  p a s s e d  f o r  r e c o m b in a t io n g an d  i s  th e  l i f e t i m e  of a  p o s i^  

t i v e  h o leo

. We can  d e te rm in e  M and H© e a s i l y  by m e a su rin g  c u r r e n t s s 

arid t h e .  c u r r e n t s  a r e  p r o p o r t io n a l  t o  th e  num bers o f  N and  H0O 

T h e r e fo r e j  know ing th o s e  r e l a t i o n s h i p s ,  we can  c a l c u l a t e f  0

6 a f o r  m ore d e t a i l e d  s tu d y  c o n s u l t  P h y s ic a l  R ev iew , 
Yolo 81> po B3 5 o K



^ ome O h a r& G te r is t lw  : o f  T r a n s l a t o r s ..

■ ; E e M tiv .e lF  lo w  n o i s e  f i g u r e s M ost o f  /the  u n i t s  m easu red  .

so ;.f  a3? J i a t ;e ,a n o i s e  ■ f i g u r e  be tw een  10 and: 20 .dbo a t  l s000 e p s G 

r; ' CoM-plet e ■■ fre e d o m  fro m  e n b r t . o i r  o u i t  d u e t  a b i l i t y : ' The i n -  ;' 

;pu .t■ a n d :• O titp u t irapedances a re  a lw ay s p o s i t iv e ^  ■ w h e th e r  th e  ; :

t r a n s i s t o r  i s ; c o n n e c te d  g ro u n d ed  e m i t te r ^  g ro u n d ed  b a s e , ' o r  y : 

grounded', eo llee to r< y  T h i s . p e z ia i t s  a  g r e a t  d e a l  o f  freed o m  I n  ' ■ : 

e i r e u i t  d e s i g n ' and m akes i t  pos s i b l e  by: c h o o s in g  th e  ap p ro  p r i v ­

a t e  c o n n e c t io n  to  o b t a i n  a  c o n s id e r a b le  v a r i e t y  o f in p u t  and  

o u tp u t  im p ed an ceso  . ' " '

;; H igh  g a i n ? Pow er g a in s  o f t h e  o r d e r  o f  40  t o  50 d b o p e r  

S ta g e  have"' b een  -o b ta in e d ^  y /-  f ' p i

^yower- h a n d l in g  'c a p a c i ty . - and e f f i c i e n c y : The d e s ig n  c a n  . v;;-

r e a d i l y  b e  v a r i e d  to  p e rro it  th e  r e q u i r e d  am ount o f  power d i s -  - 

s i p a t i o n  up  t o  a t  l e a s t  2 w a t t s 0 F u r th e rm o re 2 th e  s t a t i c  c h a r ­

a c t e r i s t i c s  a r e  so  n e a r l y  i d e a l  t h a t  G la s s  A e f f i e i e n e i e s  o f 

48 o r  49  o u t o f  ,5 p e r  c e n t:  can  b e  re  a l l  zed  o The e f f i c i e n c i e s  

f o r  G iass- B and ' G la s s  0 a r e  c o r r e s p o n d in g ly  h lg h o  \ r : - - •

Tm g g ed n e ss  and  s m a ll  s i z e : The germ anium  p a r t  o f  th e

t r a n s i s t o r  i s  e n c lo s e d  in  a  h a rd  p l a s t i c  head; a b o u t 3 /16  : in c h

in  d ia m e te r » - I n s  i d s  th e  h e a d , t h r e e  c o n n e c tio n s  a r e  m echan­

ic  a l l y  a s  . w e l l  "as e l e c t r i c a l l y  f  a s te n e d  t o  th e  g e rm n iu m  and - ' ■

a r e  b ro u g h t o u t  a s : p l g i t a i l s  fh ro u g h  t h e  heado ■ T h is  g iv e s  a  . i.; 

v e ry  s t u r d y  u n i t  6 " ;:':i  : 1-; ' /  " . . -1 i  ;: ' i  ■ - . i l  ; i,

:. /  F feedom  fro m  m ic ropho n ic s ;  The v i b r a t i o n  t e s t  in  the. a u d io -

f r e q u e n c y '.r a n g e  i n d i c a t e s  t h a t  t h e s e  .d e v ic e s  a r e : r e l a t i v e l y .
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f r e e  fro m  m lerc jp h o n ie  n o i s e 0

I t im ite d  f re q u e n c y  r e  s p o n s e : O o lle  c to r  e a p a e i ta n e e  

l i m i t s  th e  f r e q u e n c y  r e s p o n s e  a t  f u l l  g a in  t o  a  fe w  k i lo c y =  

c l e a r  By u s in g  a  s u i t a b l e  im pedance m ism a tc h , i t  i s  p o s s ib l e  

t o  m a in ta in  th e  f r e q u e n c y .r e s p o n s e  f l a t  t o  a t ' l e a s t  1 MoC0 

w h ile  s t i l l  o b ta in in g  a  u s e f u l  amount o f g a i n 0

O p e ra t io n  w i th  e x c e e d in g ly  sm a ll  power c o n su m p tio n : P e r ­

h a p s  th e  m ost re m a rk a b le  f e a t u r e  o f  th e s e  t r a n s i s t o r s  i s  t h e i r  

a b i l i t y  t o  o p e r a te  w ith , e x c e e d in g ly  s m a ll  pow er consum ption^  

Ih e  b e s t  exam ple o f ' t h i s  t o  d a t e  .is  a n  a u d io  o s c i l l a t o r  which, 

r e q u i r e s ,  o n ly  6 m ic ro -a m p e re s  a t  0 01 f o l t  f o r  a  power su p p ly o  

I h i s .  r e p r e s e n t s  0*6 m ic r o - w a t t s  o f  pow ers w hich  c o n t r a s t s  

s h a r p ly  w i t h  th e  m i l l i o n  o r  more m ic ro -w a t ts  r e q u i r e d  to  h e a t  

th e  c a th o d e  o f  an  o r d in a r y  r e  c e i l i n g - t y p e  vacuum  tube<,

The a b o v e  c h a r a c t e r i s t i c s ,  show t h a t  th e y  a r e  v e ry  im por­

t a n t  and  many o f  them  a r e  v e ry  a d v a n ta g e o u s  o v e r  vacuum t u b e s 0 

I f  we can  d e v e lo p  good t r a n s i s t o r  a m p l i f i e r s  o r  d e v ic e s  u s in g  

■ t r a n s i s to r s j  we s h a l l  be f r e e  f ro m  many d i f f i c u l t i e s  w i th  , 

w h ich  we a r e  c o n f ro n te d  i n  th e  c i r c u i t s  w here we u s e  vacuum 

tu b e s  o ' . . ■ '■ . .. .



CHAPTER XI

ELECTR1GAL ECpIYALllTT CIRCUITS OF TRANSISTORS 
AMD THIIR JAOWm . TUBE MALOGtJSS

B © rl¥ a tlo ii  o f  E q u iT a le n t  Q i r o i i i t s  .

Tliose who s t u d i e d  e l e o t r o n i o s  and vacuum  tu b e  e i r e n i t s  

a p p le  e l a t e  t h e  im por-tanee  o f  w o rk in g  'w ith  e q u iv a l e n t  e i r e u i t s  

w h ile  a n a ly z in g  t h e  d i f f e r e n t  c i r c u i t s 0 T h is  i s  t r u e  f o r  

. t r a n s i s t o r 'C i r c u i t s  to o *  In  t h i s  p a p e r 9 .e q u iv a le n t  c i r c u i t s  

w i l l  b e  u se d  t o  a n a ly z e  t h e  d i f f e r e n t  t y p e s  o f c i r c u i t s *  

T h e r e f o r e ,  i t  h a s  been  th o u g h t  t h a t  i t  would h e  v e ry  h e lp f u l  

t o  d i s c u s s  and d e r i v e  n e c e s s a r y  fo rm u la s  f o r  e q u iv a le n t .  e i r =  

c u l t s  and  t o  'p o in t  o u t  t h e i r  vacuum  tu b e  a n a lo g u es*

The p ro c e d u re  .em ployed i s  s i m i l a r  t o  t h a t  u se d  in  vacuum  

tu b e s *  F i r s t  we s h a l l  r e g a r d  t h e  t r a n s i s t o r  a s  a  b la c k  box  

whose e l e c t r i c a l  p e rfo rm a n c e  i s  to  b e  d e te rm in e d  by  m easu re ­

m en ts  a t  i t s  te rm in a ls *  A t h e o r e t i c a l  p i c t u r e  i s  shown in  

f i g u r e s  Aa and Abo v

W rite  th e  lo o p  e q u a tio n s"  f o r : t h e  c i r c u i t  s ;

■■ . i l W g  * z i i )

■ l i s i l  * 12(2122 >  = 0 .

212'^S1
■ ■ I n p u t  im pedance  % i  -  zv i -  ■

O u tp u t im pedance  Zoo = “ ____ —1 
: *11* ZG
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Z igo B lack  lo x  r e p r e s e n ta t io n
o f  a ^ " term in a l netw ork

1 1

Zigo 4Td0 O irem it diagram  o f  a "black "box 
r e p r e s e n ta t io n  o f  a 4 - te r m in a l  
netw ork



T h e re  a r e " f o w - v a r i a b l e s :  tw@ o iir re m ts  and tw o v o l t a g e s 9

a t  e a c h  o f  th e  tw o  t e r m i n a l  p a l r s Q T h u sg i f  we know t h e s e

f o u r  q u a n t i t i e s 9 we ean  d e s c r i b e  th e  p e rfo rn a n s®  o f  th e
- ' • 1 • ■ :" ' " '
b la c k  b o x 0 We s h a l l  c o n s id e r  o n ly  tw o  o f  th e  f o u r  f a c t o r s  

t o  b e  v a r i a b l e s , and th e  o t h e r  two a r e  assum ed t o  b e  f ix e d o  

Then we can  d e te rm in e  th e  tw o  unknowns i n  te rm s  o f  th e  tw o 

t h a t  a r e  knowno

T h ere  a r e  s i x  w ays o f  c h o o s in g  th e  p a i r s |  th e r e f o r e ,  

t h e r e  a r e  s i x  d i f f e r e n t  ways to  c h a r a c t e r i z e  th e  n e tw o rk o  To 

make t h e  m ethods more f a m i l i a r 8 we s h a l l  u se  th e  sam e m ethod 

t h a t  i s  u s e d - in  vacuum - tu b e so

I n  t h e  c a s e  o f  t r i o d e  vacuum  t u b e 8 th e  g r id  and p l a t e  

v o l ta g e s : , a r e  ,u s u a l l y  ch o sen  a s  in d e p e n d e n t v a r i a b l e s , w h ile  

t h e  g r i d  and p l a t e  c u r r e n t s  a re  ta k e n  a s  d e p e n d e n t f u n c t i o n s  

o f  th e s e  tw o v o l ta g e s o - " T ubes a r e  d e s c r ib e d  i n  te rm s  o f  a d ­

m i t t a n c e s  b e c a u se  r e g u l a t e d  pow er s u p p l i e s  can b e  u se d  to  k eep  

v o l ta g e s  c o n s ta n to  We. c a n n o t  u se  t h i s  m ethod f o r  t r a n s i s t o r s  

b e c a u se  t r a n s i s t o r s  may o s c i l l a t e ,  when t h e y  a r e  c o n n e c te d  to  

low  im pedanceso  To a v o id  t h i s  d i f f i c u l t y s we t h e r e f o r e  eon-l 

n e c t  th e  t r a n s i s t o r  to  pow er s u p p l i e s  w ith  h ig h  im pedances 

so  t h a t  c u r r e n t s  a r e  In d e p e n d e n t v a r i a b l e s  in  t r a n s i s t o r s ;  

c o n se q u e n tly ^  we d e s c r ib e  t r a n s i s t o r s  in  te rm s  o f  im p e d an c es» 

A t low  f r e q u e n c i e s  i t  seem s good ©Hough t o  d e s c r ib e  

e q u iv a le n t  c i r c u i t s  in  te rm s  o f open c i r c u i t  im p ed an ces a s  

shown i n  S’ig u r® . 5 , b u t  t h i s  i s  n o t  a lw ay s th e  b e s t ,  ©is?®nit 0 t

lo  I o 0 o P e t e r s o n , ^ E q u iv a le n t  C i r c u i t s  o f L in e a r  A c t iv e  
N etw orks,M  The T e c h n ic a l  J o u r n a l ,, O c to b e r  1 9 4 8 0-





• F o r  o th e r  p u rp o s e s  and a t :h ig h  f  r e q u e n c i e s . a n o th e r  k in d  o f 

d e s c r i p t i o n  m ig h t be more c o n v e n ie n to

Hhen th e  seco n d  m esh i s  o p e n - e i r e u i te d g  becom es th e  

r a t i o  o f  In p u t  v o l t a g e  t o  in p u t  c u r r e n t*  T h is  i s  th e  open 

. c i r c u i t  i n p u t  im pedance ;- i s  th e  r a t i o  o f  o u tp u t  v o l ta g e  

t o  i n p u t  e u rr@ n t9 w h ich  i s  th e  open  c i r c u i t  f o r w a r d - t r a n s  

im p e d an c e o

I n  s i m i l a r  way we can s e e  t h a t  222  -iS - -the open c i r c u i t  

o u tp u t  im pedance and Z g i th e  open c i r c u i t  f e e d - b a c k  t r a n s  

im p e d a n c e » ' . -

We s h a l l  c o n s id e r  o n ly  t h e  lo w  f r e q u e n c y  c a s e  b e c a u se  a t  

lo w  f r e q u e n c i e s  c m  assum e, t h a t  t h e r e  i s  no  c o n t r i b u t i o n

fro m  i n t e r e l e c t r o d e  and w ir in g  c a p a c i t a n c e s ; t h e r e f o r e ^  th e
- .  . ■ '  ̂' -f-f : : , : • 2 ; : '
im pedances become p u re  r e s i s t a n e e s o

A f t e r  t h i s  f i r s t  e q u iv a le n t  c i r c u i t  We s h a l l  d i s c u s s  tw o

o th e r  k in d s  o f  e q u iv a l e n t  c i r c u i t s  = The f i r s t  one i s  th e

S5T® e q u iv a le n t  netw orko. T h is  e q u iv a le n t  c i r c u i t  c o n s i s t s  o f  .

a  WTM o f  r e s i s t o r s 9 e a c h  of w h ich  i s  a s s o c i a t e d  w i th  one o f

t h e  t r a n s i s t o r  le a d s  9 and t h e r e  i s  a  v o l ta g e  g e n e r a to r  e o n -
3  ■

n e e te d  i n  s e r i e s  w ith - c o l l e c t o r  le a d o

I f  we t a k e  r?Tf? e q u iv a le n t  c i r c u i t  and c o n v e r t  th e  s e r i e s  

v o l ta g e  g e n e r a to r  't o  th e  e q u iv a le n t  sh u n t :c u r r e n t  g e n e r a to r  $ 

we s h a l l  o b t a in  a n o th e r  e q u iv a le n t  c i r c u i t , a s  shown i n

2 0 R0M0 R yder and Rola K erchO ry  RSome C i r o u i t  A s p e c ts  
o f  T ra n s lS te rS g l*  B e l l  S y s tem  T e c h n ic a l  -- J o u r n a l  n T o l0 2 6 0 1 9 4 8 0

3 o  I b l d  o ' - : V



I ’igW © 6 o Here- tlie  r a t i o  o f  e q u iv a le n t  cu rren t g e n e r a to r  t o  ; 

tlie .veiQ itter vonraent i s  a d .im en sio n less  number which - i s  d e s ig n  

n ated  by th e . l e t t e r .  n&0n . ■ . - ' ■

. ; I t  sh o u ld  b e  u n d e r s to o d ; th a t  t h e s e  two e i r c u i t s a r e

e q u iv a le n t  a s  lo n g  a s  t h e i r  e l e c t r i c a l  p e r fo r im n e e s  a re  eon~ 

oerhedg  and  t h e y  g iv e  e z a c t l y t h e  same r e s u l t s  a s . th e  o r i g i n a l  

u n i t  S o ■ ■ v  • ' • ' .

;: y#  : 'h lg h  f  h e g u e h d le s  {we 'can - t r e ^  o f  . c a p a e i " ' .

t a n c e s  as. shown in  F ig u r e  7 o T h is  oah  b e  shown t o  b e  a  '-T" 

e q u iv a le n t  c i r c u i t  by  u s in g  T h e v e n in ?s  th e o re m « T h is  w i l l  be 

s h o w n /in v ^ tp e h d iz  £ 1 : *  . t v  : v >;V ■ v i v
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Taeuum Tube A n a lo g u es  o f  . t r a n s i s t o r  A m p l i f ie r s

T r a n s i s t o r  a m p l i f i e r s  e a n  b e  "b u ilt i n  t h r e e  d i f f e r e n t  

ways? ■ -

lo  G rounded has®

: 2o G rounded e m i t t e r  -.

3o G rounded c o l l e c t o r  .

B e fo re  d i s c u s s in g  th e s e  and  t h e i r  Taduuai tu b e  a n a lo g u e s^  l e t  

u s  make a  .g e n e r a l  a n a lo g y  "between vacuum  tu b e s  and t r a n s i s t o r s » 

I ’ig u r e s  8a and  8b w i l l  h e lp  I n  th e  d i s c u s s i o n 0 .

As we can s e e  fro m  th e  f i g u r e s 9 t h e r e  a r e  tw o  im p o r ta n t  

d i f f e r e n c e s ? f

. ■ ■ do The m ost im p o r ta n t  d i f f e r e n c e  c o n c e rn s  th e  q u a n t i t y  

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

may be- c o n s id e re d  g r e a t e r  th a n  u n i t y  f o r  th e  p o in t  c o n ta c t  ■ 

t r a n s i s t o r  and somewhat l e s s  th a n  u n i t y  f o r  th e  j u n c t io n  ty p e ;

a p p ro a c h e s  i n f i n i t y  in  vacuum  t r i o d e s <, t e t r o d e s ,  and p e n -  

t b d e s o . . -

2 0 A n o th e r d i f f e r e n c e  o f  l e s s  im p o r ta n c e  i s  th e  f a c t  

t h a t  t h e  tu b e  q u a n t i t i e s  a n a lo g o u s  t o  f e and r-?0 a r e  cap  ac  i t  a -  

f i v e  r e a c t a n c e s ;  t h e i r  r a t io .g  h o w e v e r3 i s  l i k e  t h e  r a t i o  o f 

r c t o  r b - i n  m agn itu d eo  

: H ere  t h e  e m i t t e r  i s  a n a lo g o u s  t o  th e  c a th o d e ;  th e  b a s e

e o rre sp o n d s . t o  th e  g r i d ;  and th e  c o l l e c t o r  c o rre s p o n d s  t o  t h e  - 

p l a t e *  f  .

G rounded b a se  c a s e s A g ro u n d ed  b a se  t r a n s i s t o r  a m p li­

f i e r  i s  s i m i l a r  to  a  g round  g r i d  tr io d B o  The f i r s t  s i m i l a r i t y
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zm*e

e

F ig*  ?• fTTM e q u iv a le n t  c i r c u i t  o f  a t r a n s i s t o r  
show ing  th e  e f f e c t s  o f  i n t e r e l e c t r o d e  
c a p a c i ta n c e s  a t  h ig h  f r e q u e n c i e s

S

K

e ■Le
> V W V -

Lc
-z A z V W

a i e
F b

(a  g r e a t e r  th a n  1 
u s u a l ly )

i / r i i

y2 i / y n i k

uC
c 22

22

721
711

Fig. 8a. Current source ”T”equivalent circuit
of a transistor

F i g .  8b . Vacuum tu b e
a n a lo g u e  o f  a  
t r a n s i s t o r



m

was p o in te d  o u t  by Mr-0 S h o o k ley  of th e  B e l l  T e lep h o n e  L ab o r­

a t o r i e s  0 The g ro u n d ed  b a se  a m p l i f i e r  i s  c o n s t r u e  t e d  v -/ith . 

th e  e m i t t e r  a s  i n p u t  e l e e t r o d e  and th e  c o l l e c t o r  a s  o u tp u t  

e l e c t r o d e 9 th e  b a se  b e in g  common t o  b o th  in p u t  and  o u tp u t  

c i r c u i t s ^  : : 'v

F ig u r e s  9 a , 9b and 10 show t h i s ,  t o g e t h e r  w ith  th e  

vacuum  tu b e  a n a lo g u e  c

W r i t in g  lo o p  e q u a t io n s  ire g e t  %

t p  (R(j' t  ■ r © ■$• r%,} i g r b  s  %  u

i ^  Crt, ❖ # # ) * 1 2 (3% * 'Tq ^ % )  « 0

V o t  t h e  c i r c u i t  i s .  - •

•e
F o r s t a b i l i t y  : \ V )  0

In p u t, im pedance  > ; {iv  ❖ r ^ )  :
' - v " ; - H-i % = r p t  rih . - . . - ■

V : h ,  * * e * **■

O u tp u t im pedance  r b ( r b ^ r m)
e 22 + r b

. %  ♦ *# * r b .

I n  t h i s  c a s e  i t  i s  im p o r ta n t  to  have a  lo w  v a lu e  f o r  t h e

b a se  im p ed an ce , w h ic h  i s  th e  f e e d - b a c k  im p ed an ce , b e c a u se  i t s

v a lu e  d e te rm in e s  th e  g a in  s t a b i l i t y  of th e  a m p l i f i e r 0

G rounded e m i t t e r  e a s e 2 A g ro u n d ed  e m i t t e r  t r a n s i s t o r  

a m p l i f i e r  're s e m b le s  a  g ro u n d ed  c a th o d e  vacuum  tu b e  a m p l i f i e r 0 

When th e . c u r r e n t  a m p l i f i c a t i o n  f a c t o r  i s  e q u a l t o  u n i ty , -  th e  

c o rre sp o n d e n c e  i s  v e ry  c l o s e ;  b u t  w h e n ^ a ” i s  g r e a t e r  th a n  1 ,



F i g ,  9 a , G rounded b a se  t r a n ­
s i s t o r  a m p l i f i e r

F i g ,  9b . G rounded g r id  
vacuum  tu b e  
t r i o d e

F i g .  1 0 . E q u iv a le n t  c i r c u i t  o f  a g rounded  b a se  
t r a n s i s t o r  a m p l i f i e r



' eQi r r espoi i dmee  is" i e s s  a c c u r a t e 0 When a  -  l s th e  t r a a =  

a i s  t o r  h a s  a  h ig h  in p u t  im pedance and a  h ig h  o u tp u t  im pedance; 

p h a se  in v e r s io n  o f  t h e ' s i g n a l  o c c u rs  in  t r a n s m i s s i o n .

The e x p r e s s io n s  f o r  c i r c u i t  e q u a t io n s ^  i n p u t  and o u tp u t  

im p ed an ces a r e  g iv e n  h e io w ; th e  vacuum  tu b e  a n a lo g u e  arid 

e t u i v a l e n t  c i r c u i t  a r e  Sho'sm i n  S i g s ,  { l l a s l ib g  and 1 2 ) ,

" T o r  t h e  l o o p .e g u a t io n s  we h a v e : v : .

: ;.:v rbt ;V;
h K  -  *a> ♦ % < % . ♦  r .  ♦ r o -  ' a 5 '  0 •

; ; o f  ;m e  c i r c u i t  ' i s s  \ ' "'"/'' - i yit :  ̂ *X * r e - V ^
F o r  s t a b i l i t y  0

In p u t  im pedance B y , : -  r ^  -̂  r e t r 6 ( r m -  r e i  ; V

% ,  + . . r e  *  Te . -  :Tm

■ - ' : : ; : -  r _ )
O u tp u t im pedance ' = ^ ^

G rounded c o l l e c t o r  c a s e :  A g ro u n d ed  O o i le e to r  t r a n s i s t o r

i s  a n a lo g o u s  t o  a  g ro u n d ed  p l a t e r e a t h o d e  f o l l o w e r c . The pow er 

o u t p u t  in . th e  g rounded  . c o l l e c t o r  c a s e  i s  lo w e r t h a n  t h a t  in  

t h e  grounded.- b ase  and g ro u n d ed  , e m i t t e r  e a s e s , :

The e o r r e s p q n d e n c e . to  c a th o d e  f o l lo w e r  a c t i o n  when a  = 1 . 

i s  v e ry  c l o s e , b u t  when a  i s  g r e a t e r  th a n  1 th e  e o r re s p o n d e n e e  

i s  .p o o r e r o  ■ ' .. v  v .
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F i g ,  1 1 a , G rounded e m i t t e r  
t r a n s i s t o r  a m p li­
f i e r

F ig ,  1 1 b . G rounded c a th o d e  
vacuum  tu b e  
a m p l i f i e r

Fig. 12. Equivalent circuit of a grounded
emitter transistor amplifier
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' , The e x p r e s s io n s  f o r  M r  © n it e q u a t io n s  s in p u t  and om tput

efmimlerit  c i r c u i t  are- shoim: in FigSo- {13a3 13d and 14) 0

; 2?n©: loop3e'guatiGns4ar© sv  ̂ V’

■ ■’ ^  ^  ^  =  T ®  ^

v of the c i r c u i t  i s 2 ^ : ; , r v:. (V. "•

. = (Ra >  •|- ' r o ,<BL * r e r o * ^m1

For atahility : -'-i' t: . y  ̂o 4:;

Inpvit Impedaiioe . :„v: , .
■. : /  ' . ' ' » l i  ; “  r -b + r 0 *-- —  -------—

- IL i* r . * r;.: r - :■ . X . \ - a ;

Output lt® ed anoe r  ( r_  -  r  )
= r e * r tt •> g ---------------------
■ : ■ : EQ * : r 6 " •  r 6 :

T ubes a r c  n o t  com pared w i th  t r a n s l s t o r s  in  t h e s e  c a s e s ; 

= w© m e re ly  i n d i c a t e d  th e  s i m i l a r i t i e s  "between them e



X

F i g .  1 3 a . G rounded c o l -  F i g .  1 3 b . G rounded p l a t e
l e c t o r  t r a n s i s t o r  vacuum  tu b e
a m p l i f i e r  a m p l i f i e r

Fig. 14. Equivalent circuit of a grounded
collector transistor amplifier
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THEOESTICAL BEfEBHHAflON OF EFFECTIVE 
■ TRMSGOIxWCMCES

The im p o rta n c e  o f  f e e d -b a c k  In  vbhe c a s e  o f  a  m ennm  tu b e  

a m p l i f i e r  I s  w e l l  u n d e r s to o d <, The e f f e c t  o f  f e e d - b a c k  on th e  

g a in  f u n c t i o n  o f  vacuum  tu b e  a m p l i f i e r s  i s  a p p re e ia b le o  We 

can w r i t e  t h i s  g e n e r a l  g a in  f u n c t i o n  o f  a  vacuum  tu b e  a m p li­

f i e r '  a s?

0 :

S e r e 3 i s  th e  t r a h s e o n d u c ta n o e  o f  tu b e  w ith o u t  f e e d - b a c k 0 '

W ith  f e e d - b a c k 9 we can  w r i t e  th e  g a in  f u n c t i o n  a s s  ^

: A 8 = gm8%  ° '

S e re  gms i s  th e  e f f  e c t i v e  t r a n s  0o n d u c ta n e e  o f  vacuum  tu b e  in

th e  p r e s e n c e  o f  fe e d -b a c k o  F o r  t r a n s i s t o r  a m p l i f i e r s  we s h a l l

u se  th e  same p ro c e d u re ^  u s in g  g^ and g ^ 9 f o r  th e  t r a n s c o n d u c ­

ta n c e  o f  th e  t r a n s i s t o r  w i th o u t  f e e d - b a c k  and in  t h e  p r e s e n c e  

o f  fe e d -b a c k ;, r e s p e e t iV e ly o  T h ree  c a s e s  w i l l  b e  d is c u s s e d  h e re ?  

g ro u n d ed  e m i t t e r g g ro u n d e d  b a s e s and g ro u n d ed  c o l l e e t o r *  .

F i r s t  w e.s h a l l  d e r iv e  an e q u a t io n  f o r  g t  when t h e r e  is- 

no  i n t e r n a l  f  eed -back ;, and t h e n  we s h a l l  d e r i v e  an  e q u a t io n  

f o r  when t h e r e  i s  i n t e r n a l  fe e d -b a c k o



P ro c e d u re  t o  G a le u la te  B f f e c t lv e  T 'ra n sc o n d u c ta n c e s

The p ro c e d u re  u s e d  I s  q u i t e  s im p le^  and  th e  m a th e m a tic s  

in T o lired  I s . n o t  d i f f  i c u l t o  T he fo l lo w in g  s te p s  w i l l  he  t a k e n s

1 o. D raw  th e  v o l ta g e , s o u rc e  e q u iv a le n t  c i r c u i t  o f th e  de= 
s i r e d  t r a n s i s t o r  a m p l i f i e r

2p From  t h e  lo o p  e q u a t io n  o f  t h i s  c i r c u i t  c a l c u l a t e  an  
e x p r e s s io n  f o r  1?l e ff i n  te rm s  o f known p a ra m e te r s

3 0. Draw c u r r e n t  s o u rc e  e q u iv a le n t  c i r c u i t  a s  shown i n  
F ig o  ( 1 5 ) o T h is  i s  th e  p ro p o se d  e q u iv a le n t  c i r c u i t  3 
i n  w h ich  g t  i s  th e  e f f e c t i v e  t r a n s  c on due t  anc e 0 ■

4o From  th e  lo o p  e q u a t i o n s <, c a l c u l a t e  an  e x p r e s s io n  f o r  
5!l 0tt i n  te rm s  o f  known- p a ra m e te r s  and

5o E q u a te  th e  tw o  e x p r e s s io n s  and s o lv e  f o r  g^.o

. : v  D e r iv a t io n  o f  g t  i n  t r a n s i s t o r  a m p l i f i e r  w ith o u t  i n t e r n a l

f e e d - b a c k : . ' - -

Gas© I t  G rounded g r id  c a s e

We s h a l l  u s e  t h e  e q u iv a le n t  c i r c u i t  o f a  t r a n s i s t o r  

a m p l i f i e r 9 w h ich  was d e r iv e d  in  C h a p te r  H o  F i g 0 (16) shows 

e q u iv a le n t  c i r c u i t  o f  a  g ro u n d ed  g r i d  t r a n s i s t o r  a m p l i f i e r »

I n  t h i s  c a s e  re .* Go l e t  u s  w r i t e  th e . lo o p  e q u a t io n s  f o r  t h e  

e q u iv a le n t  c i r c u i t s  . .

i ^ r ^  B =B ^ . {eqQ 1 )

* '2©) *  6 C o  2)

1 0 The m ethod u sed  i n  t h i s  c h a p t e r  f o l lo w s  t h a t  o f  
Dr* Thomas Lo M a r t in i  l i v  i n  E l e c t r o n i c  G i r c u i t s 0



F i g .  1 5 . P ro p o sed  e q u iv a le n t  c i r c u i t  ( c u r r e n t  so u rc e  
e q u iv a le n t  c i r c u i t )

F ig .  1 6 . E q u iv a le n t  c i r c u i t  o f a g rounded  
g r i d  t r a n s i s t o r  a m p l i f i e r ,  r e = 0



We n e ed  a n o th e r  e q u a t io n 0 T h is  i s  o b ta in e d  s im p ly  hy 

/w r i t in g  K ire h h o f f ’8s  c u r r e n t  law  a t  p o in t  G:

1a ♦ ib .*'•© ' "*0

S u b stitu te  Eq0 |3 )  in  Eq0 (1);  then we have;

(1e ♦ = -%

'(®i * £ $ 2 0

S u b stitu te  Eq0 |4 ) in  Sq0 f2)§ 

i e tZ L '*  2e ) ^ 2M ™

a-e -

'®1>

• . . -^b

M u l t ip ly  b o th  s i d e s  b y  and we g e ts

i V b i2Z, zc) - > a(Xi " V b 5
G o .lle e t th e  ig  te rm s  t o g e t h e r 2

*  z e

And s o lv e  f o r  i«,o

s mr i

v

0

C©qo 3)

(e tc  4 )

Ceql 5 )

Eoir c o n s id e r  t h e  ^ p ro p o sed  c i r c u i t  o’8 H ere  g^E^ i s  a  c u r ­

r e n t  g e n e r a t o r ;  g% i s  th e  t r a n s c o n d u c ta n c e  o f  p ro p o se d  c i r c u i t s  

We can  w r i te s : ,

S t ^ i  ,= -̂c * i%G (©lo 6}

B ut
z e



EBubstitut© tills equation in (6)

= i e . 1  +
%

a e

. z© ^ 2L 
” Ag ; —  - ' (®9.o 7)

Z©

Solve " th is  f o r  i e t o  oh t a i n s:' ts„w
z c .+■ %

How e q u a te  th© tw o e x p r e s s io n s  f o r  i 0s

■ * i s i * '  : : * ts i z o

Z©^?BLT t̂»7 ' ■ 26* %

,y

(e tc  8 1

(®9<> 9

(®9o 1 0 )

in d  s o lv e  f o r  g t s  : .

za |2 e ❖ .% ) . - ; "

r bz 0 ! z 0 -  ZE  •'■ ZL )

S 9 „ (10 ) i s  p e r f e c t l y  s a t i s f a c t o r y  to  c a l c u l a t e  g t 8 b u t  

i n  d e te rm in in g  we u s u a l l y  s h o r t  c i r c u i t  Z^o T h a t m eans Z^ 

becom es z e ro  i n  Bqa ( 1 0 ) 0 How i f  we s u b s t i t u t e  z e ro  f o r  Z^



B ut - S  i s  a p p ro x im a te ly  e q u a l  t o  <=<= s th e  c u r r e n t  . a m p l i f i e a -
■ z c ■ - ■ ' ■; '

t l o n  f a c t o r o  I f  we s u b s t i t u t e  f o r  i n  B q0 ( 1 1 ) ,  th e n

E q u a tio n  12 g iv e s  th e  t r a n  soonductanc@  o f  a  g ro u n d ed  ■ emit«=> • 

t e r  t r a n s i s t o r  a m p l i f i e r  in  te rm s  o f  r ^  and  9 when t h e r e  i s  

no i n t e r n a l  f e e d - b a c k e

O ase I I g G rounded b a se  c a se  . ,

A gain  we s h a l l  u se  th e  s?T$i e q u iv a l e n t  c i r c u i t  o f a  t r a n ­

s i s t o r  a m p l i f i e r * ' f i g  o' ( I ? )  show s th e  e q u iv a le n t  c i r c u i t  o f  a  

g ro u n d ed  b a se  a m p l i f i e r o  .

B o r th e  g ro u n d ed  b a se  e a s e

f b  = 0 ,  ' 

w r i t e  th e  c i r c u i t  lo o p  e q u a t io n s :

th e  e x p r e s s io n  becom es

1
(eqo 1 2 )

{eq.o 13 )

(eqo 14)

S o lv e  ®q0 (13) f o r  i 8s, th e n  s u b s t i t u t e  t h i s  i n  B q0 (1 4 ) :

S u b s t i t u t i n g  t h i s  i n  Eqo

(eqo 15)

(e q 6 16 )
r e Sm

(eqo 17.)



How l e t  us e o n s ld e r  ' the., p r o p o s e d  o l f o u l t o n ■ H ere 

a M  (g^E^) h ave  th e  same m eaning a s  b e fo re  & w i t i n g  th e  e a r  r e n t  

e q u a tio n ?

■ ' °  h  "  V 1 3 )

; ; :  ■ ' : %  ■ : ■ : . ' But : . . i z e > l 6 ^  1
: ' *G:

S u b s t i t u t e  t h i s  i n  E q 0 C18)

Z-
S t1 !  = l & * 'i o 5 7 s 1

L„ 4 1 * ZL
0

S t H  = a-e ___  " : (e® 19)

S o lv e  t h i s  f o r  i 0 s

*e

i 6 ,6*$ i l2 = (e4 „ 20)
(g o * V

How e q u a te  Eqs<> (1?  and 20) s

" V m  _

p' (Z- + 2L) 2 * 2e e l  o b

S o lv e  l q  o {21) f o r  g^ and we g e t :

B a t 2m -  ^

{®q0 21)

g. = = . ( e q 0 22)
V o

© •

S u b s t i t u t i n g  t h i s  in  E q0 <22) g iv e s  u s  g t  i n  te r m s  o f  :



F ig .  I ? .  "T" e q u iv a le n t  c i r c u i t  o f  a  g ro u n d ed  b ase
t r a n s i s t o r  a m p l i f i e r  when r% = 0

-A/VU/lyu ■Le
-yVAyWAA.

e

0 E. ^ e zm ^ L

E,

F i g .  1 8 . e q u iv a le n t  c i r c u i t  o f  a  g ro u n d ed
c o l l e c t o r  t r a n s i s t o r  a m p l i f i e r  when 
r c -  0



; Eq.o (2 3 ) g iv e s  th e  tp a n s e o n d u c ta n o e  o f  a  g ro u n d ed  b a se  

t r a n s i s t o r  a m p l i f i e r ^  ' -

O ase 111? G rounded e o l l e e t d r  e a se

The sam e p ro c e d u re  is .  u se d  h e re  a s  i n  th e  f i r s t  and s e c o n d  

e a se so  The t?T ?i e q u iv a le n t  c i r c u i t  o f  a  t r a n s i s t o r  a m p l i f i e r  i s  

s h o w  i n  S’ig o  ( I B ) '6 '

As we d id  b e f o r e  p l e t  us w r i t e  th e  lo o p  e q u a t io n s »

= -  ®i (eq. 24)

. i-e^e * Z L ! -  V m  = 0 ie4‘ 2 5 i

B e a r ra n g in g  S q 0 (2 5 ) g iv e s ?  - -

V' /r V V e '  * zm * % )  « 0 o 

S o lv e  t h i s  fo r:1 @ : ■ . "

i@ — 0 0 (eqo 2 6 )

S u b s t i t u t e  i©v= €) i n  Sqo ( 2A) s

: 0 t  ( i e 4. -  -  - 1

o r  i er^  = = B’i  o ( e q 0 27)

S o lv e  Iq o  (2 7 ) f o r  i e ?

> ' /
i© — (e q 0 28)

> b

To d e te rm in e  f o r  th e  g ro u n d e d  c o l l e c t o r  c a s e ,  l e t  u s  

c o n s id e r  th e  p ro p o se d  c i r c u i t  o nce  more* As b e f o r e ,  we c an  

w r i t e ?  •



How l e t  u s  e a u a te  $ q s  0 {28 slid ,. 3© is

: ' :% : ' : aitfGiSo ̂
_  « — —  . .- ■ {eq0 3 1 )

■ r b: . z e' * %

Solve f  o r  ĝ . §

. . . ... - ' ■ ' g .  *  %f - ' . '  ̂ . :
g t  "    " W *  32)

. - ■ :

Et»: (32) i s  th e  tran so o n d u o tan ee  of a grounded e o l le o to r  

t r a n s i s t o r  a m p lif ie r^  But when, making m easurements s i s ;  

s h o r t  e i re u ite d o  Then in  Eq.0 (3.2) 9 ..2^ becomes ze ro  so th a t  

lg .0 (32) ' red u ces t o :

' . ■ . 2 ^ . . .  ' ; 1  . ,  '

^ b Z© '• ■' ^b

' ' / '' ' . i  - ■ ' '
^  : 8$ = 5^~ (eg., 33)

T h e re fo re p  i n  th e  g ro u n d ed  c o l l e c t o r  c a se  $ th e  tra n se o n d u c =  

ta n o e  i s  e q u a l  t o  th e  •r e Q lp r o o a l  o f  r ^ Q

D e r iv a t io n  o f  g%° I n  t r a n s i s t o r  a m p l i f i e r  w i th  i n t e r n a l

f e e d - b a c k :  ' I n  t h e  p r e v io u s  s e c t i o n  we d e v e lo p e d  fo rm u la s  f o r  

th e .t r a n s c o n d u c ta n e ©  o f  a  t r a n s i s t o r  a m p l i f i e r  w ith o u t 

i n t e r n a l  feed -= b aek 0 T h is  w as done f o r  t h r e e  e a s e s :  g ro u n d e d

e m it te rg  g ro u n d e d  bas@a and g rounded  c o l l e c t o r » I n  e v e ry  e a s e



the  feed=>baek r e s i s ta n c e  was considered z e r o s so that  

; V  ̂ ~y.Q£  ©j = 0 S respect i ire ly0 . _  ; ty

In ' t h i s :  s e c t i o n  we s h a l l  .assm ae ‘t h a t  t h e r e  i s  i n t e r n a l  

;f e e l^ h a e k ' hnd w i l l '  th e n  d e te rm in e  ■ t h e . c o r re s p o n d in g  e f f  a c t i v e ; 

t r a n s c o n d u c ta n c e s  o f  t h e  v a r io u s  c irG u itS o  E s s e n t i a l l y  we - 

s h a l l  f o l l o w . th e  same':- p ro c e d u re  a s  - h 'efores, e z c e p t  t h a t

' W- ; : ©s ■ ' . w "

and . i n  th e  p ro p o se d  c i r c u i t  W et'sh a li. s e t ' o u r r e n t  :g e n e r a to r  

e q u a l  t o  g .̂ el ^  s g .̂ 8 b e in g  th e  e f f e c t i v e ,  t r a n s c o n d u c ta n c e  i n

th e  p r e s e n c e  o f  i n t e r n a l  f e e d - b a c k 0 ' '  . : . ‘ V.

:'©hs:e i t  G rounded e m i t t e r  c a s e  ■ . '' - . ' ;; . / n  .-I

■:Here ■ ag a in  we s h a l l : use: th e  nTs? eq ,u ivalen t c i r c u i t ; w r i t ­

in g  th e  loop  eq u a tio n sg  we g e ts  ' ' f t  : f  : ^

 ̂ ' ' Vi  . 3 4 )

i : ' '  : - - 0 ^  iet@ ' = © o - I  ' i  ( e to  35 )

S o lv e  :#©».. t 3 5 ) -f ^ r y i Q : \  : V : ; ; : ' - ; : :

'  + & )  - : ' - ' : : j : : : . :  : .

S u b s t i t u t e  t h i s  i n  E q0 (34 ) :  ̂ u:" ; ' 41 . .'I  -' - : l . r



*' ZL> ■+ (re - zmJ7 * V e (zc + %> " -3i (re = zm>
©r

l e A ' ( zo. + V  * rt>(re - zm! re (ze  ̂ zlF “ " zm>
SelY e f o r  i c to.- o b t a i n 2

io -   -------------------------------------  (eq.. 36)
<V r b)(zo'}'ZI,) ■’■

Now o o n s id e r  th e  p ro p o se d  e i r e u i t g  w M eii i s  j u s t  l i k e  . 

th e  o th e r  one b u t h e re  i s  u se d  i n s t e a d  o f  g ^ 0

As b e f o r e j

6t l? i  -  1,  (®1* 37!

And : . . .
SfjjB+z

*ei„  -  1 e . (eq. 38)
5;o * %.

Now e q u a te  Bq.s0 (36  and  3 S ) :

- E i i r g  -  Zm) 8 t» % z e

! r e * rb ) ( a e+ZL) - i-r b (x e- z a ) (z 0 +%,)

S o lv in g  lq.o f 39)  f o r  g^%  .we g e ts  '

- te ©  * V ( % e  + ZL }

(eqo 39)

2© / I ^ e ^ b H z e ^  + r b ^ e " zmJ7
(e q , 40 )

l q ,  (40 ) g iv e s  th e  e f f e o t i v e  t r a n s e o n d u c ta n e e  o f  a  

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

t e r n a l  f  e ed -b ae k o  I f  we s u b s t i t u t e

i n  l q ,  ( 4 0 ) a s  we d id  b e f o r e ,  we g e t



By an  a p p ro x im a tio n ,, l 'q 0 (41) can  be p u t i n  a  b e t t e r  fo rm c 

S in c e
zm >  r «» t b s a  z -  r s  -  z m

z c J6

Then Sq , (41) becomes ;j

z m
2;'m

t ’v Tb i z <3°z m) * r bC2<
r „ z .

r vz (1  ^ _S  } 
. ^  0 z o

o r

3t$ 1
( 6(3 ,0  4 2 )

3^b 1 =

z 0

I n  lg.o (4 2 )

zm = g .̂ ( i n  no  f e e d - b a c k  e a s e )  and m ^

S u b s t i t u t i n g  th e s e  i n  l q 0 (42) 5, we

1 +. r ®
( ecj.° 4 3 )

T
2 q 0 (4 3 ) g iv e s  th e  e f f e c t i v e  t r a n s c o n d u c ta n c e  o f  g ro u n d ed  

e m i t t e r  a m p l i f i e r  in  te rm s  o f  »



Gas© I I s  , G ro w d ed  tease cas© . :

The e q u iv a le n t  c i r c u i t  f o r  th e  grounded, t e s e  a m p l i f i e r  

■ ;3;S 'show n".in F ig .» {19}® ..Here "

2% # 0 9 . .

: F o r th e  lo o p  e q u a t io n s  we have$ •

V .  * V t  = Bi

•0! z 0 + * V m  + V t  “  ° '

And f o r  th e  c u r r e n t s :

l o  + lo

{eq0 4 4 ) 

C©q» 45)

{©q® 46)

S u b s t i tu t in g  th e  va lue  o f  in  Bqc {46) in  IqSo (44 and 45) /  

we g e t two e q u a tio n s  in  on ly  two unknoimss

*  < 4  *  4 , r b  ■ ;  i  w .  4 7 )

4< = 0  * z t> ♦ V a  ♦;4 ,rb ” 0 (e%° 48)

S olv ing  l q 0 (47) f o r  i @s th e n : ■

S u b s t i tu te  th e  v a lu e  o f  l e in  l q 0. (48)

i  (z  *2L) *e ■ c I  ■ —— —:———

Hq0

e b

can be p u t in  a b e t t e r  form :

<r e
6 0. (eq 0 49)



Solve lg.o {.50) for i 0 :

i*  ; \ ^  r T ' Z 0 <eto 51)
=Ei (V r ^ )

:Cz0^ % ) . i r @̂ b ) ^ r b t r e «Bm)

Q rs r e a r r a n g i n g  th e  d e n o m in a to r , we g e t :

- E i < zm  +

: ( r  ^ r  )"{z "Z *2 ) *:• r  { r +z ) ^e<3-® 51)
. 'vv. - :,o v fe © © m L ;■ e b  m

The p ro p o se d  c i r c u i t  r e m a in s  th e - s a m e 0 T h e r e fo r e ,  we - 

h a r e  th e  same e x p r e s s io n  f o r  i 0 a s  l q 0 (3 8 ) ;  t h a t  i s :

: ■ i :: i0-̂ !l „ t '
■•■■■■' .. :/ ;V;..  :.z e '

E q u a t in g  EqSo (51 and  .52) g iv e s :  ■

■ :s t * Ei z 6 _ r b !

- z *>* 2_ ( r . ’i-r ) (z  -=z t 2 r ) <• r  (f„ *z )e L h © © m L e .  b a

S o lv in g  E q 0 , (53)  f o r  g^^we h a v e :

- _ -  (%m + % )(% (, * % )  ,

f  z o /^ r T3*r e ! ! z e"21a ','2L ) + r e<r b*zmj7

S u b s t i t u t i n g  2^  = 0 i n  l q 0 (54 ) g iv e s :

(®qo 53)

(eqo 54)

' ' _ : . “ {*BL:+ r b^ ■ ... ;
• S t ' : r l ( z 0- z m) * r e (2e ^ r y  5p )-

.A g a in  u s in g  th e  a ssu m p tio n s  a s  b e f o r e :

. 2m ^  . th e r e f o r e .  2 a  ^  r ^ . za  . y ,'

%q ri),- t h e r e f o r e  z e r ^ '^ :  z 0

' i Z“  ■ ■ t f -  ■ •:and  =  s
: ' \  . ...... ' . ZG : ■ ■ . • ‘ .

w  g e t :  . ' .  . ' i .  i  v ; "



31a

F i g .  1 9 . "T" e q u iv a le n t  c i r c u i t  o f  a g ro u n d ed
b a se  t r a n s i s t o r  a m p l i f i e r  when r b  ^ 0

r -b
> W W L

xe
_>VZWWL

e

V>:
^ez m 2l

E,

F i g .  2 0 . "T" e q u iv a le n t  c i r c u i t  o f a  g rounded
c o l l e c t o r  t r a n s i s t o r  a m p l i f i e r  when 
z c ^  0



o f  - g ro a n d e d  "base t r a n s i s t o r  when t h e r e  i s  - no i n t e r n a l  f  eed=  

hmekj s e /  # h W t l t n t i n g  t h i a  in  S q 0 (56 ) we g e ts

i n '  te rm s, o f  .g^

#a@# 1 1 1 : ' ■ G-rouEded. e o l l e o t o r  .ease '

The MT1i e q u iv a le n t  c i r c u i t  o f  a g rounded  c o l l e c t o r  t r a n -  

. s  1 s t  o r  a m p l i f i e r  : i s  shown i n  F i g 0 (20) „ - - . .

; ' j A g a in  w r i t i n g  th e  lo o p  e q u a t io n s  we haves - . .h- .



And f o r  t h e  c u r r e n t s : '  \  :.

Sm testitm t2.ng (60). i n  E q0 {58) a we g e t?

- 4  ^ - o  * u o ■* K H  ’

lea raa tig © - S f  oy, ('5 9 ) '\amd sol're^ f o r  £4  .>'

  _

S u b s t i t u t e  th e  above v a lu e  o f  i e l n  Eq.0

^ c s oz e ■ • • 1e z er b .

l-e / S za  * + * ^ ZJ  “ - ^ ‘W ^ l 5

: /y> , :'■■■..■; ' - (m. *)
S b i f  e ' l t » : '(:62): ;;f b r  'i-e ;8V V.:X:. /  • ; :: ::'Y; y; y '\\..y lYyY '' y /  :

^o^e*2!.1 * rb(re - V ZI,) * V c
yy y-:,'y:y T er rtheiV|o*iQposed; :e£^ we w i l l  h a v e . th e  same c i r e x i i t  as- 

we d i d , f o r  two. c a s e s  b e f o r e ,  so  me' -can w r i t e ? y-" i'':y:, ^ t. : ''1 ’



Mew: egmte Bq.s:0 {63 and 6 5 ) t \ • ' I : V' : •;

S o lv e  f  o r  g : t o  o b t a im

; : :;S t ' ”  " :® e/S e( r 6 * ? I,!. * - r lD(»e?z;a 't3 I ,) * ^ 0  \

S t i S s t i t u t e ' Z^::f  0 in  B q0 (675 . and  r e a r r a n g e  th e  t e r m s :  -

’ V . ; - : g - ' = : ' (zia ~ ^  - \  (e4» :68)

A g a in .n S in g . t t ie  a p p ro x im a t io n s  m d e  b e fo r e  t i ia t .  ■ : ’ v.

. .. : ' Mb  > : ; r e 2m -  ^  , %  ' V ; ; ■

so th a t ' ■ %  ^

we g e t

Z:0

! ■.: " o ' ; (eoxo 69 )

O' ?0>

S in c e  .•’ • ' < ^  th e n  c=r o

S n h s l i t n t f n g '-;thia. i n  E q0 (69) g i v e s : ; .V / . ;

o



i .

But

th e n

-=, S t  f o r  g round  o d l l e o t o f  e a s e a. \  ;g tv V

%* " Sfc — --------------------   (eq. 71)
: V <1 -  »c ) + pe

V , ' t h e  e f f  a c t i v e  t r a n s o o n d u o ta n o e  o f  a  g ro u n d ed  

e o l l e o t o r  t r a n s i s t o r  a m p lif  i e f  :in  t h e  p r e s e n c e  o f  / i n t e r n a l '  .

, e e a - ^ .

G om parison o f  Two G ases hU h

. In  th e  f i r s t  p a r t  of th is .  c h a p te r  we developed th e  e f f e e -  

t i v e ' transeonduetane.es o f  t r a n s i s t o r  a m p lif ie r s  f o r  th re e  /d lf« v :; 

f e r e n t  paseso  '■ In  do ing  s o 9 we f i r s t  assumed th a t  in  th e  ease 

of in t e r n a l  feed^baek  th e  • tran seo n d u e tan ee  would he d i f f  e r e n t  

th a n  in  th e  ease where - th e re / i s /  no, .feed^haeko* Our mathemat io s  

proved t h i s  assum ption« -For example s i n  th e  case  of a grounded

:e m p li f ie r r :  V V y'/J:; w h l:

'   ̂  ̂ - a t '  - ; :'' C ' - . '' ^ : I:
v , . ; .  :

s t  « . *-
1  ❖- r e  ■ 1

T h is  r e l a t i o n s h i p  .shows t h a t  th e  e f f e c t i v e  t r a n s  e o n d u e tan e  e P 

gb * i n  t h i s  c a s e ,  i s  c e r t a i n l y  d i f f e r e n t ,  th a n  gb » The te rm

■r e

; : : ' : d - -  ^

i n  t h e  d e n o m in a to r  m akes th e  d j . f f  eren-oe.



. W hether w  u se  p o i n t  c o n ta c t  type: t r a n s i s t o r s  o r  ju n c t io n ,

ty p e  t r a n s i s t o r s  j, r @- i s  a lw ays l e s s  th a n  h u t t h e  v a lu e  ' 

o f  ■ <^ e M  t o  th e  ty p e  o f  - t r a n s i s t o r ^  I f : we -use

a  n u n c t io n - ty p e  t r a n s i s t d r s ' th a n  '. c c  i s  l e s s  th a n  Xs so  ; ■ :

■ : v:: -.'
; ; :  ̂ : : ; : 

h e ca u ee  i s  g r e a t e r  th a n  0 ; t h e r e f o r e  9 : ' ;

t' •. r ':; r  ̂  ^  : . \  - 1 alwayg; ' V:

p o n s e q u e h t ly s  i s  l e s s  th a n  g .̂0 ■ B ut i f  we u s e  p o in t  con ­

t a c t  ty p e  t r a n s i s t o r  3 t h e n  : ; < ;

" A ? an.h; ; ^  h e g a t iT e

. ■ ' \ y ' 4 ' t

* na :;  ■ ■ - ■; ,r e  ■ ■ ■ , '  ' : a ° i  ; ■' .■;
' ' ' :i: r̂„ (X  .~ - <=<' ) ; . ' : : " :

c o n s e q u e n t ly  . : -  ' , : -
, ' h  : ■ : S t '  > 6* ‘ : ; ' ' /  "  ■. : ; :

'  ̂ p %  -use th e  same argum ent, f o r ;  t h e  o t h e r  tw o c a s e s  <, ' -



m m m m  m fm m m im m  m
r W PIGTOT TEiJW'GCSlwGWOSS

• ; "  She e f f e c t iv e  t r a n s  conduct an e e o f  a ' t r a i ls  i s  t o r . amp 11= . - - 

f i e r  vtfas determ ined  t h e o r e t i c a l l y  in  previous" chapiters 6 In  

t h i s - q W p ter th e .e x p e r im e n ta l d a ta  a re  p re se n te d  and the  ca l=  

e u la te d  v a lu e s  f o r  th e  a f f e c t iv e  tran sco n d u c tan ce  o f a. grounded 

base t r a n s i s t o r  'a m p lif ie ro  : I t  i s  shovm t h a t  t h i s  V alue is  in  _' 

accord  w ith  th e o r e t i c a l  v a lu e s 0 •

■v ■ The ex p erim en ta l p rocedure i s  d esc rib ed  bsloWo . '% i ' i

- v (a )  A g ro u n d ed  b ase  t r a n s i s t o r  a m p l i f i e r  u s in g  a  p o in t

• c o n ta c t  ty p e  t r a n s i s t o r  was c o n s tru c te d , ,  a s  shown in . T ig 0 {215 &

. Two v v a r ia h ie '• r e  s i s  t o r s i "  o n e  i n s  eri-e s w ith  erni t t  e r  to  v a r y  - 

© f f l i t t e r c u r r e n t ,  and one in  s e r i e s  w ith  _ c o l l e c t o r  to  v a r y  c o i»

1 e c t o r :: vo I t a g e  ̂  we r e  conne c t  ed- i n  th e  c i r c u i t s  Two su p p ly  : 

b a t t e r i e s  w ere  u s e d ,  one i n  th e  c o l l e c t o r  c i r c u i t  and one in  

th e  e m i t t e r ; c i r c u i t : two m i l l ia r tm e te r s  w ere u se d ' to  m easure  . ■ • 

th e  e m i t t e r  and  th e  c o l l e c t o r  c u r r e n ts o  • /  -

;. ;Y W hile t a k in g  r e a d in g s ,  th e  c o l l e c t o r  c u r r e n t  d id  n o t  '

e r c e e d  5 m il l ia m p e re s o  T h is  i s  t h e  maximum, r a t e d  c u r r e n t , and - 

i f  moro c u r r e n t , i s  .d ra im  th e  t r a n s i s t o r  w i l l  be damaged „ 1 V': '

: f o r  e a c h  f i x e d  v a lu e  o f  e m i t t e r  c u r r e n t ,  t h e  c h an g e s  i n
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F ig .  2 1 . L a b o ra to ry  c o n s t r u c t io n  o f  a  g ro u n d ed  
b a se  t r a n s i s t o r  a m p l i f i e r  u s in g  a 
p o in t  c o n ta c t  ty p e  t r a n s i s t o r



e m i t t e r  v o l ta g e  and i n  e o l l e o t o r  cu rr-en t w ith  v a ry in g  c o l~  -.

l e h t o r , v o l ta g e  w ere  r e  c o rd e d  0 Read in g s  w ere  t a k e n  w i th  ' l e '  . ■

( e m i t t e r  c u r r e n t ) : v a ry in g  'from  0=4 m0ao t o  I d  m0a 0 The d a ta

a r  e g iv e n  i n  T a h le  lo  . ; ' - ; v;' r

(h ) C a lc u la t io n  o f  s lo p e  r e s i s t a n c e s  s Two s e t s  of

t r a n s i s t o r  c h a r a c t e r i s t i c ,  c u rv e s  a r e  d raw n -fro m  th e  d a t a ■i n '

T a h le  :1 9. a s  f  o l lo w s ?:g : :v

!<, C o l l e c to r  v o l ta g e  v s » c o l l e c t o r ,  c u r r e n t  f o r  f i x e d  ; , valmŝ of de'  ̂ / V-' .' / .
2o i m i t t e r  v o l t a g e  v s 0 c o l l e c t o r  e u r r e n t  : f o r  f ix e d  : :

- V alue :;o f-tle  ' r! t : :j- . ■ ■ t: :

P l o t s  o f  t h o s e  c u rv e s  a r e ' shown i n  F ig s  0 (22  a n d _ 2 3 r e $ ,  r b 9

f 'c s  S t » a n d S t « a r e  c a l c u l a t e d  ■ i a d i r e c t i y  f  rom th e s e

e u rv e so  . ■ ' ■ y . , v :-. - . -  ; v .: V y  : y v  ■ j  ' - .  ;

. I t  i s  f i r s t  n e c e s s a r y  to  c a l c u l a t e  r ^ s .  r ±2» r 21 an^  r 22

The a x p r e s s io n s  whi oh e n a b le  u s  t o  d e te rm in e  r - ^ g  r i 2 s " r 21s '

rg g  fro m  th e  p l o t s  o f  th e  c u rv e s  a re  a s  f o l l o w s : ' .iv;--.. •.

•«__ -a    = s lo p e  o f  YSj, l e  cu rve , f o r  I c  c o n s ta n t; 11 die
=>Ve

■ r - ^  = ~ s lope , o f  Y es l e  c u rv e  f o r  l e  c o n s ta n t

?2i  ” - t )T e  : ~ s lo p e  o f  Vcj l e  c u rv e  f o r  I c  c o n s ta n t

= s lo p e  o f  T o, I c  c u rv e  f o r  l e  c o n s ta n t

' .. C s l n g ' t h e ig r a p h s  Of F igSo ( 22 and 23 ) 9 th e  v a lu e s  f o r

•^IT®' 'r 1 2 sr T2 1 ; r 22  a r e  gl v e n s a s  f o l lo w s !  : 4- \\
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■ S a b le  1 : ;

T a b u la t  ed B at a ,: f  ©r , G rounded ; B ase Gonn e c t io n "

Ve ( e m i t t e r  l e .  ( e m i t t e r  V# ( c o l l e c t o r  I s  ( e o l l e o t o r  
T b l t a g e . e u ts e ia t  j  ' v o l t a g e ) : c u r r e n t )

“  ( v o l t s )  /  ^ i l l l a B # e r e s )" - -I X v o lts ) ' """ “ I m il l la m p e re s  f

0 .3 1  ' ; V.v'Sojl: --: : ; • 0 o0 ; ' '

1 : 1 ?  - y  ■ l ? y  1:21
■ i l l :  § &

Ool25 •'I': : ; ' ' 1 5 oO ' . • 3165
0o085: ‘ " EO-o©. 4d©8
0*05 - : ' 251# • W 5G5

.. ■ Go01 ; ■ . ' 3 0 # ;  . ; , >»:95

- '\©^36''y Go5 ' #o@@ u -  : 1:^22 - '
0o20 - .1,00 1 ,86

■ 0 ,25  • . : : : .. ■If. 2 ,50 ; ' : 2 , 3 2 - t ; ;
v; Go23 : ■ . : ' . ' : - 5*00 ■■ - . 2 o #  \

Ool75 :" : 10 , 0 0 : " ■ ■■3.^1-,;; :
■ 0.13 :: 15*00 ' 3 ,92

O0O8 . : . aOaOe 1*40
G »05 : V y: . V 25*00; , : 4 ,900 ' *

0,36 Go 6 ' Go00 1 , 30
0 ,30  1 .00  2,05

: 0 *26%: - . 1 - V' ' , 1 ':.:';:2o5G I-* 2.158
; / 0 l 2 3 u ' ; ^  S*GO- : . 3.00 ..

: 0oi75 . 1 ■ ;  10*00 3.66
0*125 : 13 .00  . 4 .20
0*075 • f  20*00 4.65
G*©5 ; . 23*10 4*95 f

:, ;o*35y: - \  ..;G*7::f i  ; f. 5: 0*00: ; _ 11*65 : '
v- G *34 1*00 . - G ° 30 .
. . 0 *271-:: .: ■ : v: 1  ' : f  2 .50  : 2*78

0.235 5.00 3.28
0*175 -  U 10.00 , ' - 3*95 : ■ :

; . 01125.: : ■ v:.  ̂ Vtv : :.15:o:00̂  . 4=46
0*057 ■ ■ •, ■; . - ■■ y . 20,00 - ' 4 *9 4 : .= f  : ;

0*36 0 .8  . ‘ 0*00 1*79 -
. 0*30  1  oOQ 2 .48  -

0*265  2 ,5 0  . 3 .0 0  ,
0*225 / 5 ,0 0  3*50
0*175  r 1 0 .0 0  4*16  , ,
0*126 ' . 15*00 . . 4 .7 0  ; • 

( 0 *1 : : . : 17*50  4 .9 7
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. .7v. . V:: - Table I  ( o m t .0) r

Ye ' l e  . ■ Yo -lo

.. : 0 o3Bv-” . ' ;'■ - ' . : : 0*9 : - ; . ' 70 ,00 . 7 l , g l
0 ,3 0  . 1 ,00  : 2780 .

■ 0 ,o2Y5 .:7 : : :77- :7 a , 50 7 ; 3<>29
- 0 ,2 4  • : . . 7': ;:: . ; . . ' 5 ,00 - - 7 3,75 " .
' \0*1877 ,1 . \ ' - 10 ,00  ■' : 4 &4 Q

; ^ ;o , l 2'5:: :777/^7 7::.:/7.;/T /'7 :7 r ." 7  15 ,00  • " % 4 » #  ■

0 ,3 8  ' 1 ,0 0  . ' 0 ,00  2 ,10  
0 ,30  ■ '777: .  7 : 1 ,0 0  ■ 7 . 7 % m  :
0 ,275 7 ' 7  7 \ ; 7:- 77:\;.->:- . :■ 7i;.;:32o50, 7 . '7

7 0 , 2577,7 : - . ; 7  77 - '7  ; 5 ,00  . 7 , 3^777
: 0 ,175  : . - ’ :  ̂ ■ - - 10*00 v • 4 , 6# 7

7^0 , 157:,:: 7.7 7 .7 . 7 77777': : ; ' 7 7 13 .00  ■ ■■■: 4 ,98

0,385 7 1 ,1  • 0 ,00  : 2,16
0 ,3 2  . I- - 1 , 0 0 - 3 ,18
0,275 1 • . - 2 ,50  3 ,68

• : 0 ,24  7 " .7 . 7 .7 , . ;.:1 - 7^ ,'00  4 .1 9
7 0,175 10 ,00  4 .89



; : 1,' - 7C0 ^  :v \  - ̂

The n e x t s te p  I s  t o  c a l c u l a t e  x ^ 3 r e $ r e? and g^.e

.fo r  .a g ^ u a d e d  b a se  t r a n s i s t o r  a m p l i f i e r 0 The f o l lo w in g  re la =  

• t io n s h ip S  : a p p l y ? ' : : : ■ ■ . ■ p p . '  : - :r v " '■ v--

r» -. y. > ■ '  ?:: .: ;> /  -
. b . ■ • y - ' ■ • : :

r  1' -  r
11

y : > e
r  _ r .12 x l  b

"=s-'r;:

•A <3̂ " ■■ ■ p.''' y/"; -

■y . . v ^ , ,  ^  ^  :. I k "  ■ ?
Then u s i n g . th e  a b o v e  r e l a t i o n s h i p s ,  c a l c u l a t e  r ^  , r Q, r Q and
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: : B e fo re  we a t te m p t to  c a l c u l a t e  and g^.8 s tk e  • o f  

th e  t r a n .B ls to r  m ust be. knowru T h is  i s  d e te rm in e d  fro m  th e  

e u rv es: o f ; j i g 0 .22o By d e f i n i t i o n  . . : ‘ ■ ' , . • -

&*■

^  9 .2 7  ,  f  _
c s C  s  • -- -  -  &  o  - f

) -a,!::- - : ^ :':. :

e

T hese  o a ie u ia t iO n s .  show t h a t  th e  v a lu e  o f ■ e h an g es  "between 

2=7 and' fo B  w i th ih :  th e -  o p e ra t in g -  r e g i o n 0 v . ; /  :

: . The e g r e s s i o n  f o r  f o r  a  g ro u n d ed  b a se  t r a n s i s t o r  aBi=

p l i f i e r  l a :  ; ; - X  B   ̂ G r i f -  r f '

E e re ' and  z e a r e  r ^  and r 0 <, S u b s t i t u t i n g  th e  c a l c u l a t e d  

v a lu e s  o f  _r@ and f y  .we- g e t  t  v

: • - ' ; 3 o 99 i i 06/ ; ; : f  • . ;h <,vVi:"v. ii-  : ■
f . m . f -59 -  1 °= 2 . * > s :

And th e  e x p r e s s io n  f o r  g ^ 8 i s :  : - ' '  ' ■ -:;y ' f

V I  ^ r . ) ,
.................

S u b s f i t u t i n g  f o r  g t  3 r ^  , r @ t h e i r  c a l c u l a t e d  v a lu e s  and 

u s in g  2o7 j t h e  s m a l l e r  O f th e  tw o © a le u la te d  v a lu e s ^  f o r  oc 

W  g e ts  : : -i v' ' ' : . f:V--:  i - i  i '  ^ ' v- ;' ; : . -



* ^ •=i0 59: x  i o e ^ : ; . \  -

1 » ' :;v;:
1 3 2 . 6 .

" 1 » 5 S  X 1 0 - 2  - » l o 5 9  Z  1 0 “ 2

■; y. v ' ; .y

. ' ' ; . ::x.;:' i2oi5 ̂  i©M;.Mosy:.:' ■ y: ; :yr-
. Thus 5 th e  v a lu e  f o r  g^ 9 i s  a lm o s t  e ig h t  t im e s  th e  v a lu e  

o f  g-jj}...and th e  s i g n  a s s o c i a t e d  w ith  g- 9̂ i s  p l u s a w h ile  th e  ''. • 

s ig n  o f  g^ i s  m inuso T h is  means- t h a t  o u r  c i r c u i t  i s  nr e g e n e r -  

a t i v e ” i n s t e a d  o f  " d e g e n e r a t iv e 0 n We can ■ e x p la in  t h i s  change  

o f  s ig n  i f  we e x a m in e .th e  d e n o m in a to r  o f th e  e x p r e s s io n  f o r

W ; v  e t

y. " y l : ^ ' : ^  ( 1 - ^  )
. ‘ r e

I n  th e  d e n o m in a to r  we halfe  -the  te rm . (1 = ) 0 T or a  p o in t  y

c o n ta c t  t r a n s i s t o r ? ' oc  I s  a lw ays g r e a t e r  th a n  1 and t h e r e -  

f o r e  t h e  t e r m  ^ | £ y  j . a l s o  "becomes a  ne g a t  iv e  . q u a n t i t  y 0

■ > ■ y t \ y t■ ^ v y ^ ' ^ • ; y ■ . y h ? y .  i  ::
r b „

As a  c o n se q u e n c e , t h e  1 *  1 = ekr } c a n .b e  s m a l l e r  and
' *e  ‘ ' . '

g r e a t e r  th a n  z e r o 0 ' I f  i t  i s  s m a l l e r ' t h a n  z e r o ,  th e n  g- 8̂ b e ­

comes p o s i t i v e ” and i f  i t , i s ,  g r e a t e r  -than  z e r o , g ^ $ becom es 

n e g a tiv e : ,-  .EoweVer, f o r  a  j u n c t i o n  t r a n s i s t o r ,  g t s i s  a lw a y s . 

ne g a t  iv e  be c a u s e , f o r . a- ju n c t io n  t r a n s i s t o r  «=c i s  -'alw ays ' :

. l e s s  th a n  1 and  th e  d e n o m in a to r  becom es a lw ays g r e a t e r  th a n  

z e r o ,  o r  ' p # i t l v e ,  'yvy'.-



(e )  M easurem ent w ith , d i f f e r e n t  !?Q,M p o i n t s : To o b ta in

a- d i f S e r e n t  jo in t s ,  a !!1 00 t5 ohm r - e s i s t a n c :e w a s ' added  i n  ; 

s e r i e s  w ith  r es a s  shown in  F i g o: t 24).0 : I t  h a s  .been o b se rv e d  

. t h a t  th e  a d d i t i o n  o f  a n •e x t r a  100 ohm r e s i s t a n c e  in  s e r i e s ;

w ith  r © ' c h an g es  th e  Q, p o in t  o f  ground©d h a se  t r a n s i s t o r  eunp li- 

; f i e r i  -as: a  eonseq.uence:s ! th e  m in e s ;  of; "i@ and I© fo r : - th e  sam e -:;-

: f i x e d  V a ld e s  q f  I g  and: %  ch an g e  c o n s id e ra h ly o  : . '

The d a t a  f o r  t  h i s  A easn rem en t a r e  shown i n  T ab le  I I 0 A ’) 

co m p ariso n  b e tw een  T a b le s  I ; a n d  11 shows t h a t  th e  a d d i t i o n a l  

100 ohm r e s i s t a n c e  i n  s e r i e s  w ith  r e i s  s i g n i f  l e a n t  "because 

o f  d i f f e r e n c e s  be tw een  tw o  s e t s  o f  re a d in g S o

• (d ) I m r e s t i g a t i o n  Of th e  e f f e c t s  o f  r ^  on g.  ̂ and g-*G8J

The same .e i r o n i t  a s  i n  F i g 0 (24)  i s  ns'ed to  make th e  m e a su re -  i

m en ts 8 e x c e p t  t h a t - a y a r i a b l e  r e  s i s t o r  i s  c o n n e c te d  in  s e r  i e s  

: w i th '.r ^  so  a s  to  v a r y  r^ o  : T h is  i s  shown i n  I ’igo (25 } <, ,,, ;

S e v e r a l  m easu rem en ts w ere  made by u s in g  d i f f  e r e n t  v a l u e s ' : : 

o f  r ^  an d  to  o b se rv e  th e  e f f e c t s  o f  r ’DO iihen  r-^ was r a i s e d  W  ' 

15 Ohms and  by  25 ohmsV t h e  sy s te m  i s  s t a b l e |  when r ^  w as 

- r a i s e d  b y  50 ohm s, th e  sy s te m  became u n s ta b le  0 - The r e a d in g s  o f ■ 

t h e s e  m easu rem en ts  .ar e shown i n  T ab le  s l  s I I  and 111 s; r  e s p e c -  ; : 

W • t iv e ly o .  ■ •

f: h ' f  T ohsee  th e  ch an g es  i n  c h a r a c t e r i s t i c  c u r v e s $ th e  d a ta  

f ro m  T a b le s  I  and I I  w e re  p l o t t e d  f o r  c o m p a riso n  and t o  i n v e 8= 

t i g a t e  w h e th e r  t h e r e  i s  any  change I n  oc ®: : : , -
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ohms

66 v

F ig*  24 . M easurem ent w ith  d i f f e r e n t  "Q" p o i n t s

100
ohms

vW V V ___

66 v

F ig .  25* M easurem ent w ith  v a r y in g  b a se  r e s i s t a n c e



; ::C ■ - T a b le  i i -  : : :z 'v ' -

T a b u la te d  D a ta  f o r  Ground B ase C o n n e c tio n  when r e 
■ (E m itte r R e s i s t a n c e )  i s  R a is e d  by 100 Ohms and • 

■ (B ase R e s i s t a n c e )  Rem ains th e  Same .

^ v f  l e ( e m i t t e r  - Y Q ( c o l l e c t o r  l e ( c o l l e c t o r  
v o l ta g e )  o u r r e n t ) . v o l t a g e ) c u r r e n t )  .

. ( v o l t s )  (m lT T iam neresj ( v o l t 's )  '   (m i 'l l ia m p e re s )

0 o33 ■- 0o50 . : v 'v '" ; ©:,,©© : . : t  S o iS :' -
0 .3 0  . • . ■ 2 .50  • 2 .40

; : ' 0..26:- t  • ■ ■ , ' • : $ .00  . '
: 0 .2 0  : : . t  iOoOO

S. 16$ t  :T5.00 . : 'V 4 .12  •
0 .1 2 3  ■ ; 26.00 : ; 4o60

0 .41  0 .6  : t  : 0 .0 0  do33
; 0 .3 1  : ' v:-: Vv ..2 .5 0  - " 2 .66

: : 0 .2 7 5  /  -. t  - v t t  $ .00  r  3 . io
: 0 .225 ; ; - V  ̂ 10 .0 0  ; ; 3o30

0.170 : ■-: . 15o00' . ' . V :.; ;t4 .35--:'
t  0 .125 . : . . ' ' 20.00 - 4o35 ■

' 0 .4 3  0 .7  / : o .oo  : . 1 .4 2  ■;
1 0.325 1 2 .50  :2 .3 0

0 .29  : : . : 5o00 3 .32
0.23 - 10 .00  4 .05  : :
0 .13  : 15 .00  4 .62

• ; 0 .1 4  '■V ' - t - t  t ;  ■ 18.30 t  " : a ¥»95 „ :

0 .46  ■ - v t  :- 0v8 0 .0 0  1 .5 2  ^
0 .34  \ t  :^:: '2 .$ 0 -

- • 0 .30 ■ ••• • . • 5 .00 . 3 .59  ■
0 .25  : V io»©o:. ' ' ' '1 v 1 - : :4.31

, ■ 0 .1 9  ' \ . : V15...00:, ■ 4 .89  - / 3

0.49  " 0 .9  ' 0 .00  ' 91 .62
V' 0 .3 5 -  ■ 2 .50  9 93.26

0 .3 1  . 9  9 5.00 -• 9. 9/3.79 ■ .
' ;v 0 .25  ■ : - 10 .00  - \ 4 .50  9 '
9'- 0 .20  / ■ 9 - '  : 99: ; . ■ ' ; 9. ::9. : 14.-00: . ' 9 $ .00
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"Table. I l l -

T a b u la te d  D a ta  f o r  G-rounded B ase O onneeM bn when r e : 
( S a i t t e r  R e s i s ta n c e )  I s  R a is e d  b y  100 Ohms and r ^

i s  R a is e d  by  15 Ohms :

t e  { e m i t t e r : I @  ( e m i t t e r ( G o l l e c t o r I e  { e o l i e e t o r

v o l t a g e ) ■ - .  c u r r e n t ) ; : / ; v o l t a g e ) / ;  ; ; >  : c u r r e n t )  ..

: ( v o l t s ) ’ ™ T H i l l i a j a p e r e  s )  ; . ( v o l t s )  • ; ’ ’( m i l l  l a m p  e r e s )

0 . 3 4 0 . 5  ■ ' / / '  - ;5 '  4 0 . 0 0  4 / / ■ / : . / 5 / l , 2 1  /  ' ■

,  ' 0 6 m . 2 , 5 0  - 2 . 3 9  '

O o ^ 5 . 0 0 2 . 8 8

' • ' D S 1 S 1 0 , 0 0  : 3 . 5 5  /

0 . 1 0  ■ • • • • ' 1 5 . 6 0  - . ' 4 . 0 9

- ■■ 0 . 0 5 , 2 0 , 0 0  - • • . 4 . 5 8

■ ' 0 , 4 0 0  , 6  ' '  / .  - ■ 0 . 0 0 - 1 . 4 5

0 . 2 9 2 . 5 0  - 2 , 5 9

0 . 2 4 5  ' 5 . 0 0  ^ 3 . 0 8

0 . 1 7 5 1 0 . 0 0  ; :  ■ / /  3 . 7 8  .

0 . 1 2 1 5 . 0 0 -  4 . 3 5

: O o 0 6  ' 2 0 , 0 0 r  ;  4 . 8 5

0 , 4 2 5 5  / 4  0 4 7  ; / : / : ' y 0  .  0 0  - /  /  - " _ / : - 4 : 1 . 5 0  - .

0 . 2 9 ; . 2 . 5 0 ' : v 2 . 8 2 . •

■ 0 . 2 4 5 5 . 0 0 : .  : . 3 . 3 5

0 , 1 8 5 1 0 . 0 0 4 . 0 5

. 0 , 1 3 . 1 5 , 0 0 . - . • 4 , 6 2 5

0 . 0 9 1 8 , 0 0 4 . 9 5

• 0 . 4 4  ' 0 . 8 ■ 0  ,  0 0  ' - / .  ' : -  1 . 7 0

0 . 3  2  v . : ' 2 o 5 0  . ; /  4  3  . 0 5

0 . 2 6 5 . 0 0 4  3 . 5 6  , :

0 . 1 9  , 1 0 . 0 0  ,  ' . 4  : 4 . 3 0

0 ® 1 4 1 5 . 0 0 4 / 4  4 . 8 8  ; ; ■

’ : . ; 0  = 4 5 ' y 0 . 9 0 . 0 0 ' - 1 . 8 5

: 4 : 0 . 3 2 5  , ■' • ' •v 2 . 5 0 ‘ 3.284
0.275 v ■ - 5 .00 3 .80
0 .2 0 . 10 .00 ' ' 4 .5 2  •
0,15 : 1 4 ,00 ; ; :  5 - 9 °  .



/: T .:. ' :Vy -'f . ; ; ; ; ' - .. . { \ %

: - I d  vso  Te c u rv e s  f  rom  th e  d a t a  o f  T a b le s  I  and  I I  a r e  

sliown in: E igSo (22 and 2 2 a ) 0 v./Wlmn r-^ was r a i s e d  by 15 ohms 9 

from, tiie  c u rv e s  o f  F i g 0 (22b) we c a l c u l a t e  

;^:y V . ^  = 2 »2 7 5 9; id i ic h  g iv e s ,  u s

e ‘Lc (132*6 * 1 0 0 ){ 1 4 ,6 1 1 o4)

, ia d  ■ g t 9 =

*-0 o905 x  1 0 -2 mhos.

: - &t- : ' y ' "

-Oo9Q5 X 1 0 “ 2

> : . (132*6 + 100) - : . o- r

, ; ■ » <=2oOS x  10“ 2 mhos : V /  V .t • .y / y;^:^ '

. 1%en r-u i s  r a i s e d  by 25 Ohms^ fro m  th e  c u r v e s  o f F ig *  (2 2 c )  

s e '  c a l c u la t e "  : ; ^  : >  . 2*25c S in c e ', t h e r e  i s  no change i n  r e , V  ̂

'g ^  re m a in s  t h e  sam e; t h a t  i s :  . r: " •

' "  “ 0*905 x  1 0 "2 m hos» y^-y. : : yi  -.,

"But g ^ 9 c h a n g e s* . /  ■ ,

: ^o*965:::x' 10^ 2 . ::"/vy:: v  :y y

. 1 '

S t 1 ~
i t

: 1 3 2 * 6 1  1 0 0  :

« =2*32  x  10“ 2 mhos*.



T h e  f o r e g o i n g  o a l c u l a t  i o n s  s h o w  u s  t h a t  t h e  e f f  e e t s  o f : ; • '

c h a n g i n g  t h e  Q  p a i n t  a n d  v a r y i n g  a r e  s i g n i f i c a n t  o' T h e  . s i g « =  

n i f i c a n e e  o f  t h e s e  r e s  t i l t s  w i l l , h e  d i s c u s s e d  b e l o w  0

P i  s c t i s s  i o n ' o f : R e  s u i t s  ■ :v ' d  , - t  : ‘

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

■ ' t h a t : O u r  ^ r e s u l t s . a r  e  i n  v e r y  c l o s e  a c c o r d  w i  t h  o u r  t  h e o  r e t i c a l :

' t a l t i e s y >• I n ; T a h l e  . " i l   ̂t h © :  c a l c u l a t e d  a n d  t h e : a c c e p t e d  v a l u e s  .

' i' : a f - - V ' r h ' ' d . l . ::r @ ; ^ - . r c  s r m  a n d  o c  . ' f o r  a  p o i n t  c o n t a c t  t r a n s i s t o r  

a r e  t a h u i a t t i d o ' : I f  w e  c o m p a r e  t h e  t w o  s e t s  o f  v a l u e  s ' s w e  s e e '  ■ 

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

: t h e  a c c e p t e d - '  v a l u e s  s a n d  • t h e  e r r o r  i n v o l v e d  i s  w i t h i n  t h e ,

T - e x p e r i m e n t a l - p r o c e d t i  - - 'V  y  ;  y ; •: : - : . y ' y :  - ; / ' y ^ -  " y /  ; '

' I ’r o m y t h e '  f i r s t  s e t  o f  c a l c u l a t i o n s  o f  g t  a n d  g t *  ( t h a t  i s *  

y  w h e n ' r ©  a n d '  r ^  w e r e  k e p t  a t  t h e i r ,  o r i g i n a l  v a l u e s  ) s w e  s e e ;  t h a t -  

' g * s m s y n o t  - o n l y  a l m o s t  ' e i g h t  t i m e s  t h a t  o f  g^ s b u t  i t  a l s o  .

; c h a n g e d  s i g n o  T h e  v a l u e  o b t a i n e d  f o r  g * -  i s  = l o $9 %  10 “ ^  m h o s s ■

: a n d  t h e  v a l u e  f o r  g r 8 '' l s :;  *8» i 2 * 1 .5 ' x  10 “ ^  m h o s  * - I r o m :  t h e s e '  V a l u e  s -  

; w e  c a n  s e e  t h a t  t h e  e f f e c t - o f  i n t e r n a l  f e e d - b a c k  i s  q u i t e  s i g ­

n i f i c a n t  s  .

- . ' W h e n  w e  c h a n g e d  t h e  Q, p o i n t  ( b y  c h a n g i n g  r e )  a n d  v a r i e d

: r ^ y . t h e # 0; t i # 8 c a  d i s t i n c t  c h a n g e  i n  t h e  c h a r a c t e r i s t i c s  o f  t h e  

-- t r a n s i s t o r  * T h i s  c a n  b e .  s e e n  f r o m  t h e  c u r v e s  o f  F i g s *  ( 22a *

. /2-2b*; and 22c) and T ab les I l y  I I I 3 and I V *  For in stan ce^  when y 

■'.ry  was r a i s e d  by 15 'Ohmsg- ' g^. wy =0*905 x ; 10” ' mhos and y g t 1 r ,  

- 2 908 X '10v2 mhos* ’ But wheu r-K was r a i s e d  by 25 ohmsy, ;



V  ■S t “ “0 o905 x 10 mhos and gt-9: = -2o32 x 10 mhoSo T his :

: shows th a t  changing t t .a f ® e*s  the  traixsoonductanee of a ' 

t r a n s i s t o r  a m p lif ie ro  '

v In  more oomp 11 c a te d  c i r c u i t s „ d a v ia t io n  of rh  from i t s  

. t h e o r e t i c a l  ■:o r  accep ted  v a lu e .. o ccu rs by imans of ^ in te rn a l  

feed -b ack  o" As a: r e s u l t  we; can say  t h a t  th e  /- In te rn a l  fe e d -  

hack” i s  v e ry  s ig n i f i c a n t  % depending upon th e  amount of f e e d ­

back 9 fo r  th e  v a lu e  of th e  e f f e c t iv e  tran sco n d u c ta n ce  of a 

t r a n s l s t o f  a m p lif ie r*  ;.v , / ; 'v" ' v



J \  ' : Table Ty : ; : : ' n /:

T a b u la te d  Data, f o r  G rounded B ase O o n n eo tio n  when- r e 
( S m i t te r  R e s i s ta n c e )  i s  R a is e d  by  100 Ohms and  

" (B ase: R e s i s ta n e e )  i s  R a ised :.b y  25 Olims

Y q ' (em itter  
vo ltage}  .

/ l e  B # t t  ar G_ 
• cuCTent)

: ( c o l le c to r  
. V l t a g e )

1 & (c o l le c to r  
7  cu rren t};

iv o i t s T ”" (MTlTamperesT ( v o l t s ) 1 !

- 0 o 4- i,:; 0 ,5 0,00 :1,15 ■7:: - ::V
Ob 26 2,50

•:'©b2i,; 5 ,00 : 2 ,91  • ...
■Ob 13 10 ,00 3=60
0,075 15^00 ;.^74,15 v-. V : :

. : ObOi : 20,60 ' . ■;4t65:./

;' - o .^  :"v-::; :: ';:;Ob6:’-: - - : 0 , 00
v, 0 ,27 ' 2 ,50 \ :2 o'6i'
- .0 ,2 2 5o00c : 3 o i l :

0ol4 : 10 ,00 :  - 3 ,82
, ■ OoOE : 15,00  ̂ 4=38 '•

OoOlS ' ; ■: : ,20 ,00 4 ,95

' -Ob# - 0 ,00  ' " 1 ,60
Ob 2# ■ ' 2,50 ' ' 2 ,30 .

 ̂ Ob 237 5 b 00 3,31
'/ : 0 ,15 10,00 4 ,05  4-

0 ,09 / 1 5 ,0 0 4= 65 '
;;:;N; Op05,i. : 20,00 4 ,92 i :::

' :  o M b- ■ 0,8 . 000© : ^ :; . .^ i,6 s ::
0,30 -:% 2;507t :4-::^03.::;v
0,25 • - ■- ' 5o00 ■' :443b35' 4  / ' :
0,175 1 0 ,0 0 4o28

■ V ■ 0 ,10 1 5 o00 . ■ 4b 88,

0 ,45 : 0b9 i 0 ,0 0 1=72
' 0, 30 . 2,50 - 3 ,21

0,25 5 = 00 : * 3 ,7 8
Ob 17 : 1 0 ,0 0 : : : 4 ,5 0  . :4  ,;

- 0 ,12 ' l i ^ o  0 0 : ■ 4 ,95



,51 : ̂

' • ' 1 ,ab le  Y - 
T a b u la te d  D a ta  f o r  G-rounded B ase C o n n e c tio n  when ■ r e 

" -  (B m ltte n ' B e s ls ta n o e ) :  IS 'B a laed  hy  100 ©has and r b  
1 (B ase R e s i s ta n c e )  i s  R a is e d  by  JO Ohias ; .

V@ {b a it te n  
■ voltage)

: I@ (em itter  
■ enrnent) :

iir^ ( c o l le c to r  
; v e lta g e )  ;

; I ,  (co l ie c to p  
• :' cunnent); ■_

™(irriiainpepes) ■ .T ^ t s r  ; ; la ll l iam p ere" s) -

- 0o2 2,50 • ? - 2=3 ' i
■5o00 ' ■y: - : ': :.::2=:82 :■ . >

ô ©5: . ibo oo ,  • 3=55
; i-:;:Oo04^ ;V̂ Vv.. i m o o  V :' : : 4=13 y y y :

; i 0Sby:;-: ^^■ y ,  2o:5o y .  .. iy;;
' 0.15 :'■■ •■ : 5o 00 3 = 08

 ̂ 0 b©6 i; =■ - i o . 9 o y ; : v-- i  3=75 : ; .-
• 15o00 r

4- 0 .24 ' . ° ”7 2.0 50 . ; -V-- / .■ '^ # y y y : : \y :  ^
* 9 .1 7  ; 5 = 00 : ::;3:v28;i : ..-w
* 0o06 . 10 .00 .;y:::' - 4=03

 ̂ i.i '̂'rbo04 ■-■ 5=00 ■: , y - ■ 4 = 60 -y- y ■ y y



lE e  r T a i lu w ^ f  ^ 9  a?js r 6 :8 r m and  oc f o r  
' ■. " a  P o in t  O onta.et T r a n a is to n

: . i . e i o e p t e d ;  / - i d a l o p l a t e d
■.: ^ ' v a l u e s V '':' " v a l u e s "  - ' ' '

v : ; ' ( o llf lS

: : v  ; r t> ■ ■ 1 5

.. : . f a  - : :v ' 1 2 0 '; y - ' ; ; . i 3 2 » 6 v,  ■ :

- ■  ' - ■ A  ■' V
: 1 5 > 0 Oe  ' . /  - /  i '

: r a  ■ 3 2 , 0 0 0 "̂ : : i ' 1 0 , 9 1 1 ,-6  ̂ i  '

■> -  V ■ 2 o 7  =  2 o8  ■



A P M D IX

: Xn C h a p te r  I I  w h ile  d e r i v i n g  e q u iv a le n t  c i r c u i t  o f  &

t r a n s i s t o r 5, c a p a c i ta n c e  e f f e c t s  a r e  n e g le c t e d 0 T h is  i s  v a l i d  

a t  lo w  f r e q u e n c ie s ^  h n t a t  h ig h  f r e q u e n c i e s g i n t e r e l e c t r o d e  . 

c a p a c i ta n c e s  become i m p o r t a n t a e s p e c i a l l y  i n  th e  c o l l e c t o r  

b ra n c h  i n  p a r a l l e l  w i th  th e  s e r i e s  c o m b in a tio n  o f  r @ and 

g e n e r a to r  r ml@o ' -

I n  F i g 0 {26) th e  e f f e c t  o f  t h i s  c a p a c i ta n c e  i s  shownc „

We c a n  r e p l a c e  th e  w hole  r @i) r ml e and  Gc c o m b in a tio n  by  i t s  

i h e v e n in ’E e q u iv a l e n t » L ook ing  th ro u g h  th e  p o in t s  a b 3 we can  

w r i t e  T h e v e n in ’ s  e q u iv a le n t  v o l ta g e  s o u r c e «,

R edraw  s e c t i o n  th r o u g h  a b s a s  shown i n  P ig *  (2 7 ).0 The 

open  c i r c u i t  v o l ta g e  i s 8

1

1 m a G
e

1

r e lWGe ❖ I JWGe
1W0G

1 ^ JW r„0e e



$61 s Is ■ e x a c t l y  in th e  same', form as r„Xa „ hut we have

i n s t e a d  o f  r mo .T h e re fo re  we c a n . r e p l a c e  v m by

: ' - - ' . : :  . C - ^  '
■ : :  . _ i ; > :  v J i r e O s , : :: :

■ . : ' ■ . : 1 . ■ v : . r _ l .  :
and t h e r e f o r e ,  q h r  e q u ly a le n t  v o l ta g e  so u p ce ; becom es'

F or' th e  e g .m .v a le n t: im p ed an ce , lo o k in g  th ro u g h  p o in t s  ab , 

we. have t h e  " p a r a l l e l  c o m b in a t io n o f  0 Q and r c , and i f  We - :. ■ 

d e n o te  t h i s  by  r C8. .

o

- o r : ^ V  /  ; / TWGc r e

r c« ; r e

1  ❖ ■■ W r cG.c . \

T h e r e f o r e , o u r  e q u iv a le n t  c i r c u i t  becom es a s  shown in  F i g 0 (28)



-A/WVVW

r e

a
w w w
1%

b
-x -

T

F i g .  2 6 . E q u iv a le n t  "T" c i r c u i t  show ing th e  e f f e c t  
o f  i n t e r e l e c t r o d e  c a p a c i ta n c e s

F i g .  2 7 . S e c t io n  o f  F i g .  (26)  lo o k in g  
th ro u g h  ab

r e
-A A A /M - -zWWL

H .JW e C0 l+ lW r0Cc e

Fig. 28. Exact equivalent circuit showing
the effect of capacitance
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