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(64)  Precision  bandgap  voltage  reference. 
©  A  bandgap  valtage  reference  circuit  is  described  in 
which  two  sets  of  bipolar  transistors  (Q7-Q12,  Q13-Q17)  are 
connected  so  as  to  accumulate  their  base-emitter  voltages, 
and  currents  are  caused  to  flow  through  the  collector-emitter 
circuits  of  each  transistor  (Q7-Q17).  The  number  of  transis- 
tors  in  each  set,  the  geometry  of  each  transistor  and  the 
currents  transmitted  through  their  collector-emitter  circuits 
are  selected  so  that  the  accumulated  base-emitter  voltages 
of  the  two  sets  differ  by  an  amount  corresponding  to  a 
predetermined  bandgap  voltage,  preferably  1.23  volts.  The 
circuitry  can  be  implemented  using  either  CMOS  or  bipolar 
fabrication  processes,  and  has  a  lower  error  component  than 
prior  bandgap  references.  In  the  preferred  embodiment  the 
first  set  (Q7-Q12)  includes  one  more  transistor  than  the 
second  set  (Q13-Q17),  and  supports  a  higher  current  density 
than  the  second  set.  The  bandgap  voltage  differential 
between  the  two  transistor  sets  (Q7-Q12,  Q13-Q17)  may  be 
reflected  back  across  the  inputs  to  the  two  sets  by  means  of 
an  operational  amplifier  circuit  (A3.A4)  to  obtain  a  ground 
referenced  output  voltage  which  is  proportional  to  the 
accumulated  base-emitter  voltage  differential  between  the 
two  transistor  sets  (Q7-Q12,  0.1  3-0.1  7). 
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  A  bandgap  voltage  reference  circuit  is  described  in 
which  two  sets  of  bipolar  transistors  (07-012,  013-017)  are 
connected  so  as  to  accumulate  their  base-emitter  voltages, 
and  currents  are  caused  to  flow  through  the  collector-emitter 
circuits  of  each  transistor  (Q7-Q17).  The  number  of  transis- 
tors  in  each  set,  the  geometry  of  each  transistor  and  the 
currents  transmitted  through  their  collector-emitter  circuits 
are  selected  so  that  the  accumulated  base-emitter  voltages 
of  the  two  sets  differ  by  an  amount  corresponding  to  a 
predetermined  bandgap  voltage,  preferably  1.23  volts.  The 
circuitry  can  be  implemented  using  either  CMOS  or  bipolar 
fabrication  processes,  and  has  a  lower  error  component  than 
prior  bandgap  references.  In  the  preferred  embodiment  the 
first  set  (Q7-Q12)  includes  one  more  transistor  than  the 
second  set  (013-017),  and  supports  a  higher  current  density 
than  the  second  set.  The  bandgap  voltage  differential 
between  the  two  transistor  sets  (Q7-Q12,  Q13-Q17)  may  be 
reflected  back  across  the  inputs  to  the  two  sets  by  means  of 
an  operational  amplifier  circuit  (A3,A4)  to  obtain  a  ground 
referenced  output  voltage  which  is  proportional  to  the 
accumulated  base-emitter  voltage  differential  between  the 
two  transistor  sets  (07-012,  Q13-Q77). 





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

v o l t a g e   r e f e r e n c e s ,   and  more  p a r t i c u l a r l y   to   b a n d g a p   v o l t a g e  

r e f e r e n c e s   c a p a b l e   of  b e i n g   i m p l e m e n t e d   w i t h   CMOS  ( c o m p l e m e n -  

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

V o l t a g e   r e f e r e n c e s   a r e   r e q u i r e d   to  p r o v i d e   a  s u b s t a n t i a l -  

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

v o l t a g e ,   o u t p u t   c u r r e n t   or  t e m p e r a t u r e .   Such  r e f e r e n c e s   a r e  

u s e d   in  many  d e s i g n   a p p l i c a t i o n s ,   such   as  d i g i t a l - t o - a n a l o g  

c o n v e r t e r s ,   power   s u p p l i e s ,   c o l d   j u n c t i o n   t h e r m i s t o r   c o m p e n -   I 

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

c a l i b r a t i o n   s t a n d a r d s ,   p r e c i s i o n   c u r r e n t   s o u r c e s   and  c o n t r o l  

s e t - p o i n t   c i r c u i t s .  

Modern  v o l t a g e   r e f e r e n c e s   a re   g e n e r a l l y   b a s e d   on  e i t h e r  

z e n e r   d i o d e s   or  b a n d g a p   g e n e r a t e d   v o l t a g e s .   Z e n e r   d e v i c e s  

c h a r a c t e r i s t i c a l l y   e x h i b i t   h i g h - p o w e r   d i s s i p a t i o n   and  p o o r  
n o i s e   s p e c i f i c a t i o n s .   B a n d g a p   v o l t a g e   r e f e r e n c e s ,   on  t h e  

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

t e m p e r a t u r e   by  summing  a  p a i r   of  v o l t a g e s   w i t h   n e g a t i v e   a n d  

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

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

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

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

b e t w e e n   the   b a s e - e m i t t e r   v o l t a g e s   of  two  t r a n s i s t o r s  o p e r a t i n g  

w i t h   u n e q u a l   c u r r e n t   d e n s i t i e s .   When  the   d i f f e r e n t i a l   v o l t a g e  

i s   a m p l i f i e d   and  a d d e d   to   t h e   b a s e - e m i t t e r   v o l t a g e   of   t h e  

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

c o e f f i c i e n t   r e s u l t s   i f   t h e   sum  is   e q u a l   to  1 . 2 3   v o l t s ,   w h i c h  

is   c l o s e   to  t he   b a n d g a p   v o l t a g e   of  s i l i c o n .   The  1 . 2 3  v o l t  

l e v e l   i s   t hen   a m p l i f i e d   to   p r o v i d e   s t a b l e   o u t p u t   v o l t a g e s   o f  

t y p i c a l l y   5.0  and  1 0 . 0   v o l t s .  

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

v o l t a g e   when  t h e   d e v i c e   i s   on  of  a b o u t   600mV,  and  a  n e g a t i v e  

t e m p e r a t u r e   c o e f f i c i e n t   of  a b o u t   - 2mV/°C .   The  p o s i t i v e   t e m -  

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



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

c a l l y   a b o u t   60mV  a t   25°C  i f   t h e   c u r r e n t   d e n s i t i e s   of  t h e   t w o  

t r a n s i s t o r s   a r e   in   a  10 :1   r a t i o ,   and   h a s   t o   be  a m p l i f i e d  

b e f o r e   b e i n g   a d d e d   to   t h e   b a s e - e m i t t e r   o f   t h e   f i r s t   t r a n s i s t o r  

in   o r d e r   t o   a c h i e v e   a  1 . 2 3   v o l t a g e   l e v e l .   The  60mV  d i f f e r e n -  

t i a l   m i g h t   be  i n c r e a s e d   up  to   a b o u t   200  mV  f o r   l a r g e r   bu t   l e s s  

p r a c t i c a l   d e v i c e s ,   bu t   a m p l i f i c a t i o n   w o u l d   s t i l l   be  r e q u i r e d .  

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

a r t i c l e   by  R.  W i d l a r   in   IEEE  J .   S o l i d   S t a t e   C i r c u i t s ,   V o l .  

S C - 6 ,   p a g e s   2 - 7 ,   F e b r u a r y ,   1 9 7 1 .   C u r r e n t l y ,   a  more  common  

c i r c u i t   i s   one  d e v e l o p e d   by  P a u l   B r o k a w   and   d e s c r i b e d   in  a n  

a r t i c l e   e n t i t l e d   "A  S i m p l e   T h r e e - T e r m i n a l   IC  B a n d g a p   R e f e r -  

e n c e " ,   IEEE  J .   S o l i d   S t a t e   C i r c u i t s ,   V o l .   S C - 9 ,   p a g e s   3 8 3 - 9 3 ,  

D e c e m b e r ,   1 9 7 4 .   The  b a s i c   a p p r o a c h   t a k e n   in   t h i s   c i r c u i t   i s  

i l l u s t r a t e d   in   FIG.   1,  in   w h i c h   a  p a i r   o f   b i p o l a r   t r a n s i s t o r s  

Ql  a n d  Q 2   h a v e   t h e i r   c o l l e c t o r s   c o n n e c t e d   t h r o u g h   r e s i s t o r s   R1 

a n d   R2,   r e s p e c t i v e l y ,   to   a  p o s i t i v e   v o l t a g e   bus   V+  a n d   t h e i r  

b a s e s   c o n n e c t e d   in   common  t o   p r o v i d e   a  1 . 2 3   v o l t   r e f e r e n c e .  

The   c o l l e c t o r s   of  01  and  Q2  a r e   a l s o   c o n n e c t e d   to   r e s p e c t i v e  

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

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

a n d   Q2  a r e   c o n n e c t e d   t o   o p p o s i t e   s i d e s   o f   r e s i s t o r   R 3 ,  w h i l e  

t h e   e m i t t e r   of   Q2  i s   a l s o   c o n n e c t e d   t h r o u g h   r e s i s t o r   R4  t o  

g r o u n d .   Q1  and  Q2  a r e   f o r c e d   t o   r u n   a t   d i f f e r e n t   c u r r e n t  

d e n s i t i e s  b y   s c a l i n g   t h e   g e o m e t r y   o f   Q1  l a r g e r   t h a n   t h a t   o f  

Q2,   by  m a k i n g   Rl  l a r g e r   t h a n   R2,  or   b o t h   (a  l a r g e r   t r a n s i s t o r  

g e o m e t r y   or   a  s m a l l e r   t h r o u g h - c u r r e n t   w i l l   e a c h   l e a d   to   a  

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

a c r o s s   R3,   p r o d u c i n g   a  t e m p e r a t u r e   p r o p o r t i o n a l   c u r r e n t   w h i c h  

a l s o   f l o w s   t h r o u g h   R4.  By  a  s u i t a b l e   c h o i c e   o f   R3  and  R4  a n  

a r b i t r a r y   v o l t a g e   can  be  c r e a t e d   a c r o s s   R4  w h i c h   i s ,  t e m p e r a -  

t u r e   p r o p o r t i o n a l .   The  R4  v o l t a g e   i s   a d d e d   to   t h e   b a s e -  

e m i t t e r   v o l t a g e   of  Q2,  p r o d u c i n g   a  r e l a t i v e l y   s t a b l e   r e f e r e n c e  

o u t p u t .  

W h i l e   t h e   FIG.   1  c i r c u i t   c an   be  i m p l e m e n t e d   w i t h   s t a n d a r d  

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

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

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

a r e   f o r m e d   f r o m   t h e   s u b s t r a t e ,   w h i c h   i s   h e l d   a t   V+;  Rl  and  R2 

w o u l d   t h u s   be  s h o r t e d   o u t   i f . F I G .   1  was   i m p l e m e n t e d   u s i n g   CMOS 



p r o c e s s i n g .   E x t r a   p r o c e s s   s t e p s   c o u l d   be  a d d e d   to   g e t   a r o u n d  

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

The  s t a n d a r d   P - w e l l   CMOS  p r o c e s s   has   a v a i l a b l e   p a r a s i t i c  

NPN  b i p o l a r   t r a n s i s t o r s ,   b u t   t h e   c o l l e c t o r s   a r e   n o t   i n d i -  

v i d u a l l y   a c c e s s i b l e   and  a r e   a l l   c o n n e c t e d   to   V+.  S u c h   a  

t r a n s i s t o r   i s   i l l u s t r a t e d   in   F IG.   2.  I t .   i s   f a b r i c a t e d   u s i n g  

an  N+  ( h e a v i l y   d o p e d )   s o u r c e / d r a i n   d i f f u s i o n   2  as  t h e _  e m i t t e r ,  

t h e   P  w e l l   4  a c c e s s e d   t h r o u g h   a  P+  d i f f u s i o n   6  as  t h e   b a s e ,  

and  t h e   N-  ( l i g h t l y   d o p e d )   s u b s t r a t e   8  a c c e s s e d   t h r o u g h   an  N+ 

d i f f u s i o n   10  as  t h e   c o l l e c t o r .   The  p o l a r i t i e s   of  t h e   v a r i o u s  

c o m p o n e n t s   w o u l d   be  r e v e r s e d   f o r   an  N - w e l l   CMOS  p r o c e s s .  

S e v e r a l   a l t e r n a t i v e   a r r a n g e m e n t   of  t h e   FIG.   1  c i r c u i t  

have   b e e n   p r o p o s e d   or  u s e d   t o   fo rm  a  CMOS  v o l t a g e   r e f e r e n c e  

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

in  FIG.   2.  One  s u c h   a r r a n g e m e n t   i s   shown  in  FIG.  3.  In  t h i s  

c i r c u i t   t h e   c o l l e c t o r s   o f   t r a n s i s t o r s   Q3  and  Q4  a r e   c o n n e c t e d  

d i r e c t l y   to   V+,  and  t h e i r   b a s e s   a r e   c o n n e c t e d   t o   t h e   1 . 2 3   v o l t  

r e f e r e n c e   o u t p u t .   The  e m i t t e r   of  Q3  i s   c o n n e c t e d   t o   a  r e s i s -  

t i v e   v o l t a g e   d i v i d e r   c i r c u i t   c o n s i s t i n g   of  s e r i e s   c o n n e c t e d  

r e s i s t o r s   R5  and  R6,  w h i l e   t h e   e m i t t e r   of   Q4  i s   c o n n e c t e d  t o   a  

r e s i s t o r   R7;  t h e   o p p o s i t e   s i d e s   of  R6  and  R7  a r e   b o t h   g r o u n d -  

ed .   An  o p e r a t i o n a l   a m p l i f i e r   A2  has   i t s   i n p u t s   c o n n e c t e d  

r e s p e c t i v e l y   to   t h e   e m i t t e r   of   Q4  and  t o   t h e   j u n c t i o n   o f   R5 

and  R6,  and  i t s   o u t p u t   c o n n e c t e d   to   t h e   v o l t a g e   r e f e r e n c e  

o u t p u t .   A m p l i f i e r   A2  d i r e c t l y   a m p l i f i e s   t h e   d i f f e r e n t i a l  

b a s e - e m i t t e r   v o l t a g e   t e r m   a p p e a r i n g   a c r o s s   R5,  and  f o r c e s   t h e  

o u t p u t   r e f e r e n c e   v o l t a g e   in   a  m a n n e r   s i m i l a r   to   t h e   F IG .   1 

c i r c u i t .   D i f f e r e n t   c u r r e n t   d e n s i t i e s   a r e   p r o v i d e d   f o r   Q3  a n d  

Q4  by  m a k i n g   Q3  l a r g e r   t h a n   Q4,  R6  l a r g e r   t h a n   R7,  or   b o t h .  

One  p r o b l e m   w i t h   t h e   F IG .   3  c i r c u i t   i s   in  t h e   r e q u i r e d  

p r e c i s i o n   f o r   a m p l i f i e r   A2.  Even   i f   t h e   c u r r e n t   d e n s i t i e s   i n  

Q3  and  Q4  d i f f e r   by  a  f a c t o r   of   100 ,   w h i c h   i s   p r o b a b l y   a b o u t  

t h e   l i m i t   of  p r a c t i c a l i t y ,   o n l y   a b o u t   120mV  a p p e a r s   a c r o s s   R 5 .  

S i n c e   A2  i s   f a b r i c a t e d   w i t h   MOS  d e v i c e s ,   i t   c o u l d   h a v e   a n  

i n p u t   o f f s e t   as  h i g h   as  20mV  e v e n   w i t h   a  c a r e f u l   d e s i g n .   T h i s  

w o u l d   p r o d u c e   a b o u t   a  16%  e r r o r   in  t h e   b a s e - e m i t t e r   v o l t a g e  

d i f f e r e n t i a l   t e r m   ( 2 0 m V / 1 2 0 m V )   and  a b o u t   an  8%  e r r o r   in   t h e  

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

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

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



One  m e t h o d   of   i m p r o v i n g   on  t h e   c i r c u i t   of  FIG.   3  i n v o l v e s  

s t a c k i n g   NPN  t r a n s i s t o r s   t o   i n c r e a s e   t h e   b a s e - e m i t t e r   v o l t a g e  

d i f f e r e n t i a l   t e r m .   T h i s   a p p r o a c h   i s   i l l u s t r a t e d   in  F IG.   4,  i n  

w h i c h   t h e   b a s e s   of   t r a n s i s t o r s   Q3  and  Q4  a r e   shown  c o n n e c t e d  

to   t h e   e m i t t e r s   of   t r a n s i s t o r s   Q5  and  Q6,  r e s p e c t i v e l y ,   a n d  

t h e   c o l l e c t o r s   of  a l l   f o u r   t r a n s i s t o r s   a r e   c o n n e c t e d   t o   V + .  

R e s i s t o r s   R5,  R6  and  R7  t o g e t h e r   w i t h   o p e r a t i o n a l   a m p l i f i e r   A2 

a r e   c o n n e c t e d   to   t h e   e m i t t e r s   of  Q3  and  Q4  as  in  FIG.   3,  b u t  

t h e   v o l t a g e   r e f e r e n c e   o u t p u t   i s   c o n n e c t e d   to   t h e   b a s e s   of  0 5  

and  Q6,  r a t h e r   t h a n   t o   Q3  and  Q4.  The  b a s e s   of  t h e   two  l a t t e r  

t r a n s i s t o r s   a r e   h e l d   a b o v e   g r o u n d   by  r e s i s t o r s   R8  and  R 9 ,  

r e s p e c t i v e l y .   A g a i n ,   t h e   g e o m e t r i c   s c a l i n g   of  Q3  and  Q4  a n d  

t h e   r e s i s t a n c e   r a t i o   of   R6  and   R7  a r e   s e l e c t e d   to   p r o d u c e  

d i f f e r e n t   c u r r e n t   d e n s i t i e s   in   Q3  and  Q4.  In  a d d i t i o n ,   Q5,  Q6 

and  R8,  R9  a r e   s c a l e d   in   a  s i m i l a r   m a n n e r   to   Q3,  Q4  and  R6,  R7 

t o   p r o d u c e   d i f f e r e n t   c u r r e n t   d e n s i t i e s   in   Q5  and  Q6.  T h e  

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

t e r m   a c r o s s   R5,  w h i c h   h a l v e s   t h e   o v e r a l l   e r r o r .   U n f o r t u n a t e -  

l y ,   t h e   v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e   i n p u t s   t o   A2  n o w  

i n v o l v e s   t h e   b a s e - e m i t t e r   v o l t a g e s   o f   f o u r   t r a n s i s t o r s   r a t h e r  

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

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

v o l t a g e  t e r m .   T h i s   p r o d u c e s   an  o u t p u t   r e f e r e n c e   of  2 . 4 6  

v o l t s ,   w h i c h   may  be  t o o   h i g h   f o r   many  a p p l i c a t i o n s .   F u r t h e r -  

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

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

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

p r i o r   a r t ,   i s   an  o b j e c t   o f   t h i s   i n v e n t i o n   to  p r o v i d e   a  n o v e l  

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

v e r y   low  e r r o r   t e r m   in  i t s   o u t p u t   r e f e r e n c e   v o l t a g e .  

A n o t h e r   o b j e c t   i s   t h e   p r o v i s i o n   of   s u c h   a  b a n d g a p   v o l t a g e  

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

CMOS  p r o c e s s i n g   t e c h n i q u e s .  

In  t h e   a c c o m p l i s h m e n t   o f   t h e s e   and  o t h e r   o b j e c t s   of   t h e  

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

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

c o n n e c t e d   to   a c c u m u l a t e   t h e   b a s e - e m i t t e r   v o l t a g e s   o f   e a c h   s e t ,  

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



t h e   c o l l e c t o r - e m i t t e r   c i r c u i t s   of  e a c h   of  t h e   t r a n s i s t o r s .  

The  n u m b e r   of  t r a n s i s t o r s   in  e a c h   s e t ,   t h e   g e o m e t r y   of  e a c h  

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

t r a n s i s t o r s   a r e   s e l e c t e d   such   t h a t   t h e   a c c u m u l a t e d   b a s e -  

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

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

O u t p u t   m e a n s   a r e   c o n n e c t e d   to   p r e s e n t   t h e   a c c u m u l a t e d   b a s e -  

e m i t t e r   v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t he   two  t r a n s i s t o r   s e t s  

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

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

i n c l u d e s   one  more   t r a n s i s t o r   t h a n   t h e   s e c o n d   s e t .   I n d i v i d u a l  

c u r r e n t   s o u r c e s   a r e   p r o v i d e d   f o r   e a c h   t r a n s i s t o r   in  e a c h   s e t ,  

w i t h   t h e   c u r r e n t s   t h r o u g h   t h e   t r a n s i s t o r s   of   t h e   f i r s t   s e t  

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

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

t o r s .   T h e r e f o r e ,   t h e   c u r r e n t   d e n s i t i e s   t h r o u g h   t h e  

t r a n s i s t o r s   of  t h e   f i r s t   s e t   e x c e e d   t he   c u r r e n t   d e n s i t i e s   o f  

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

f o r   e a c h   t r a n s i s t o r   in  t h e   f i r s t   s e t ,   and  an  a c c u m u l a t e d  

b a s e - e m i t t e r   v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e   two  s e t s   of   1 . 2 3  

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

CMOS  p r o c e s s ,   a  d i f f e r e n c e   in  c u r r e n t   d e n s i t i e s   of   a b o u t   1 0 0 : 1  

w i l l   n o r m a l l y   be  r e q u i r e d .   T h i s   i s   r e a d i l y   a c h i e v e d   by  m a k i n g  

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

t h a n   t h o s e   in  t h e   s e c o n d   s e t ,   and  m a k i n g   t h e   e m i t t e r s   of  t h e  

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

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

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

to  be  c l o s e r   to   5 0 : 1 .   T h i s   i s   b e c a u s e   t h e   Vbe  of   a  b i p o l a r  

p r o c e s s   t r a n s i s t o r   i s   some  90mV  g r e a t e r   t h a n   a  CMOS  p a r a s i t i c  

b i p o l a r   t r a n s i s t o r ,   due  to  a  h i g h e r   g e n e r a l   l e v e l   of   d o p i n g .  

The  5 0 : 1   r a t i o   can  be  a c h i e v e d   in  a  s i m i l a r   f a s h i o n ,   w i t h   a  
7 :1   s c a l i n g   in  c u r r e n t s   and  a  7:1  s c a l i n g   in  e m i t t e r   a r e a s .  

W i t h   t h e   b a s e s   of  t h e   f i r s t   t r a n s i s t o r   in   e a c h   s e t  

g r o u n d e d ,   t h e   b a n d g a p   r e f e r e n c e   may  be  t a k e n   d i r e c t l y   f rom  t h e  

v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e   e m i t t e r s   of  t h e   l a s t   t r a n s i s -  

t o r s   in  e a c h   s e t .   A l t e r n a t e l y ,   i f   a  g r o u n d   r e f e r e n c e   i s  

d e s i r e d ,   t h e   e m i t t e r s   of  t h e   l a s t   t r a n s i s t o r s   in   e a c h   s e t   may  

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

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



b e t w e e n   t h e   two  s e t s   t o   a p p e a r   a c r o s s   t h e   b a s e s   of   t h e   f i r s t  

t r a n s i s t o r s   in  e a c h   s e t .   The  b a s e s   of  t h o s e   t r a n s i s t o r s   a r e  

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

a n d   a  g r o u n d   r e f e r e n c e d   v o l t a g e   d i v i d e r   c i r c u i t   to   p r o d u c e   a  

g r o u n d   r e f e r e n c e d   b a n d g a p   o u t p u t .  

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

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

b o t h   s e t s   as  d i o d e s   and  p r o v i d i n g   s i n g l e   c u r r e n t   s o u r c e s   f o r  

e a c h   s e t ,   t h u s   e l i m i n a t i n g   a l l   b u t   two  of  t h e   c u r r e n t   s o u r c e s .  

T h e s e   and  o t h e r   f e a t u r e s   and  a d v a n t a g e s   of  t h e   i n v e n t i o n  

w i l l   be  a p p a r e n t   t o   t h o s e   s k i l l e d   in  t h e   a r t   f r om  t h e   f o l l o w -  

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

t o g e t h e r   w i t h   t h e   a c c o m p a n y i n g   d r a w i n g s ,   in  w h i c h :  

F IG .   1  i s   a  s c h e m a t i c   d i a g r a m   of  a  p r i o r   a r t   b a n d g a p  

r e f e r e n c e   c i r c u i t ;  

F IG .   2  i s   an  e n l a r g e d   c r o s s - s e c t i o n   d i a g r a m - s h o w i n g   t h e  

p r e s e n c e   of   a  p a r a s i t i c   b i p o l a r   t r a n s i s t o r   in  a  CMOS  f a b r i c a t -  

ed  d e v i c e ;   - 

F I G s .   3  and  4  a r e   s c h e m a t i c   d i a g r a m s   of   p r i o r   a r t   b a n d g a p  

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

p r o c e s s i n g   t e c h n i q u e s ;  

F IG .   5  i s   a  s c h e m a t i c   d i a g r a m   of  one  e m b o d i m e n t   of  t h e  

p r e s e n t   i n v e n t i o n ;   a n d  

F I G s .   6  and  7  a r e   s c h e m a t i c   d i a g r a m s   of  a l t e r n a t e   e m b o d i -  

m e n t s   o f   t h e   i n v e n t i o n .  

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

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

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

CMOS  p r o c e s s i n g   t e c h n i q u e s   i s   shown  in  FIG.   5.  S ix   t r a n s i s -  

t o r s ,   Q7,  Q8,  Q9,  Q10 ,   Q11  and  Q12,  a r e   c o n n e c t e d   i n  

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

l a s t   t r a n s i s t o r   Q12  c o n n e c t e d   t o   t h e   b a s e   of  t h e   n e x t   t r a n s i s -  

t o r .   The  c o l l e c t o r s   of   e a c h   of   t h e   t r a n s i s t o r s   a r e   c o n n e c t e d  

t o   a  p o s i t i v e   v o l t a g e   bus   V+,  w h i l e   t h e i r   e m i t t e r s   a r e  

c o n n e c t e d   t o   r e s p e c t i v e   c u r r e n t   s o u r c e s   I 7 ,   18,   19,   I 1 0 ,   I 1 1  



and  112 .   The  b a s e   of  t h e   f i r s t   t r a n s i s t o r   Q7  i s   g r o u n d e d ,   a n d  

t he   e m i t t e r   of  Q12  i s   c o n n e c t e d   to   an  o u t p u t   t e r m i n a l   1 2 .  

A  s e c o n d   s e t   of  t r a n s i s t o r s   c o n s i s t i n g   of   Q13,  Q 1 4 ,  Q 1 5 ,  

Q16  and  Q17  is   c o n n e c t e d   in   s u c c e s s i o n   on  t he   l e f t   h a n d   s i d e  

of  t h e   c i r c u i t ,   w i t h   t h e   e m i t t e r   of   e a c h   t r a n s i s t o r   in  t h e  

s e c o n d   s e t   e x c e p t   f o r   t h e   l a s t   t r a n s i s t o r   Q17  c o n n e c t e d   to   t h e  

b a s e   of   t h e   n e x t   t r a n s i s t o r .   The  c o l l e c t o r s   of  e a c h   of   t h e  

t r a n s i s t o r s   a r e   c o n n e c t e d   to   p o s i t i v e   v o l t a g e   bus   V+,  a n d  

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

113 ,   1 1 4 ,   115 ,   I16  and  I 1 7 .   The  b a s e   of  t he   f i r s t   t r a n s i s t o r  

Q13  in  t h e   s e c o n d   s e t   i s   g r o u n d e d ,   w h i l e   t h e   e m i t t e r   of   t h e  

l a s t   t r a n s i s t o r   Q17  i s   c o n n e c t e d   to   an  o u t p u t   t e r m i n a l   1 4 .  

The  f i r s t   s e t   of   t r a n s i s t o r s   Q7-Q12  i n c l u d e s   one  m o r e  

t r a n s i s t o r   t h a n   t h e   s e c o n d   s e t   Q 1 3 - Q 1 4 ,  a n d   t h u s   t h e   v o l t a g e  

a t   o u t p u t   t e r m i n a l   12  w i l l   r e f l e c t   one  more  b a s e - e m i t t e r  

v o l t a g e   d r o p   t h a n   w i l l   t h e   v o l t a g e   a t   o u t p u t   t e r m i n a l   14.  I n  

a d d i t i o n ,   t h e   g e o m e t r i e s   of  t r a n s i s t o r s   Q7-Q12  a r e   s c a l e d  

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

Q 1 3 - Q 1 7 ,   and  1 7 - 1 1 2   d raw  g r e a t e r   c u r r e n t s   t h r o u g h   t h e  

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

t h a n   do  1 1 3 - 1 1 7 .   The  r e s u l t   of  b o t h   t h e  s i z e   and  c u r r e n t  

s c a l i n g s   i s   to   p r o d u c e   c u r r e n t   d e n s i t i e s   t h r o u g h   Q7-Q12  w h i c h  

a r e   l a r g e r   t h a n   t h e   c u r r e n t   d e n s i t i e s   t h r o u g h   Q 1 3 - Q 1 7 .   T h i s  

in  t u r n   m a k e s   t h e   b a s e - e m i t t e r   v o l t a g e   d r o p   f o r   e a c h   of  Q 7 - Q 1 2  

g r e a t e r   t h a n   f o r   Q 1 3 - Q 1 7 ,   w h i c h   f u r t h e r   i n c r e a s e s   t h e   v o l t a g e  

d i f f e r e n t i a l   b e t w e e n   o u t p u t   t e r m i n a l s   12  and  14.  The  s i z e s   o f  

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

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

e m i t t e r   v o l t a g e   d r o p   a t   o u t p u t   t e r m i n a l   12,  t h e   v o l t a g e  

d i f f e r e n t i a l   b e t w e e n   o u t p u t   t e r m i n a l s   12  and  14  i s   t h e   d e s i r e d  

b a n d g a p   r e f e r e n c e   l e v e l   of  1 . 2 3   v o l t s .   In  t h i s   m a n n e r   a  

b a n d g a p   r e f e r e n c e   v o l t a g e   i s   a c h i e v e d   d i r e c t l y   as  a  d i f f e r e n -  

t i a l   b e t w e e n   two  s e t s   of   t r a n s i s t o r s .   The  p r i o r   a r t   r e q u i r e -  

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

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

a g e ,   i s   a v o i d e d .  

The  n u m b e r   of  t r a n s i s t o r s   e m p l o y e d   in  e a c h   s e t   i s   s o m e -  

w h a t   a r b i t r a r y .   The  u se   of  a  l a r g e r   n u m b e r   of  t r a n s i s t o r s  

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

t a k e   up  more   a r e a .   F e w e r   t r a n s i s t o r s   w o u l d   r e d u c e   t h e  



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

R e g a r d l e s s   o f   t he   a b s o l u t e   n u m b e r   of  t r a n s i s t o r s   in  e a c h   s e t ,  

h o w e v e r ,   i t   i s   p r e f e r a b l e   t h a t   t h e   f i r s t   s e t   h a v e   one  m o r e  

t r a n s i s t o r   t h a n   t h e   s e c o n d   s e t .   A  b a s e - e m i t t e r   v o l t a g e   t e r m  

i s   t h e n   a d d e d   to   a  d i f f e r e n t i a l   b a s e - e m i t t e r   v o l t a g e   t e r m   t o  

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

W i t h   b i p o l a r   f a b r i c a t i o n   t e c h n i q u e s ,   in  w h i c h   b a s e -  

e m i t t e r   v o l t a g e   d r o p s   a r e   t y p i c a l l y   in  t h e   r a n g e   of  0 . 6 5 - 0 . 7 5  

v o l t s ,   s c a l i n g   t r a n s i s t o r s   Q13-Q17  l a r g e r   t h a n   t r a n s i s t o r s  

Q 7 - Q 1 2   by  a  f a c t o r   of   a p p r o x i m a t e l y   7  and  m a k i n g   c u r r e n t  

s o u r c e s   1 7 - 1 1 2   l a r g e r   t h a n   c u r r e n t   s o u r c e s   1 1 3 - 1 1 7   by  a  s i m i -  

l a r   f a c t o r   o f   a p p r o x i m a t e l y   7  w i l l   r e s u l t   in  t h e   d e s i r e d   1 . 2 3  

v o l t   b a n d g a p   r e f e r e n c e   a c r o s s   o u t p u t   t e r m i n a l s   12,   14.  I n  

t h i s   c a s e   1 7 - 1 1 2   w o u l d   e a c h   be  a b o u t   1 4 . 3 u A ,   and  I 1 3 - I 1 7   w o u l d  

e a c h   be  a b o u t   100uA.   Fo r   C M O S  p r o c e s s i n g   t e c h n i q u e s ,   in  w h i c h  

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

0 . 5 5 - 0 . 6 5   v o l t s ,   a  s o m e w h a t   more   e x t r e m e   a r e a   and  c u r r e n t  

s c a l i n g   i s   n e c e s s a r y   to   a c h i e v e   a  1 . 2 3   v o l t   d i f f e r e n t i a l  

o u t p u t .   F o r   t h e   c i r c u i t   of   FIG.   5,  a  s c a l i n g   of   a p p r o x i m a t e l y  

1 0 : 1   f o r   b o t h   t r a n s i s t o r   a r e a   and  c u r r e n t   w i l l   a c h i e v e   t h e  

d e s i r e d   o u t p u t   f o r   CMOS  d e v i c e s .  

W h i l e   t h e   FIG.  5  c i r c u i t   has   a  l o w e r   e r r o r   c o m p o n e n t   t h a n  

p r i o r   a r t   CMOS  c i r c u i t s ,   one   d i s a d v a n t a g e   i s   t h a t   t h e   r e f e r -  

e n c e   v o l t a g e   a c r o s s   o u t p u t   t e r m i n a l s   12,   14  i s   f l o a t i n g   a n d  

n o t   r e f e r e n c e d   to   g r o u n d .   A  v a r i a t i o n   of   t h e   c i r c u i t   w h i c h  

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

s h o w n   i n   F I G .   6.  In  t h i s   c i r c u i t   Q7-Q17  and   1 7 - 1 1 7   a r e   i m p l e -  

m e n t e d   e s s e n t i a l l y   as  in   t h e   c i r c u i t   of   F IG.   5.  H o w e v e r ,  

i n s t e a d   o f   b e i n g   t a k e n   d i r e c t l y   as  an  o u t p u t ,   t h e   e m i t t e r s   o f  

Q12  a n d   Q17  a r e   c o n n e c t e d   to   t h e   i n p u t s   o f   an  o p e r a t i o n a l  

a m p l i f i e r   A3.  S i n c e   o p e r a t i o n a l   a m p l i f i e r s   a c t   t o   e q u a l i z e  

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

c o n n e c t i o n   i s   to   s u b s t a n t i a l l y   e q u a l i z e   t h e   e m i t t e r   v o l t a g e s  

of   Q12  a n d   Q17 ,   and  f o r c e   t h e   f o r m e r   o u t p u t   of   1 . 2 3   v o l t s   t o  

be  r e f l e c t e d   b a c k   t h r o u g h   t h e   two  t r a n s i s t o r   s e t s   as  a  v o l t a g e  

d i f f e r e n t i a l   b e t w e e n   t h e   b a s e s   of   t h e   f i r s t   t r a n s i s t o r s   Q7  a n d  

Q13  o f   e a c h   s e t .   I n s t e a d   of   b e i n g   g r o u n d e d   as  in  t h e   FIG.   5 

c i r c u i t ,   t h e   b a s e s   of   Q7  and  Q13  a r e   c o n n e c t e d   r e s p e c t i v e l y   t o  

an  o u t p u t   t e r m i n a l   16 ,   and  to   t h e   i n v e r t i n g   i n p u t   o f   a n o t h e r  

o p e r a t i o n a l   a m p l i f i e r   A4,  w i t h   t h e   o u t p u t   of   A3  c o n n e c t e d   i n  



common  w i t h   t h e   b a s e   of  Q13  t o   t h e   i n v e r t i n g   i n p u t   of  A4.  I n  

a d d i t i o n   to  i t s   c o n n e c t i o n   t o   o u t p u t   t e r m i n a l   16,  t h e   b a s e   o f  

Q7  i s   c o n n e c t e d   to   t he   o u t p u t   of   A4  and  to  one  end  of   a  v o l t -  

age  d i v i d e r   c i r c u i t   c o n s i s t i n g   of  s e r i e s   c o n n e c t e d   r e s i s t o r s  

R10  and  11.  The  n o n - i n v e r t i n g   i n p u t   to  A4  i s   t a k e n   f rom  a n  

i n t e r m e d i a t e   p o i n t   18  in  t h e   v o l t a g e   d i v i d e r   c i r c u i t   a t   t h e  

j u n c t i o n   of  R10  and  R l l .  

The  a c t i o n   of  A4  i s   to   r a i s e   t h e   v o l t a g e   a t   o u t p u t   t e r m i -  

n a l   16  u n t i l   t h e   b a s e   v o l t a g e   of  Q13  i s   e q u a l   to  t h e   v o l t a g e  

a t   j u n c t i o n   18,  t h u s   c a u s i n g   t h e   two  i n p u t s   to   A4  to   e q u a l i z e  

in  v o l t a g e .   A c c o r d i n g l y ,   t h e   1 . 2 3   v o l t s   e s t a b l i s h e d   b e t w e e n  

t h e   b a s e s   of  Q7  and  Q13  a l s o   a p p e a r s   a c r o s s   R10.  U n d e r   t h e s e  

c o n d i t i o n s   t h e   o u t p u t   v o l t a g e   a t   t e r m i n a l   16  i s   g r o u n d  

r e f e r e n c e d   and  e q u a l   to   1 . 2 3 V   t i m e s   ( R 1 0 +  R 1 1 ) / R 1 1 .   T h i s  

c i r c u i t   has   t h e   a d d e d   a d v a n t a g e   t h a t   a  more  p r e c i s e   o u t p u t  

v o l t a g e   can  be  o b t a i n e d   t h a n   in   t h e   p r i o r   a r t   e v e n   i f   a m p l i -  

. f i e r s   A3  and  A4  a r e   n o t   as   a c c u r a t e   as  t h e   a m p l i f i e r s   e m p l o y e d  

in  p r i o r   c i r c u i t s ,   s i n c e   A3  and  A4  a m p l i f y   1 . 2 3   v o l t s   r a t h e r  

t h a n   a  much  s m a l l e r   v o l t a g e   as  in  t h e   p r i o r   a r t .  

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

a d a p t e d   f o r   a  b i p o l a r   f a b r i c a t i o n   p r o c e s s   i s   shown  in  FIG.   7 .  

In  t h i s   e m b o d i m e n t   two  s e t s   of   t r a n s i s t o r s   a r e   p r o v i d e d   in  a  

m a n n e r   s i m i l a r   to   t h e   F IG.   5  c i r c u i t .   The  f i r s t   s e t   c o n s i s t s  

of  n o m i n a l l y   s i x   t r a n s i s t o r s   Q18,   Q19,  Q20,  Q21,  Q22  and  Q 2 3 ,  

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

Q24,  Q25,  Q26,  Q27  and  Q28.  The  e m i t t e r   of   e a c h   t r a n s i s t o r  

e x c e p t   f o r   t h e   l a s t   one  in  e a c h   s e t   i s   c o n n e c t e d   to   t h e   b a s e  

of  t h e   f o l l o w i n g   t r a n s i s t o r ,   as  in  FIG.  5.  H o w e v e r ,   e a c h   o f  

t h e   t r a n s i s t o r s   in  FIG.  7  f u n c t i o n s   as  a  d i o d e   by  h a v i n g   i t s  

c o l l e c t o r   s h o r t e d   to   i t s   b a s e .   The  b a s e s   of  t he   f i r s t   t r a n s -  

i s t o r   in  e a c h   s e t   Q18  and   Q24  a r e   no  l o n g e r   g r o u n d e d ,   b u t  

r a t h e r   a r e   c o n n e c t e d   a l o n g   w i t h   t h e i r   c o l l e c t o r s   to   V+.  T h e  

t r a n s i s t o r s   of  e a c h   s e t   a r e   c o n n e c t e d   in  s e r i e s ,   w i t h   o n l y   t h e  

f i r s t   t r a n s i s t o r   of  e a c h   s e t   c o n n e c t e d   to   V+ .  

W i t h   t h i s   e m b o d i m e n t   a l l   b u t   two  of  t h e   c u r r e n t   s o u r c e s  

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

r y .   One  c u r r e n t   s o u r c e   118  i s   c o n n e c t e d   t o  t h e   e m i t t e r   of  Q23  

and  d r a w s   c u r r e n t   t h r o u g h   e a c h   of  t h e   t r a n s i s t o r s   Q 1 8 - Q 2 3 ,  

w h i l e   a n o t h e r   c u r r e n t   s o u r c e   I19  i s   c o n n e c t e d   to   t h e   e m i t t e r  

of  Q28  and  d r a w s   c u r r e n t   t h r o u g h   e a c h   of  t h e   t r a n s i s t o r s  



Q 2 4 - Q 2 8 .   The  g e o m e t r i c   s c a l i n g s   of  t h e   t r a n s i s t o r s   and  t h e  

two  c u r r e n t   s o u r c e s   a r e   s e l e c t e d   as  in  t h e   c i r c u i t   of  F I G .  5  

t o   e s t a b l i s h   a  b a n d g a p   r e f e r e n c e   v o l t a g e   of   1 . 2 3   v o l t s   a c r o s s  

o u t p u t   t e r m i n a l s   20  and  22  a t   t h e   e m i t t e r s   of  Q23  and  Q 2 8 ,  

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

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

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

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

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

n a t e   e m b o d i m e n t s   w i l l   o c c u r   to   t h o s e   s k i l l e d   in  t h e   a r t .   F o r  

e x a m p l e ,   t h e   c i r c u i t r y   can   be  f a b r i c a t e d   w i t h   an  N - w e l l   CMOS 

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

c i r c u i t   e l e m e n t s ,   and  s u c h   an  i m p l e m e n t a t i o n   s h o u l d   be  c o n -  

s i d e r e d   as  b e i n g   e q u i v a l e n t   to   t h e   s p e c i f i c   c i r c u i t s   s h o w n .  

A c c o r d i n g l y ,   i t   i s   i n t e n d e d   t h a t   t he   i n v e n t i o n   be  l i m i t e d   o n l y  

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



1.  A  b a n d g a p   v o l t a g e   r e f e r e n c e ,   c o m p r i s i n g :  

a  f i r s t   s e t   of   b i p o l a r   t r a n s i s t o r s   ( Q 7 - Q 1 2 )   m u t u a l l y  

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

a  s e c o n d   s e t   of   b i p o l a r   t r a n s i s t o r s   ( Q 1 3 - Q 1 7 )   m u t u a l l y  

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

m e a n s   ( 1 7 - 1 1 7 )   f o r   t r a n s m i t t i n g   r e s p e c t i v e   c u r r e n t  

f l o w s   t h r o u g h   t h e   c o l l e c t o r - e m i t t e r   c i r c u i t s   of  e a c h   of  t h e  

t r a n s i s t o r s   ( Q 7 - Q 1 7 ) ,  

t h e   n u m b e r   of  t r a n s i s t o r s   in  e a c h   s e t ,   t h e   g e o m e t r y   o f  

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

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

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

f i r s t   (Q7-Q12)   and  s e c o n d   (Q13-Q17)   s e t s   d i f f e r   by  an  a m o u n t  

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

o u t p u t   m e a n s   ( 1 2 , 1 4 )   c o n n e c t e d   to   p r e s e n t   t h e   a c c u m u -  

l a t e d   b a s e - e m i t t e r   v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e   f i r s t   ( Q 7 -  

Q12)  and   s e c o n d   ( Q 1 3 - Q 1 7 )   t r a n s i s t o r   s e t s   as  a  r e f e r e n c e   v o l t a g e .  

2.  The  b a n d g a p   v o l t a g e   r e f e r e n c e   o f   c l a i m   1,  w h e r e i n   t h e  

f i r s t   s e t   of   t r a n s i s t o r s   (Q7-Q12)   i n c l u d e s   one   m o r e   t r a n s i s t o r  

t h a n   t h e   s e c o n d   s e t   of   t r a n s i s t o r s   ( Q 1 3 - Q 1 7 ) ,   and   t h e   t r a n s i s t o r  

g e o m e t r i e s   and   c u r r e n t   t r a n s m i t t i n g   m e a n s   ( 1 7 - 1 1 7 )   a r e   s e l e c t e d  

to   p r o d u c e   h i g h e r   c u r r e n t   d e n s i t i e s   and  c o r r e s p o n d i n g l y   h i g h e r  

b a s e - e m i t t e r   v o l t a g e s   f o r   t h e   t r a n s i s t o r s   in   t h e   f i r s t   s e t   ( Q 7 -  

Q12)  t h a n   f o r   t h e   s e c o n d   s e t   ( Q 1 3 - Q 1 7 ) .  

3.  The  b a n d g a p   v o l t a g e   r e f e r e n c e   o f   c l a i m   1,  w h e r e i n   t h e  

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

(Q7-Q12)   and  s e c o n d   (Q13-Q17)   t r a n s i s t o r   s e t s   i s   s u b s t a n t i a l l y  

e q u a l   to   1 . 2 3   v o l t s .  

4.  The  b a n d g a p   v o l t a g e   r e f e r e n c e   o f   c l a i m   1,  w h e r e i n   t h e  

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

t r a n s i s t o r s   ( Q 7 - Q I 7 )   o f   b o t h   s e t s   a r e   d i o d e   c o n n e c t e d ,   a n d  t h e  

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

s o u r c e s   ( I 1 8 , I 1 9 )   c o n n e c t e d   to   t r a n s m i t   r e s p e c t i v e   c u r r e n t s  

t h r o u g h   t h e   f i r s t   (Q7-Q12)   and  s e c o n d   ( Q 1 3 - Q 1 7 )   t r a n s i s t o r   s e t s ,  

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



5.  The  b a n d g a p   v o l t a g e   r e f e r e n c e   of   c l a i m   1,  w h e r e i n   t h e  

t r a n s i s t o r s   o f   e a c h   s e t   a r e   c o n n e c t e d   w i t h   t h e i r   b a s e - e m i t t e r  

c i r c u i t s   i n   s e r i e s   f rom  f i r s t   (Q7 ,Q13)   to   l a s t   ( Q 1 2 , Q 3 7 )   t r a n s i s -  

t o r s   w i t h i n   e a c h   s e t ,   t h e   b a s e s   o f   t h e   f i r s t   t r a n s i s t o r s   ( Q 7 , Q 1 3 )  

in  e a c h   s e t   a r e   g r o u n d e d ,   and   t h e   o u t p u t   m e a n s   ( 1 2 , 1 4 )   i s   c o n -  

n e c t e d   to   t h e   e m i t t e r s   o f   t h e   l a s t   t r a n s i s t o r s   ( Q 1 2 , Q 1 7 )   in   e a c h  

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

e n c e   v o l t a g e .  

6.  The  b a n d g a p   v o l t a g e   r e f e r e n c e   of   c l a i m   1,  w h e r e i n   t h e  

t r a n s i s t o r s   of   e a c h   s e t   ( Q 7 - Q 1 2 ,   Q 1 3 - Q 1 7 )   a r e   c o n n e c t e d   w i t h  

t h e i r   b a s e - e m i t t e r   c i r c u i t s   in   s e r i e s   f rom  f i r s t   ( Q 7 , Q l 3 )   to   l a s t  

( Q 1 2 , Q 1 7 )   t r a n s i s t o r s   w i t h i n   e a c h   s e t ,   f u r t h e r   c o m p r i s i n g :  

a)  a  f i r s t   o p e r a t i o n a l   a m p l i f i e r   (A3)  h a v i n g   i t s  

i n p u t s   c o n n e c t e d   t o   t h e   e m i t t e r s   of   t h e   l a s t   t r a n s i s t o r s   ( A 1 2 ,  

Q17)  in   e a c h   s e t ,   t h e r e b y   f o r c i n g   t h e   e m i t t e r   v o l t a g e s   o f   t h o s e  

t r a n s i s t o r s   ( Q 1 2 , Q 1 7 )   t o   s u b s t a n t i a l l y   e q u a l i z e   and   r e f l e c t   t h e  

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

s e t s   ( Q 7 - Q 1 2 ,   Q 1 3 - Q 1 7 )   as  a  v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e  

b a s e s   o f   t h e   f i r s t   t r a n s i s t o r s   ( Q 7 , Q 1 3 )   in  e a c h   s e t ,  

b)  a  g r o u n d   r e f e r e n c e d   v o l t a g e   d i v i d e r   c i r c u i t   ( R I O ,  

R l l )   c o n n e c t e d   t o   t h e   b a s e   o f   t h e   f i r s t   t r a n s i s t o r   (Q7)  in   t h e  

f i r s t   s e t ,   a n d  

c)  a  s e c o n d   o p e r a t i o n a l   a m p l i f i e r   (A4)  h a v i n g   o n e  

i n p u t   c o n n e c t e d   t o   t h e   b a s e   o f   t h e   f i r s t   t r a n s i s t o r   (Q13)  in   t h e  

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

c i r c u i t   ( R 1 0 , R I 1 ) ,   and  i t s   o u t p u t   c o n n e c t e d   t o   t h e   b a s e   o f   t h e  

f i r s t   t r a n s i s t o r   (Q7)  in   t h e   f i r s t   s e t   and  t o   an  o u t p u t   t e r m i n a l  

( 1 6 ) ,   w h e r e b y   a  g r o u n d   r e f e r e n c e d   v o l t a g e   i s   e s t a b l i s h e d   a t   t h e  

o u t p u t   t e r m i n a l   (16)  w h i c h   i s   p r o p o r t i o n a l   t o   t h e   a c c u m u l a t e d  

b a s e - e m i t t e r   v o l t a g e   d i f f e r e n t i a l   b e t w e e n   t h e   two  t r a n s i s t o r   s e t s  

( Q 7 - Q 1 2 ,  Q 1 3 - Q 1 7 ) .  
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