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©  Current  mirror  with  base  current  compensation. 

©  A  current  mirror  circuit  with  master  (T1)  and 
slave  bipolar  transistors  (T2,  T3)  has  an  insulated 
gate  field  effect  transistor  (FET)  (M1)  connected 
across  the  collector-base  circuit  of  the  master  tran- 
sistor  (T1)  to  provide  base  compensation  current  for 
the  various  bipolar  transistors  (T1  ,  T2,  T3).  The  FET 
(M1)  is  scaled  so  that  the  collector-emitter  voltage  of 
the  master  transistor  (T1  )  is  set  at  a  value  at  which  it 
operates  in  the  vicinity  of  its  saturated  region,  and 
the  collector-base  voltages  of  the  master  (T1)  and 
slave  transistors  (T2,  T3)  are  generally  equal.  This 
results  in  an  accurate  mirroring  of  the  master  transis- 
tor  (T1)  current,  while  the  current  through  the  master 
transistor  (T1  )  is  itself  preserved  at  the  desired  refer- 
ence  level  because  the  FET  (M1)  does  not  draw  any 
gate  current  away  from  the  master  transistor  (T1). 
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BACKGROUND  OF  THE  INVENTION current  equal  to  the  combined  base  currents  of  T1  , 
T2  and  T3,  and  thus  ideally  eliminates  the  base 
current  error  of  FIG.  1  . 

The  improved  circuit  of  FIG.  2  is  unfortunately 
s  still  subject  to  errors.  T4  obtains  its  base  current 

from  IREF,  and  thus  introduces  a  second  order  error 
into  the  reference  current  through  T1.  In  addition, 
T4  places  restrictions  on  the  voltages  across  T1 
that  introduce  further  inaccuracies.  T2  and  T3  are 

10  normally  operated  with  collector-emitter  voltages  of 
about  2-3  volts,  which  is  the  voltage  region  at 
which  the  collector  current  (lc)/  collector-emitter 
voltage  (Vc.e)  curve  becomes  saturated,  as  illus- 
trated  in  FIG.  3.  However,  the  collector-base  volt- 

75  age  of  T1  is  limited  to  a  voltage  drop  of  about  0.7 
volts  by  the  parallel  base-emitter  circuit  of  T4,  and 
the  base-emitter  voltage  drop  of  T1  is  similarly 
limited  to  an  approximately  0.7  volt  diode  drop. 
The  total  collector-emitter  voltage  across  T1  is  thus 

20  limited  to  about  1  .4  volts,  which  is  significantly  less 
than  the  saturation  level.  The  0.7  volt  collector-base 
restriction  on  T1  also  introduces  an  error  in  the 
actual  master/slave  current  ratio,  since  the 
collector-base  voltages  of  T2  and  T3  are  typically 

25  greater  than  0.7  volts. 
When  the  current  mirrors  of  FIGs.  1  or  2  are 

used  over  the  full  military  temperature  range  (-40° 
-  160°  C),  the  transistor  current  gain  0  varies  by  a 
factor  of  between  approximately  2  and  5.  This  can 

30  significantly  change  the  base  current  taken  by  T4, 
and  thus  the  reference  current  through  the 
collector-emitter  circuit  of  T1  ,  thereby  adding  to  the 
error  already  present  in  the  circuit. 

35  SUMMARY  OF  THE  INVENTION 

The  present  invention  seeks  to  provide  a  cur- 
rent  mirror  circuit  which  produces  effective  base 
current  compensation  for  a  bipolar  master  transis- 

40  tor,  does  not  restrict  the  master  transistor  voltages 
to  values  less  than  the  slave  transistor  voltages,  is 
less  subject  to  temperature-induced  errors,  and 
generally  has  a  more  accurate  and  predictable 
mirror  ratio  than  the  prior  circuits. 

45  These  goals  are  accomplished  by  connecting 
an  insulated  gate  field  effect  transistor  (FET)  to 
provide  a  base  compensation  current  for  a  bipolar 
current  mirror  circuit.  The  FET  gate  is  connected  to 
the  collector  of  the  master  bipolar  transistor,  but 

50  draws  no  current  therefrom.  The  gate-source  circuit 
of  the  FET  is  connected  to  provide  a  compensating 
base  current  to  the  bipolar  mirror  transistors.  The 
FET  is  geometrically  scaled  so  that  the  collector- 
base  voltages  of  the  master  and  slave  bipolar  tran- 

55  sistors  are  generally  equal,  and  to  establish  the 
collector-emitter  voltages  of  the  bipolar  transistors 
at  values  at  which  the  bipolar  transistors  operate  in 
the  vicinity  of  their  saturated  regions.  Since  the 

Field  of  the  Invention 

This  invention  relates  to  current  mirror  circuits 
with  base  current  compensation  for  the  transistor 
which  carries  a  reference  current. 

Description  of  the  Prior  Art 

Current  mirror  circuits  are  used  to  establish 
one  or  more  load  currents  which  are  matched  to  a 
reference  current.  A  typical  prior  current  mirror 
circuit  is  shown  in  FIG.  1.  A  reference  current  lREF 
is  delivered  from  a  current  source  2  to  a  diode- 
connected  bipolar  transistor  T1  .  The  collector  of  T1 
is  connected  to  its  base  and  receives  IREF,  while 
the  emitter  of  T1  is  connected  through  a  resistor 
R1  to  a  negative  voltage  bus  V-1.  T1  may  be 
considered  as  a  master  transistor,  since  it  acts  as  a 
reference  which  controls  the  output  of  the  current 
mirror. 

One  or  more  slave  transistors,  illustrated  as  a 
pair  of  bipolar  transistors  T2  and  T3,  have  a  com- 
mon  base  connection  with  master  transistor  T1. 
The  collector-emitter  circuits  of  T2  and  T3  are 
connected  respectively  to  loads  L1  and  L2  on  one 
side,  and  through  resistors  R2  and  R3  to  V-  on  the 
other  side.  By  scaling  the  dimensions  of  T2  and  T3 
appropriately,  they  can  be  proportionately  matched 
to  T1  so  as  to  deliver  load  currents  which  are 
similarly  proportionately  matched  with  the  refer- 
ence  current  through  T1.  The  values  of  resistors 
R1  ,  R2  and  R3  are  generally  inversely  proportional 
to  their  respective  transistor  scalings,  so  that  the 
base-emitter  voltages  of  the  various  transistors  are 
equal  and  the  voltages  across  the  resistors  are  also 
equal.  This  resistor  arrangement  helps  to  com- 
pensate  for  transistor  processing  variations. 

There  is  an  inherent  error  in  the  FIG.  1  current 
mirror,  resulting  from  the  base  currents  drawn  by 
T1,  T2  and  T3.  The  combined  base  currents  are 
subtracted  from  IREF  before  the  reference  current 
reaches  the  collector  of  T1  ,  and  thus  reduce  the  T1 
collector  current.  This  in  turn  reduces  the  reference 
current  seen  by  T2  and  T3,  dropping  their  slaved 
output  currents  to  values  which  are  proportionately 
less  than  the  desired  load  currents. 

A  prior  circuit  design  which  compensates  for 
this  base  current  error  is  shown  in  FIG.  2.  Another 
bipolar  transistor  T4  has  been  added  to  provide 
base  current  compensation  for  the  current  mirror 
transistors.  The  base  of  T4  is  connected  to  receive 
a  control  signal  from  the  output  of  current  source  2, 
while  its  collector-emitter  circuit  is  connected  be- 
tween  a  positive  voltage  bus  V+  and  the  common 
base  connection  for  T1  ,  T2  and  T3.  The  compensa- 
tion  transistor  T4  is  scaled  so  that  it  provides  a 
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lished  by  the  value  of  V  +  ,  the  gate-source  voltage 
of  M1  equals  the  desired  collector-base  voltage  for 
T1.  This  M1  gate-source  voltage  is  imposed  upon 
the  parallel  collector-base  circuit  of  T1.  With  a 

5  conventional  diode  drop  of  about  0.7  volts  across 
the  base-emitter  circuit  of  T1  ,  the  gate-source  volt- 
age  of  M1  (and  thus  the  collector-base  voltage  of 
T1)  will  generally  be  set  at  about  1.3-2.3  voits  so 
that  M1  operates  in  the  vicinity  of  its  saturated 

w  region,  as  illustrated  in  FIG.  3.  The  precise  value 
selected  for  the  collector-base  voltage  of  T1  will  set 
that  voltage  equal  to  the  collector-base  voltages  of 
slave  transistors  T2  and  T3,  and  thus  preserve  the 
designed  proportionality  of  the  mirror. 

75  The  exact  scaling  of  M1  that  will  produce  this 
voltage  level  is  highly  dependent  upon  the  particu- 
lar  process  used  to  fabricate  the  circuit;  several 
"BICMOS"  processes  are  known  that  can  be  used 
to  fabricate  bipolar  and  CMOS  devices  on  the 

20  same  chip.  Given  a  particular  process  and  a  knowl- 
edge  of  the  invention,  a  scaling  for  M1  can  readily 
be  determined  that  will  produce  the  desired  gate- 
source  voltage  level. 

M1  is  illustrated  as  an  enhancement  device, 
25  and  can  be  used  to  provide  a  collector-emitter 

voltage  for  T1  in  the  two-three  volt  range.  If  a 
substantially  lower  collector-emitter  voltage  for  T1 
is  desired,  or  even  a  marginally  negative  voltage, 
M1  could  be  implemented  as  a  depletion  device. 

30  While  a  particular  embodiment  of  the  invention 
has  thus  been  shown  and  described,  it  should  be 
understood  that  numerous  variations  and  alternate 
embodiments  will  occur  to  those  skilled  in  the  art. 
For  example,  while  bipolar  transistors  T1,  T2  and 

35  T3  are  shown  in  FIG.  4  as  npn  devices,  the  circuit 
could  also  be  implemented  with  pnp  transistors. 
Accordingly,  it  is  intended  that  the  invention  be 
limited  only  in  terms  of  the  appended  claims. 

40  Claims 

1.  A  base  current  compensated  current  mirror 
circuit  comprising: 

a  master  bipolar  transistor  (T1)  and  at  least 
45  one  slave  bipolar  transistor  (T2,  T3)  having  a 

common  base  connection  with  the  master  tran- 
sistor  (T1)  in  a  current  mirror  configuration  and 
proportionately  matched  with  said  master  tran- 
sistor  (T1),  and 

so  an  insulated  gate  field  effect  transistor 
(FET)  (M1)  having  a  gate  connected  to  the 
collector  of  the  master  bipolar  transistor  (T1), 
and  a  source-drain  circuit  connected  to  provide 
a  base  current  compensation  current  to  said 

55  common  base  connection. 

2.  The  current  mirror  circuit  of  claim  1,  wherein 
said  insulated  gate  FET  (M1)  is  geometrically 

collector-base  voltage  of  the  master  bipolar  transis- 
tor  is  no  longer  limited  to  about  0.7  volts,  the  errors 
associated  with  such  a  limitation  are  also  removed. 

These  and  other  features  and  advantages  of 
the  invention  will  be  apparent  to  those  skilled  in  the 
art  from  the  following  detailed  description  of  a 
preferred  embodiment,  taken  together  with  the  ac- 
companying  drawings,  in  which: 

DESCRIPTION  OF  THE  DRAWINGS 
FIGs.  1  and~~2  are  circuit  diagrams  of  prior 
current  mirror  circuits,  discussed  above; 
FIG.  3  is  a  graph  showing  the  collector 
current/collector-emitter  voltage  characteristic  for 
a  typical  bipolar  transistor;  and 
FIG.  4  is  a  circuit  diagram  of  a  preferred  em- 
bodiment  for  the  present  invention. 

DETAILED  DESCRIPTION  OF  A  PREFERRED  EM- 
BODIMENT 

The  preferred  embodiment  of  the  invention  is 
illustrated  in  FIG.  4,  in  which  elements  that  are 
common  with  the  elements  of  FIGs.  1  and  2  are 
identified  by  the  same  reference  numerals.  As  with 
the  prior  circuits,  current  source  2  delivers  a  refer- 
ence  current  through  the  collector-emitter  circuit  of 
a  bipolar  master  transistor  T1  .  Bipolar  slave  transis- 
tors  T2  and  T3  have  a  common  base  connection 
with  T1,  and  provide  load  currents  to  loads  L1  and 
L2,  respectively.  The  transistor  emitters  are  con- 
nected  to  negative  voltage  bus  V-  through  respec- 
tive  process-compensating  resistors  R1,  R2  and 
R3. 

Reference  current  source  2  is  implemented  as 
a  temperature  compensated,  source  compensated 
current  source  which  is  carefully  set  up  to  obtain 
an  exact  desired  value.  This  precise  reference  cur- 
rent  is  preserved  by  using  an  insulated  gate  FET 
such  as  metal  oxide  FET  (MOSFET)  M1  to  supply 
base  compensation  current  to  the  bipolar  transis- 
tors.  M1  has  its  gate  connected  between  the  col- 
lector  of  master  bipolar  transistor  T1  and  the  refer- 
ence  current  source  2,  its  drain  connected  to  posi- 
tive  voltage  bus  V  +  ,  and  its  source  connected  to 
the  common  base  connection  of  T1,  T2  and  T3. 
The  back  gate  is  connected  to  the  body  of  the 
substrate  upon  which  the  circuit  is  formed,  which  is 
typically  held  at  V-.  Since  the  current  through  an 
insulated  gate  FET  such  as  M1  is  controlled  by  the 
gate  voltage,  without  drawing  any  gate  current,  all 
of  Iref  flows  through  master  bipolar  transistor  T1, 
thus  preserving  the  accuracy  of  the  reference  cur- 
rent  that  reaches  the  current  mirror. 

The  use  of  an  insulated  gate  FET  as  a  base 
compensation  current  device  permits  a  much  more 
desirable  control  over  the  voltages  for  master  tran- 
sistor  T1.  M1  is  scaled  so  that,  given  its  desired 
base  current  compensation  current  flow  as  estab- 
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scaled  so  that  the  collector-base  voltages  of 
the  master  (T1)  and  slave  transistors  (T2,  T3) 
are  generally  equal.  9. 

3.  The  current  mirror  circuit  of  claim  1,  wherein  5 
said  insulated  gate  FET  (M1)  is  geometrically 
scaled  to  establish  the  collector-emitter  vol- 
tages  of  the  master  (T1)  and  slave  transistors 
(T2,  T3)  at  values  at  which  said  transistors 
operate  in  the  vicinity  of  their  saturated  re-  10 
gions. 

4.  The  current  mirror  circuit  of  claim  3,  wherein 
said  insulated  gate  FET  (M1)  is  geometrically 
scaled  to  establish  the  collector-emitter  voltage  rs 
of  the  master  (T1  )  and  slave  transistor  (T2,  T3) 
at  approximately  2-3  volts. 

5.  A  base  current  compensation  current  mirror 
circuit,  comprising:  20 

a  master  bipolar  transistor  (T1)  and  at  least 
one  slave  bipolar  transistor  (T2,  T3)  having  a 
common  base  connection  with  the  master  tran- 
sistor  (T1)  in  a  current  mirror  configuration  and 
proportionately  matched  with  said  master  tran-  25 
sistor  (T1), 

a  current  source  (2)  connected  to  supply  a 
reference  current  (IREF)  to  the  collector-emitter 
circuit  of  said  master  transistor  (T1), 

a  voltage  supply  (V  +  ),  and  30 
an  insulated  gate  field  effect  transistor 

(FET)  (M1)  having  a  gate  connected  to  the 
collector  of  the  master  bipolar  transistor  (T1), 
and  a  source-drain  circuit  connected  between 
said  voltage  supply  (V  +  )  and  said  common  35 
base  connection,  said  FET  (M1)  being  config- 
ured  to  substantially  supply  the  base  currents 
of  said  master  (T1)  and  slave  bipolar  transis- 
tors  (T2,  T3). 

40 
6.  The  current  mirror  circuit  of  claim  5,  wherein 

said  insulated  gate  FET  (M1)  is  geometrically 
scaled  so  that  the  collector-base  voltages  of 
the  master  (T1)  and  slave  transistors  (T2,  T3) 
are  generally  equal.  45 

7.  The  current  mirror  circuit  of  claim  5,  wherein 
said  insulated  gate  FET  (M1)  is  geometrically 
scaled  to  establish  the  collector-emitter  vol- 
tages  of  the  master  (T1)  and  slave  transistors  so 
(T2,  T3)  at  values  at  which  said  transistors 
operate  in  the  vicinity  of  their  saturated  re- 
gions. 

8.  The  current  mirror  circuit  of  claim  7,  wherein  55 
said  insulated  gate  FET  (M1)  is  geometrically 
scaled  to  establish  the  collector-emitter  vol- 
tages  of  the  master  (T1)  and  slave  transistors 

(T2,  T3)  at  approximately  2-3  volts. 

The  current  mirror  circuit  of  claim  5,  further 
comprising  respective  resistors  (R1,  R2,  R3) 
connected  to  the  collector-emitter  circuits  of 
said  master  (T1)  and  slave  bipolar  transistors 
(T2,  T3),  the  resistance  values  of  said  resistors 
(R1,  R2,  R3)  being  generally  inverse  to  the 
intended  scalings  of  their  respective  bipolar 
transistors  (T1,  T2,  T3)  to  at  least  partially 
compensate  for  manufacturing  tolerances  in 
said  transistor  scalings. 
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